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A new sensor technology based on optical diffraction of visible light 
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chemically-responsive metal oxide and conducting polymer grating elements. 
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appropriate wavelengths for detection of diffracted light. Much of the ability 

to “tune” a desired sensing response is dictated by the understanding of how 

factors of size, dimension, crystallinity, morphology, porosity, and 

heterogeneity influence analyte/sensor interactions (i.e., adsorption, binding, 

and transport). The effect of composition, structure, and morphology of 

ix 



MoO3, WO3, MoxW1-xO3, IrOx and polyaniline grating materials on chemical, 

electrochemical and optical properties of these systems will be examined by a 

range of spectroscopic and electrochemical techniques. Comprehensive 

evaluation and correlation of materials’ optical properties to diffraction-based 

detection will advance understanding of the capabilities and limitations for the 

diffraction-based sensing methodology. This information can then used to 

determine optimal sensing parameters to improve detection limits, enhance 

sensitivity and increase the dynamic range for detection of model analytes.  

x 



Table of Contents 

List of Tables ....................................................................................................... xvi 

List of Figures ..................................................................................................... xvii 

CHAPTER 1 1 

Diffraction-Based Sensing using Chemically- and Electrochemically-
Responsive Gratings .....................................................................................1 
1.1 Introduction............................................................................................1 

1.1.1 Definition and Parameters of Chemical Sensors ..........................1 
1.1.2 Diffraction Theory ........................................................................4 
1.1.3 Review of Diffraction-Based Sensing ........................................15 
1.1.4 Overview of Subsequent Chapters..............................................19 

1.2 References...............................................................................................23 

CHAPTER 2 26 

Fabrication of 1-D Gratings and Interdigitated Arrays...................................26 
2.1 Introduction.............................................................................................26 
2.2 Experimental ...........................................................................................31 

2.2.1 Substrate Preparation ..................................................................31 
2.2.2 Substrate Patterning ....................................................................31 

2.2.2.1 Method 1: Microtransfer Molding ..................................31 
2.2.2.2 Method 2: Photolithography/Etch...................................33 
2.2.2.2.1 Photolithography..........................................................33 
2.2.2.2.2 ITO Etch.......................................................................36 

2.2.3 AFM and Spectroscopic Ellipsometry Analysis .........................37 
2.3 Results and Discussion ...........................................................................38 

2.3.1 Patterning of ITO via μTM .........................................................38 
2.3.2 Patterning of ITO via Photolithography .....................................41 

xi 



2.3.2.1 Photolithographic Fabrication of Resist Pattern on   
ITO Substrate .....................................................................41 

2.3.2.2 Selective Etching of ITO ................................................46 
2.4 Conclusions.............................................................................................55 
2.5 References...............................................................................................56 

CHAPTER 3 57 

Cathodic Electrodeposition of Mixed Molybdenum-Tungsten Oxides 
from Peroxo-Polymolybdotungstate Solutions*.......................................57 
3.1 Introduction.............................................................................................57 
3.2 Experimental ...........................................................................................61 

3.2.1 Preparation of Electrodeposition Solutions ................................61 
3.2.2 Electrochemical Deposition and Characterization......................63 

3.2.2.1 Deposition of Metal-Oxides Films..................................63 
3.2.2.2 Electrochemical Ion Insertion .........................................64 

3.2.3 Structural Characterization .........................................................64 
3.2.4 Optical Characterization .............................................................65 

3.3 Results and Discussion ...........................................................................66 
3.3.1 Electrodeposition ........................................................................66 

3.3.1.1 Cyclic Voltammetry of Metal-Oxides Solutions ............66 
3.3.1.2 Chronocuolometric Investigation of 

DepositionTrends...............................................................68 
3.3.2 Structural Characterization .........................................................74 

3.3.2.1 Microscopy and Refractive Index Measurements...........74 
3.3.2.2 X-ray Diffraction ............................................................80 
3.3.2.2 Raman Spectroscopy.......................................................83 

3.3.3 Electrochemical Evaluation ........................................................86 
3.3.3.1 Cyclic Voltammetry: Electroinsertion and 

Electrochromic Properties of the Films .............................86 
3.3.3.2 Chronoamperometry: Li+ Diffusion and 

Electrochemical Reversibility............................................89 

xii 



3.4 Conclusions.............................................................................................92 
3.5 References...............................................................................................94 

CHAPTER 4 98 

Evaluation of Lithuim Ion Insertion Reactivity via Electrochromic 
Diffraction-Based Imaging* .......................................................................98 
4.1 Introduction.............................................................................................98 
4.2 Experimental .........................................................................................102 

4.2.1 Preparation and Patterning of WO3 and Mo0.6W0.4O3 
Films .........................................................................................102 

4.2.2 Diffraction Efficiency Measurements.......................................104 
4.2.2.1 Optical Setup.................................................................104 
4.2.2.2 Electrochemical Setup ..................................................106 

4.2.3 Characterization of WO3 and Mo0.6W0.4O3 Gratings and 
Thin Films.................................................................................107 
4.2.3.1 AFM Analysis of Metal-Oxides Gratings.....................107 
4.2.3.2 Determination of Optical Constants and Thickness 

of the Films by SE............................................................109 
4.2.3.3 Approximation of Diffraction Efficiency .....................111 
4.2.3.4 Derivation of Li+ Diffusion Coefficients from 

Optical Parameters ...........................................................114 
4.2.3.5 Spectroelectrochemical Measurements.........................116 

4.3 Results and Discussion .........................................................................116 
4.3.1 Multicolor Diffraction-Based Sensing......................................116 
4.3.2 Validation of Diffraction Based Sensing using 

Microscopy ...............................................................................118 
4.3.3  Chronoamperometry and the Determination of Li+ 

Diffusion Coefficients...............................................................125 
4.3.3.1 Optical  Multiwavelength Sensing of Li+ Insertion ......125 
4.3.3.2 Sensitivity and Signal-to-Noise Values for Optical 

Diffraction........................................................................129 
4.3.3.3 Li+ Diffusion Coefficients.............................................131 

xiii 



4.3.4  Evaluation of the Diffraction Response to Compositional 
and  Electrochemical Differences in the WO3 and 
Mo0.6W0.4O3 Gratings................................................................140 
4.3.4.1 Effect of Composition on Optical Diffraction 

Measurements ..................................................................140 
4.3.4.2 Interrogation of n and k Contributions to 

Diffraction Signal.............................................................143 
4.3.4.3 Effect of Grating Thickness on Diffraction Signal .......145 
4.3.4.4 Spectroelectrochemistry................................................146 

4.4 Conclusions...........................................................................................148 
4.5 References.............................................................................................150 

CHAPTER 5 153 

Future Directions: Materials for Binary Gratings .........................................153 
5.1 Introduction...........................................................................................153 
5.2 Experimental .........................................................................................155 

5.2.1  Synthesis and Fabrication of WO3, IrOx and PANI 
Thin Films and  Gratings ..........................................................155 
5.2.1.1 Cleaning and Patterning of ITO Substrates ..................155 
5.2.1.2 Preparation of Deposition Solutions .............................156 
5.2.1.3 Electrochemical  Deposition of the Materials...............157 

5.2.2 Characterization of WO3, IrOx and PANI Thin Films and 
Gratings.....................................................................................158 
5.2.2.1 AFM Measurements......................................................158 
5.2.2.2 Electrochemical Measurements ....................................158 
5.2.2.3 Spectroelectrochemistry................................................159 
5.2.2.4 Diffraction Measurements ............................................159 
5.2.2.5 Spectroscopic Ellipsometry Measurements ..................160 

5.3 Results and Discussion .........................................................................163 
5.3.1 Electrochemical Stability and Electrochromic Behavior of 

the Materials..............................................................................163 

xiv 



5.3.2 H+ Diffusion Coefficients via Chronoamperometry 
Measurements ...........................................................................180 

5.3.3 SE Measurements of Optical Constants....................................189 
5.3.4 Effect of Optical Constants on Diffraction Signal....................192 
5.3.5 Diffraction Response of Electrochemically Modulated 

Gratings.....................................................................................194 
5.3.6 H+ Diffusion Coefficients via Optical Diffraction 

Measurements ...........................................................................200 
5.3.7 Interrogation of DE Response Obtained on Binary 

Gratings.....................................................................................209 
5.3.8 DE Response to Changes in pH of Electrolyte Solution...........220 

5.4 Conclusions...........................................................................................222 
5.5 References.............................................................................................223 

Bibliography .......................................................................................................225 

Vita .....................................................................................................................235 

xv 



List of Tables 

Table 3.1. Electrochemical Lithium Insertion and Electrochromic  
Performance Trends Measured for WO3, MoO3, and MoxW1-xO3 Films 
Deposited at –0.35 V vs Ag/AgCl and  Sintered at 250 °C. ........................... 78 
 
Table 4.1. Evaluation of Electrochemically and Optically Determined 
Thickness and Lithium Diffusion Coefficients for WO3 Gratings ............... 135 
 
Table  4.2.  Summary of the Fit Parameters Determined by Fitting to 
Diffraction Efficiency Data Obtained During Chronoamperometry 
Experiments .................................................................................................. 137 
 
Table   5.1.   Evaluation of Electrochemically and Optically Determined H+ 
ion Diffusion Coefficients for WO3, IrOx and PANI Gratings ..................... 182 

xvi 



List of Figures 

Figure 1.1. Schematic representation of the effect of material’s real, n, and 
imaginary, k, components of complex index of refraction on propagating wave 
of light............................................................................................................. 10 

Figure 1.2. Top are digital images of diffraction acquired in blue, green and 
red wavelength regions using band-pass filters 470 ± 20 nm, 535 ± 20 nm, and 
630 ± 30 nm, respectively. Plot below is a linescan of light intensities of 
diffracted spots observed at each wavelength region. .................................... 12 

Figure 2.1. Digital images of periodically patterned materials (a) 4.5 μm 
polystyrene beads on a glass slide, (b) 5μm x 5μm squares of MoO3 and (c) 2 
μm wide lines of WO3 electrodeposited on ITO glass substrates. Below each 
grating, (d) through (f), diffraction images acquired using the microscope 
CCD camera.................................................................................................... 27 

Figure 2.2. Schematic diagram summarizing application of microtransfer 
molding (μTM) technique to produce 1-D material patterns.......................... 32 

Figure 2.3. Schematic diagram outlining the photolithography/reactive ion 
etch process for fabrication of 1-D conductive, interdigitated array (IDA) 
electrodes. ....................................................................................................... 35 

Figure 2.4. (a) Digital photograph of the master, silicon calibration grating 
TGZ03, used for patterning the ITO substrates via the microtransfer molding 
technique. (b) Digital and (c) atomic force microscopy images of epoxy 
pattern produced on ITO (after step III). ........................................................ 39 

Figure 2.5. (a) Schematic illustration of custom designed interdigitated array 
(IDA) mask with the circular region representing a magnified portion of the 
array. (b) Digital image of ITO slide with the set of IDA features patterned by 
photoresist (step III of procedure)................................................................... 42 

Figure 2.6. Plot of ITO layer thickness versus etch time in aqueous solution 
of 5% HNO3 and 20% HCl as measured by spectroscopic ellipsometry (SE). 
Dashed line represents a linear fit through the data points. ............................ 48 

Figure 2.7. Plot of ITO layer thickness versus etch time in 0.2 M FeCl3/12 M 
HCl as measured by spectroscopic ellipsometry (SE, hollow black squares) 
and by atomic force microscopy (AFM, solid violet squares). Dashed black 
and solid violet lines represent linear fits through the SE and AFM data points, 
correspondingly............................................................................................... 49 

xvii 



Figure 2.8. Plot of ITO layer thickness versus etch time in reactive plasma of 
5 sccm CH4/45 sccm Ar as measured by spectroscopic ellipsometry (SE, 
hollow black circles) and by atomic force microscopy (AFM, solid violet 
circles). Dashed black and solid violet lines represent linear fits through the 
SE and AFM data points, correspondingly. .................................................... 52 

Figure 2.9. 3-D topography image of 75μm x 75μm area of etched ITO 
interdigitated array acquired by atomic force microscopy (AFM). ................ 54 

Figure 3.1. Voltammetric responses of ITO electrodes immersed in peroxo-
polymolybdotungstate solutions containing the indicated mole percent Mo.  
For comparison voltammetric responses are plotted for deposition of pure 
tungsten oxide (100% W) and molybdenum oxide (100% Mo) at ITO 
electrodes immersed in 0.05 M peroxo-polytungstate and 0.05 M peroxo-
polymolybdate solutions.  Scan rate was 10 mV/s. The indicated scale bar is 
the same for all plots. ...................................................................................... 67 

Figure 3.2. (a) Chronocoulometric responses obtained at –0.35 V vs Ag/AgCl 
for the electrodeposition of MoxW1-xO3 films at ITO electrodes immersed in 
peroxo-polymolybdotungstate solutions containing indicated mole percent 
Mo. For comparison chronocoulometric responses are also plotted for the 
deposition of pure tungsten oxide (100% W) and molybdenum oxide (100% 
Mo) at ITO electrodes immersed in 0.05 M peroxo-polytungstate and 0.05 M 
peroxo-polymolybdate solutions, respectively.  (b) Plot of charge density as a 
function of mole percent Mo in the deposition solution for films deposited at        
–0.35 V............................................................................................................ 69 

Figure 3.3. (a) Plot of charge density for the electrodeposition of MoxW1-xO3 
films at ITO electrodes as a function of deposition potential. (b) Plot of mole 
percent Mo measured by EDS versus mole percent Mo in solution for 
deposition potentials of –0.2 V, -0.35 V, and –0.5 V. The diagonal line 
represents a 1:1 correlation between Mo content in film and solution values. 
Lines drawn through the data points are used to guide the eye. ..................... 71 

Figure 3.4. Plot of mole percent Mo measured by EDS versus mole percent 
Mo in solution for deposition potentials of –0.2 V, -0.35 V, and –0.5 V. Lines 
drawn through the data points are used to guide the eye. ............................... 73 

Figure 3.5. SEM (acceleration voltage = 10.00 keV) images of (a) WO3, (b) 
Mo0.42W0.58O3, (c) Mo0.55W0.45O3, (d) Mo0.59W0.41O3, (e) Mo0.73W0.27O3, and 
(f) α-/β-MoO3 films electrodeposited at -0.35 V on ITO glass substrate and 
sintered in air at 250 °C for 2 h. The inserts are 5 µm x 5 µm magnified 
images of the representative films. ................................................................. 75 

xviii 



Figure 3.6. (a) Digital photograph and (b) 30 μm x 30 μm AFM topography 
images of unary and binary thin films electrochemically deposited at -0.35 V 
and sintered for 2 h at 250 °C. ........................................................................ 77 

Figure 3.7. Plot of the real component of the complex index of refraction, n, 
at 632 nm versus Mo fraction, x, in binary thin films. Solid line represents a 
linear fit through the data points. .................................................................... 79 

Figure 3.8. Representative X-ray diffraction patterns of WO3, MoO3, and 
MoxW1-xO3 films prepared by electrochemical deposition at –0.35 V followed 
by sintering at 250 °C. Diffraction patterns are identified in terms of the mole 
percent Mo contained in the solution used for deposition and by the mole 
percent Mo and W estimated by EDS. * denotes ITO peaks.......................... 81 

Figure 3.9. Representative Raman spectra of WO3, MoO3, and MoxW1-xO3, 
films prepared by electrochemical deposition at –0.35 V followed by sintering 
at 250 °C. The spectra are identified in terms of the mole percent Mo 
contained in the solution used for deposition and by the mole percent Mo and 
W estimated by EDS....................................................................................... 84 

Figure 3.10. Voltammetric responses of MoxW1-xO3 thin film electrodes 
immersed in 1 M LiClO4/PC. The scan rate was 10 mV/s. Also shown are the 
voltammetric responses of pure tungsten (100% W) and molybdenum oxides 
(100% Mo). Note that the scale for the pure MoO3 film is a factor of ten larger 
than other plots................................................................................................ 88 

Figure 3.11. It1/2 versus t on a log scale plot for Li+ (a) insertion and (b) 
deinsertion into/out the WO3 films during potential step cycles from +0.2 to    
-0.8 V, and from  -0.8 to +0.2 V, respectively, performed via 
chronoamperometry. ....................................................................................... 91 

Figure 4.1. Schematic diagram (not to scale) of the experimental setup used to 
acquire diffraction data using a CCD camera and optical microscope during 
Li+ insertion/deinsertion into 1-D WO3 and Mo0.6W0.4O3 gratings via cyclic 
voltammetry and/or chronoamperometry techniques. .................................. 105 

Figure 4.2. (a) A 20 x 20 μm2 AFM image of a patterned WO3 thin film 
deposited on ITO glass substrate via cathodic electrodeposition and sintered at 
250 ˚C for 1 h; (b) Cross-section of the pattern showing periodicity and height 
of the patterned features................................................................................ 108 

xix 



Figure 4.3. Digital images of a MoO3 grating (a) before and (b) after Li+ 
insertion via cyclic voltammetry for a potential sweep from +0.2 V to -0.8 V. 
The grating is supported on ITO and immersed in 1 M LiClO4/PC ............. 110 

Figure 4.4. Representative Ψ (squares) and Δ (circles) Drude model fits to 
experimental data (lines) obtained for WO3 (solid) and Mo0.6W0.4O3 (hollow) 
during Li+ insertion.  Li+ is cycled into and out of the films by modulating the 
applied potential while Ψ and Δ are monitored with SE.  Uncolored films 
prior to Li+ intercalation are shown in (a) and (d), fully colored films are 
shown in (b) and (e), while (c) and (f) are at the end of the cycle but are 
lightly colored due to irreversible intercalation.  Similar fits were achieved 
between these points and for subsequent cycles. .......................................... 113 

Figure 4.5. Ellipsometry parameters Ψ (a) and Δ (b) taken at 70° on a thin 
film of WO3 (solid) and a patterned WO3 grating (dotted), both samples were 
~120 nm. The patterning of the film makes interpreting the ellipsometric data 
difficult by truncating the spectral feature size (an extreme example of the 
effect seen on films of uneven thickness) and introducing additional 
interference fringing...................................................................................... 119 

Figure 4.6. (a) Voltammetric responses for three consecutive cycles of Li+ 
insertion/deinsertion into a patterned WO3 thin film electrode immersed in 1 
M LiClO4/PC, 10 mV/s scan rate. Comparison plots of measured diffraction 
efficiency, DE, (solid line) versus calculated DE (dashed line) for different 
wavelength regions: (b) blue (470 nm), (c) green (535 nm) and (d) red (630 
nm). The measured DE was collected during three cycles of Li+ 
insertion/deinsertion into patterned WO3 thin film electrode using setup 
shown in Figure 4.1. Whereas, calculated DE was found by eq 4 using optical 
constants derived from real-time Li+ insertion/deinsertion into non-patterned 
WO3 thin film electrode using spectroscopic ellipsometry (SE). ................. 121 

Figure 4.7. Plots of real, n, and imaginary, k, components of the refractive 
index as a function of applied potential during the first cycle of Li+ 
insertion/deinsertion into WO3 and Mo0.6W0.4O3 thin films via cyclic 
voltammetry determined from SE measurements. Data in plots (a) and (d) 
were determined at 470 nm (blue) and in plots (b) and (e) at 535 nm (green), 
while data in plots (c) and (f) were determined at 630 nm (red). ................. 123 

Figure 4.8. Plots of real, n, and imaginary, k, components of the refractive 
index as a function of applied potential during the second and third 
consecutive cycles of Li+ insertion/deinsertion into WO3 thin films via cyclic 

xx 



voltammetry, shown at 470 nm (blue), 535 nm (green) and 630 nm (red) 
wavelengths determined from SE measurements. ........................................ 124 

Figure 4.9. Electrochemical modulation of the diffraction efficiency, DE, of 
WO3 diffraction gratings supported on an ITO (working electrode) immersed 
in 1 M LiClO4/PC with Pt wire as a counter and Ag/AgCl as a reference 
electrodes. The plots represent (a) applied potential steps with pulse width of 
10 s, the DE response of the grating recorded using  (b) blue (470 ± 20 nm), 
(c) green (535 ± 20 nm), (d) red (630 ± 30 nm)  band-pass filters, and (e) the 
current at the working electrode versus time. ............................................... 127 

Figure 4.10. Plots of real, n, and imaginary, k, components of refractive index 
as a function of time during three consecutive cycles of Li+ 
insertion/deinsertion into WO3 and Mo0.6W0.4O3 thin films via cyclic 
voltammetry at a scan rate of 10 mV/s, shown at blue (470 nm), green (535 
nm) and red (630 nm) wavelengths determined from SE measurements. .... 128 

Figure 4.11. Plot of DE monitored at selected wavelength regions blue (470 ± 
20 nm), green (535 ± 20 nm) and red (630 ± 30 nm)versus mole fraction of 
Li+ inserted, x, into WO3 gratings via chronoamperometry. Linear fits for each 
region are shown, where the slope, m, of each line corresponds to the 
sensitivity of the diffraction measurements at the selected wavelengths. .... 130 

Figure 4.12. (a) Plot of modulation of charge and DEblue during Li+ 
insertion/deinsertion cycle into WO3 grating performed via cyclic 
voltammetry. (b) It1/2 versus t on a log scale plot and (c) (-dDEblue/dt)t1/2 
versus t on a log scale plot for Li+ insertion into WO3 gratings during three 
potential step cycles from +0.2 to -0.8 V via chronoamperometry. Diffraction 
data was acquired in blue wavelength region (470 ± 20 nm). ...................... 133 

Figure 4.13. Comparison of DE in the Cottrell region, DEt, for fit versus 
experimental data.  The diagonal line represents a 1:1 correlation between DEt 
values of the fit and experimental results. .................................................... 138 

Figure 4.14. Plot of DE of (a) WO3 and (b) Mo0.6W0.4O3 gratings during 
electrochemical insertion/deinsertion of Li+ ions via chronoamperometry, 
acquired using a blue (470 ± 20 nm) band-pass filter. The gratings are 
supported on an ITO working electrode and immersed in 1 M LiClO4/PC with 
Pt wire as a counter and Ag/AgCl as reference electrodes. Inset shows (a) and 
(b) placed on the same scale. ........................................................................ 141 

Figure 4.15. Plots of DE response as a function of time during three 
consecutive cycles of Li+ insertion/deinsertion into WO3 and Mo0.6W0.4O3 thin 

xxi 



films via cyclic voltammetry at a scan rate of 10 mV/s shown at three 
wavelength regions blue (470 ± 20 nm), green (535 ± 20 nm) and red (630 ± 
30 nm). DE response was estimated using the phase and amplitude terms of eq 
4..................................................................................................................... 144 

Figure 4.16. Spectroelectrochemical response of (a) WO3 and (b) 
Mo0.6W0.4O3 films supported on ITO and immersed in 1 M LiClO4/PC 
showing optical absorption spectra obtained during a potential sweep. Inset in 
(b) shows a representative plot of a cyclic voltammogram for Li+ 
insertion/deinsertion into a Mo0.6W0.4O3 film. (c) Plot of the optical density (λ 
= 630 nm) values corresponding to the end of each Li+ insertion sweep 
(reduction segment of CV) during three consecutive cycles of Li+ 
insertion/deinsertion into/out of thin films, performed via cyclic voltammetry. 
Solid lines drawn through the points are to guide the eye. ........................... 147 

Figure 5.1. (a) Voltammetric responses for three consecutive cycles of H+ 
insertion/deinsertion into unpatterned WO3 thin film supported on ITO and 
immersed in 0.5 M H2SO4, 10 mV/s scan rate. (b) Voltammetric responses for 
one hundred consecutive cycles of H+ insertion/deinsertion into the same 
unpatterned WO3 thin film electrode immersed in 0.5 M H2SO4, 50 mV/s scan 
rate................................................................................................................. 166 

Figure 5.2. (a) Voltammetric responses for three consecutive cycles of H+ 
insertion/deinsertion into unpatterned IrOx thin film supported on ITO and 
immersed in 0.5 M H2SO4, 10 mV/s scan rate. (b) Voltammetric responses for 
one hundred consecutive cycles of H+ insertion/deinsertion into the same 
unpatterned IrOx thin film electrode immersed in 0.5 M H2SO4, 50 mV/s scan 
rate................................................................................................................. 168 

Figure 5.3. (a) Voltammetric responses for three consecutive cycles of H+ 
insertion/deinsertion into unpatterned PANI thin film supported on ITO and 
immersed in 0.5 M H2SO4, 10 mV/s scan rate. (b) Voltammetric responses for 
one hundred consecutive cycles of H+ insertion/deinsertion into the same 
unpatterned PANI thin film electrode immersed in 0.5 M H2SO4, 50 mV/s 
scan rate. ....................................................................................................... 170 

Figure 5.4. Spectroelectrochemical response of WO3 films supported on ITO 
and immersed in 0.5 M H2SO4 showing optical absorption spectra obtained 
during (a) first and (b) one hundred first potential sweeps from +0.6 to -0.4 V 
at scan rate of 10 mV/s.................................................................................. 172 

Figure 5.5. Spectroelectrochemical response of IrOx films supported on ITO 
and immersed in 0.5 M H2SO4 showing optical absorption spectra obtained 

xxii 



during (a) first and (b) one hundred first potential sweeps from 0 to 1.0 V at 
scan rate of 10 mV/s.. ................................................................................... 174 

Figure 5.6. Spectroelectrochemical response of PANI films supported on ITO 
and immersed in 0.5 M H2SO4 showing optical absorption spectra obtained 
during (a) first and (b) one hundred first potential sweeps from -0.2 to +0.8 V 
at scan rate of 10 mV/s.................................................................................. 176 

Figure 5.7. Plots of absorbance response at 470, 535 and 630 nm vs. applied 
potential acquired during first potential sweep for (a) WO3, (b) IrOx and  (c) 
PANI films supported on ITO and immersed in 0.5 M H2SO4..................... 178 

Figure 5.8. (a) I-t response curves for three consecutive reduction (+0.6 to      
-0.4 V) and oxidation (-0.4 to +0.6 V) steps performed via 
chronoamperometry on unpatterned WO3 thin film. It1/2 versus t on a log scale 
plots for three (b) reduction and (c) oxidation steps. .................................... 183 

Figure 5.9. (a) I-t response curves for three consecutive oxidation (0 to 1.0 V) 
and reduction (1.0 to 0 V) steps performed via chronoamperometry on 
unpatterned IrOx thin film. It1/2 versus t on a log scale plots for three (b) 
reduction and (c) oxidation steps. ................................................................. 185 

Figure 5.10.  (a) I-t response curves for three consecutive oxidation (-0.2 
to 0.8 V) and reduction (0.8 to -0.2 V) steps performed via 
chronoamperometry on unpatterned PANI thin film. It1/2 versus t on a log 
scale plots for three (b) reduction and (c) oxidation steps. ........................... 187 

Figure 5.11. Plots of real, n, and imaginary, k, components of the refractive 
index as a function of applied potential during the second cycle of H+ 
insertion/deinsertion into (a) and (b) WO3 and (c) and (d) IrOx thin films via 
CV determined from SE measurements at 470, 535, and 630 nm................ 190 

Figure 5.12. Plots of DE response as a function of time during first cycle of 
H+ insertion/deinsertion (reduction/oxidation) into (a) and (b) WO3 and (c) 
and (d) IrOx thin films via cyclic voltammetry at a scan rate of 10 mV/s shown 
at two wavelength regions blue (470 ± 20 nm) and red (630 ± 30 nm). DE 
response was estimated using the phase and amplitude terms of eq 2.......... 193 

Figure 5.13. 40 x 40 μm2 AFM images of (a) WO3, (b) IrOx and (c) PANI 
patterns that were electrochemically deposited onto plasma-etched ITO 
gratings. WO3 and IrOx were sintered at 250 ˚C for 2 h before AFM 
measurements, whereas PANI samples were scanned right after deposition.
....................................................................................................................... 195 

xxiii 



Figure 5.14. Plots of measured diffraction efficiency, DEblue, versus applied 
potential during electrochemical modulation of (a) WO3, (b) IrOx and (c) 
PANI gratings via cyclic voltammetry acquired in the blue wavelength region 
(470 ± 20 nm)................................................................................................ 197 

Figure 5.15. Plots of the diffraction efficiency, DEblue, during electrochemical 
modulation via chronoamperometry of (a) WO3, (b) IrOx and (c) PANI 
diffraction gratings supported on an ITO and immersed in 0.5 M H2SO4. The 
DE response of the gratings was recorded using blue (470 ± 20 nm) band-pass 
filter............................................................................................................... 201 

Figure 5.16. (-dDEblue/dt)t1/2 versus t on a log scale plots for three (a) 
insertion (reduction) and (b) deinsertion (oxidation) of H+ into WO3 grating 
performed via chronoamperometry by stepping potential from +0.6 to -0.4 V 
and visa versa. Diffraction data was acquired in blue wavelength region (470 
± 20 nm). ....................................................................................................... 204 

Figure 5.17. (-dDEblue/dt)t1/2 versus t on a log scale plots for three (a) 
insertion (reduction) and (b) deinsertion (oxidation) of H+ into IrOx grating 
performed via chronoamperometry by stepping potential from +1.0 to 0 V and 
visa versa. Diffraction data was acquired in blue wavelength region (470 ± 20 
nm). ............................................................................................................... 206 

Figure 5.18. (-dDEblue/dt)t1/2 versus t on a log scale plots for three (a) 
insertion (reduction) and (b) deinsertion (oxidation) of H+ into PANI grating 
performed via chronoamperometry by stepping potential from +0.8 to -0.2 V 
and visa versa. Diffraction data was acquired in blue wavelength region (470 
± 20 nm). ....................................................................................................... 208 

Figure 5.19. (a) 50 x 25 μm2 AFM images of binary WO3/PANI grating 
deposited onto plasma-etched ITO interdigitated array. (b) Cross-section of 
the grating showing periodicity and height of the patterned features.             
(c) Digital image of diffraction pattern resulted from this binary grating 
acquired in the blue (470 ± 20 nm) wavelength region. ............................... 211 

Figure 5.20.  Schematic diagram (not to scale) of light diffraction through 
binary WO3/PANI grating deposited onto plasma-etched ITO interdigitated 
array. ............................................................................................................. 214 

Figure 5.21. Plots of measured diffraction efficiency, DEblue, versus applied 
potential during electrochemical modulation of (a) and (b) WO3 and then (c) 
and (d) PANI lines of binary grating via cyclic voltammetry acquired in the 
blue (470 ± 20 nm) wavelength region. Note that orange color plots (a) and (c) 

xxiv 



represent DE data collected at bright spots of “primary” diffraction pattern  
(mp = ± 1 and ± 2) and violet plots (b) and (d) correspond to DE recorded at 
dim spots of “secondary” diffraction pattern (ms = ± 1 and ± 3) shown in 
Figure 5.19 (c)............................................................................................... 218 

Figure 5.22. Shows diffraction efficiency of ITO grating measured in the blue 
(470 ± 20 nm) wavelength region, DEblue, when various concentrations of 
H2SO4 solution were added to the cell “housing” the grating. The linear fit 
through the points is shown by red line. ....................................................... 221 

xxv 



 

CHAPTER 1 

Diffraction-Based Sensing using Chemically- and 
Electrochemically-Responsive Gratings 

1.1 INTRODUCTION  

1.1.1 Definition and Parameters of Chemical Sensors 

A combination of technological breakthroughs at the beginning of the 

20th century has introduced the term ‘sensor’ to the scientific community, and 

by the 1980s the word sensor was in common usage.1 Today, sensors are 

classified in three broad categories: physical, chemical and biosensors (where 

biosensors are actually a sub-set of chemical sensors). In 1991, the term 

‘chemical sensor’ was defined by IUPAC as “a device that transforms 

chemical information, ranging from concentration of a specific sample 

component to total composition analysis, into an analytically useful signal”.1 

In general, the function of a chemical sensor is to qualitatively and 

quantitatively detect and/or identify analytes. In most cases, chemical sensors 

have several advantages over conventional instrumentation.  These advantages 

include a compact design useful for on site analysis, small sample size, 

minimal sample preparation, low power consumption, and real-time 

acquisition.  

The use of chemical sensors has extended into various aspects of our 

everyday lives finding many applications in fields as diverse as health care, 
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industrial process control, environmental monitoring, food quality control and 

homeland security. As a result, a significant portion of research efforts in 

analytical chemistry have focused on the design and development of chemical 

sensors. Specifically, much effort has been expended on improving the two 

most essential elements of chemical sensors: analyte recognition (binding, 

adsorption, etc.); and transduction of the receptor/analyte interaction event 

into an externally recorded signal.2, 3, 4  Chemical sensors are subdivided into 

four categories based on the type of signal transduction: electrochemical, 

optical, piezo-electric/mass sensitive, and thermal.5 In an electrochemical 

sensor signal transduction involves the measurements of a change in electrical 

properties.  These properties include potential, current, resistance, and charge. 

Optical sensors encompass a wide range of spectroscopic techniques which 

evaluate the interaction of light radiation, the sensor material, and the analyte 

as a function of wavelength. Frequently used techniques include absorption, 

fluorescence, luminescence, internal reflection, and light scattering 

spectroscopy. Mass sensors detect analytes by monitoring mass change.  

Generally these sensors employ the piezoelectric effect to sensitively read 

very small changes in mass; two examples of this type of technique are the 

quartz crystal microbalance (QCM) and surface acoustic wave (SAW).6 

Finally, thermal sensors measure the production or adsorption of heat. 

Regardless of the type of sensor there are a number of common figures 

of merit which must be taken into account when designing a sensor. Chief 

among these are selectivity, sensitivity, detection limit and dynamic range. 
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Selectivity is the ability of a sensor to distinguish the analyte of interest from 

various species in a complex sample. Selectivity is often the most important 

parameter in modern sensor design because many interesting applications 

such as in situ biological sensors present very complex matrices.  The 

response of the sensor to a certain amount of analyte is known as sensitivity.  

This parameter is defined as the slope of measured signal versus analyte 

concentration. High sensitivity is a desirable feature for any sensor since it 

allows for the detection of small changes in the amounts of analyte. Detection 

limits are the lowest detectable amount/concentration of analyte that can be 

measured by a given sensor/detector under defined conditions. According to 

Principals of Instrumental Analysis by Skoog and others7 “[t]he most 

generally accepted qualitative definition of detection limit is that it is the 

minimum concentration or mass of analyte that can be detected at a known 

confidence level (e.g., blank plus three times standard deviation of a blank).” 

The range of analyte concentration that can be quantitatively measured by a 

sensor ranging from the detection limit up to the upper limiting concentration 

is known as the dynamic range. Wide dynamic range is important because it 

increases the conditions that a sensor will be useful in making it more 

generally applicable.  In addition to these parameters, the design of a good 

chemical sensor requires the optimization of factors such as accuracy, nature 

of sample/sample preparation (liquid or gas phase), response time, recovery 

time, working lifetime,5 sensor mobility/size, and production cost. Ultimately, 

fulfillment and improvement of these diverse requirements can only be 
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achieved through the combined development of novel materials and sensing 

schemes.  Recently, several groups have been developing a new and 

promising detection scheme which monitors the change in the intensity of 

diffracted visible light to measure interactions between various patterned 

sensing materials and analytes. The motivation for developing of this 

detection scheme is driven by the ability to sense a broad range of chemical 

compounds, biological molecules, ions and elements due to their unique 

spectral signature or distinct interaction with sensing material. In this scheme, 

the detection of analytes is based on refractive index modulation of the system 

caused by selective recognition, binding, sorption or uptake of an analyte. 

1.1.2 Diffraction Theory 

Historically, Jesuit Francesco Maria Grimaldi (1613-1663) was the 

first person to experimentally describe the diffraction phenomenon.  He did 

this by passing sunlight through a small hole and then observing the shadow 

images of different objects. He called this phenomenon difractio that comes 

from Latin word diffringere which means to break into pieces. In his book 

Physico-mathesis de lumine, coloribus, et iride published in 1665, he declared 

diffraction as a fourth type of light interaction with matter: “Light is 

propagated or scattered not only directly and by reflection and refraction, but 

also in a certain other fourth mode, by diffraction”.8 In 1690, Dutch physicist 

Christian Huygen (1629-1695) attempted to explain some known 

characteristics of propagating light by treating a propagating wavefront as a 

collection of points which are the source of spherical secondary wavelets 
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having identical speed and frequency to the primary wave.9 Progressing the 

wavefront through space results in a new wavefront representing the shape of 

the line tangent to these wavelets (envelope).10 While this wave theory 

provided an important building block for future experiments it failed to 

explain the diffraction event, because it only accounted for the portions of 

secondary wavelets that were part of the envelope and disregarded the 

remaining portions of each spherical secondary wavelet.9 The development of 

modern diffraction theory began with the famous double-slit experiment 

performed by English physician Thomas Young (1773-1829).  Young 

introduced the concept of interference in a series of articles published in 1801, 

1802 and 1803.  At the time the Royal Society of London did not accept 

Young’s work and it was largely ignored.  Thirteen years later, Augustin Jean 

Fresnel (1788-1827) advanced diffraction theory by adding a mathematical 

interpretation of interference to Huygen’s principal. This new Huygens-

Fresnel principle provided a rigorous treatment of both diffraction and 

interference phenomenon.  In this principle the overlap and interference of the 

entire “body” of each spherical secondary wavelet is accounted for by the 

formation of propagating wavefront at a later time. Fresnel evaluated 

diffraction in the near-field where the diffraction image plane is close to the 

apertures of the diffracting object.  In this regime the curvature of the 

wavefronts has a significant effect on the resulting image because there is a 

considerable difference in the distance each wavefront travels to the image 

plane. Later, German optician Joseph von Fraunhofer (1787-1826) invented 
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the first diffraction grating and began investigating the diffraction of light by 

gratings. In 1823, he published his theory of diffraction describing principles 

of far-field diffraction. Fraunhofer (far-field) diffraction is a special case of 

the more general and mathematically complex Fresnel (neal-field) diffraction. 

The major difference between Fresnel and Fraunhofer diffraction is that in 

Fraunhofer diffraction the image plane is at a very large distance compared to 

the size of the diffraction grating.  This means that the incoming wavefronts 

can be assumed to be parallel to the grating and that there is no significant 

difference in the distances that each wavefront travels to the image plane. It is 

important to note that the distance requirement can be effectively eliminated 

by using optical lenses to produce parallel wavefronts. Today, Fresnel and 

Fraunhofer types of diffraction are employed in many areas of science and 

technology.   

Application of the Huygens-Fresnel principle provides a simplified 

explanation of the properties of a propagating light wave when a wavefront 

encounters a multi-slit diffraction grating. When there are no obstacles in the 

path of the propagating wavefront, the combination of spherical wavelets has 

an intensity that corresponds to the original wavefront since the wavelets 

travel with the speed and frequency of the original wave. Placing a diffraction 

grating in the path of the light causes interference and drastically changes the 

resulting wavefront. The observed diffraction pattern is simply the 

superposition of the wavelets perturbed by the grating slits which have 

interacted with each other while traveling to the image plane. The resulting 
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diffraction pattern is then analyzed using Fresnel and/or Fraunhofer 

approximations. However, since Fraunhofer type diffraction greatly simplifies 

the analysis, experiments are typically designed so that far field diffraction 

can be assumed.  

Spatially periodic arrays of features such as slits, grooves, lines or 

squares can all be used as diffraction gratings; however, diffraction will not 

occur if the spacing of these gratings is too large or small compared to the 

wavelength of incident light. There are two commonly used types of gratings: 

transmission and reflection gratings.  Transmission gratings require 

transparent materials while reflection gratings require reflective materials. 

Diffraction gratings are used extensively in the fields of spectroscopy, 

spectroscopic imaging, optical communications, networking, and, more 

recently, sensors. In Okan K. Ersoy’s book Diffraction, Fourier Optics and 

Imaging, he defines a diffraction grating as, “an optical device that 

periodically modulates the amplitude or the phase of an incident wave”.11 

Note that it is possible for a grating to modulate both the amplitude and phase 

of an incident wave.  Thus, diffraction phenomenon can be observed by 

spatially periodic variation of the real (n) or imaginary (k) portions of the 

complex refractive index. It is important to recognize that diffraction is also 

very sensitive to the thickness of these gratings.  It is also important to realize 

that multi-slit gratings (gratings with periodically spaced cut out openings) are 

unnecessary for diffraction provided that there is a contrast in the refractive 

index. 
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The diffraction-based sensing technique (also identified as the 

refractive index modulation approach) described in this manuscript employs 

transmission gratings with spatially periodic contrast of the complex index of 

refraction. The sensing methodology of this technique correlates measurable 

changes in the pattern of diffracted light to changes in the complex refractive 

index and thickness of a patterned material undergoing chemical or 

electrochemical perturbation. The complex index of refraction is defined as 

the sum of the real component, n, and the imaginary component or 

absorptivity, k, of the index of refraction (ñ(λ) = n(λ)+ ik(λ)). While they are 

often referred to as optical constants both components are wavelength 

dependent. The imaginary component of the refractive index is directly related 

to the absorbance of a material at a specified wavelength by: 
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where λ is the wavelength, A is the wavelength-dependent absorbance which 

can be replaced by the wavelength-dependent optical density (OD), and L is 

the grating thickness. This equation indicates that any material which 

undergoes a color change due to some chemical or electrochemical event will 

exhibit a commiserate change in diffraction. Interestingly k is intimately 

linked to n by the Kramers-Kronig relationship so that any change in k will 

also result in a change in n, eq 2. 
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Where ∆n is the change in the real component of refractive index, ∆α is the 

change in absorption coefficient (α = 4πk/λ) and ω is the angular frequency (ω 

= 2πc/λ). The relation permits the assessment of absorptivity induced changes 

in the real component of refractive index of a material, so when the values for 

k are known, n can be calculated from the Kramers-Kronig equation and vice 

versa.  Change in k is not necessary for sensing and the real refractive index 

can be used in the absence of adsorption. 

Patterning a transparent substrate in a one-dimensional (1-D) pattern (i.e., 

periodically spaced set of parallel lines) results in periodic modulation of the 

real index of refraction.  When this pattern is exposed to a beam of light a 

diffraction pattern, a row of bright and dark regions, appears on the image 

plane. These spots arise from constructive and destructive interference of the 

light waves passing through the pattern, because the patterned material 

provides a contrast in the real component, n.  In other words it results in a 

phase shift of the propagating wave of light (phase grating behavior); whereas 

contrast in the imaginary component causes an amplitude shift that can also 

lead to diffraction (amplitude grating behavior). Figure 1.1 shows schematic 

representation of an affect that n and k of a material exhibit on propagating 

light wave. Patterning of many materials can also introduce contrast in both 

real and imaginary components of index of refraction. Since these gratings  
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Figure 1.1. Schematic representation of the effect of material’s real, n, and 
imaginary, k, components of complex index of refraction on propagating wave 
of light. 

10 



alter phase and amplitude of incident light wave, there are known as mixed 

gratings. When the incident beam is normal to the grating, the intensity of the 

diffracted light is distributed between all of the diffracted orders. Under 

conditions of Fraunhofer type diffraction, the angles of the diffracted beams 

with respect to the normal and consequently their location on the image plane 

can be determined using equation 3: 
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mλϕ 1sin                                                            (3) 

 

Where φ is the diffracted beam angle with respect to the normal, m is the order 

of diffraction, λ is the wavelength of the incident beam of light, and d is the 

grating period. From this equation it is apparent that the position of bright 

spots (in-phase constructive interference) is determined by the spacing of the 

pattern (d). As the spacing between lines of the pattern increases, the angle of 

diffracted beams decreases. Additionally, it is important to note the 

wavelength dependence of the angle of diffraction: different wavelengths of 

light will generate diffracted beams at different angles broadening the 

diffraction spots when the incident light has a broad spectrum.  This 

phenomenon is also responsible for the color separation seen in rainbows and 

prisms. Images of 1-D diffraction patterns and corresponding line-scans of 

diffracted light intensities at three wavelength regions 470 ± 20 nm (blue), 

535 ± 20 nm (green), and 630 ± 30 nm (red) are provided in Figure 1.2.   
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Figure 1.2. Top are digital images of diffraction acquired in blue, green and 
red wavelength regions using band-pass filters 470 ± 20 nm, 535 ± 20 nm, and 
630 ± 30 nm, respectively. Plot below is a linescan of light intensities of 
diffracted spots observed at each wavelength region. 
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The high intensity center spot corresponds to the undiffracted incident beam 

and spots around are first-order diffracted beams of light. This figure serves as 

a good example of the wavelength dependence of the diffraction angle (eq 3). 

It shows that the distance of the first-order diffraction spots to the center spot 

is smaller when blue light is used, therefore, validating the concept that light 

of shorter wavelength diffracts at smaller angles.  

Figure 1.2 also illustrates the wavelength dependence of optical 

constants, ñ(λ) = n(λ)+ ik(λ). Line-scan profiles at different wavelengths 

demonstrate that the diffraction signal in the blue wavelength region is higher 

than in the green or red. This suggests that the contrast between the refractive 

index of the grating and its surrounding is largest at 470 nm compared to 535 

or 630 nm. The intensity of diffracted light in bright regions, the diffraction 

signal, is dependent on the contrast between the refractive index of the pattern 

and the refractive index of its surroundings. Given that many materials exhibit 

unique refractive indices, the intensity of diffracted light will generally be 

altered by the introduction of an analyte into the system even without a 

change in absorbance. In principal, any event that promotes a change in the 

periodic contrast of the refractive index (PCRI) of a material will produce a 

measurable change in diffraction. This concept represents a primary advantage 

of diffraction-based sensing: the versatility of the technique to use liquid or 

gas phase samples while not being limited to only sensing materials whose 

absorbance changes upon analyte binding. Diffraction efficiency (DE) is used 

to quantify the amount of diffraction and is defined as: 
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where Idiff is the intensity of a diffracted beams and Iinc is the incident 

intensity. Changes in the PCRI and, therefore, changes in the optical 

properties of sensing material can be analyzed by DE measurements through 

the examination of the light intensities of diffracted spots. DE can then be 

directly related to the optical constants by equation 5:12 
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In this equation, OD is the average optical density of the grating material, L is 

the thickness, θ is the Bragg angle, and ∆k and ∆n are, respectively, the 

difference between the grating and surrounding k and n. The first term in 

brackets illustrates diffraction due to a change in amplitude while the second 

term describes diffraction due to a change in phase. The expression 

demonstrates that the intensity of a diffraction pattern depends on grating 

thickness, n of the film, n of the surroundings, k of the film, and k of the 

surroundings. Eq 5 also confirms that selective wavelength tuning is possible; 

it clearly shows that DE is dependent on the wavelength dependent optical 

constants n and k.   

14 



1.1.3 Review of Diffraction-Based Sensing  

Diffraction-based sensing is an emerging optical based sensing 

technique that employs the diffraction of visible light as signal for the 

detection of receptor/analyte interactions. Because this technique is based on 

refractive index modulation it offers the flexibility of sensing in different 

environments for a wide range of species since many materials have a unique 

refractive index. In the past twenty years, there has been increasing interest in 

the development and application of the technique, and a wide variety of 

systems and implementations have been utilized. In early studies 

Melaragno13,14 and coworkers described the application of diffractive 

spectrochemistry to analyze the distribution of chromophores within the 

diffusion layer.  Attenuation of the diffraction pattern at the wavelength of 

interest was related to absorbance and then to the concentration of the 

chromophore.  Later, Schanze15 introduced the concept of patterning 

electrochemically active polymers in order to analyze how DE was modulated 

in response to changes in absorbance and refractive index during the oxidation 

and reduction of Ru (II/III).  Following this work electrochemical modulation 

of DE was applied to studying the optical and electrochemical properties of 

electrochromic diffraction grating composed of [poly-(bpy)2Ru(vpy)2]2+ and 

FeII(CN)6-PtIV(NH3)4]n which were of interest as molecular electronic 

devices16,17.  Asher18,19 extended this work utilizing crystalline colloidal arrays 

dispersed within a hydrogel for use as thermal and chemical sensing materials.  

Thermal expansion and contraction of the lattice constant was monitored as a 
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shift in the diffracted wavelength.  Modification of the hydrogels with 

molecular recognition agents allowed for the detection of several metal ions as 

well as glucose.  In an update to this work, Asher and co-workers introduced 

new polymerized crystalline colloidal arrays that no longer required Na+ for 

glucose sensing.20 Again, the concentration of glucose was monitored by 

Bragg’s diffraction in the visible spectrum but a blue wavelength shift was 

observed, corresponding to the hydrogel shrinking in the presence of glucose.  

Sailor and associates21 were the first to use thin films of porous Si as a 

material for the sensing of aqueous proteins and small organic molecules.  An 

interference technique was used to monitor changes in the Si film’s refractive 

index due to the binding of analyte.  The same group then used this technique 

for the quantitative detection of ethanol vapor, demonstrating high stability, 

reversibility, and a ppb detection limit.22 At the same time, Imasaka23 

illustrated qualitative pH sensing via diffraction using alternating gelatin strips 

with and without colorimetric pH indicator.  Hupp and colleagues24 

investigated how electrochemical and chemical modulation of micropatterned 

materials changed the resulting diffraction signal.  They observed a close 

relationship between the DE of the gratings and the electronic absorption 

spectrum of electrochemically modulated polyaniline films.  Following this, a 

similar methodology was employed using TiO2 gratings for the detection of 

poorly absorbing adsorbates such as gaseous chloroform and aqueous 2,4,5-

trichlorophenol.25 Shortly after that, chloroform detection was again enhanced 

by the application of vapochromic gratings.26  The system under resonant 
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condition shows enhanced sensitivity and selectivity.  Additionally, the Hupp 

group has employed the selective binding of anlaytes such as benzene, 

dioxane, and pyridine to nanoscale cavities of patterned supramolecules, 

applying host-guest interactions to diffraction based sensing.27 Hupp also 

published a work where chemoresponsive polymeric diffraction gratings were 

used for the detection of volatile organics.28 These sensors exhibited a great 

deal of reproducibility and a short response time; however, their limit of 

detection was an order of magnitude poorer than comparable SAW devices. 

Following this in 2003 Hupp and coworkers29 combined chemoresponsive 

gratings with a surface bound nanoparticle probe based assay for real time 

multiwavelength DNA detection.  Nanoparticle probes were found to enhance 

both the sensitivity and selectivity of the setup due to the Plasmon absorption 

amplifying the contrast of the refractive index.  Around the same time as this 

work, a need for new and better types of biosensors sparked interest in 

applying diffraction-based sensing to biological sensors.  For example, 

Goh30,31 used the cross patterning of two capture molecules to simultaneously 

detect the binding of two different proteins. In 2003, Goh and coworkers32 

also demonstrated that the addition of a secondary label to a biological 

immunoassay significantly reduced the protein detection limit in their 

diffraction-based sensing scheme. The research group used a gold-conjugated 

secondary antibody as a secondary label. The following year, Paige33 provided 

evidence that diffraction-based sensing is capable of detecting enzyme 

(trypsin) activity. The diffraction signal was observed to decay exponentially 
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as mouse IgG underwent enzymatic degradation. At the same time, Knoll and 

associates34,35 used the surface plasmon field effect to tune the diffraction 

efficiency of their system.  This also enhanced the sensitivity of the diffraction 

signal to both the association and dissociation of human chorionic 

gonadotropin hormone and to the electrocatalytic oxidation of NADH. More 

recently (2007) Savran and co-workers36,37 reported rapid detection of disease 

biomarkers (folate receptor, S-adenosyl homocysteine) via diffraction 

measurements during in situ self-assembly of diffraction gratings. Separation 

and detection of the analytes was facilitated by the addition of antibody-

coupled magnetic beads. This brief summary of previously reported work on 

development and application of diffraction-based sensing shows the 

techniques enormous potential for the detection of a wide range of analytes in 

diverse environments. Diffraction’s design flexibility makes this method 

applicable toward solving a wide range of sensing requirements. Additionally, 

the wavelength-dependence of DE demonstrated by equation 5 offers the 

opportunity for sensitivity enhancement with utilization of a white light 

source. Changing the wavelength or simultaneously acquiring multiple 

wavelengths can enhance both sensitivity and selectivity.  Sensitivity 

enhancement comes from the fact that the wavelength being detected can be 

moved to the region where n and/or k undergo the largest change.  This tuning 

can also be used to improve the limit of detection as regions of larger DE can 

be chosen.   Acquiring multiple wavelengths also improves selectivity as 

analytes with varying adsorptions can be more easily deconvoluted from each 
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other.  Furthermore, real-time multiwavelength sensing with a white light 

source might offer additional information about the character of analyte-

grating interactions. At the wavelengths of interest, ongoing physical and/or 

chemical processes (changes in absorptivity, optical density, thickness, 

density, composition and redox state of the grating) in the system can be 

interrogated by measuring changes in the diffraction signal. Generally, 

diffraction-based sensing is a versatile signal transduction approach with 

multiple possibilities for signal enhancement, analyte speciation, and 

improvements of sensor material design.    

1.1.4 Overview of Subsequent Chapters 

The work presented in this dissertation is divided into five chapters 

where Chapter 1 provides an introduction to the theory of and potential 

applications for diffraction-based sensing. Chapter 2 focuses on fabrication of 

one-dimensional (1-D) diffraction grating on conductive indium tin oxide 

(ITO)-coated glass substrates. Two techniques explored for grating 

fabrications are microtransfer molding (μTM) and photolithography. In our 

studies, μTM is used to pattern ITO platforms with electrochemically inert 

epoxy, whereas photolithography in combination with etching is employed to 

produce more complex ITO patterns in the form of interdigitated arrays. In 

Chapter 2, discussion of resulted gratings offers further understanding of 

advantages and limitations of both lithographic techniques.  

Early diffraction experiments were carried out with gratings made of 

α-MoO3.  Unfortunately this material undergoes a large amount of swelling 
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during Li+ insertion and would break apart during experiments.  For this 

reason WO3 gratings were prepared that endure the Li+ intercalation process.  

However, WO3 does not color as strongly as MoO3 and a study was 

undertaken to prepare mixed WO3-MoO3 gratings in order to get the enhanced 

coloration of MoO3 and the robustness of WO3.  Chapter 3 describes study of 

films prepared by electrodeposition onto transparent indium tin oxide (ITO) 

electrodes from peroxo-polymolybdotungstate solutions at -0.35v vs. 

Ag/AgCl.  The resulting films consisted of amorphous MoxW1-xO3 films with 

a varying composition (0 <x <1) depending upon the ratio of Mo and W in the 

deposition solution. This ratio was not necessarily the same as that in the 

solution because of differences in the electroactivity of the peroxo-

polymolybdate and peroxo-polytungstate precursors.  The electrodeposition 

process was studied by chronocoulometry, chronoamperometry, and cyclic 

voltammetry studies. EDS, XRD, and Raman spectroscopy were used to 

systematically study and correlate the structure and composition of the 

MoxW11-xO3 films after sintering at 250 °C.  The electrochromic and electro-

insertion properties of MoxW1-xO3 films were evaluated by Li+ 

insertion/deinsertion. Modest improvements in the electrochromic and lithium 

insertion properties were observed with increasing amounts of Mo a 

phenomenon explained by the intermixing of Mo and W oxidation states as 

well as increased structural disorder caused by Mo doping into the WO3 host 

structure.  Knowledge gained from these experiments was then used to make 

both unary WO3 and binary MoxW1-xO3 diffraction gratings for study of Li+  
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reactivity via optical diffraction discussed in Chapter 4. 

In Chapter 4, the development and application of a microscope-CCD 

experimental setup which improved upon other diffraction detection schemes 

such as photodiode arrays is described.  For this setup the precision, signal-to-

noise ratio and sensitivity of diffraction measurements due to its capability of 

better special resolution, speed of data acquisition and selective wavelength 

tuning was achieved. Multiple wavelength regions were used to illustrate how 

the diffraction signal depended on wavelength at various degrees of Li+ 

insertion. The blue wavelength region was found to be optimal for the 

investigation of electrochemically stimulated changes in WO3 and 

Mo0.6W0.4O3 grating during Li+ insertion/deinsertion cycles performed via 

chronoamperometry. Both the optical properties and thickness of the materials 

were verified, by comparison with refractive index values determined by 

spectroscopic ellipsometry, as the main characteristics that control the 

magnitude of diffraction efficiency (DE) modulation.  Experimental DE 

results were also used to determine Li+ diffusion coefficients for the WO3 

gratings.  Finally, mixed Mo0.6W0.4O3 gratings were prepared to enhance the 

electrochromic properties of the WO3. Although the electrochromic properties 

of the film were enhanced there was not an improvement in the detection of 

Li+ insertion due to a depressed modulation of the real part of refractive index. 

Chapter 5 further discusses electrochemical and optical behavior of 

electrochromic materials. In particular, real-time absorbance, optical constants 

and optical diffraction measurements were analyzed for WO3, IrOx and PANI 
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during electrochemical reduction and oxidation reaction of these materials in 

0.5 M aqueous solution of H2SO4. Structural stability and proton 

insertion/deinsertion reversibility were evaluated and optical changes were 

assigned to distinct redox states. Great structural stability, optical and proton 

electroinsertion reversibility were noted for IrOx. The diffraction response 

showed good correlation with observed optical changes in the materials; 

specifically, the magnitude of diffraction efficiency (DE) modulation was 

once again shown to be largely dependent on changes in the real part of 

refractive index of the materials. H+ ion diffusion coefficients determined 

from chronoamperometry and DE data were found to be in close agreement. 

Successful fabrication of binary (WO3/PANI) interdigitated array gratings 

permitted acquisition of diffraction measurements collected on a binary 

system. 
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CHAPTER 2 

Fabrication of 1-D Gratings and Interdigitated Arrays 

2.1 INTRODUCTION 

As described in Chapter 1, optical diffraction of light occurs when 

light propagates through a grating with a spatially periodic variation in the 

complex index of refraction, ñ.  ñ is defined as the sum of two components, 

ñ(λ) = n(λ)+ ik(λ), where n is the real component and k is imaginary 

component. Diffraction occurs in gratings that possess contrast in n (phase 

grating), k (amplitude grating), or both (mixed grating).  In a phase grating 

light entering the patterned material changes speed compared to that 

propagating through the surroundings, leading to a phase shift.  Similarly the 

amplitude of light is altered when entering a material with a different k than 

its surroundings.   Diffraction patterns arise because these shifts in the phase 

and amplitude of the incident light lead to constructive and destructive 

interference. Note that as long as there is a contrast in n or k between a 

patterned material and its surrounding and the length scale of the periodic 

spacing is not too large or small in comparison to the wavelength of the 

incident light, diffraction will arise from any geometry (i.e., slits, grooves, 

lines, squares, spheres, and etc.).  

Figure 2.1 (a-c) shows digital images of patterns fabricated on 

transparent glass substrates to generate diffraction gratings of distinct 

geometries: (a) hexagonally close packed pattern of a monolayer of 4.5-μm           
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(a) (b) (c)

(d) (e) (f)

(a) (b) (c)

(d) (e) (f)

 

Figure 2.1. Digital images of periodically patterned materials (a) 4.5 μm 
polystyrene beads on a glass slide, (b) 5μm x 5μm squares of MoO3 and (c) 2 
μm wide lines of WO3 electrodeposited on ITO glass substrates. Below each 
grating, (d) through (f), diffraction images acquired using the microscope 
CCD camera. 
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diameter polystyrene beads, (b) 5μm x 5μm square pattern of MoO3, and (c) 

an array of 2-μm wide line pattern of WO3. The images in Figure 2.1 were 

acquired using a 12-bit CCD camera mounted on an optical microscope with a 

40x objective.  The acquisition of the diffraction pattern was made possible by 

placing a Bertrand lens (allows to observe the back focal plane of the 

objective) between the objective and eyepiece of the microscope.  All of these 

patterned materials are optically transmissive diffraction gratings that generate 

a diffraction pattern when light propagates through them. Resulting images of 

optical diffraction patterns produced by visible light are shown in Figure 2.1 

(d-f) where bright regions correspond to regions of constructive interference. 

Note that both the bead and square gratings generate diffraction patterns in the 

x and y directions. This type of grating is known as a 2-D (two-dimensional) 

grating. Line array gratings (e.g., Figure 2.1 (c)) are called 1-D gratings 

because the diffraction pattern is projected in one dimension (x or y direction 

depending on position of the grating), Figure 2.1 (f).  The position of the 

diffraction spots is governed by the spacing between lines of the grating, 

while the intensity of the spots depends on both the degree of contrast 

between the optical properties, n and k, of the patterned material and its 

surroundings and the thickness of the gratings.  This means that for many 

sensing applications the 2-D gratings report no more information that 1-D 

gratings.  Additionally, 1-D gratings are much easier to fabricate and treat 

mathematically than 2-D gratings, so all our studies were performed using line  
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gratings. 

 There are a wide variety of techniques used to pattern thin film sensor 

materials, one possible method is electrochemical deposition. Electrochemical 

deposition offers a number of advantages over other techniques such as pulsed 

laser ablation, thermal evaporation, sputtering, spin coating, dip coating, and 

drop casting. Electrochemical deposition can be done at low temperatures and 

under moderate conditions providing an opportunity for the tuning of 

structural and compositional properties.  Other advantages are that 

electrodeposition frequently results in a more homogenous material compared 

to other methods, and the thickness of the deposited film can be carefully 

controlled to produce devices of desired architecture and geometries.  This is 

an important factor for microstructure formation during the grating fabrication 

process. However, the electrodeposition process imposes restrictions on the 

types of substrates that can be used, especially for the transmissive setup 

employed herein.  Indium tin oxide (ITO)-coated glass substrates were chosen 

as supports for grating fabrication.  ITO substrates are good candidates for 

diffraction gratings because they are smooth, transparent and conductive. Two 

different methods were used to pattern the ITO substrates.  The first method 

utilized the microtransfer molding technique and the second method utilized 

photolithography to produce thin interdigitated arrays.  

In this chapter, methods for the fabrication of micron-sized patterns on 

ITO platforms for use in diffraction-based sensing are described. In order to 

pattern ITO substrates with 1-D microstructures, two types of lithographic 
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techniques were utilized: microtransfer molding (μTM) and photolithography. 

μTM technique is a type of soft lithography1 that uses an elastomeric stamp, 

the inverse replica of a master grating, to form microstructures via replica 

molding. This method of patterning has become popular because it is very low 

cost, and is capable of replicating a variety of features with a wide size range 

(30 nm to 100 μm)1.  Additionally the method can be applied to many 

materials and surfaces, and can even be used to fabricate three-dimensional 

structures.2 However, defect-free patterns are very difficult to produce and are 

often limited to small areas due to the mechanical properties of the stamp as 

well as the inking and transfer stamping procedures. Photolithography is 

highly developed patterning method that dominates most of microfabrication 

methodologies especially in the semiconductor industry.3,4 Patterning with this 

technique begins with the projection of a photomask onto a film of 

photosensitive resist.  The resist is then removed from areas that the operator 

wishes to etch and some type of etching procedure is applied.  The main 

advantage of photolithography in comparison to μTM is the mass production 

of large, defect-free microstructures. It is also fast and can be used to 

manufacture very complex two-dimensional patterns. On the other hand, 

photolithography is expensive, suitable for patterning only flat surfaces, 

generally limited by optical diffraction to features size of ~ 100 nm, and can 

not be used to fabricate three-dimensional structures.1 Herein, we discuss the 

application and shortcomings of both μTM and photolithography for the 

fabrication of 1-D gratings and interdigitated arrays on ITO-coated glass    
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substrates.  

2.2 EXPERIMENTAL 

2.2.1 Substrate Preparation 

Indium-tin oxide (ITO) coated glass substrates were used as 

conductive, transparent platforms for both patterning procedures. Prior to use 

ITO substrates (Delta Technologies, Ltd., 15Ω/□) were cleaned by, first, 

gently wiping them with methanol (Fisher Scientific) and, then, heating at    

80 °C in an aqueous solution of ethanolamine (Aldrich, 30 % v:v) for 10-15 

minutes. After that, the substrates were copiously rinsed with ultrapure water 

(Barnstead Nanopure II, 18 MΩ cm), and sonicated for 45 min in ultrapure 

water. Finally, the ITO was dried under a stream of nitrogen and stored in 

sealed containers for future use.  

2.2.2 Substrate Patterning 

2.2.2.1 Method 1: Microtransfer Molding  

An outline of the steps involved in patterning a substrate via 

microtransfer molding (μTM) is given in Figure 2.2. The procedure used 

herein was modified from that previously described5,6.  For step I a 

polydimethylsiloxane (PDMS) stamp, which is a 10:1 mixture of 

elastomer:hardener (Sylgard Silicone 184, Dow Corning), was fabricated by 

curing over a master template at 60 ˚C for 1 h. The master template was a 

silicon SPM calibration grating number TGZ03 obtained from MicroMasch. 

TGZ03 is composed of three 1mm x 3 mm areas of one-dimensional (1-D) 
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Figure 2.2. Schematic diagram summarizing application of microtransfer 
molding (μTM) technique to produce 1-D material patterns. 
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arrays (Figure 2.4 (a)). Each array area is comprised of a set of parallel lines, 

rectangular steps, with a pitch of 3 μm (both the line width and line spacing 

are 1.5 μm) and a step height of ~500 nm. The formed PDMS stamp was 

“inked” with a thermally curable epoxy (TRA-CON F114) and placed onto a 

clean 1.3 cm x 2.5 cm ITO substrate, Figure 2.2, step II. Note that during the 

“inking” process, any excess of epoxy was removed by a light sweep with a 

wood stick. Lead bullets weights (~20.2 g/0.25 cm2) were carefully balanced 

on the top of PDMS stamp and the ITO/epoxy/PDMS mold was cured in an 

oven at 60 ˚C for 1 h. After that, step III, the PDMS stamp was removed 

leaving ITO covered with an epoxy mold which was a direct replica of the 

master grating. The epoxy patterned ITO platforms were later used for 

electrochemical deposition of the material of choice, step IV.  Following 

deposition of the pattern the grating was sintering for 1 h at 250 °C to remove 

the epoxy material resulting in the 1-D material pattern shown in step V. 

2.2.2.2 Method 2: Photolithography/Etch 

2.2.2.2.1 Photolithography 

Fabrication of photoresist patterns via photolithography was conducted 

in collaboration with graduate student Brian Zaccheo from Dr. Richard M. 

Crooks research lab. Brian Zaccheo is responsible for development of the 

following procedure. ITO coated glass substrates were cut into 2.5 by 7.5 cm-  

sized pieces and cleaned according to the above procedure. Before proceeding 

to steps I through V, described in Figure 2.3, the following steps were 

performed. First, ITO substrates were rinsed with water and brought to a spin 
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speed of 500 rpm on a spin coater (Specialty Coating Systems, Inc., Spincoat 

G 3-8). Then, in order to promote photoresist adhesion, Surpass 3000 

(DisChem, Inc.) was applied at a rate of 1 mL/s for 30 seconds. After that, the 

ITO slide was rinsed with water for 30 s and dried by spinning for 1 minute at 

a speed of 4000 rpm. At this point, room temperature photoresist AZP4620 

(AZ Electronic Materials) was manually poured over the substrate until the 

entire slide was covered and spun for 1 minute at 4000 rpm, Figure 2.3, step I. 

Following spin-coating, the ITO/photoresist cast was heated on a hotplate for 

2 minutes at 90 °C and, then, at 110 °C for 3 minutes. The heating, or soft-

baking, is done to remove solvent from the resist layer and make it 

photosensitive7. Next, step II, the sample together with the mask was mounted 

for UV irradiation in a mask aligner (SUSS MicroTec Lithography, GhbH 

MA6/BA6) and exposed for 7 s to 365 nm light (Hg lamp, I-line) with an 

intensity of 10 mW/cm2. This step was performed in contact printing mode 

where the resist-coated ITO substrate is brought into physical contact with the 

mask. This mask was designed in-house (by Brian Zaccheo from Dr. Richard 

M. Crooks research lab) but fabricated externally by Advanced 

Reproductions, Inc. Figure 2.5 (a) illustrates the features and dimensions of a 

single pattern that was utilized to produce a 10 cm x 10 cm glass mask (40 

chromium patterns/mask). Note that the 1-D line pattern was designed to 

produce an interdigitated array (IDA), the lines coming from the pad on one 

side overlap with the lines coming from the pad on the opposite side. The 

blown up circular portion of the array depicted in Figure 2.5 (a) illustrates the 
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Figure 2.3. Schematic diagram outlining the photolithography/reactive ion 
etch process for fabrication of 1-D conductive, interdigitated array (IDA) 
electrodes. 
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interdigitated nature of the pattern. After UV irradiation, step III, the 

ITO/photoresist slides were soaked with gentle agitation in developer 

AZ421K (AZ Electronic Materials) for 45 s in order to remove exposed 

photoresist from the substrate. AZP4620 is a positive photoresist, meaning 

that immersion in developer solution removes exposed material. At this point, 

resist features remaining on the ITO were similar to the mask pattern. The rest 

of the procedure focuses on the removal of the ITO layer around the 

photoresist pattern so there is no conductive connection between the array 

pads and so that both sides of the pattern can act as individual electrodes. 

Multiple etch recipes were attempted in order to achieve this goal. 

2.2.2.2.2 ITO Etch 

Two general methods were implemented to etch the ITO layer from 

photoresist free areas a wet acid etch and dry reactive ion plasma etch. Several 

permutations of the wet acid etch were attempted including treatment at 60 °C 

in an aqueous solution of 5% HNO3 and 20% HCl8 (Fisher Scientific) and a 

room temperature treatment in 0.2 M FeCl3 (Sigma-Aldrich) dissolved in 12 

M HCl.9 ITO/photoresist substrates were dipped into etching solutions for a 

predetermined period of time and at the end of etching were rinsed with 

copious amounts of ultrapure water and dried under a stream of nitrogen.  

Dry etching of ITO was achieved using a reactive ion plasma 

apparatus, Plasmalab 80 + ICP 65 (Oxford Instruments). The recipe was 

adapted from a study published by Lee and co-workers.10 Etching was carried 

out with the gas combination of 10% CH4 (5 sccm) and 90% Ar (45 sccm), at 
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an rf power of 200 W, dc bias of 520 V, pressure of 0.76 Pa, and temperature 

between 30 and 40 °C.  Other etch recipes utilizing various combinations of 

O2 and Ar gave unsatisfactory results. 

After the etch step, the ITO/photoresist patterns were sonicated for 20 

minutes in acetone. This ensured complete removal of the resist layer, Figure 

2.3, step V, resulting in an ITO pattern with features and dimensions 

corresponding to those of the mask (Figure 2.5 (a)). Fabricated ITO patterns 

were cleaned by heating for 10 minutes at 80 °C in an aqueous solution of 

ethanolamine, rinsed with ultrapure water, and sonicated for 45 min in 

ultrapure water. Finally, ITO patterns were dried under a stream of nitrogen 

and stored for future use. Later, the conductive ITO patterns were utilized to 

electrochemically deposit material(s) of interest (Figure 2.3, step VI). The 

interdigitated design of our pattern allowed us to deposit unary, one material, 

gratings or binary, two materials, gratings.  

2.2.3 AFM and Spectroscopic Ellipsometry Analysis 

Atomic force microscopy (AFM) was utilized to establish the 

dimensions and reproducibility of fabricated ITO patterns using a Digital 

Instruments Bioscope Nanoscope IV. Measurements were performed in 

tapping mode with single etched silicon (TESP) Nanoprobe SPM tips of 125 

μm cantilever length and ~350 kHz resonance frequency. Additionally, AFM 

topography scans were utilized to estimate ITO etch rates by measuring the 

thickness of ITO patterns etched at different lengths of time.  
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Spectroscopic ellipsometry (SE) was used as an alternate technique to 

approximate ITO etch rates for comparison with ITO etch rates determined by 

AFM. These measurements were performed on clean, unpatterned ITO-coated 

glass pieces (1 cm x 1 cm) that were exposed to etching for different times. SE 

measurements were modeled from 400 to 800 nm at angles of 60°, 65°, and 

70° using J. A. Woollam M-2000 variable-angle spectroscopic ellipsometer 

(VASE). In order to minimize backside reflectance, matte finish Scotch tape 

was attached to the back of the ITO substrates. Corning 1737 glass substrate 

layer (provided by J. A. Woollam Co) was employed to model the glass 

substrate and a Cauchy model was utilized to determine the thickness of the 

ITO layer. 

2.3 RESULTS AND DISCUSSION 

2.3.1 Patterning of ITO via μTM 

“Inking” of the PDMS stamp with epoxy and the transfer of the epoxy 

pattern onto the ITO surface (Figure 2.2, steps II and III) are the most 

important steps in μTM and have a significant effect on the success of the 

fabrication process. Figure 2.4 (b) shows a 200 x 200 μm2 image of epoxy 

pattern transferred by PDMS stamp and cured on an ITO substrate (Figure 2.2, 

step III). This epoxy pattern is representative of the best patterns achieved, 

even though it features a number of defects. Defects at the bottom of image 

(b) are caused by particulate matter caught on either the ITO substrate or the 

PDMS stamp during either “inking” (step II) or molding (step III). Also, 

throughout the pattern and especially in the top right corner there are regions 
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Figure 2.4. (a) Digital photograph of the master, silicon calibration grating 
TGZ03, used for patterning the ITO substrates via the microtransfer molding 
technique. (b) Digital and (c) atomic force microscopy images of epoxy 
pattern produced on ITO (after step III). 
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of exposed ITO. These defects can arise due to several factors including a lack 

of epoxy paste due to patchy “inking” of the PDMS mold, 

distortions/imperfections in the PDMS stamp, entrapment of air due to uneven 

pressure distribution during transfer or by unbalanced placement of the lead 

weights. Assessment of pattern quality in “good looking” areas is also tricky. 

Visual evaluation of defect-free areas can be misleading because it is hard to 

establish if the ITO regions are covered by epoxy. This epoxy will insulate the 

ITO during the electrodeposition process (Figure 2.2) leading to no 

deposition.  The size and shape of these patterns is also difficult to determine.  

Figure 2.4 (b) offers an AFM image of an epoxy mold formed on an ITO 

platform. Visually the epoxy lines are twice the width of the uncovered 

regions. Recall that the master grating (TGZ03) has a pitch of 3 μm, making 

the epoxy steps and ITO lines between them approximately 2 and 1 μm, 

respectively. A more definitive answer cannot be given because the epoxy 

grating is approximately 500 nm tall and the AFM tip is too large to probe the 

grating.  Cross-sectional analysis of AFM data in Figure 2.4 (c) gave no 

affirmative answers about the height or width of the epoxy grating and the 

cross-section of the pattern appears as a set of cones. Therefore, unless high 

aspect ration tips are used for the measurements, AFM cannot determine the 

grating dimensions. These issues make it impractical to evaluate the suitability 

of the gratings prior to deposition. Therefore the electrodeposition procedure 

was carried out on all gratings with the understanding that a certain fraction 

would not deposit.  Successful gratings exhibited a patterned array of ~65 % 
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(5.8 mm2) with material line width of 2 μm and a spacing of 1 μm. For 

diffraction-based sensing using our microscope-CCD setup this kind of 

reproducibility is acceptable because the maximum spot size exploited in 

sensing is ~600 μm2. 

2.3.2 Patterning of ITO via Photolithography 

2.3.2.1 Photolithographic Fabrication of Resist Pattern on ITO Substrate  

Photolithography has become a dominant lithographic technique 

thanks to its precision in replicating  even large, micro-scale features.1 This 

technique was chosen by us to fabricate composite, in-house designed 

patterns. These patterns are more complex than those previously fabricated 

with uTM.  The line pattern area is in the form of an interdigitated array 

(IDA), allowing for independent electrodeposition and electrochemical control 

of alternating grating lines.  For these arrays the accuracy of fabrication is 

essential for elimination of interconnects between lines of opposing pads. The 

blown up area of an IDA is shown in Figure 2.5 (a) and demonstrates the 

interdigitated feature of the pattern. The pattern shown is fabricated out of 

photoresist on an ITO substrate following step III (Figure 2.3). Because of the 

size of the mask that “houses” 40 chromium master patterns, correct 

alignment of the mask resulted in the production of five patterns per ITO slide 

per UV exposure, Figure 2.5 (b).  

The speed and duration of spin-coating as well as the temperature used 

for soft-baking are major factors influencing the thickness of the photoresist 
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Figure 2.5. (a) Schematic illustration of custom designed interdigitated array 
(IDA) mask with the circular region representing a magnified portion of the 
array. (b) Digital image of ITO slide with the set of IDA features patterned by 
photoresist (step III of procedure). 
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layer, assuming the viscosity of the photoresist does not vary from sample to 

sample. In our setup, the thickness of the resist layer when spin-coated and 

baked under the same experimental conditions varied from 8 to 10 μm. This 

thickness variation was attributed to differences in the viscosity of the 

photoresist between different batches. The viscosity of resist depends on 

amount of solvents, and spin-coating more viscous resist results in a thicker 

resist layer. After spin-coating, resist-coated ITO slides were placed on a hot 

plate for soft-baking. Soft-baking removes excess solvents resulting in a 

decrease in thickness and the amount of change may vary based on the initial 

viscosity of the photoresist. Overall, the variability in thickness of the resist 

layer did not have a significant impact on the fabrication of ITO patterns 

during etching (Figure 2.3, step IV). The photoresist layer was also thick 

enough to withstand etching conditions without damaging the ITO layer 

underneath it. 

Soft-baking is generally considered to be the most crucial step in 

photolithography.7 Removal of solvents makes the resist photosensitive and 

promotes adhesion of the resist to the substrate. When over baked the resist 

solidifies and becomes insoluble in developer. Additionally, over baking 

diminishes the photosensitivity of the resist by damaging the sensitizer. Under 

baking on the other hand prevents good adhesion between resist and substrate 

and results in incomplete exposure. As a consequence, the resist layer is more 

prone to dissolution in developer. By baking for 2 minutes at 90 °C and, then, 

for 3 minutes at 110 °C these problems were not observed suggesting that  
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soft-baking parameters were chosen correctly. 

The most difficult step to optimize was getting the photoresist line 

dimensions to match those of the master. As illustrated in Figure 2.5 (a) the 

master’s IDA area consists of 10-μm features (e.g., line width of array and 

spacing in between is equal to 10 μm). However, the features of photoresist 

pattern usually came out thinner. The average width of the fabricated 

photoresist array was around 8 μm with a line spacing of 12 μm, respectively. 

The blown up portion of the array shown in Figure 2.5 (a) demonstrates the 

IDA pattern formed out of the resist layer after soaking in UV-exposed 

photoresist in developer (Figure 2.3, step III). By visual inspection one can 

notice that the photoresist lines are thinner than the spacing between them. 

Although thickness of resist layer plays important role in features size 

resolution during UV exposure (generally thinner resist layer promotes higher 

resolution), in this case thickness should not be an issue because mask 

exposure is performed in contact mode and the feature size is on the multi-

micron scale. Since there is no gap between the photoresist and mask (i.e., 

they are in contact during exposure), this mode of printing offers high 

resolution. This suggests that the accuracy of fabrication depends on two 

remaining steps: UV exposure and developer immersion. Since the patterned 

features are smaller than the mask features, UV under-exposure can be 

eliminated. Typically under-exposure results in an increase in feature size or a 

failure to transfer the mask pattern at all. Over-exposure is the main candidate 

to generate reduced feature sizes due to light scattering and diffraction at the 
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edges of the pattern11 (Figure 2.3, step II). Initially, when the exposure time 

was held at 12 s, the resulted line width resist layer in IDA area was 7 μm or 

smaller. Lowering the exposure time to 7 s produced resist lines close to 8 μm 

in width. Further changes resulted in no gains indicating that other factors are 

in play.  Another factor that may contribute to decreased feature size is 

excessive soaking of the substrate in developer (Figure 2.3, step III). Even 

when not exposed to UV light, positive resists exhibit some solubility in 

developer; the solubility of positive resists in developer increases with energy 

and time of exposure7. Therefore, over-soaking of the resist pattern in 

developer can result in some dissolution of unexposed resist making pattern 

features smaller/thinner than analogous features on the master. In our 

procedure, originally UV exposed sample were soaked in developer for 60 s 

which never resulted in resist line widths over 8 μm even with 7 s UV 

exposure. After soaking time was reduced to 45 s, line width never went 

below 8 μm. In general, subsequent to reduction of UV exposure and 

developer soaking times, the width of resist lines in IDA region of the pattern 

was greater than or equal to 8 μm. Note that further time reduction for both 

exposure and soaking destroyed the patterns. We believe, that the width 

variations arise from differences in the viscosity of the photoresist from run to 

run. Despite this issue, optimization of photolithographic procedure produced 

good quality and highly reproducible resist patterns that were ready for 

selective ITO etch in next step. 
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2.3.2.2 Selective Etching of ITO  

Multiple ITO etch recipes were implemented to achieve complete 

removal of the ITO layer in resist-free areas without damaging ITO 

underneath photoresist pattern. The goal of the etch step (Figure 2.3, step IV) 

is to fabricate an ITO pattern identical to the master before the removal of all 

the photoresist (Figure 2.3, step V). The IDA region of the pattern must be 

conductive so materials of interest can be deposited electrochemically  and 

without interconnects between arrays of opposing pads so either side of 

pattern can be used as an individual electrode. Wet acid etch and dry reactive 

ion plasma etch procedures were both attempted and the dry etch was found to 

be most effective.  

For the wet acid etch two solutions were used: an aqueous solution of 

5% HNO3 and 20% HCl8 (aqua regia, at 60 °C ) and 0.2 M FeCl3 in 12 M 

HCl9 (at 25 °C). Earlier studies by Scholten12 and others13,14 showed that acid 

etch rates for ITO were highest with halogen acid such as HCl, HBr and HI 

while the addition of oxidants such as HNO3 and FeCl3 further accelerates the 

etching process. Etching of ITO layer with haloacids occurs through the 

generation of soluble metal halides and water. Before any etching was 

performed on resist-patterned ITO platforms, the study of etch rates was 

completed on small (1 cm x 1cm), clean pieces of ITO. ITO samples were 

immersed in acid solutions for a predetermined amount of time and then 

rinsed with excess of ultrapure water and dried under a stream of nitrogen. 

The ITO layer thickness was determined using spectroscopic ellipsometry 
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(SE). The average thickness of an unaltered ITO layer was found to be ~130 

nm. Figures 2.6 and 2.7 (hollow black squares) show plots of ITO thickness 

versus etch time in aqua regia and 0.2 M FeCl3/12 M HCl, respectively. 

Linear fits through experimental points (represented by black dashed lines) 

were used to estimate the etch rate (slope, m, of the lines) in each solution. 

Exposure of ITO substrates to aqua regia resulted in an etch rate of ~13 

nm/min (Figure 2.6, m = -0.21). Whereas etching in 0.2 M FeCl3/12 M HCl 

produced a rate of ~ 31 nm/min (Figure 2.7, m = -0.52), which is more than 

two times as fast as in aqua regia. These results suggested that in order to 

completely remove the ITO layer around the resist pattern ITO platforms must 

be kept for ~10 min in aqua regia but only for a little over 4 min in 0.2 M 

FeCl3/12 M HCl solution. Next, the same acid solutions were used to etch 

resist-patterned substrates. When samples were dipped in aqua regia, the resist 

pattern lifted off after two minutes in the solution. Therefore, aqueous mixture 

of 5% HNO3 and 20% HCl was declared unfeasible for etching the ITO layer 

around the photoresist pattern. However, no damage to the resist pattern was 

observed when identical samples were placed in 0.2 M FeCl3/12 M HCl. The 

etch rate of ITO in presence of resist was approximated by etching a set of 

samples at different times and, after removing photoresist with acetone, 

scanning the IDA area of the pattern by AFM tip. Figure 2.7 (solid violet 

squares) illustrates a plot of ITO layer thickness measured over etchant- 

exposed lines within IDA region of the pattern versus time held in etchant 

solution. Again, a linear fit (solid violet line) was used to determine the etch  
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Figure 2.6. Plot of ITO layer thickness versus etch time in aqueous solution 
of 5% HNO3 and 20% HCl as measured by spectroscopic ellipsometry (SE). 
Dashed line represents a linear fit through the data points. 
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Figure 2.7. Plot of ITO layer thickness versus etch time in 0.2 M FeCl3/12 M 
HCl as measured by spectroscopic ellipsometry (SE, hollow black squares) 
and by atomic force microscopy (AFM, solid violet squares). Dashed black 
and solid violet lines represent linear fits through the SE and AFM data points, 
correspondingly. 
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rate of the ITO layer on resist-patterned substrates. The slope of this line 

(Figure 2.7, m = -0.93) indicates an etch rate of ~56 nm/min which is almost 

two times faster than the etch rate found for resist-free pieces of ITO exposed 

to the same haloacid solution (Figure 2.7, m = -0.52). Experimentally, 

complete removal of the ITO layer around resist pattern was achieved in 150 s 

(2.5 min). Final dissolution of the resist pattern in acetone resulted in an ITO 

pattern similar to the master (Figure 2.5 (a)) where two pads of intedigitated 

arrays reside in electrical isolation from each other. Placement of one 

multimeter pin on each opposing pad showed no measurable conductivity 

between the two arrays. For this procedure, the only drawback was the 

decrease in line width of IDA pattern due to simultaneous side walls etching. 

Because of this further size reduction during wet acid etch, a dry reactive ion 

plasma etch was developed. 

Under the right conditions, where selectivity of plasma for ITO is 

much higher than for photoresist so that the ITO layer is gone before plasma 

reaches the bottom of the photoresist mask, application of reactive ion plasma 

etch can produce high resolution patterns with features indistinguishable from 

the mask. In an earlier study by Lee and co-workers10, the authors 

demonstrated an enhancement of the ITO etch rate with the addition of 10% 

CH4 to Ar. They claimed that improvement comes from the formation of 

volatile In(CH3)x and Sn(CH3)y products. Since this study employed “in-

house” deposited ITO substrates and different plasma equipment, we needed 

to establish the etch rate of commercially available ITO-coated glass samples 
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used in our studies. Therefore, once more 1 cm x 1 cm clean pieces of ITO 

were exposed to reactive plasma for set amount of time. Data in Figure 2.8 

(hollow black circles) was used to approximate ITO etch rate in plasma 

chamber under given conditions. According to linear fit of SE thickness 

measurements versus etch time (black dashed line), 10% CH4/90% Ar plasma 

resulted in etch rate of ~24 nm/min (Figure 2.8, m = -0.40) which is 

comparable to the etch rate acquired during wet acid etch with 0.2 M FeCl3/12 

M HCl (31 nm/min). Next, resist-patterned ITO platforms were plasma etched 

to determine the ITO etch rate in the presence of photoresist. Similar to acid  

etched samples, after removal of a resist layer, AFM height measurements 

were attained to determine the etch rate of patterned substrates. Etching of the 

patterns by reactive plasma resulted in etch rates similar to that determined on 

bare ITO. AFM scans determined an etch rate of ~26 nm/min as shown in 

Figure 2.8 by line fit (solid violet line) through solid violet circles that has a 

slope, m, equal to -0.43. The combination of etch rates found for flat and 

patterned ITO samples recommended a total etch time a little over of 5 

minutes for complete removal of the ITO layer. Additionally, to estimate 

damage to the glass support underneath the ITO layer, several glass samples 

were plasma etched under the same conditions. The glass etch rate estimated 

through AFM measurements (not shown here) was ~5 nm/min which is small 

compared to the ITO etch rate but does require accurate estimation of when 

the ITO is eliminated to avoid excess damage to the glass. Although there 

were visually obvious changes to the resist layer (i.e., changes in color and  
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Figure 2.8. Plot of ITO layer thickness versus etch time in reactive plasma of 
5 sccm CH4/45 sccm Ar as measured by spectroscopic ellipsometry (SE, 
hollow black circles) and by atomic force microscopy (AFM, solid violet 
circles). Dashed black and solid violet lines represent linear fits through the 
SE and AFM data points, correspondingly. 
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morphology), no detectable damage was made to the ITO layer under the 

resist. Dimensions of plasma etched ITO patterns were identical to photoresist 

mask prior to placement into plasma chamber. This method of etching proved 

to be fast, reproducible and not harmful to the resist-masked ITO layer, 

producing ITO patterns of two conductive but electrically isolated IDA 

electrodes. Reactive plasma etch was selected as the major ITO etch process 

(Figure 2.3, step IV) in fabrication of ITO patterns with interdigitated features. 

Figure 2.9 is an AFM image of 5-min plasma etched ITO pattern acquired 

over IDA region after the resist layer was removed with acetone (Figure 2.3, 

step V). As shown there is a definite difference in the width of the ITO lines 

and glass spacing in between: they are not 10 μm each as in the master (Figure 

2.5 (a)). The widths of ITO lines and spacing in between them are around 8 

μm and 12 μm, correspondingly. These widths are a consequence of the 

photoresist pattern. The average height of the ITO steps measured over 

numerous samples was found to be equal to 135 nm. In general, a combination 

of photolithographic processes with reactive ion etch produced high quality, 

defect-free, conductive ITO patterns suitable for material studies via 

diffraction measurements. 
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Figure 2.9. 3-D topography image of 75μm x 75μm area of etched ITO 
interdigitated array acquired by atomic force microscopy (AFM). 
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2.4 CONCLUSIONS 

Here, we described the fabrication of 1-D patterns on ITO-coated glass 

substrates via microtransfer molding (μTM) and photolithography. Both of 

these techniques are well established and have been applied to many scientific 

applications. In our studies, they were employed to make conductive gratings 

for application in diffraction-based sensing. Although μTM is inexpensive and 

easy to use, it limits the quality and reproducibility of patterns. 

Photolithography on the other hand is a difficult procedure to optimize, 

however, once developed, pattern fabrication is fast and generally defect-free. 

This chapter discussed process, limitations, and final products of each method 

and it can be used as a guideline for future work on further improvement of 

both techniques.  
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CHAPTER 3 

Cathodic Electrodeposition of Mixed Molybdenum-Tungsten 
Oxides from Peroxo-Polymolybdotungstate Solutions* 

3.1 INTRODUCTION  

Transition metal oxides such as WO3 and MoO3 exhibit interesting 

physical and chemical properties including n-type semiconducting behavior, 

electrochromism, and reversible ion storage, which offer promise as catalysts1, 

sensors2, smart windows3, and batteries4.  While several preparation 

techniques have been reported including pulsed laser ablation5, thermal 

evaporation6,7 and sputtering8 for fabrication of metal oxide thin films, 

electrochemical deposition9,10,11 appears more attractive due to low 

temperature and soft processing capabilities. Aside from the processing 

advantages, electrochemical deposition is amenable to the practical fabrication 

of next-generation, composite inorganic-organic device architectures requiring 

conformal preparation of metal oxides on flexible, polymer substrates12,13. 

Previous work in our group focused on the electrochemical synthesis 

of MoO3 thin films via cathodic electrodeposition from aqueous peroxo-

polymolybdate14 and molybdate15 solutions was described. Deposition at 

specific applied potentials provided means for preparing molybdenum oxide  

_______________________ 

* Portions of this chapter were published in Kondrachova, L.; Hahn, B. P.; Vijayaraghavan, 
 G.; Williams, R. D.; Stevenson, K. J. Langmuir 2006, 22, (25), 10490-10498. 
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films with controlled stoichiometry, water content, and valency.  Additionally, 

it has been shown that post deposition processing is another important factor 

which influences both structural and compositional aspects16,17 in addition to 

the associated electrochromic and lithium insertion properties.18,19 In 

particular, MoO3 films sintered at 250 °C were found to consist of intermixed 

α-/β-MoO3 domains that exhibited reasonable electrochromic efficiencies and 

high lithium insertion transport rates over more amorphous and crystalline α-

MoO3 and β−MoO3 analogues.16,19  It was concluded that the presence of β-

MoO3 domains within the intermixed α-/β-MoO3 structure acted to stabilize 

the more electrochemically active α-MoO3 domains and diminish 

electrochemically induced structural changes commonly observed with more 

crystalline α-MoO3. There is also a speculation that the presence of β-MoO3 

can act to electronically wire the more active α-MoO3 phase due to its 

increased electronic conductivity.17 These observations suggest that 

intermixed α-/β-MoO3 domains are more structurally stable and serve as 

better mixed ionic/electronic conductors to impart more facile ion insertion 

kinetics, albeit at the sacrifice of ion storage capacity due to the incorporation 

of lower capacity β-MoO3. These results piqued our interest as to how we 

could enhance electrochemical performance in mixed phases of redox-active 

metal oxides via control of composition along with microstructure. We 

hypothesized that performance parameters could be improved if more 

structurally and compositionally homogeneous materials could be prepared, 

but still possessed a degree of disorder (e.g., oxygen defects) within the host 
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matrix as these materials are known to exhibit better electrochromic 

efficiencies and larger ion insertion capacities.  

In this chapter, we extend this work to the investigation of mixed 

molybdenum and tungsten oxides electrodeposited from peroxo-

polymolybdotungstate solutions.  Mixed MoxW1-xO3 oxides are of great 

interest as they offer the additional opportunity to systematically tailor 

microstructural characteristics and associated electrochromic and lithium 

insertion properties.  As discussed early on by Fraughnan and Crandall20 

higher electrochromic efficiencies are expected as a result of enhanced 

electron intervalence transfer between Mo5+ and W6+ states, in addition to 

Mo5+, Mo6+ and W5+, W6+ transitions. The preferential localized trapping of 

electrons at Mo sites is also expected to play an influential role. Although 

several reports have described the preparation of mixed MoxW1-xO3 films 

using electrodeposition21,22,23 chemical vapor deposition,24,25 thermal 

evaporation,26 sol-gel,27 and spray pyrolysis,28 the majority of investigations to 

date have focused mainly on characterization of the optical properties of 

MoxW1-xO3 in proton conducting electrolytes with low Mo dopant 

concentrations (x < 0.1).  Detailed systematic investigations of MoxW1-xO3 

thin films prepared by electrodeposition and the effects of Mo dopant 

concentration in relation to structure, composition and associated lithium 

insertion properties are very limited.21,29 The minimal accompanying 

structural and compositional analysis reported in the literature makes it 

difficult to directly discern trends of mixed metal oxide structure–property 
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relationships as a function of dopant concentration and hard to determine if 

electrochemical properties are systematically enhanced as a result of the 

controlled mixing of Mo and W components.  

This chapter focuses on examining the feasibility of preparing 

structurally and compositionally unique mixed MoxW1-xO3 materials via 

electrodeposition from solutions containing peroxo-polymolybdotungstates. 

The effects of these changes on electrode stability and ion/charge transport 

were determined with a variety of techniques. Chronocoulometry, 

chronoamperometry, and cyclic voltammetry experiments were conducted in 

concert with energy dispersive spectroscopy (EDS) to provide insight into the 

potential-dependent electrodeposition process. X-ray diffraction (XRD), 

Raman spectroscopy and spectroscopic ellipsometry (SE) were used to 

correlate structural and optical properties of MoxW1-xO3 films sintered at 250 

°C. MoxW1-xO3 films prepared under these conditions appear compositionally 

and structurally homogeneous yet still possess a degree of structural disorder 

due to the presence of oxygen defects and mixed valency. Knowledge of the 

deposition parameters allows us to understand the influence on the resultant 

structure, composition and electrochemical properties of MoxW1-xO3 films. 

Associated trends in electrochromic efficiency and lithium insertion 

parameters are also presented. 
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3.2 EXPERIMENTAL 

3.2.1 Preparation of Electrodeposition Solutions  

Peroxo-based tungstate and molybdate solutions are easily prepared by 

dissolving solid tungsten or molybdenum metal in 30 % hydrogen peroxide, 

where the peroxide acts as both an oxidizing and a complexing agent. In case 

of tungsten, peroxide forms a predominately dimeric (2:1 ratio of O2:W) 

tetraperoxoditungstate species, eq 1.  

 

2W(s) + 10H2O2 ⇌ [W2(O)3(O2)4(H2O)2]2- + 2H3O+  +  5H2O                       (1) 

 

Equilibrium data reported for the formation of iso- and peroxo-polytungstates 

indicate that peroxo-based deposition solutions contain tungstate (WO4
2-), 

tungstic acid (H2WO4) and two major peroxo-poly constituents, 

tetraperoxoditungstate ([W2O3(O2)4(H2O)2]2-) and tetraperoxotetratungstate 

([W4(O9)(O2)4]2-).30,31,32  Higher order polymeric peroxo species such as 

[W7O23(O2)]6- and [W7O22(O2)2]6- have also been reported to exist in acidic 

tungstate solutions (pH < 4) when [H2O2]:[W] < 1.33 However, at the peroxide 

concentrations and pH’s (~2) employed here, these higher order isopolymeric 

species should be present only in small amounts. As many have reported34,35,36 

the electrodeposition efficiency from peroxo-polytungstate solutions is 

strongly dependent on the solution composition, with solutions having 

[H2O2]:[W] molar ratios of ~ 1 being most electroactive.  
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Stock peroxo-polymolybdate and peroxo-polytungstate deposition 

solutions were prepared by adding ~1 g of molybdenum or tungsten foil (Alfa 

Aesar, 99.999 %) to 6 mL of aqueous hydrogen peroxide (Mallinckrodt, 30 % 

v:v). Upon complete dissolution of the metal, excess hydrogen peroxide was 

decomposed using Pt black to achieve a [H2O2]:[Mo or W] approximately 

equal to 1. The solution was then diluted with ultrapure water to 0.1 M and 

0.05 M molybdenum and tungsten solutions, respectively. Mixed peroxo-

polymolybdotungstate solutions were prepared by combining the stock 

solutions to achieve mixed solutions consisting of the following: 10 mole % 

Mo in 90 mole % W (5.3 mM Mo, 47.3 mM W), 20 mole % Mo in 80 mole % 

W (11.1 mM Mo, 44.4 mM W), 30 mole % Mo in 70 mole % W (17.9 mM 

Mo, 41.0 mM W), and 50 mole % Mo in 50 mole % W (33.5 mM Mo, 33.2 

mM W).  Additionally, in order to assess the effect of solution preparation 

conditions on the stoichiometry of the resulting films, the same set of mixed 

Mo-W solutions was prepared by mixing corresponding amounts of Mo and 

W powders and dissolving them in aqueous H2O2. After complete dissolution, 

this set of solutions was diluted to attain solutions compositionally identical to 

those mentioned above with a total metal concentration of ~60 mM. Both sets 

of peroxo-polymolybdotungstate solutions were used for electrodeposition 

within two days of preparation and without stabilization by isopropanol or 

other additives to avoid the affect of foreign species, such as carbon, which 

can significantly influence structural, electronic, and electrochemical 

properties.  
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3.2.2 Electrochemical Deposition and Characterization  

3.2.2.1 Deposition of Metal-Oxides Films 

A conventional one-compartment, three-electrode Teflon cell was 

fitted with a Viton o-ring, giving a constant electrode area of 0.45 cm2.  Pt 

wire (Aldrich) and Ag/AgCl (KCl sat’d) (World Precision Instruments) 

electrodes were employed as the counter and reference electrodes, 

respectively, while transparent, conductive indium-tin-oxide (ITO) coated 

glass substrates (Delta Technologies, LTD., 15 Ω/□) served as the working 

electrode.  The cell temperature was 25 + 2 °C.  ITO coated glass substrates 

were cleaned prior to use by immersion for 10 minutes in a heated (80 °C) 

aqueous solution of ethanolamine (Aldrich, 30 % v:v) followed by copious 

rinsing with ultrapure water. The substrates were then sonicated for 45 min in 

ultrapure water and dried under a stream of nitrogen.  Mixed MoxW1-xO3 films 

were deposited potentiostatically by applying a fixed potential of –0.20, -0.35, 

or –0.50 V vs. Ag/AgCl for a predetermined length of time (400s).   

Following deposition, the films were rinsed copiously with ultrapure water, 

and then placed in a dessicator for 12 h to remove excess water prior to 

sintering. The electrodeposited films were then sintered in air using a Cress 

(model C401H/942) programmable electric furnace. The temperature was 

ramped from room temperature (~25 °C) to a final temperature of 250 °C at a 

rate of 60 ºC/hr, where upon the temperature was held for 2 h.  The films were 

cooled in the furnace until the temperature reached ~30 ºC and then removed 

and stored in a dessicator until further use.   
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3.2.2.2 Electrochemical Ion Insertion 

Cyclic voltammetry experiments for lithium insertion were performed 

in a potential range from +0.2 V to –0.8 V. This potential window was chosen 

to avoid irreversible reduction of the metal oxide as well as to prevent solvent 

reduction/degradation. LiClO4 (Aldrich) and anhydrous propylene carbonate 

(PC, Aldrich, 99.7%) were reagent grade and used as received. 

Chronoamperometry experiments for measuring lithium diffusion coefficients 

were conducted using a 10 s potential step from +0.2 V, an initial potential 

where negligible current flows, to –0.8 V, a final value well beyond the 

thermodynamic reduction potentials of MoO3 and WO3. 

Spectroelectrochemical characterization was carried out during the cyclic 

voltammetry experiments to estimate electrochromic efficiencies using an 

Agilent Instruments 8453 UV-Visible spectrometer. Optical absorption 

spectra were recorded every 3.6 s as the potential was scanned at 10 mV/s 

between +0.2 V and –0.8 V vs. Ag/AgCl. 

3.2.3 Structural Characterization 

Atomic force microscopy was performed using a Veeco Instruments 

Bioscope Nanoscope IV.  All measurements were obtained in tapping mode 

with single etched silicon (TESP) Nanoprobe SPM tips (Digital Instruments, 

cantilever length 125 μm and resonance frequency ~350 kHz).  Energy 

dispersive spectroscopy (EDS) was performed with a Leo 1530 scanning 

electron microscope (SEM) operating at 20 keV. Data reported are an average 

of three 100µm2 scans with an acquisition time of 30 seconds. The percent 
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composition of W and Mo in the deposited film was determined using the Lα 

lines of Mo (2.293 keV) and W (8.396 keV). SEM images of the films were 

acquired with an acceleration voltage of 10 keV. X-ray diffraction (XRD) 

analysis was performed using a Bruker-Nonius D8 Advance Theta-2Theta 

Powder Diffractometer that employed a Cu Kα line source (λ = 1.5406Å).   

ITO/metal oxide samples were mounted on a rotating sample holder, and data 

was acquired between 20° and 50° at a rate of 10 degrees per minute.  Data 

acquisition was performed every 0.1°, and each sample was continuously scan 

averaged for approximately 8 hours.  Raman spectra were obtained with a 

Renishaw In Via system, using a 514.5 nm Ar laser at 20 mW cm-2 and a 50x 

aperture (N.A. = 0.75) resulting in ~2 μm diameter sampling cross section.  

Spectra were an average of five scans with an acquisition time of 50 seconds. 

3.2.4 Optical Characterization 

Spectroscopic ellipsometry (SE) was utilized to estimate the real 

component of complex index of refraction, n, commonly known as refractive 

index of binary MoxW1-xO3 and pure MoO3 and WO3 thin films. J.A Woollam 

M-2000 variable-angle spectroscopic ellipsometer (VASE) was used to take 

SE measurements from 200 to 1000 nm at angles of 60, 65 and 70°. This 

technique does not directly measure the refractive index of a material; it 

measures the relative change in magnitude (Ψ) and phase (∆) between two 

perpendicular, s and p polarized, light waves. Using optical models we were 

able to extract wavelength-dependent optical constants of the films that were 

found to be independent of thickness.37 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Electrodeposition 

3.3.1.1 Cyclic Voltammetry of Metal-Oxides Solutions 

An important aspect for the electrodeposition of MoxW1-xO3 films is 

the role of the deposition potential upon resultant structure and composition.  

Figure 3.1 shows a family of voltammetric responses of ITO electrodes 

immersed in peroxo-polymolybdotungstate solutions of various formulations, 

ranging from 10 to 50 mole percent of Mo.  Also shown are the voltammetric 

responses for the deposition of pure molybdenum oxide (denoted as 100% 

Mo) and tungsten oxide (denoted as 100% W) from peroxo-polymolybdate 

and peroxo-polytungstate solutions, respectively. Clearly the choice of the 

deposition potential is important as the magnitude of the cathodic current 

increases as a function of mole percent Mo in solution.  The onset of cathodic 

current (~ +0.16 V) associated with growth for pure molybdenum oxide from 

a peroxo-polymolybdate solution is ca. 360 mV more positive than that 

observed for the growth of pure tungsten oxide (–0.20 V) from peroxo-

polytungstate solution. A systematic positive shift of approximately 2 mV per 

mole % Mo in the onset of the cathodic deposition current is observed as the 

amount of Mo is increased, reflective of a more facile reduction process.  

Additionally, a much larger peak is seen with a maximum at –0.20 V for ITO 

electrodes cycled in peroxo-polymolybdate solution. Similar, yet diminished 

cathodic peak features are observed for ITO electrodes cycled in solutions  

66 



          

0.2 0.0 -0.2 -0.4 -0.6 -0.8

 

   100% W

E vs Ag/AgCl (V)

 

 

   10% Mo

 

 

   20% Mo

 

 

   30% Mo

 

 

   50% Mo  

   100% Mo
5 mA/cm2

 

Figure 3.1. Voltammetric responses of ITO electrodes immersed in peroxo-
polymolybdotungstate solutions containing the indicated mole percent Mo.  
For comparison voltammetric responses are plotted for deposition of pure 
tungsten oxide (100% W) and molybdenum oxide (100% Mo) at ITO 
electrodes immersed in 0.05 M peroxo-polytungstate and 0.05 M peroxo-
polymolybdate solutions.  Scan rate was 10 mV/s. The indicated scale bar is 
the same for all plots. 
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containing 30 and 50 mole percent Mo.  For all solutions, a large cathodic 

current is observed beginning at ~ –0.4 V that is characteristic of the onset of 

hydrogen evolution.  No appreciable anodic currents are seen for ITO 

electrodes during the reverse oxidation cycle, indicative that film growth is 

irreversible in all cases. 

3.3.1.2 Chronocuolometric Investigation of DepositionTrends  

Trends in deposition rates can be easily followed by comparing films 

deposited potentiostatically at a fixed potential of –0.35 V vs Ag/AgCl.  

Figure 3.2 shows chronocoulometric responses recorded during the growth of 

mixed MoxW1-xO3 films from peroxo-polymolybdotungstate solutions 

containing various mole percent Mo, along with responses shown for 

deposition of pure tungsten oxide (denoted as 100% W) and molybdenum 

oxide (denoted as 100% Mo) films.  Comparison of the charge densities 

passed during deposition at –0.35 V (Figure 3.2(b)) demonstrate that solutions 

containing more Mo in solution result in faster deposition rates (ca. 1.5-2.4x 

greater), consistent with the voltammetry reported in section 3.3.1.1.  The 

slopes of the chronocoulometry plots are linear at low (10 mole %) and high 

(100 mole %) Mo concentrations. For intermediate ranges (20-50 mole % Mo) 

the chronocoulometry plots display a slight downward curvature, suggestive 

of a more complex deposition pathway influenced by equilibrium and 

concentration effects of the peroxo-polymolybdotungstate species. Deposition 

rates and charge densities are lowest for the growth of pure tungsten oxide 

films from 0.05 M peroxo-polytungstate solution, presumably due to slower  
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Figure 3.2. (a) Chronocoulometric responses obtained at –0.35 V vs Ag/AgCl 
for the electrodeposition of MoxW1-xO3 films at ITO electrodes immersed in 
peroxo-polymolybdotungstate solutions containing indicated mole percent 
Mo. For comparison chronocoulometric responses are also plotted for the 
deposition of pure tungsten oxide (100% W) and molybdenum oxide (100% 
Mo) at ITO electrodes immersed in 0.05 M peroxo-polytungstate and 0.05 M 
peroxo-polymolybdate solutions, respectively.  (b) Plot of charge density as a 
function of mole percent Mo in the deposition solution for films deposited at        
–0.35 V. 

69 



reaction kinetics between electrogenerated and solution borne species. AFM 

measurements conducted on films after sintering for 2 h at 250 °C also 

indicate that faster deposition rates and larger current densities result in the 

deposition of thicker films ranging from 90-140 nm (see Table 3.1). The 

observed faster growth rates from solutions containing peroxo-polymolybdate 

primarily reflect differences in the cathodic reduction efficiency. One aspect 

that is not obvious is how the composition of the deposited film is influenced 

by the amount of Mo and W in the deposition solution. 

To gain understanding in this area, a series of MoxW1-xO3 films were 

deposited potentiostatically from peroxo-polymolybdotungstate solutions at 

potentials of –0.20, –0.35, and –0.50 V.  These deposition potentials where 

chosen based on the voltammetry presented in Figure 3.1, and by considering 

previous knowledge that films of good adherence and cosmetic quality are 

best achieved when deposited at similarly low deposition potentials.15 Figure 

3.3 shows plots of charge density as a function of the deposition potential for 

the electrodeposition of MoxW1-xO3 films at ITO electrodes. Deposition rates 

are observed to increase with the amount of mole percent Mo in solution and 

with the more negative applied potential. Figure 3.3(b) shows plots as a 

function of the applied deposition potential for the mole percent Mo found in 

MoxW1-xO3 films as measured by EDS versus the amount of mole percent Mo 

in solution.  Clearly the mole fraction of Mo in the film does not simply track 

with the amount of Mo in solution, consistent with that reported by Monk et 

al.21, but contrary to claims by Baeck et al.29 At all deposition potentials, a  
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Figure 3.3. (a) Plot of charge density for the electrodeposition of MoxW1-xO3 
films at ITO electrodes as a function of deposition potential. (b) Plot of mole 
percent Mo measured by EDS versus mole percent Mo in solution for 
deposition potentials of –0.2 V, -0.35 V, and –0.5 V. The diagonal line 
represents a 1:1 correlation between Mo content in film and solution values. 
Lines drawn through the data points are used to guide the eye.  

 

71 



systematic enrichment (~20-30%) of Mo in the deposited films is seen. 

(Figure 3.3(b)). The systematic offset between MoxW1-xO3 film compositions 

estimated by EDS and solution values reflects the noted difference in 

observed reduction potentials (Figure 3.1) between mixed peroxo-

polymolybdotungstate solutions of varying Mo content. Compositional 

dependence of the films on deposition potential was also investigated for the 

films deposited from the solution of the same mol percent Mo that were 

prepared by mixing Mo and W powders with H2O2. Figure 3.4 shows plots of 

mole percent Mo in binary films determined by EDS versus mol percent Mo 

in solutions. These plots demonstrate a similar trend to Figure 3.3(b): 

enrichment of the binary films in Mo content is potential-dependent. The 

similarity between the two sets of data also suggests that mixed Mo-W 

solutions can be prepared by either method (mixing of stock Mo and W 

solutions or mixing Mo and W powders) to produce compositionally 

comparable binary MoxW1-xO3 films. Both Figures 3.3(b) and 3.4 can be used 

as predictive reference to tune MoxW1-xO3 compositions by systematically 

adjusting Mo and W solution concentrations to correct for the potential-

dependent enrichment effects. Moreover, further diversity in MoxW1-xO3 

compositions can be achieved by depositing films at different potentials or by 

using potential pulse methods in addition to simple variation of Mo and W 

solution concentrations. This data should be very important in the design of 

combinatorial libraries of mixed metal oxides prepared by electrochemical 

methods.29,38 However, it is important to note that reproducing the  
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Figure 3.4. Plot of mole percent Mo measured by EDS versus mole percent 
Mo in solution for deposition potentials of –0.2 V, -0.35 V, and –0.5 V. Lines 
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composition of these binary metal-oxide films relies greatly on the H2O2 to 

metal ratio.  As the solutions age higher order polymeric peroxo species33 

crash out of solution (as [H2O2]:[Me]<1), slowing the rate of deposition and 

changing the composition of the binary films.  Additionally, if not enough 

H2O2 has been decomposed, [H2O2]:[Me]>1, the deposition will be similarly 

hindered. 

Knowledge of metal oxide oxidation states is also important. We have 

previously reported15 that molybdenum oxide deposited from peroxo-

polymolybdate solutions at –0.02 V exhibit a blue color, while those deposited 

at –0.6 V have a brown-violet hue.  X-ray photoelectron spectroscopy analysis 

reveals that the films are mixed-valent. Films deposited at –0.02 V are 63 % 

MoVI and 37 % MoV, whereas films deposted at –0.60 V are more reduced, 

comprising 17 % MoVI, 34 % MoV and 49 % MoIV. Due to the large number 

of deposited samples we have been unable to perform XPS characterization on 

MoxW1-xO3 films. However, in an effort to gauge how the electrodeposition 

parameters influence the electrochemcial properties of MoxW1-xO3 films, we 

limited the scope of this study to structural characterization by XRD and 

Raman spectroscopy of films deposited at –0.35 V. 

3.3.2 Structural Characterization 

3.3.2.1 Microscopy and Refractive Index Measurements 

Electrochemically deposited MoxW1-xO3 films that are sintered in 

ambient air at 250 ºC for a period of 2 hr are strongly adherent, continuous, 

and fairly smooth as illustrated by scanning electron microscopy. High 
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Figure 3.5. SEM (acceleration voltage = 10.00 keV) images of (a) WO3, (b) 
Mo0.42W0.58O3, (c) Mo0.55W0.45O3, (d) Mo0.59W0.41O3, (e) Mo0.73W0.27O3, and 
(f) α-/β-MoO3 films electrodeposited at -0.35 V on ITO glass substrate and 
sintered in air at 250 °C for 2 h. The inserts are 5 µm x 5 µm magnified 
images of the representative films.   
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resolution SEM images in Figure 3.5 show the presence of small 

microcrystalline domains and grain boundaries which suggest that the films 

are under tensile stress due to lattice mismatch between the ITO substrate and 

the deposited film. Figure 3.6(a) provides digital images of the resulted films 

deposited on ITO conductive substrates at -0.35 V and sintered for 2 hours at 

250 °C. As the fraction, x, of Mo in the films increases (Table 3.1), the films 

exhibit a more distinct blue color. Note that the MoO3 film has a brown hue, 

due to presence of the more reduced MoIV species. Visually all films are 

smooth and uniform. AFM topography images for corresponding films are 

shown in Figure 3.6(b). The size of the microcrystalline domains appears to 

increase in the films starting from pure WO3 and moving toward films with 

higher fraction of Mo and to pure MoO3. According to AFM measurements, 

the roughness of the films increases from a low of 5.4 to a high of 10.3 nm.  

In order to elucidate the effect Mo content on the refractive index of 

the films, a set of films with a wider range of Mo fraction was synthesized. 

The prepared set of MoxW1-xO3 films resulted in fraction of Mo to be equal to 

0.03, 0.17, 0.43, 0.61, and 0.74 as determined by EDS. Spectroscopic 

ellipsometry measurements were employed to estimate the real component of 

complex index of refraction, n, (here referred to as a refractive index) of each 

film at 632 nm. Figure 3.7 is a plot of n versus Mo fraction, x, for binary 

metal-oxides as well as for pure WO3 and MoO3 films. In the region from 500 

to 1000 nm, films absorbance is equal to zero and the refractive index is 

sensitive to density and composition of the films.39 As shown in Figure 3.7,  
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Figure 3.6. (a) Digital photograph and (b) 30 μm x 30 μm AFM topography 
images of unary and binary thin films electrochemically deposited at -0.35 V 
and sintered for 2 h at 250 °C.  
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Table 3.1. Electrochemical Lithium Insertion and Electrochromic 
Performance Trends Measured for WO3, MoO3, and MoxW1-xO3 Films 
Deposited at –0.35 V vs Ag/AgCl and Sintered at 250 °C. 

a Values estimated from XRD using Scherer analysis. bValues estimated from 
data contained in reference 19.  N.D. = not determined 

Solution 
Composition 

(Mol %) 

Film 
Composition 

(est. by 
EDS) 

Particle 
Sizea 

(nm) 

Film 
Thickness 

(nm) 

Din x 
10-11 

(cm2/s) 

Dout x 
10-11 

(cm2/s) 

Qc/Qa C.E. at 
633 nm 

(cm2/C) 

100 W WO3 35.3 107 11.7 7.7 0.78 29 

10 Mo 90 W Mo0.42W0.58O3 26.2 116 4.2 14.6 0.49 28 

20 Mo 80 W Mo0.55W0.45O3 27.6 121 5.3 11.9 0.74 34 

30 Mo 70 W Mo0.59W0.41O3 40.7 91 4.2 8.8 0.79 34 

50 Mo 50 W Mo0.73W0.27O3 44.4 130 5.7 10.9 0.83 40 

100 Mo α-/β-MoO3
b 40 140 2.1 3.7 0.46 16 

100 Mo α-MoO3 24.7 139 5.8 14.8 0.41 34 

100 Mo β-MoO3
b N.D. 140 0.84 2.2 0.16 11 
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Figure 3.7. Plot of the real component of the complex index of refraction, n, 
at 632 nm versus Mo fraction, x, in binary thin films. Solid line represents a 
linear fit through the data points. 
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the experimentally determined refractive index of the films increases linearly 

from 2.11 to 2.24 at 632 nm with increase in Mo content.37 The change in n is 

dominated by composition with deviation from linearity (R2 = 0.965) implying 

a small variation in films densities due to disorder, structural intermix and/or 

the variant degree of oxygen deficiency. 

3.3.2.2 X-ray Diffraction 

 Figure 3.8 shows X-ray diffraction patterns for the evolution in 

structure of WxMo1-xO3 films deposited at –0.35 V and sintered at 250 ºC for 

2 h in air as a function of mole percent Mo in solution. Also displayed are 

diffraction patterns for pure films of MoO3 and WO3 deposited and sintered 

under identical conditions. The absence of reflections at large values of θ 

reflects the low crystal quality and disordered nature of the films prepared 

under these conditions.40 The diffraction pattern for WO3 contains reflections 

representative of both triclinic and monoclinic systems, where the triclinic 

crystal structure is predominant.41,42 The existence of a mixed phase WO3 film 

is undoubtedly a result of the complex thermal equilibrium that exists between 

the triclinic and monoclinic phases as discussed by Woodward et al.43 Also, 

the small peak around 22.2° on the 2θ axis could indicate an oxygen deficient 

monoclinic framework, with the major (010) reflection being convoluted with 

the triclinic reflections.42 Films prepared from solutions containing 10 to 20 

mole percent Mo, produce stoichiometries comprising Mo0.42W0.58O3 and 

Mo0.55W0.45O3, respectively, and cover the composition range 0.4 < x < 0.6. 

These concentrations of Mo introduce distortions into the triclinic/monoclinic  
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Figure 3.8. Representative X-ray diffraction patterns of WO3, MoO3, and 
MoxW1-xO3 films prepared by electrochemical deposition at –0.35 V followed 
by sintering at 250 °C. Diffraction patterns are identified in terms of the mole 
percent Mo contained in the solution used for deposition and by the mole 
percent Mo and W estimated by EDS. * denotes ITO peaks. 
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WO3 framework to produce a more apparent monoclinic structure for 

Mo0.42W0.58O3 that still retains significant triclinic character. For 

Mo0.55W0.45O3, the monoclinic structure is prevalent, but small ReO3-like 

orthorhombic distortions are also present.44,45 The delicate transitions in the 

structural phase space associated with mixed MoxW1-xO3 materials in this 

composition range have been discussed in detail by Figlarz.46 Interestingly, 

the measured θ values for reflections associated with the diffraction pattern 

for the film comprising Mo0.55W0.45O3 are approximately one degree shifted 

from what has been previously reported by Salje et al. for a similar mixed 

WxMo1-xO3 metal oxide.45 Presumably, this shift is a result of small 

differences created by the amount of associated water and layering effects 

similar to that observed in the case of VO(PO4)(H2O) and VO(PO4)(H2O)2.47 

Films prepared from solutions containing 30 and 50 mole percent Mo, 

corresponding to compositions of Mo0.59W0.41O3 and Mo0.73W0.27O3, show 

reflections around 24° and 34° (unlabeled), consistent to that seen for an 

orthorhombic structure45 with some ReO3-like distortions,44 and common to 

structural relationships observed with MoxW1-xO3 systems in the composition 

range of 0.6 < x < 1.46 Finally, the diffraction pattern for MoO3 deposited from 

peroxo-polymolybdate solution displays (021), (040), (060) and (110) 

reflections consistent with the existence of layered, thermodynamically-stable, 

orthorhombic α-MoO3.48 Reflections at (011) and (200) indicate that small 

amount of metastable, monoclinic β-MoO3 may also be present.48 We see no 

strong evidence for superpositional peaks associated with phase-segregated 
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pure MoO3 and WO3 domains. Rather, mixed MoxW1-xO3 films appear fairly 

compositionally homogeneous, but still structurally disordered. Crystalline 

domain/particle sizes, estimated from the Scherer equation, ranging from ca. 

26.2 nm for Mo0.42W0.58O3 (10 mol % Mo) to 44.4 nm for Mo0.73W0.27O3  (50 

mol % Mo), indicate that films with more incorporated Mo have larger 

crystallites/grain size. In other work37, this trend was shown across the mixed 

composition range and was strongly correlated with the optical band gap. In 

contrast smaller crystalline domain sizes of 24.7 nm and 35.3 nm are 

estimated for pure MoO3 and WO3 films (Table 3.1), respectively.  

3.3.2.2 Raman Spectroscopy 

Characteristic Raman spectra for mixed MoxW1-xO3 films are shown in 

Figure 3.9 along with spectra for WO3, α-MoO3, and β-MoO3. The spectra for 

pure WO3, shows two broad peaks at 805 and 717 cm-1, attributed to doubly 

bound, corner shared oxygen (O-W2) stretches, while the shifts at 326 and 272 

cm-1 are characteristic of O-W-O deformation modes.  Pure orthorhombic, α-

MoO3 displays peaks at 995, 820, and 666 cm-1 representing terminally-bound 

oxygen (Mo=O), corner-bound oxygen (Mo2-O), and edge-bound oxygen 

(Mo3-O), respectively. Characteristic Raman shifts for α-MoO3 also appear at 

lower wavenumbers, 245, 289, and 337 cm-1 and are associated with (O-Mo) 

bending modes.  For monoclinic β-MoO3 Raman shifts at 903, 850, 776, 353, 

and 313 cm-1 are observed. The absence of the 995 cm-1 peak is one the 

clearest indications that a non-layered monoclinic-like phase exists. The small 

peak located at 903 cm-1 is possibly due to a stretch vibration of a short Mo-O  
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Figure 3.9. Representative Raman spectra of WO3, MoO3, and MoxW1-xO3, 
films prepared by electrochemical deposition at –0.35 V followed by sintering 
at 250 °C. The spectra are identified in terms of the mole percent Mo 
contained in the solution used for deposition and by the mole percent Mo and 
W estimated by EDS. 
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bridging bond.49  Raman shifts occurring at 850 and 776 cm-1 are attributed to 

Mo-O stretches, while the shifts at 353 and 313 cm-1 are attributed to O-Mo-O 

deformation modes. MoxW1-xO3 films covering the composition range 0.4 < x 

< 0.7 display two characteristic Raman shifts for Mo-O stretching modes with 

broadened bandwidths beginning at 817 and 716 cm-1, similar to that seen for 

monoclinic β-MoO3. The broader Raman bands for MoxW1-xO3 films reflect a 

greater structural disorder, consistent with XRD data presented in Figure 3.8.  

Both Mo-O stretching modes are observed to systematically shift to higher 

frequencies with increasing Mo content, implying that Mo substitution into 

the WO3 lattice introduces distortions to promote a phase transition from a 

triclinic/monoclinic WO3 structure to a monoclinic MoO3 structure. 

Interestingly the Raman spectra for films comprising Mo0.59W0.41O3, and 

Mo0.73W0.27O3 compositions suggest an isostructural relationship with 

monoclinic β-MoO3, while XRD data for these films is indicative of an 

orthorhombic structure with ReO3-like distortions. It should be noted that, in 

the monoclinic XRD pattern reported by Parise and coworkers,50  β-MoO3 

(monoclinic-MoO3) showed a diffraction pattern with intense lines at 23º and 

25º, which are very close to the two most intense peaks in our Mo0.59W0.41O3 

and Mo0.73W0.27O3 films. Thus, the peak at ~26.5º could be due to the space 

group changing. Unfortunately, our films are not crystalline enough to induce 

enough long-range order to produce reflections at angles larger than 30º. With 

only three reflections, XRD alone is not conclusive enough to make solid 

statements regarding crystal structure. Also, the differences between 
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orthorhombic and monoclinic unit cells can be subtle. Orthorhombic unit cells 

have all angles (α = β = γ) equal to 90º, whereas monoclinic unit cells have 

two angles (α = γ) equal to 90º, where β is variable. The monoclinic unit cell 

fingerprinted by Raman spectroscopy is not ambiguous, given that β can be 

very close to 90º, and that moderate sintering conditions may be keeping our 

mixed film between space groups. This discrepancy can also be explained by 

the fact that the Raman spectroscopy reports on more localized order, defect 

sites, and bonding interactions over a ~2 μm distance, whereas the XRD 

provides information of structural order averaged over longer mm length 

scales.  

3.3.3 Electrochemical Evaluation 

3.3.3.1 Cyclic Voltammetry: Electroinsertion and Electrochromic Properties 
of the Films 

As indicated by eq 2 for WO3, the double injection of electrons and 

charge compensating lithium ions leads to the stabilization of lower oxidation 

states. It also leads to intense coloration via long wavelength light absorption.    

 

WVIO3 (transparent)  +  xe-  +  xLi+  ⇌  LixWVI
1-xWV

xO3 (blue)                          (2) 

 

While it is clear that the insertion process involves the transport of both 

electrons and lithium ions into and through the oxide, the details of the 

mechanism, and the basis for coloration, remain controversial topics.  The 

latter, for example, has been attributed to intervalence charge transfer from 
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W+5 to W+6 sites,51 absorption by electrons trapped at oxygen vacancies,52 or 

absorption by small polorons.53  

 An evaluation of the effects of Mo content on the electroinsertion 

properties of MoxW1-xO3 thin films was carried out by performing cyclic 

voltammetry and chronoamperometry in 1 M LiClO4/PC. Figure 3.10 displays 

voltammetric responses normalized to the deposited film thickness for mixed 

MoxW1-xO3 films as function of mole percent Mo in solution, along with pure 

WO3 films (denoted 100 % W) and MoO3 films (denoted 100 % Mo) prepared 

under identical conditions. The voltammetric responses for the MoxW1-xO3 

films measured during the first insertion cycle exhibit broad reduction and 

oxidation peaks, characteristic of lithium insertion/deinsertion into amorphous 

or disordered matrix.  The absence of multiple redox peaks for MoxW1-xO3 

films support XRD and Raman data which indicates that the films are 

essentially homogeneous in composition, but structurally disordered. In 

contrast, pure MoO3 and WO3 films display more structured voltammograms, 

with multiple cathodic peaks observed, consistent with XRD data that mixed 

structural phases are present.  The onset for lithium insertion in the MoxW1-

xO3 films occurs at more positive potentials, beginning at ~-0.1 V, to that seen 

for pure WO3 (~-0.25 V) or MoO3 (~-0.15 V), suggesting that lithium 

insertion is more facile in the mixed films.   

All films exhibited cathodic electrochromism when cycled between 

0.2 V and –0.8 V vs. Ag/AgCl in 0.1 M LiClO4/PC solution. Coloration 

efficiencies (C.E.) can be estimated by spectroelectrochemical data and by  
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Figure 3.10. Voltammetric responses of MoxW1-xO3 thin film electrodes 
immersed in 1 M LiClO4/PC. The scan rate was 10 mV/s. Also shown are the 
voltammetric responses of pure tungsten (100% W) and molybdenum oxides 
(100% Mo). Note that the scale for the pure MoO3 film is a factor of ten larger 
than other plots. 
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using the relation C.E. = ΔOD/ΔQ, where ΔOD is the change in optical 

density at λ = 633 nm and ΔQ is the amount of inserted charge as a function 

of electrode area. Values for MoxW1-xO3 films as a function of Mo content are 

presented in Table 3.1 along with those determined for pure WO3 and MoO3 

polymorphs.  Clearly a systematic increase in C.E. values is observed (C.E. 

for WO3 is equal to 29 cm2/C) with increasing Mo concentration with the 

highest C.E. enhancement of ~30% seen for Mo0.73W0.27O3 (C.E. = 40 cm2/C).  

While the mechanism for coloration in WO3 and MoO3 films is somewhat 

understood, processes that influence the electrochromic effect in mixed 

MoxW1-xO3 films is unclear. The model by Faughnan and Crandall20 predicts 

that electrochromic properties can be enhanced by intervalence charge transfer 

occurring between Mo5+ and W6+ sites.  Structural and lattice geometry effects 

should also play a role for enhancing electrochromism which is supported by 

the complementary improvement in lithium insertion properties including 

increased lithium diffusion rates and insertion/deinsertion reversibilities of 

mixed MoxW1-xO3 films.   

3.3.3.2 Chronoamperometry: Li+ Diffusion and Electrochemical 
Reversibility 

Apparent Li+ diffusion coefficients, DLi+ were estimated using 

equation 3,  

    

 
L
QD

It Li
2/1

2/1
2/1

π
Δ

= +                                                  (3) 
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where L is the film thickness measured by AFM, and ΔQ, is the total charge 

passed during the potential step obtained by integration of the I-t response. In 

the short time regime the product of current response and the square root of 

time (It1/2) versus time (t) on a log scale has a constant value producing a 

plateau as shown in Figure 3.11. This plateau corresponds to the Cottrell 

region of semi-infinite linear diffusion. Li+ diffusion coefficients were 

calculated by substituting It1/2 values from the plateaus of the It1/2 vs. t (on a 

log scale) plots into eq 3 and solving it for DLi+.  Table 3.1 shows the 

measured diffusion coefficients for insertion, Din, and deinsertion, Dout, cycles 

for mixed MoxW1-xO3, pure WO3 and α-MoO3. Also tabulated is data 

associated for β-MoO3 and intermixed α-/ β-MoO3 films measured in an 

earlier study.19 Mixed MoxW1-xO3 films display diffusion coefficients that are 

essentially the same value regardless of Mo content. Diffusion coefficients in 

pure WO3 and α-MoO3 films are comparable to values measured in MoxW1-

xO3 films and are slightly higher than those estimated for intermixed α-/β-

MoO3. As generally observed, diffusion coefficients for deinsertion cycles are 

larger than values measured for the corresponding insertion cycles, implying 

that Li+ egress is more facile than Li+ ingress for all compositions except for 

WO3. The small differences in measured lithium diffusion coefficients for all 

compositions except β-MoO3 are reflective of subtle variations in 

microstructural characteristics including structural defects, particle sizes, and 

porosity. Overall, measured diffusion coefficients are in agreement with the 

broad range of reported values for mixed-phase polycrystalline54,55 and  
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crystalline α-MoO3
56. 

Integration of the charge passed in chronoamperometry studies for 

cathodic (Qc) and anodic (Qa) cycles, provides an estimation of Li+ 

insertion/deinsertion reversibility by dividing the magnitudes of cathodic to 

anodic charge. Comparison of Qc/Qa ratios for mixed MoxW1-xO3 films 

indicates a trend of increasing reversibility, ranging from 49% to 83% with 

increased Mo content. In contrast, pure α-MoO3 and intermixed α-/β-MoO3 

films are ~ 41-46 % reversible while β-MoO3 has the poorest insertion 

reversibility at ~16% (Table 3.1). Ratios of Qc/Qa for all films decrease 

slightly (ca. %20) upon repeated cycling (3-5 cycles), in agreement with other 

reports that attribute this behavior to Li+ accumulation in the film5 and/or to 

film degradation processes57.  Consistent with earlier reports,16,19 the 

diminished reversibility seen for MoO3 polymorphs is due to 

electrochemically-induced irreversible structural changes occurring during the 

initial insertion cycle. Consequently, mechanical material failure 

accompanying this electrochemically-stimulated phase change results in 

active electrode area loss upon extended cycling. The increased reversibility 

observed for mixed MoxW1-xO3 films suggests that Mo doping improves 

electrochemical stability.  

3.4 CONCLUSIONS 

Electrodeposition from peroxo-polymolybdotungstate solutions 

produces adherent, amorphous MoxW1-xO3 films of varying composition (0.4 < 

x < 0.7) depending upon the relative amount of Mo to W in solution. 
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Chronocoulometry, chronoamperometry, and cyclic voltammetry studies 

provided information into the electrodeposition process. Deposition 

parameters were established that allowed for regulated doping of Mo into 

MoxW1-xO3 films.  EDS, XRD, and Raman spectroscopy were used to 

systematically study and correlate structure and composition of MoxW1-xO3 

films deposited at –0.35 V and sintered at 250 °C. Due to differences in the 

electroactivity of peroxo-polymolybdate and peroxo-polytungstate precursors, 

deposition at fixed potentials resulted in films enriched in Mo relative to the 

amount present in solution by as much as 30%. Electrochromic and 

electroinsertion properties of MoxW1-xO3 were evaluated and correlations were 

shown between deposition parameters, structural features, composition and 

electrochemical behaviors.  Modest improvements in the electrochromic and 

lithium insertion properties are explained by intermixing Mo and W oxidation 

states and increased structural disorder introduced by Mo doping into a WO3 

host structure.  Due to these enhanced electrochromic properties and ion/e- 

reversibility of binary MoxW1-xO3 with Mo fraction, x, between 0.59 and 0.73, 

these materials are excellent candidates for the investigation of Li+ reactivity 

via transmissive optical diffraction imaging.  
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CHAPTER 4 

Evaluation of Lithuim Ion Insertion Reactivity via 
Electrochromic Diffraction-Based Imaging* 

4.1 INTRODUCTION 

Redox-active transition-metal oxides have tremendous potential as 

materials for electochromic1, photocatalytic2, photovoltaic3, and battery4 

devices, as their electronic and optical properties can be reversibly modulated 

via oxidation and reduction reactions triggered by applied potential, light, or 

by the presence of a chemical species.  For example, electrochemically-

induced, lithium ion or proton insertion involves the electrochemically driven 

double injection of electrons and Li+, eq 1, where Me stands for a redox active 

metal. 

 MeVIO3(transparent) + xe -+ xLi+ ↔ LixMeVI
1-xMeV

xO3(blue)      (1)    

In some cases, Li+ coupled electron transfer produces intense coloration of the 

material (i.e. electrochromism) via strong light absorption.   The extent and 

reversibility of Li+ insertion/deinsertion and electrochromism in the metal 

oxide host is controlled by structural (porosity, particle size, grain 

boundaries), ionic, and electronic transport factors.  Monk and coworkers,  

_______________________ 

* Portions of this chapter were published in Kondrachova, L. V.; May, R. A.; Cone, C. W.; 
 Vanden Bout, D. A.; Stevenson, K. J. Langmuir 2009, 25, (4), 2508-2518. 
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have shown that the electrochromic properties of metal oxides can be adjusted 

by incorporating metals such as Co, Cr, Fe, Ni, and Zn.5 Correlations between 

optical absorption bands and proton transport were established suggesting that 

both optical and ion transport properties could be tuned by doping the metal 

oxide host with a secondary metal. In Chapter 3, the electrosynthesis of mixed 

molybdenum-tungsten oxide films of varying stoichiometry (MoxW1-xO3, 0 < x 

<1) was described. These binary films demonstrated improvement in 

structural stability during electrochemical cycling, along with enhancement of 

electrochromic and lithium ion insertion properties relative to single 

component WO3 and MoO3.6  The interplay between composition and 

structure was further elucidated when we showed that the refractive index of 

MoxW1-xO3, films varied linearly with the Mo fraction while changes in the 

optical band gap were dominated by grain size effects.7 In aggregate, these 

studies point to the possibility of improving electrical and optical properties 

and stabilizing the local structure by doping with different elements. 

Unfortunately, understanding the controlling factors which yield advanced 

electrode materials with improved properties via anion and cation doping is 

not straightforward. In this chapter, we investigate the electrochromic 

response of WO3 and Mo0.6W0.4O3 thin films to Li+ insertion using 

transmissive optical diffraction measurements.  

 Diffraction arises from a periodic contrast in the complex index of 

refraction, ñ, for example, between the Li+ solution and the electrochromic 

grating material. Thus, the response of an electrochromic diffraction grating is 
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directly related to the modulation of its optical properties (i.e. absorptivity and 

refractive index) that occurs during electrochemically-induced Li+ 

insertion/deinsertion. However, the optical response of the real (n) and 

imaginary (k) components of the complex refractive index, ñ (ñ = n + ik), to 

electrochemical perturbation is a complex function of dispersion and 

absorption that varies with material properties (e.g. structure, composition, 

density). The real part of the refractive index, n, and the imaginary part, k, are 

related through the Kramers-Kronig relationship. A change in absorbance 

implies that the imaginary component, k, of the complex index of refraction, 

ñ, is changing.8 Because a change in k necessitates a change in n, as illustrated 

by the Kramers-Kronig relation, altering the redox states of a material leads to 

a change in the real component, n9,10.  As such, an electrochemical event that 

induces a change in light absorption will also change the effective index of 

refraction of a material; and if this material is patterned in one or two 

dimensions, changes in the refractive index can be readily monitored via 

measurements of diffraction efficiency (DE).  These measurements involve 

the detection of changes in light intensities that arise at different spatial 

locations due to the constructive interference of diffracted light. 

Schanze and coworkers8, in their study of electrochromic polymer 

films, used the Kramers Kronig relationship to show that the behavior of the 

optical response is wavelength dependent, with n increasing on the red side of 

the absorption band maximum and decreasing on the blue side. These results, 

and other follow-up studies by Hupp and coworkers11,12,13 suggest that an 
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ideal diffraction-based electrochromic grating would be one that exhibits 

significant changes in the real component of the refractive index in response 

to ion insertion.  Here, as described previously, both k and n are modulated 

resulting in gratings that are termed mixed gratings, since both the amplitude 

and the phase of propagated light are being altered. This type of grating, as 

described by Schanze8, is typically more sensitive to changes in n compared to 

k. However, it is not clear how changes in the electrochromic response of a 

mixed grating influence the sensitivity of the diffraction signal to Li+ 

insertion. To this end, we seek to develop a quantitative understanding of how 

the diffraction efficiency reports on Li+ coupled electron transfer reactions at 

redox-active transition metal gratings.   

Herein, we describe the development of a novel microscope-CCD 

setup which provides a new method for evaluating the diffraction efficiency of 

electrochromic grating materials at various wavelengths. With this setup 

multiple wavelength regions can be used, rather than the single 

monochromatic source (e.g. He-Ne laser at 633 nm) utilized in previously 

described setups11,12,13,14.  Electrochemically induced changes in WO3 and 

Mo0.6W0.4O3 gratings during insertion/deinsertion cycles confirmed the 

dependence of the DE response on both the optical properties and thickness of 

the materials undergoing potential dependent modulation. Real-time in situ 

spectroscopic ellipsometry (SE) data was employed to correlate changes in the 

optical constants and thickness of the films to observed DE measurements. 

This data provides insight into the relative contributions of n and k and how 
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they vary with wavelength. Also, we have determined quantitative 

relationships for determining figures of merit (e.g. S/N ratio, sensitivity and 

diffusion coefficients) of the electrochemically-responsive grating material 

from measurement of the diffraction response.  Overall, this experimental 

approach establishes that monitoring of diffraction intensities via a 

microscope-CCD setup is an effective technique for determining sample-

analyte interactions at chemically and electrochemically responsive grating 

materials. 

4.2 EXPERIMENTAL 

4.2.1 Preparation and Patterning of WO3 and Mo0.6W0.4O3 Films 

Silicon SPM calibration gratings TGZ03 (MicroMasch) were 

employed as master templates for the fabrication of polydimethylsiloxane 

(PDMS) stamps used for microtransfer molding (μTM). According to Chapter 

2 and previously described methods,15,16 a 10:1 mixture of elastomer-hardener 

(Sylgard Silicone 184, Dow Corning) was cured over the master templates at 

60 ˚C for 1 h to produce PDMS stamps. The stamps (parallel line shape, line 

width 1.5 μm, spacing 1.5 μm , height ~ 500 nm) were “inked” with a 

thermally curable epoxy (TRA-CON F114) and placed on clean, transparent, 

conductive indium tin oxide (ITO)-coated glass substrates (Delta 

Technologies, Ltd., 15Ω/□). Patterned ITO substrates were produced by 

curing the ITO/epoxy/PDMS mold at 60 ˚C for 1 h.  

As described in Chapter 3,6 aqueous solutions (pH 2.0) of ~50 mM and 

60 mM (17.9 mM Mo and 41.0 mM W) of peroxo-polytungstate and peroxo-
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polymolybdotungstate, respectively, were prepared for electrochemical 

deposition of WO3 and Mo0.6W0.4O3 on patterned ITO substrates. Cathodic 

electrodeposition was performed at a fixed potential of -0.35 V vs Ag/AgCl 

reference electrode (World Precision Instruments) in a one-compartment, 

three-electrode Teflon cell. Pt wire (Aldrich) was employed as the counter 

electrode and epoxy-patterned ITO served as the working electrode. The total 

charge passed during the deposition of WO3 and Mo0.6W0.4O3 gratings was 

0.043 and 0.045 C, respectively.  The deposition process took 500 s for WO3 

and 300 s for Mo0.6W0.4O3 patterns. The resulting films were rinsed with 

ultrapure water (18 MΩ cm), desiccated for 48 h, and sintered in air at 250 ˚C 

for 2 h with a heating rate of 60 ˚C/h using a Cress (model C401 H/942) 

programmable electric furnace. By the same procedure, non-patterned thin 

films with a geometric area of 0.45 cm2 were deposited for 400 s on ITO 

substrates for use in spectroscopic ellipsometry (SE) and 

spectroelectrochemical investigations. The resulting total charge passed 

during electrodeposition of the unpatterned films was 0.044 C for unary films 

and 0.060 C for binary metal oxide films. Energy-dispersive spectroscopy 

(EDS) was employed for the determination of MoxW1-xO3 composition, and 

was acquired with a Leo 1530 scanning electron microscope (SEM) at 20 keV 

using the Lα lines of Mo (2.293 keV) and W (8.396 keV), resulting in a 

molecular formula of Mo0.6W0.4O3. No significant compositional differences 

were found between non-patterned and patterned films. 
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4.2.2 Diffraction Efficiency Measurements 

4.2.2.1 Optical Setup 

Figure 4.1 shows a schematic of the setup used for diffraction measurements. 

First, an electrochemical cell was positioned on the microscope stage of a 

Nikon Eclipse E600 optical microscope. Light from a tungsten lamp (100-W, 

USHIO Inc.) was passed through the electrochemical cell into the microscope 

objective (Nikon 40X ELWD, 0.60 NA). Periodic spacing of the sample 

results in a diffraction pattern which is observed at the objective rear focal 

plane. A telescopic lens system known as a Bertrand Lens17,18 (Micronon) was 

then utilized to view the diffraction pattern on the objective rear focal plane. 

Images of the 1-D diffraction patterns were acquired (20 MHz readout rate 

and at 20-ms and 100-ms exposure times during chronoamperometry and 

cyclic voltametry experiments, correspondingly) using a Photometrics 

CoolSNAP HQ 12-bit CCD camera (Roper Scientific) controlled with 

MetaMorph imaging software (Universal Imaging Corp., version 5.0r4). The 

diffraction pattern of a representative WO3 grating is also shown in Figure 4.1. 

The figure of merit used to describe diffraction from a grating is called 

diffraction efficiency (DE) and is defined as: 

 

  DE = 
inc

diff

I
I∑        (2) 

 

where Idiff  is the intensity of the diffracted light and Iinc is the incident 
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Figure 4.1. Schematic diagram (not to scale) of the experimental setup used to 
acquire diffraction data using a CCD camera and optical microscope during 
Li+ insertion/deinsertion into 1-D WO3 and Mo0.6W0.4O3 gratings via cyclic 
voltammetry and/or chronoamperometry techniques. 
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intensity which is determined by summing the intensity of the diffracted spots 

and the intensity of the undiffracted center spot. Eq 2 was employed to 

examine the changes in intensity of the diffraction pattern at each 

experimental point. Electrochemical response and diffraction images were 

collected simultaneously by triggering the potentiostat through a personal 

computer interface. To isolate the wavelength regions of interest a band-pass 

filter was placed between the light source and CCD camera: 470 ± 20 nm 

(blue), 535 ± 20 nm (green) and 630 ± 30 nm (red) (Chroma Technology 

Corp.).  

4.2.2.2 Electrochemical Setup 

Electrochemical modulation was accomplished  in a one-compartment, 

three-electrode Teflon cell (depicted in Figure 4.1) connected to a CH 

Instruments potentiostat (model CHI700A) interfaced to a personal computer. 

Ag/AgCl and Pt wire were utilized as reference and counter electrodes, 

respectively, together with WO3 and Mo0.6W0.4O3 patterned ITO substrates 

serving as working electrodes. Lithium insertion/deinsertion into the metal 

oxide gratings was performed via cyclic voltammetry and chronoamperometry 

using 1M LiClO4 (Aldrich) in anhydrous propylene carbonate (PC, Aldrich, 

99.7%). For cyclic voltammetry (CV) experiments the potential was varied 

from +0.2 to -0.8 V with a 10 mV/s scan rate. During chronoamperometry 

experiments the potential was stepped for 10 s from an initial potential of +0.2 

V to a reducing potential of -0.8V and reversed to step from -0.8 V to +0.2 V.    
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4.2.3 Characterization of WO3 and Mo0.6W0.4O3 Gratings and Thin Films  

4.2.3.1 AFM Analysis of Metal-Oxides Gratings 

In order to determine the height and periodic spacing of fabricated patterns, 

atomic force microscopy (AFM) was performed using a Digital Instruments 

Bioscope Nanoscope IV. All measurements were taken in tapping mode with 

single etched silicon (TESP) Nanoprobe SPM tips (cantilever length 125 μm 

and resonance frequency ~ 350 kHz). Following deposition and annealing the 

resulting structure of WO3 and Mo0.6W0.4O3 electrochromic gratings was 

verified by AFM topography measurements. Figure 4.2 (a) shows a 

representative AFM image of a WO3 1-D diffraction grating. Multiple area 

scans were taken to determine both the reproducibility and average thickness 

of the gratings. Up to 65 % of the total patterned area (9 mm2) maintained 

reproducible pattern arrays. A cross-section of the pattern is shown in Figure 

4.2 (b). Height vs. distance plots suggest that the fabricated gratings are not an 

exact reverse replica of the 1.5 μm spacing grating master used to make the 

PDMS stamps. Instead, the gratings feature line widths of ~2 μm and spacing 

of ~1 μm. This difference occurs because it is difficult to completely fill the 

spaces of the reverse PDMS stamp with epoxy during the “inking” step of 

μTM. Additionally, the application of too much pressure on the PDMS stamp 

can change the line spacing of the pattern due to stamp deformation.  Another 

noticeable characteristic of the pattern shown in Figure 4.2 (b) is the elongated 

side edges on the top of each metal oxide structure. Formation of these 

meniscus-like elements is due to the solution capillary forces “wetting” the 
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Figure 4.2. (a) A 20 x 20 μm2 AFM image of a patterned WO3 thin film 
deposited on ITO glass substrate via cathodic electrodeposition and sintered at 
250 ˚C for 1 h; (b) Cross-section of the pattern showing periodicity and height 
of the patterned features. 
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epoxy mold during cathodic electrodeposition. The average height of the WO3 

1-D arrays was 110 nm (Table 4.1). Although not shown, Mo0.6W0.4O3 

patterned films resulted in similar structures but were deposited to a lower 

average pattern height of 90 nm to minimize stress on the pattern during Li+ 

insertion experiments. While MoO3 is known to color more intensely than 

WO3
6 and was initially  explored as an electrochromic grating material, large 

electrochemically-induced structural changes  lead to breakup of the grating, 

Figure 4.3. However, mixed Mo-W oxides are much more structurally stable 

so we have used a binary grating material, Mo0.6W0.4O3, to compare with the 

WO3 gratings. 

4.2.3.2 Determination of Optical Constants and Thickness of the Films by 
SE 

Optical constants of WO3 and Mo0.6W0.4O3 thin films were determined 

with a combination of spectroscopic ellipsometry (SE) and transmission 

measurements obtained on a J.A. Woolam Co. M-2000 Variable Angle 

Spectroscopic Ellipsometer (VASE) from 200-1000 nm at angles of 65o, 70o, 

and 75o. As described previously,7 a three layer model composed of a C1737 

glass substrate, a graded ITO layer, and a metal oxide layer consisting chiefly 

of a Tauc-Lorentz oscillator19 was used to derive the real (n) and imaginary 

(k) components of the complex refractive index. The real refractive index 

derived from this model was used to determine the thickness of the diffraction 

gratings from the diffraction efficiency measurements. In this case, the 

mathematical expression for calculating DE proposed by Fayer and others20  
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Figure 4.3. Digital images of a MoO3 grating (a) before and (b) after Li+ 
insertion via cyclic voltammetry for a potential sweep from +0.2 V to -0.8 V. 
The grating is supported on ITO and immersed in 1 M LiClO4/PC 
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(see eq 4 below) was rearranged to solve for thickness, L, assuming no 

absorbance, k = 0, according to eq 3: 

 

 
)(2

)cos(*)12(cos 1

eelectrolytfilm nn
DEL

−
+−

=
−

π
θλ                                       (3) 

where L is the grating thickness, DE is the diffraction efficiency, λ is the 

wavelength, θ is the Bragg angle, nfilm is the film refractive index, and 

nelectrolyte is the refractive index of the electrolyte solution equal to 1.41 at 632 

nm. The electrolyte, 1 M lithium perchlorate (LiClO4) in propylene carbonate 

(PC), refractive index was described by the Cauchy equation, 

, from 400 to 1000 nm with A = 1.405, B = 2.68*10-3, 

and C = 1.32*10-4 as determined by best fits to ellipsometry data. Optically 

determined thicknesses are in excellent agreement with those found using 

AFM (Table 4.1).   

42 // λλ CBAn ++=

4.2.3.3 Approximation of Diffraction Efficiency 

Real time SE monitoring of Li+ insertion/deinsertion into WO3 and 

Mo0.6W0.4O3 was performed in a home-built, three-electrode electrochemical 

cell with fused silica windows at 75o from normal, where metal oxide films, Pt 

wire, and Ag/AgCl served as the working, counter, and reference electrodes, 

respectively. The same M-2000 ellipsometer was used to record SE 

measurements every ~3 s during the cyclic voltammetry experiments. For 

each experiment three cyclic voltammagrams were performed from +0.2 to     

-0.8 V vs. Ag/AgCl at a scan rate of 10mV/s.  The resulting Ψ and Δ data was 

111 



fit from 450-660 nm (range of optical filters used for the diffraction 

experiments). Ψ and Δ parameters measured via SE represent the relative 

change in amplitude and phase, correspondingly, between two perpendicular 

light waves. The three layer model discussed previously was used, except the 

upper metal oxide layer was replaced by a Drude oscillator.  Representative Ψ  

and Δ model fits are available in Figure 4.4. The Drude oscillator describes 

free carrier absorption in the near IR21 and was used Mendelsohn22 to model 

the electrochromic response of WO3 during H+ insertion at 546 nm, 633 nm, 

and 940 nm. Here, as shown in Figure 4.4, the model describes experimental 

data very well. The thickness of some transition-metal oxide films (e.g., 

MoO3) has been shown to increase during Li+ insertion,23 therefore, thickness 

was added as a fit parameter bringing the total number of fit parameters to 

four. The derived optical constants were used to calculate a theoretical DE for 

comparison to the experimentally determined grating DE using eq 420 

(previously utilized to derive eq 3),   
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The variables are the same as assigned in eq 3 and kfilm is attributed entirely to 

the film since for the electrolyte k = 0 in the tested wavelength range. For eq 4 

the first term in brackets describes diffraction due to the amplitude change of  
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Figure 4.4. Representative Ψ (squares) and Δ (circles) Drude model fits to 
experimental data (lines) obtained for WO3 (solid) and Mo0.6W0.4O3 (hollow) 
during Li+ insertion.  Li+ is cycled into and out of the films by modulating the 
applied potential while Ψ and Δ are monitored with SE.  Uncolored films 
prior to Li+ intercalation are shown in (a) and (d), fully colored films are 
shown in (b) and (e), while (c) and (f) are at the end of the cycle but are 
lightly colored due to irreversible intercalation.  Similar fits were achieved 
between these points and for subsequent cycles. 
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a propagating wave of light while diffraction due to the phase change is 

described by the second term. The simplified version of eq 4 that was 

exploited in previous research efforts8,11,13 was not employed in this study 

because the experimental DE was greater than 0.01. 

4.2.3.4 Derivation of Li+ Diffusion Coefficients from Optical Parameters 

Manipulation of the above equations makes it possible to calculate the 

Li+ diffusion coefficient.  McEvoy and Stevenson24 derived an expression for 

the determination of the diffusion coefficient of a material using the optical 

density, OD. Since OD is directly related to k through the relationship of 

λπ 3.2/4 LkOD = , we were able to convert their expression24 to describe the 

diffusion coefficient in terms of k resulting in eq 5. DE is a function of both n 

and k so eq 5 cannot be used to directly solve for the diffusion coefficient, D. 
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Δ

=                                                               (5) 

 

One method for extracting D from the diffraction data is to use an iterative fit 

procedure along with an optical model to relate n and k.  This procedure takes 

advantage of the Drude type absorption already discussed as well as the 

multiwavelength analysis capabilities afforded by our unique diffraction 

scheme.  The Drude model in terms of n and k was determined by taking the 

equation for a Lorentzian oscillator25 and setting the center point energy to 0 

eV. The imaginary portion of the refractive index (eq 6) is described by the 

amplitude, F, dampening factor, Γ, and energy (eV), E, while description of 
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the real refractive index requires the addition of a third fit parameter, the 

refractive index at high frequency, n(∞)25 (eq 7). 
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To determine the fit parameters Ft, Γt, and nt(∞) equations 6 and 7 were 

substituted into eq 4.  The resulting equation was fit to experimentally derived 

DE values in the Cottrell region (DEt) for blue, green and red filters.  The 

difference between experimental data and model parameters was minimized 

using the Levenberg-Marquardt algorithm provided in the MATHEMATICA 

5 software package, (Wolfram Research, Inc.). FΔ, ГΔ, and nΔ(∞) were 

determined by a similar fit procedure, using the overall change in DE (ΔDE) 

during Li+ insertion. The fit parameters were then substituted into eq 5 to 

describe imaginary component of refractive index in the Cottrell region, kt, 

and its overall change, ∆k, which resulted in eq 8. After that, eq 8 was 

rearranged to solve for the diffusion coefficient, D. 
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4.2.3.5 Spectroelectrochemical Measurements 

Real-time spectroelectrochemical experiments were performed in 

order to evaluate the electrochromic behavior of the gratings and how this 

behavior would effect DE measurements. Optical absorption spectra of non-

patterned WO3 and Mo0.6W0.4O3 films were acquired every 4.2 s using an 

Agilent 8453 UV-visible spectrophotometer (Agilent Technologies) during 

cyclic voltammetry experiments for Li+ insertion in a potential range from 

+0.2 to -0.8 V versus Ag/AgCl with a scan rate of 10 mV/s. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Multicolor Diffraction-Based Sensing 

Figure 4.1 shows a schematic of the setup that was utilized to measure 

diffraction efficiency (DE) of the electrochromic gratings. The instrumental 

setup has been modified in comparison to previous reports by 

Hupp11,12,13,14,26,27, Schanze8, Knoll28 and others.29,30 The two most important 

differences, and advantages, of this system are the light source and the 

diffraction acquisition/measurement components. In prior studies, He-Ne (λ = 

543 and 633 nm) laser sources and single photodiode detectors were 

employed. In this work, the light source and diffraction acquisition device are 

respectively a tungsten lamp (white light source, λ = 400-1100 nm) and a 12-

bit, 20 MHz CCD (Photometrics CoolSNAP HQ, Roper Scientific) camera 

mounted on an optical microscope. The broadband source is beneficial 

because optical constants and, thus, diffraction are wavelength sensitive. 
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Therefore, optical filters can be used to select regions of greater change in DE 

enhancing sensitivity.  Another benefit is improved selectivity for analytes 

with distinct absorbance at specific wavelengths. Moreover, using a white 

light source is advantageous since it enables real-time multiwavelength 

sensing which might provide additional information about the nature of 

analyte-grating interactions. By monitoring DE changes at the wavelengths of 

interest one can interrogate physical and/or chemical processes (changes in 

thickness, density, absorptivity, composition and redox state of the grating) 

taking place in the system. 

Another advantage of this setup is the use of a CCD camera to record 

the modulations of diffracted light intensities during chemically, 

electrochemically, and/or physically driven analyte-grating interactions. The 

spatial sensitivity of the CCD camera allows for the simultaneous collection 

of background, transmitted light (Io) and several diffracted orders of the light. 

In contrast, a typical photodiode setup only records the zeroth and one first 

order diffraction spot. As a result, replacement of photodiodes with a CCD 

camera improves the precision of DE measurements. Additionally, utilization 

of the CCD camera eliminates many obstacles associated with real-time 

multicolor sensing experiments (e.g., photodiode placement, low data 

acquisition speeds and the signal to noise ratio can be drastically improved via 

binning).  

Finally, utilization of a microscope is advantageous because it allows 

for more localized and spatially resolved measurements since the spot size can 
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be varied using different objectives. Area-specific measurements are 

important for samples that possess structural, compositional, and 

morphological heterogeneities.  These heterogeneous regions may have very 

different properties, thus, it is important to interrogate the morphology-

specific properties of a material.  

4.3.2 Validation of Diffraction Based Sensing using Microscopy 

The electrochemical response of materials during Li+ insertion was 

monitored by both spectroscopic ellipsometry (SE) and diffraction (Figure 

4.1). SE measurements were performed on unpatterned films and DE on 

patterned metal oxide thin films immersed in 1 M LiClO4/PC solution. 

Ellipsometry measurements were not performed on patterned films because it 

greatly increases the complexity of collecting and extracting the optical 

constants from the ellipsometry data.  When light reflects from a grating, the 

spectral features are reduced in magnitude, analogous to the effect seen on 

very rough films. Also, interference fringing further complicates data 

interpretation and greatly reduces the total amount of light reflected from the 

surface (Figure 4.5). Figure 4.6 (a) displays a representative plot of three 

successive cyclic voltammograms (CV) for the intercalation of Li+ into WO3 

films. Cathodic peaks observed for the first voltammetric cycle suggest the 

presence of mixed structural phases.6 Absence of these peaks and an overall 

decrease in capacity in following cycles is attributed to an irreversible 

electrochemically stimulated structural phase transition arising from lattice 

expansion during the initial reduction cycle. After this initial structural  
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Figure 4.5. Ellipsometry parameters Ψ (a) and Δ (b) taken at 70° on a thin 
film of WO3 (solid) and a patterned WO3 grating (dotted), both samples were 
~120 nm. The patterning of the film makes interpreting the ellipsometric data 
difficult by truncating the spectral feature size (an extreme example of the 
effect seen on films of uneven thickness) and introducing additional 
interference fringing. 
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rearrangement, the electrochemical response of the films stabilizes. It must be 

noted that the electrochemical response and transport behavior of patterned 

films was identical to unpatterned samples of the same composition and are 

consistent with values obtained for WO3 and W1-xMoxO3 films reported 

previously.6  Additionally, the grain size of these metal oxide films ranges 

from ~35 to 40 nm6,7 while the line width of the pattern is around 2 μm.  Thus, 

the films structure and, therefore, its optical and electrochemical properties 

should not be altered by restriction of the grain size domains due to patterning. 

AFM and SEM images of unpatterned and patterned films show similar 

morphology and grain size.6,7 

The optical response of WO3 and Mo0.6W0.4O3 films during three 

consecutive electro-insertion cycles of Li+ via CV was monitored using SE at 

an angle of 75o. The resulting optical constants, n and k, as well as the 

thickness of the flat films were extracted using the Drude model. Then, using 

eq 4 the expected DE response was estimated for the blue, green, and red 

filters as a function of Li+ insertion/deinsertion. Subsequently, these estimated 

DE values were compared to DE measurements taken on patterned films. 

Figure 4.6 (b-d) compares estimated and experimental DE results. As 

expected, the optical parameters of the films undergo the largest change 

during the first reduction/oxidation cycle due to structural rearrangement and 

incomplete deinsertion of Li+ ions, ~ 80% reversibility in WO3.6 The films 

then stabilize and vary reproducibly with a reversibility of 90%. SE 

measurements of the thickness of the WO3 films (not shown) indicate a  
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Figure 4.6. (a) Voltammetric responses for three consecutive cycles of Li+ 
insertion/deinsertion into a patterned WO3 thin film electrode immersed in 1 
M LiClO4/PC, 10 mV/s scan rate. Comparison plots of measured diffraction 
efficiency, DE, (solid line) versus calculated DE (dashed line) for different 
wavelength regions: (b) blue (470 nm), (c) green (535 nm) and (d) red (630 
nm). The measured DE was collected during three cycles of Li+ 
insertion/deinsertion into patterned WO3 thin film electrode using setup 
shown in Figure 4.1. Whereas, calculated DE was found by eq 4 using optical 
constants derived from real-time Li+ insertion/deinsertion into non-patterned 
WO3 thin film electrode using spectroscopic ellipsometry (SE). 
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modest 3% increase in thickness during the first Li+ insertion/deinsertion 

cycle. Note that initially, the DE predicted from optical constants is 

overestimated in the blue and green regions while it is underestimated in the 

red. This disagreement is due to the inability of the Drude model to accurately 

describe the optical constants of these films in regions of very low 

absorbance.  Thus, the initial thickness of the gratings was not determined 

using optical constants derived by the Drude model. Instead, the initial 

thickness of the gratings was estimated according to eq 3 from experimentally 

acquired DE values using n derived previously.7 This method produced values 

in excellent agreement with AFM measurements. The thickness of seven 

electrochemically unaltered gratings was calculated to be 109 ± 6 nm, which 

is nearly identical to the thickness measurements of the same gratings 

obtained by AFM, 110 ± 20 nm (Table 4.1). This agreement helps to validate 

eq 4 and suggests that the assumptions used to derive eq 3 are valid. DE is 

very sensitive to thickness and every 0.06 unit change in the initial diffraction 

efficiency of the sample corresponds to ~10 nm difference in the thickness 

(i.e., at n = 2.3 and k = 0 the DE values of 0.32 and 0.38 correspond to a 

grating thickness of about 100 and 110 nm, respectively). 

An example of how n and k change during the initial Li+ insertion 

cycle is given in Figure 4.7. For visual clarity, the results for second and third 

CVs are not shown on this plot, however, the behavior of n and k for WO3 

films during second and third ion insertion cycles is demonstrated in Figure 

4.8.  Note that the plots for DE in Figure 4.6 and n in Figure 4.7 are very 
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Figure 4.7. Plots of real, n, and imaginary, k, components of the refractive 
index as a function of applied potential during the first cycle of Li+ 
insertion/deinsertion into WO3 and Mo0.6W0.4O3 thin films via cyclic 
voltammetry determined from SE measurements. Data in plots (a) and (d) 
were determined at 470 nm (blue) and in plots (b) and (e) at 535 nm (green), 
while data in plots (c) and (f) were determined at 630 nm (red). 
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Figure 4.8. Plots of real, n, and imaginary, k, components of the refractive 
index as a function of applied potential during the second and third 
consecutive cycles of Li+ insertion/deinsertion into WO3 thin films via cyclic 
voltammetry, shown at 470 nm (blue), 535 nm (green) and 630 nm (red) 
wavelengths determined from SE measurements. 
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similar in shape and follow the same trend as Li+ is inserted. Both DE and n 

values decrease upon insertion and increase for deinsertion of Li+. Reverse 

behavior is recorded for k values. Due to its direct relationship to absorbance, 

it is anticipated that k values will increase as the material colors from 

transparent to blue (eq 1) and decrease as it goes from blue to transparent. The 

correlation of DE and n is also expected since DE is very sensitive to n.8 Both 

the estimated and calculated DE data in Figure 4.6 illustrate the excellent 

responsiveness of this technique because the beginning of DE modulation 

coincides with the most prominent electrochemically induced structural and 

compositional changes of the film, which start at around -0.25 V (shown by 

vertical dashed line). Overall agreement between DE values predicted by 

ellipsometry (hollow circle dashed line) and measured by diffraction (solid 

lines) is quite good (Figure 4.6 (b-d)). This agreement provides another 

justification for eq 4 as a way to predict DE of the gratings using optical 

constants of the material. Additionally, the good agreement implies that the 

application of the Drude model to describe the optical modulation of 

LiyMoxW1-xO3 films is valid because it results in optical constants that 

adequately depict DE in the selected wavelength regions.  

4.3.3  Chronoamperometry and the Determination of Li+ Diffusion 
Coefficients 

4.3.3.1 Optical  Multiwavelength Sensing of Li+ Insertion 

Three consecutive Li+ insertion/deinsertion cycles were performed for 

all chronoamperometry experiments in each wavelength range (blue, green, 
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and red). Figure 4.9 presents data acquired during chronoamperometry runs 

where DE of the WO3 gratings was recorded while the electrode potential was 

stepped between + 0.2 and – 0.8 V with a step duration of 10 s and back 

again. Figure 4.9 (a) represents the applied potential steps, whereas plots (b) 

through (d) display the optical DE response corresponding to the selected 

wavelength region and (e) represents electrochemical current passage at the 

electrode. Optical results for all three wavelength regions show that the largest 

change in DE occurs during the first reduction/oxidation step. This large, 

irreversible change is consistent with structural rearrangement and Li+ 

entrapment due to the incomplete reversibility of Li+ insertion. For all three 

color regions, upon Li+ deinsertion, the DE signal again increases, but is 0.09 

units lower than the original value. During subsequent cycles DE oscillates 

reversibly from approximately 0.23 to 0.14, 0.16 to 0.08, and 0.06 to 0.03 for 

blue, green and red wavelength regions, correspondingly. There is a slight 

decrease in DE values following each deinsertion that can be attributed to a 

small fraction of Li+ being permanently trapped inside the grating, lowering n 

as shown in Figure 4.10 (a)-(c) for plots of n vs. time. Using 

chronoamperometry the reversibility of Li+ insertion/deinsertion into WO3 

gratings, after the first cycle, was estimated to be 90%. The DE plots in Figure 

4.9 also illustrate the wavelength dependence of DE, with the blue region 

diffracting much more strongly than the green or red. Empirical comparison of 

n data for WO3 in Figure 4.10 and the DE measurements in Figure 4.9 at the 

beginning of electrochemical modulation, when k = 0, shows that a decrease 
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Figure 4.9. Electrochemical modulation of the diffraction efficiency, DE, of 
WO3 diffraction gratings supported on an ITO (working electrode) immersed 
in 1 M LiClO4/PC with Pt wire as a counter and Ag/AgCl as a reference 
electrodes. The plots represent (a) applied potential steps with pulse width of 
10 s, the DE response of the grating recorded using  (b) blue (470 ± 20 nm), 
(c) green (535 ± 20 nm), (d) red (630 ± 30 nm)  band-pass filters, and (e) the 
current at the working electrode versus time.  
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Figure 4.10. Plots of real, n, and imaginary, k, components of refractive index 
as a function of time during three consecutive cycles of Li+ 
insertion/deinsertion into WO3 and Mo0.6W0.4O3 thin films via cyclic 
voltammetry at a scan rate of 10 mV/s, shown at blue (470 nm), green (535 
nm) and red (630 nm) wavelengths determined from SE measurements. 
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in n by 0.1 changes the diffraction efficiency by ~0.06 units. As a 

consequence (assuming the same grating thickness), initial n values of 2.3, 2.2 

and 2.0 for blue, green and red regions, respectively, result in DE 

measurements equal to the expected values of about 0.32, 0.26 and 0.14. 

Additionally, note the fast response of the optical signal to the 

electrochemically induced changes in the grating material. The DE response 

(Figure 4.9 (b-d)) mirrors the electrochemical response of the current 

transients (Figure 4.9 (e)). 

4.3.3.2 Sensitivity and Signal-to-Noise Values for Optical Diffraction  

The sensitivity of the diffraction gratings to Li+ insertion is determined 

from the slope of the best fit line obtained by plotting DE in the blue, green 

and red wavelength regions versus the fraction of Li+ inserted (Figure 4.11). 

Due to the previously mentioned structural and compositional changes 

occurring during the first Li+ insertion cycle, optical and electrochemical data 

for the second insertion step was selected to evaluate the sensitivity. As 

illustrated by the plot, there is an inverse linear relationship between changes 

in DE and the amount of Li+ ions intercalated, where goodness of the linear 

response is indicated by R2 values greater than 0.99.  The obtained 

sensitivities for the three wavelength regions were mblue= 0.087, mgreen= 0.081 

and mred= 0.033. Additionally, the signal-to-noise ratio decreases with 

wavelength, changing from 96 in the blue region to 60 in the green and 42 in 

the red. These results indicate that sensing in the blue wavelength region 

results in improved sensitivity to Li+ insertion and a higher S/N ratio,  
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Figure 4.11. Plot of DE monitored at selected wavelength regions blue (470 ± 
20 nm), green (535 ± 20 nm) and red (630 ± 30 nm)versus mole fraction of 
Li+ inserted, x, into WO3 gratings via chronoamperometry. Linear fits for each 
region are shown, where the slope, m, of each line corresponds to the 
sensitivity of the diffraction measurements at the selected wavelengths. 
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illustrating the advantage of a multicolor sensing setup for the selective tuning 

and optimization of the DE signal response. 

4.3.3.3 Li+ Diffusion Coefficients 

Electrochemical data obtained from chronoamperometric 

measurements (Figure 4.9 (e)) were used to determine times that correspond 

to the Cottrell region of semi-infinite linear diffusion. These times were 

subsequently used to determine values of the diffusion coefficient for Li+ 

insertion. In the short time regime the product of current response and the 

square root of time (It1/2) versus time (t) on a log scale is a constant value 

producing a plateau at the peak positions of the It1/2 versus t plots. This 

plateau corresponds to the Cottrell region. Li+ diffusion coefficients, DLi+, can 

be calculated from eq 931,32,33:  

 

   
L
QD

It Li

*2/1

2/1
2/1

π
Δ

= +                                                                   (9) 

 

where It1/2 value is determined from the plateau of the It1/2 versus t (on a log 

scale) plot (Figure 4.12 (b)), the total charge passed during the potential step, 

ΔQ, is found by integrating the  I–t response (Figure 4.9 (e)), and L is the 

measured film thickness (AFM data, Table 4.1). WO3 diffusion coefficients 

for Li+ insertion steps 1 through 3, as calculated from electrochemical data, 

are summarized in Table 4.1. As expected the first insertion is slower than the 

following two. This is due to structural changes, “breaking-in” of the WO3 
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film, an analogous trend was previously observed with MoO3 electrodes.34 

Following this structural rearrangement, the diffusion coefficients for the 

second and third insertion steps are similar.   

Li+ diffusion coefficients can also be estimated from the time-

dependent change in the diffraction efficiency, DE, eq 10, 

 

 
L
DEDt

dt
dDE DE

*2/1

2/1
2/1

π
Δ

=−                                                   (10) 

 

where ΔDE is the overall DE change measured at blue (470 ± 20 nm), green 

(535 ± 20 nm) or red (630 ± 30 nm) wavelengths during lithium 

insertion/deinsertion, and L is the thickness of the grating.  This expression is 

analogous to that derived previously estimating diffusion coefficients from the 

time-dependent change in the material’s optical density.24 DE is inversely 

proportional to the amount of charge, Q, inserted, this arises from the fact that 

as Li+ intercalates the imaginary portion of the refractive index increases. k is 

inversely related to n which dominates the observed diffraction efficiency.  

Figure 4.12 (a) represents plots of charge and DE response vs. potential 

evaluated in the blue wavelength region (470 ± 20 nm). The DE response at 

green (535 ± 20 nm) or red (630 ± 30 nm) wavelengths is not shown but 

display similar responses to that shown. Note the Q-E and DE-E curves in 

Figure 4.12 (a) are similar in shape but opposite in direction. During Li+ 

insertion from +0.2 to -0.8 V the amount of inserted charge increases whereas 

DE decreases and vice versa during Li+ deinsertion from -0.8 to +0.2 V.  
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Figure 4.12. (a) Plot of modulation of charge and DEblue during Li+ 
insertion/deinsertion cycle into WO3 grating performed via cyclic 
voltammetry. (b) It1/2 versus t on a log scale plot and (c) (-dDEblue/dt)t1/2 
versus t on a log scale plot for Li+ insertion into WO3 gratings during three 
potential step cycles from +0.2 to -0.8 V via chronoamperometry. Diffraction 
data was acquired in blue wavelength region (470 ± 20 nm). 
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Taking the derivative of DE with respect to time results in a value that is 

proportional to current, given that I = dQ/dt.  This data along with eq 9 

allowed us to estimate the diffusion coefficients using only time dependent 

DE data and eq 10. Diffusion coefficients derived using the time based 

diffraction efficiency response are denoted DDE to differentiate them from 

electrochemically-determined diffusion coefficients denoted as DLi+.  The 

estimated DDE values for the first Li+ insertion step are 2, 4, and 8 x10-10 cm2/s 

as determined in the blue, green, and red wavelength regions, respectively.  

These values are consistent with DLi+ values measured using 

chronoamperometry above, especially in the blue wavelength region as the 

sensitivity is the highest in this wavelength range. Diffraction-based 

measurements are effected by the inverse relationship between n and k as 

discussed previously and illustrated in Figure 4.7, thus the determined value 

of DDE appears to increase with wavelength.  Again, DE values include 

contributions from both the real (n) and imaginary (k) portions of the 

refractive index, and as Li+ intercalates k increases while n decreases.  As 

wavelength increases the contribution from k becomes more pronounced, 

making the DE response smaller than it would be if only n was changing. This 

causes the diffusion coefficients obtained in the red wavelength region to 

deviate from the electrochemical values more than the in blue wavelength 

region. Diffusion coefficients estimated using the diffraction method in the 

blue wavelength region are statistically indistinguishable (t-test 95% 

confidence interval) from electrochemical data (Table 4.1).  Compared to  
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Table 4.1.  Evaluation of Electrochemically and Optically Determined 
Thickness and Lithium Diffusion Coefficients for WO3 
Gratings 

Li+ Diffusion Coefficients 

x 10-10 (cm2/s) 
 

Insertion 
Cycle DLi+ (eq 9) DDE (eq 10) D (eq 8) 

 

Thickness 
(nm) 

1 

2 

3 

1.0 ± 0.2 

2.7 ± 0.3 

2.6 ± 0.4 

2 ± 1 

6 ± 4 

6 ± 3 

7 ± 2 

13 ± 2 

26 ± 7 

110 ± 20a 

109 ± 6b 

 

  a Value determined from AFM measurements. 
   b Value estimated from eq 3 using SE data.  
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electrochemical values the larger standard deviations seen for these values are 

attributed to increased noise in the DE measurements at longer wavelengths. 

The overall values determined in the blue wavelength region for 3 insertion 

cycles behave similarly to that seen for the electrochemical data. Diffusion of 

Li+ ions during first insertion is hindered by structural rearrangements in 

WO3, whereas after lattice expansion, ion diffusion becomes more facile and 

reversible for second and third insertion steps. This trend is shown in Figure 

4.12 (b) and (c) by a shifting in the It1/2 and (-dDEblue/dt)t1/2 versus t on a log 

scale response, respectively, where the plateaus corresponding  to the Cottrell 

region of semi-infinite linear diffusion shift to earlier times. This shift 

indicates slower ion diffusion during the first insertion and almost constant 

and reversible ion transport for steps 2 and 3. The decrease in the magnitude 

of the plateaus (Figure 4.12 (b-c)) is primarily due to two factors: the amount 

of charge inserted and a shift in the Cottrell times. Overall, electrochemical 

and diffraction-based diffusion coefficients are in good agreement with one 

another and follow the expected behavior between runs validating the use of 

DE to estimate the Li+ diffusion coefficient. We note that the direct 

measurement of DDE by the above method is limited to systems where either 

the contribution to DE is dominated by changes in n or k but not both.   

To overcome this limitation we also have evaluated a fitting method to 

extract diffusion coefficients at multiple wavelengths which accounts for 

changes in both n and k.  From the diffraction experiments show in Figure 4.9 

(b-d), the diffraction efficiency in the Cottrell region, DEt, and overall change  
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Table 4.2. Summary of the Fit Parameters Determined by Fitting to 
Diffraction Efficiency Data Obtained During 
Chronoamperometry Experiments 

 

Insertion 
Steps Ft Γt nt(∞) FΔ ГΔ nΔ(∞) 

1 

2 

3 

32.00 

9.824 

5.362 

0.198 

0.236 

2.185 

2.133 

1.269 

1.000 

40.25 

34.47 

37.37 

0.154 

0.110 

0.284 

3.711 

4.574 

3.343 
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Figure 4.13. Comparison of DE in the Cottrell region, DEt, for fit versus 
experimental data.  The diagonal line represents a 1:1 correlation between DEt 
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in diffraction efficiency, ΔDE, during Li+ insertion were extracted. In order to 

determine the diffusion coefficient from eq 8, the values Ft, Γt, nt(∞), FΔ, ГΔ, 

and nΔ(∞) need to be determined.  The extracted DEt values for multiple 

experiments representing all three wavelength regions were used to determine 

the previously described fit parameters Ft, Γt, and nt(∞),. FΔ, ГΔ, and nΔ(∞) 

were similarly fit to the ΔDE results. The derived fit parameters for the three 

insertion steps are provided in Table 4.2. A comparison of the fit and 

experimental DEt values is given in Figure 4.13. A plot of y = x has been 

added to illustrate how well the fit DEt values correlate with those determined 

experimentally. The further a point is from the line the worse is its agreement 

with experimental data. There is good scatter around the line indicating that 

there is not systematic bias in the fit and the average standard deviation about 

the line is 10 %. 

Eq 8 was utilized to calculate Li+ diffusion coefficients, D, into WO3 

gratings using the established fit parameters determined above (see data in 

Table 4.1).  These values are a factor of four to ten higher than those 

determined electrochemically or from DE measurements at a specific 

wavelength and have much larger errors associated with them.  These errors 

are a result of not fitting for enough wavelength regions compared to the 

number of fit parameters and would be minimized by fitting for additional 

wavelengths.  Unfortunately, extending the wavelength range into the near IR 

or UV is difficult because of signal to noise limitations in our experimental 

setup.  However, this is not a fundamental limitation and currently efforts are 
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underway to implement simultaneous multi-wavelength detection that would 

also extend the usable spectral range.  Despite setup restrictions, Li+ diffusion 

coefficients derived using the fitting method follow the same trend as those 

determined by electrochemical methods, including the fact that the apparent 

diffusion coefficient is smaller during the first insertion cycle than those 

following due to structural changes/rearrangements of the film.  In general, 

the described diffusion coefficients from these three techniques are in 

agreement with the wide range of reported values for WO3 ranging from 10-12 

to 10-9 cm2/s.1,6,35-40 

4.3.4  Evaluation of the Diffraction Response to Compositional and  
Electrochemical Differences in the WO3 and Mo0.6W0.4O3 Gratings 

4.3.4.1 Effect of Composition on Optical Diffraction Measurements 

The effect of compositional change on diffraction was estimated by 

comparison of the optical constants of WO3 and Mo0.6W0.4O3 films. Since 

MoO3 has a higher refractive index than WO3
7, it is expected that the 

incorporation of Mo should result in higher initial DE for the binary metal 

oxide gratings. Figure 4.14 presents DE data normalized to the grating 

thickness for both unary and binary gratings acquired in the blue wavelength 

region before and during electrochemical modulation. The blue region was 

chosen because, due to larger n values, it gives the strongest signal response. 

At 470 nm (blue region) the difference between initial n values, 2.3 and 2.4, 

for WO3 and Mo0.6W0.4O3 films, respectively, is 0.1 (Figure 4.10). From the 

empirical relationship discussed above, this difference should result in the DE  
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Figure 4.14. Plot of DE of (a) WO3 and (b) Mo0.6W0.4O3 gratings during 
electrochemical insertion/deinsertion of Li+ ions via chronoamperometry, 
acquired using a blue (470 ± 20 nm) band-pass filter. The gratings are 
supported on an ITO working electrode and immersed in 1 M LiClO4/PC with 
Pt wire as a counter and Ag/AgCl as reference electrodes. Inset shows (a) and 
(b) placed on the same scale. 
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values for Mo0.6W0.4O3 being ~0.06 units higher than for WO3 and, as 

expected, the initial DE values for Mo0.6W0.4O3 are ~0.06 units higher (Figure 

4.14). 

As a consequence of the compositional modification, electrochemical 

modulation of the Mo0.6W0.4O3 gratings results in a DE response that is similar 

in shape but different in magnitude and slope compared to pure WO3 gratings. 

The most striking change is the difference in the magnitude of the DE 

response between the two grating materials (Figure 4.14 (b) insert). Faughnan 

and Crandall41 proposed that the electrochromic properties of these mixed 

metal oxides are enhanced due to intervalence charge transfer between Mo5+ 

and W+6 sites. This is supported in our study as an addition of Mo does result 

in larger values for k (Figure 4.7 (d-f) and Figure 4.10 (d-f)). However, 

electrochemical modulation of Mo0.6W0.4O3 results in a much smaller change 

in DE compared to WO3. This result can be explained by the mixed materials 

relatively smaller change in n during Li+ intercalation (Figure 4.10 (a-c)). 

Another distinct feature of the DE plot for the mixed metal oxide gratings is 

the larger negative slope of the DE response during insertion compared to 

WO3. This distinctive characteristic can be attributed to slower Li+ diffusion 

and/or continuous changes in physical properties of the Mo0.6W0.4O3 gratings. 

In fact, due to the addition of Mo, transport of Li+ ions into Mo0.6W0.4O3 has 

been shown to be about half as fast as into WO3 films.6 

Another difference between WO3 and Mo0.6W0.4O3 is that the DE 

response of Mo0.6W0.4O3 slopes downward, a trend also observed in n (Figure 

142 



4.10 (a-c)). This decrease is the result of the lower electrochemical 

reversibility of Mo0.6W0.4O3 which leads to incomplete deinsertion of the ions 

and an accumulation of ions with each potential step, leading to progressively 

increasing absorbance, k, (Figure 4.16 (c)) and decreasing n. This statement is 

supported by electrochemical data (not shown) that suggests 80% reversibility 

of Li+ insertion/deinsertion into Mo0.6W0.4O3 gratings. In addition, 

accumulation of the ions does not lower the amount of charge being inserted 

with each following cycle (it stays nearly constant) indicating that the 

grating’s full capacity is not reached during the three consecutive  

insertion/deinsertion cycles.  

4.3.4.2 Interrogation of n and k Contributions to Diffraction Signal 

 To further interrogate the effect of n and k on DE response, n and k 

data from SE experiments of Li+ insertion via cyclic voltammetry was 

substituted into eq 4 and solved independently for the phase and amplitude 

portions of DE (Figure 4.15). DEphase (n) corresponds to DE values arising from 

changes in n, the sine term of eq 4, while  DEamplitude (k) describes diffraction 

caused by only changes in k, the hyperbolic sine term of eq 4. DEtotal is a 

combination of diffraction efficiencies arising from both the phase and 

amplitude portions. The data in Figure 4.15 is plotted vs. time and not 

potential to better visualize the DE response. These plots (a-f) provide a good 

demonstration of both the relative contributions of n and k to DE as well as 

the importance of wavelength. For both materials DEtotal is highest in the blue 

wavelength region and is dominated almost entirely by DEphase (n).  Shifting to  
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Figure 4.15. Plots of DE response as a function of time during three 
consecutive cycles of Li+ insertion/deinsertion into WO3 and Mo0.6W0.4O3 thin 
films via cyclic voltammetry at a scan rate of 10 mV/s shown at three 
wavelength regions blue (470 ± 20 nm), green (535 ± 20 nm) and red (630 ± 
30 nm). DE response was estimated using the phase and amplitude terms of eq 
4. 
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longer wavelengths results in DEamplitude (k) becoming a larger contributor.  

This is the reason that sensitivity to Li+ intercalation is reduced in the red 

wavelength region. DEamplitude (k) increases with the amount of Li+ while 

DEphase (n) decreases, thus the two work against one another decreasing 

sensitivity. This effect is even more evident for the binary metal oxide films 

due to the enhanced electrochromic properties that are responsible for greater 

changes in absorbance. Thus, understanding when DEamplitude (k) opposes or 

adds to DEphase (n) is essential in designing a sensing scheme based on mixed 

diffraction gratings. 

4.3.4.3 Effect of Grating Thickness on Diffraction Signal 

Another factor that strongly influences the observed DE is the grating 

thickness.  During sensing, changes in the grating thickness would be readily 

apparent in the resulting data.  For the WO3 gratings this was not an issue 

because the film swells by less than 3% during Li+ insertion.  However, MoO3 

is known to experience a larger volumetric expansion.  Using XRD 

measurements Tsumura and Inagaki23 reported that the MoO3 lattice expands 

from 6.9 to 12.0 Å during Li+ insertion. Note that change in DE for the first 

Li+ insertion step for the Mo0.6W0.4O3 gratings (Figure 4.14 (b)) does not 

correspond to the measured change in n (Figure 4.7 (a)). Ideally, change in n 

for Mo0.6W0.4O3 from 2.4 to 2.2 should produce a decrease in DE by 0.12, yet, 

it is only decreased by 0.03. In contrast, change in n from 2.3 to 2.0 for WO3 

results in a decrease in DE by 0.18, which is in agreement with the previously 

recognized relationship that a change in n by 0.1 corresponds to a change in 
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DE by 0.06 units, assuming all other variables (i.e., L, k, nelectrolyte, λ, and θ 

variables from eq 4) remain constant. The disagreement in DE data for binary 

gratings is attributed to the larger volumetric expansion of Mo0.6W0.4O3 during 

Li+ intercalation. The thickness increase counterbalances the effect of the 

decreasing n on DE. In fact, pure MoO3 gratings could not be used because 

extensive volumetric expansion during Li+ insertion results in breakage and 

liftoff of the gratings from the ITO substrate (Figure 4.3). Assuming that the 

observed deviations from the expected value of DE is due to an increase in 

thickness, the discrepancy in DE data by 0.09 units indicates a 15 nm increase 

in the thickness of the ~90 nm Mo0.6W0.4O3 gratings (recall that thickness 

difference of 10 nm ≈ 0.06 DE units).  

4.3.4.4 Spectroelectrochemistry 

Spectroelectrochemical experiments were performed to evaluate 

electrochromic changes of the two grating materials. Plots (a) and (b) in 

Figure 4.16 shows the optical absorption response of WO3 and Mo0.6W0.4O3 

films during the first Li+ insertion/deinsertion cycle via cyclic voltammetry 

from +0.2 V to -0.8 V. The absorbance of both materials increase as the films 

undergo a color change from transparent to dark blue (eq 1). However, after 

the switching potential at -0.8 V, a drastic difference in the films optical 

performance is observed. The absorbance of WO3 goes down as the Li+ is 

extracted and the film decolors from light blue to more transparent, whereas 

for Mo0.6W0.4O3 the absorbance stays essentially the same. This observation 

supports other trends seen with n and k using SE (Figure 4.10), i.e., slower  
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Figure 4.16. Spectroelectrochemical response of (a) WO3 and (b) 
Mo0.6W0.4O3 films supported on ITO and immersed in 1 M LiClO4/PC 
showing optical absorption spectra obtained during a potential sweep. Inset in 
(b) shows a representative plot of a cyclic voltammogram for Li+ 
insertion/deinsertion into a Mo0.6W0.4O3 film. (c) Plot of the optical density (λ 
= 630 nm) values corresponding to the end of each Li+ insertion sweep 
(reduction segment of CV) during three consecutive cycles of Li+ 
insertion/deinsertion into/out of thin films, performed via cyclic voltammetry. 
Solid lines drawn through the points are to guide the eye. 
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coloration/bleaching rates and lower reversibility of Li+ insertion/deinsertion 

for Mo0.6W0.4O3 in contrast to WO3 films. Optical density (OD) data, Figure 

4.16 (c), indicates that the maximum capacity of the binary films is not 

reached during the first reduction cycle as the OD of these films increases 

with subsequent cycles. Note that the reported OD has been normalized to the 

film thickness. Figure 4.16 (c) shows that OD values are nearly constant for 

all three Li+ insertion steps for WO3. On the other hand, for the Mo0.6W0.4O3 

films there is a measurable increase in OD with each insertion step. This 

difference indicates that the ion capacity of the WO3 films was reached during 

the first insertion step. However, for Mo0.6W0.4O3 films, maximum insertion 

capacity was not reached with each cycle, therefore, during each cycle 

structural and compositional changes resulted in continuous modification of 

the optical properties of the material which is in agreement with n and k data 

determined by SE. 

4.4 CONCLUSIONS 

A new microscope-CCD experimental setup to measure diffraction 

from electrochemically-responsive gratings has been developed.  This system 

offers improvements in precision, signal-to-noise ratio and sensitivity of 

diffraction-based sensing measurements due to improved spatial resolution, 

speed of data acquisition, and selective wavelength tuning. Measurements at 

three wavelength regions illustrated the dependence of these analytical 

parameters and the diffraction efficiency (DE) on wavelength. The blue 

wavelength region (470 ± 20 nm) was found to be optimal for the 
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investigation of electrochemically stimulated changes in WO3 and 

Mo0.6W0.4O3 gratings during Li+ insertion/deinsertion cycles performed via 

chronoamperometry. Both the optical properties and thickness of the materials 

were verified as the main characteristics that control the magnitude of DE 

modulation. Combined use of spectroscopic ellipsometry and DE 

measurements indicates that changes in n by 0.1 or in the thickness of the 

materials by 10 nm changes DE by ~ 0.06 units. Experimental DE results 

were also utilized to approximate Li+ diffusion coefficients for the WO3 

gratings. The diffraction-based diffusion coefficients were comparable to 

those obtained by other electrochemical methods and demonstrate that 

quantitative parameters can be extracted from DE measurements. Finally, 

doping Mo into the WO3 gratings did enhance the electrochromic properties 

of the grating; however, there was no enhancement in DE due to depressed 

modulation of the real part of refractive index and the opposition of changes 

in the amplitude,  DEamplitude (k), and phase, DEphase (n) components of DE. 

These results show that understanding trends in a material’s optical properties 

is essential for the development of quantitative diffraction-based sensing 

modalities.  
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CHAPTER 5 

Future Directions: Materials for Binary Gratings 

5.1 INTRODUCTION 

In previous chapters, we investigated the preparation of diffraction 

gratings from mixed MoxW1-xO3 films via electrodeposition onto transparent, 

conductive indium tin oxide (ITO) substrates. Electrodeposition at specific 

potentials provided us with means to fabricate materials of desired 

stoichiometry. Composition was found to be the most influential factor 

affecting structure, electrochemical and optical properties, and stability of the 

materials. Improved stability and electrochromisity of Mo0.6W0.4O3 films 

during Li+ insertion/deinsertion was examined by spectroscopic ellipsometry 

and optical diffraction and compared to unary WO3 films in Chapter 4. The 

effect of optical constants, n and k, of two materials on diffraction signal was 

analyzed and it was determined that diffraction response is much more 

sensitive to changes in n than k. Even though Mo0.6W0.4O3 had a much larger 

absorbance than WO3, the resulting diffraction signal was notably suppressed 

due to relatively small changes in n. The relationship between charge and 

diffraction efficiency (DE) allowed us to derive an expression for the 

determination of Li+ diffusion coefficients based solely on DE data. We also 

demonstrated the superiority of a microscope-CCD setup for diffraction-based 

sensing because of its ability of excellent special resolution and selective 

wavelength tuning. Wavelength dependence of the diffraction signal was 
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explicitly illustrated and the importance of correct wavelength selection was 

emphasized as a major contributor to important figures of merit such as 

sensitivity. 

In this chapter, we would like to extend our study of electrochemical 

and optical properties of electrochromic films to proton insertion into three 

different materials: WO3, IrOx and polyaniline (PANI). These materials have 

unique electroactivity and undergo extensive coloration upon ion insertion or 

deinsertion. They were selected as potential candidates for future fabrication 

and studies of interdigitated binary (two explicit materials) gratings. In order 

to elucidate changes in absorbance and optical constants of the materials 

during their oxidation and reduction, real-time optical characterization of the 

materials was performed via UV-vis spectroscopy and spectroscopic 

ellipsometry. Since each material has a distinct optical response during 

electrochemical modulation, acquisition of DE data gives a variety of results 

showing the versatility of the technique. Here, DE response was correlated to 

electrochemical and optical changes of the materials and proton diffusion 

coefficients were determined using electrochemical and diffraction data. 

Additionally, preliminary diffraction experiments were conducted using 

binary interdigitated array (IDA) gratings.  These binary gratings are being 

looked upon to greatly improve the sensing capabilities of the diffraction 

technique; and to explore the feasibility of multianalyte sensing using two 

different chemically- and electrochemicall-responsive materials. Additionally, 

the optical properties of an unknown grating material (e.g., IrOx or PANI) or a 
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material with a complex response to an anlayte of interest can be probed by 

modulating the optical constants associated with the other half of the IDA 

comprised of well characterized material (i.e. WO3).   

5.2 EXPERIMENTAL 

5.2.1  Synthesis and Fabrication of WO3, IrOx and PANI Thin Films and 
 Gratings 

5.2.1.1 Cleaning and Patterning of ITO Substrates 

Conductive, transparent indium-tin oxide (ITO) coated glass substrates 

were used for both preparation of unpatterned thin films of WO3, IrOx, and 

polyaniline (PANI) and as substrates for diffraction patterns contructed from 

these materials. All ITO substrates (Delta Technologies, Ltd., 15Ω/□) were 

subjected to cleaning before use by wiping them with methanol (Fisher 

Scientific) and heating for ~15 min in 30 % (v:v) aqueous solution of 

ethanolamine (Aldrich) at 80 ˚C. Then, the substrates were rinsed under flow 

of ultrapure water (Barnstead Nanopure II, 18 MΩ cm) and sonicated in 

ultrapure water for 45 min. After sonication, the ITO was dried under a stream 

of N2 and stored until use in sealed containers. Clean ITO platforms were used 

for deposition of unpatterned thin films of WO3, IrOx, and PANI without any 

surface modifications. In order to deposit WO3, IrOx, and PANI gratings, 

photolithography in combination with reactive ion plasma etch was used to 

pattern ITO layer of glass substrates in form of interdigitated array (IDA) 

electrodes (refer to schematic of IDA in Figure 2.5 (a)). Complete description 
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of the procedure for ITO patterning via photolithography is given in Chapter 

2. 

5.2.1.2 Preparation of Deposition Solutions 

For electrochemical deposition of WO3 films, aqueous solution of ~50 

mM of peroxo-polytungstate were prepared according to the procedure 

described in Chapter 31. Briefly, around 1 g of tungsten foil or powder (Alfa 

Aesar) was added to 6 mL of 30 % hydrogen peroxide (Mallinckrodt, v:v). 

After all metal was dissolved, Pt black was used to decompose excess of 

hydrogen peroxide and ultrapure water was utilized to dilute the solution to 

0.05 M. 

The iridium deposition solution was prepared 2 by dissolving 0.2 mmol 

K3IrCl6 (Aldrich) and 1 mmol on oxalic acid H2C2O4 (Mallinckrodt) in 30 mL 

of ultrapure water.  This solution was then stirred for ten minutes, and the pH 

was adjusted to 10 using ~690 mg of K2CO3 (Mallinckrodt) that turned the 

solution from a pale yellow to pale green color.  Following this, the solution 

was diluted to 50 mL and left for ~4 days at 35 °C until the absorbance at 570 

nm exceeded 0.2 and the solution became purple.  This solution can be stored 

for over a month at 5 ˚C but should be filtered before deposition.  

PANI films were synthesized from 10 mmol aniline in 0.5 M H2SO4 

aqueous solution. About 0.91 mL of aniline (Fisher Scientific) was dissolved 

in 0.5 M H2SO4 by sonication and diluted to the total volume of 50 mL. The 

solution was stored in a dark cabinet and used within two day of preparation.  
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 5.2.1.3 Electrochemical  Deposition of the Materials 

All unpatterned films and gratings were electrodeposited on flat and 

patterned ITO-coated glass substrates, respectively. Every deposition was 

performed in a one-compartment, three-electrode Teflon cell where ITO 

served as the working electrode, Pt wire (Aldrich) was the counter electrode 

and Ag/AgCl in saturated KCl solution (World Precision Instruments) was the 

reference electrode.  These were connected to a CH Instruments model 

CHI700a potentiostat. Cathodic electrodeposition was used to deposit WO3 

thin films and patterns at a fixed potential of -0.35 V for 400 s. The average 

roughness of the WO3 films was ~5 nm as determined using atomic force 

microscopy (AFM). IrOx samples were prepared via anodic electrodeposition 

by applying a fixed potential of 0.67 V for 1000 s while stirring the iridium 

solution. Note that right before deposition the iridium solution was filtered 

through 0.02 μm syringe filters (Whatman) and used while cold (10-15 ˚C) to 

improve deposition efficiency.  Filtering of the solution resulted in a decrease 

of films roughness from 38 to 7 nm (measured by AFM) by reducing the 

amount of material crashing out of solution. Deposition of PANI films and 

patterns was achieved through cycling the potential between -0.2 and +0.85 V 

for 15 min at a scan rate of 50 mV/s.3 After deposition, resulting films and 

patterns were rinsed with ultrapure water and dried under a stream of nitrogen. 

The AFM measured roughness of PANI films was determined to be equal to 

35 nm. Freshly deposited PANI samples were stored in capped vials under N2 

atmosphere and used within 4 h whereas WO3 and IrOx samples were, first, 
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desiccated for 48 h and, then, sintered in air at 250 ˚C for 2 h with a heating 

rate of 60 ˚C/h in a Cress (model C401 H/942) programmable electric furnace. 

After sintering, metal oxide samples were also stored in capped vials and used 

within 5 days. 

5.2.2 Characterization of WO3, IrOx and PANI Thin Films and Gratings 

5.2.2.1 AFM Measurements 

Atomic force microscopy (AFM) was used to analyze the periodicity 

and height of transition metal oxides and PANI gratings. In addition to that, 

AFM scans of the scratches across the films (“scratch test”) were utilized to 

confirm thickness measurements attained by spectroscopic ellipsometry on 

some rough sample. Also, AFM topography measurements were employed to 

estimate the roughness of the samples. All AFM work was performed using a 

Digital Instruments Bioscope Nanoscope IV in tapping mode with single 

etched silicon (TESP) Nanoprobe SPM tips (cantilever length 125 μm and 

resonance frequency ~ 350 kHz). 

5.2.2.2 Electrochemical Measurements  

One-compartment, three-electrode Teflon cell4 (illustrated in Chapter 

4, Figure 4.1) was employed in every experiment involving potential driven 

electrochemical modulation of electro-active materials. In this setup, ITO 

substrates containing electrodeposited films or patterns of WO3, IrOx, and 

PANI were used as working electrodes where Ag/AgCl and Pt wire were 

employed as reference and counter electrodes, respectively. The electrodes 
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were connected to a CH Instruments potentiostat (model CHI700A) interfaced 

to a personal computer. Oxidation and reduction of the materials were 

performed via cyclic voltammetry and chronoamperometry in an aqueous 

solution of 0.5 M H2SO4. All cyclic voltammetry (CV) experiments were 

carried out at a scan rate of 10 mV/s except for structural stability runs of one 

hundred cycles where the scan rate was set to 50 mV/s. Selected pulse/step 

width for all chronoamperometry (ChA) runs was 10 s. The potential ranges 

used for reduction/oxidation the materials were from +0.6 to -0.4 V, 0 to +1.0 

V and -0.2 to +0.8 V and back for WO3, IrOx and PANI, correspondingly.  

5.2.2.3 Spectroelectrochemistry 

WO3, IrOx and PANI films are electrochromic materials (undergo 

color change upon reduction or oxidation), therefore, real-time 

spectroelectrochemical experiments were performed on unpatterned films of 

these materials in order to analyze absorbance trends during reduction and 

oxidation processes. Agilent 8453 UV-visible spectrophotometer (Agilent 

Technologies) was used to collect absorbance spectra of the films every 3.8 s 

during electrochemical modulation of materials’ redox states via cyclic 

voltammetry. CVs were acquired under condition stated above.  

5.2.2.4 Diffraction Measurements 

Diffraction measurements were acquired using the setup described in 

Chapter 4, Figure 4.1.4 In brief, Nikon Eclipse E600 optical microscope 

equipped with a Bertrand Lens (Micronon), Photometrics CoolSNAP HQ 12-

bit CCD camera (Roper Scientific) controlled with MetaMorph imaging 
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software (Universal Imaging Corp., version 5.0r4) and a filter wheel (Sutter 

Instruments Co., Lambda 10-2) was used to image and collect diffraction data. 

A transparent electrochemical cell was placed on the microscope stage and 

light from a tungsten lamp (100-W, USHIO Inc.) was passed through the cell 

into the microscope objective (Nikon 10X ELWD, 0.30 NA). The diffraction 

patterns arising from the periodic spacing of the samples were acquired with a 

CCD camera and recorded via MetaMorph software. Real-time 1-D 

diffraction images were collected at a 20 MHz readout rate and 20-ms 

exposure time (1 image every ~ 0.038 s) during chronoamperometry and 

cyclic voltametry experiments. Band-pass filters such as 470 ± 20 nm (blue), 

535 ± 20 nm (green) and 630 ± 30 nm (red) from Chroma Technology Corp. 

were used in order to isolate the wavelength regions of interest. Diffraction 

efficiency (DE) was utilized to evaluate the changes in intensity of the 

diffraction pattern at each experimental point:  

 

 DE = 
inc

diff

I
I∑         (1) 

 

where Idiff  is the intensity of the diffracted light and Iinc is the incident 

intensity which is determined by summing the intensity of the diffracted spots 

and the intensity of the undiffracted center spot. 

5.2.2.5 Spectroscopic Ellipsometry Measurements 

J.A. Woolam Co. M-2000 Variable Angle Spectroscopic Ellipsometer 

(VASE) was used to perform spectroscopic ellipsometry (SE) and 
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transmission measurements on unpatterned WO3, IrOx and PANI films. 

Combination of data from these measurements was employed to extract 

optical constants of the films fromΨ and Δ data across the range of filters used 

in the experiment. SE data was collected during cyclic volatammetry runs of 

H+ insertion/deinsertion into the films at a scan rate of 10 mV/s. Measurments 

were performed in a home-built, three-electrode electrochemical cell with 

fused silica windows at 75o from normal.  The films deposited on ITO, Pt wire 

and Ag/AgCl were set as the working, counter, and reference electrodes, 

respectively.  The cell was placed onto the ellipsometer stage where SE data 

was recorded every ~4 s as the potential was scanned in the range previously 

established for each material. The electrolyte, an aqueous solution of 0.5 M 

H2SO4, refractive index was assumed to be equal to 1.33 (refractive index of 

water).  

For WO3 films, SE measurements (Ψ and Δ) were acquired from 200 

to 1000 nm at angles of 65o, 70o, and 75o and fit from 450 nm to 800 nm using 

a previously described three layer model5 composed of a Corning 1737 glass 

substrate, a graded ITO layer, and a metal oxide layer defined by a Drude 

oscillator to derive the real (n) and imaginary (k) components of the complex 

refractive index. In literature6, the Drude oscillator has been shown to be a 

great tool to model the electrochromic behavior of WO3 during ion insertion 

since it describes free carrier absorption in the near IR.7 The thickness of the 

films was set as the fourth fit parameter because the lattice of some transition-

metal oxide films is known to expand during ion insertion.4,8 
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IrOx required a more complex optical model consisting of three 

Lorentzian (damped harmonic) oscillators to model the film from 350 to 800 

nm.  A majority of the film’s absorbance was accounted for by one oscillator 

centered at 0.59 eV (~2100 nm).  This is very similar to the Drude equation 

discussed above (a Drude oscillator is centered at 0 eV) but n was better 

described by moving the oscillator to slightly higher energy.  Another 

oscillator was placed at 4.15 eV (~300 nm) to account for the band gap 

transition, while another was placed at 7.1 eV (~175 nm) to account for high 

energy adsorptions which can have an effect on n.  The amplitude and 

broadening of each oscillator was set as a fit parameter in addition to the 

thickness and e1,offset making a total of eight fit parameters.  Fits were 

generally good and unusually high correlations between parameters were not 

observed. 

PANI films were much more complex than either of the other films, 

largely due to their very large surface roughness and extensive swelling 

during potential driven H+ insertion/deinsertion experiments.  The absorbance 

of the films also contains an irreversible component which further complicates 

things.  For this reason the optical constants of PANI films were not derived, 

though changes in the SE parameters Ψ and Δ were consistent with 

absorbance and DE measurements.  

The optical constants derived from the real-time SE experiments were 

used to predict DE using eq 29 and compare it to DE results obtained on the 

grating using optical microscope-CCD setup.  
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where DE is the diffraction efficiency, L is the grating thickness, λ is the 

wavelength, θ is the Bragg angle, nfilm is the film refractive index, nelectrolyte is 

the refractive index of the electrolyte solution equal to 1.33, and kfilm is the 

absorptivity of the film since for the electrolyte k = 0 in the tested wavelength 

range. In this equation diffraction due to the amplitude change of propagating 

wave of light is described by the first term in the brackets whereas second 

term expresses diffraction due to the phase change. 

5.3 RESULTS AND DISCUSSION 

5.3.1 Electrochemical Stability and Electrochromic Behavior of the 
Materials 

All three materials discussed in this chapter are electrochromic 

meaning that the adsorbance changes in response to changes in their redox 

states via double injection or extraction of electrons and charge-compensating 

cations/anions. After deposition (and after sintering in case of WO3, IrOx), all 

of the films were nearly optically transparent in the visible exhibiting very 

light blue, grey-blue and yellow colors for WO3, IrOx, and PANI, respectively. 

The thickness of the films measured by SE and AFM was 85 ± 15 nm for 

WO3, 37 ± 7 nm for IrOx and 40 ± 10 nm for PANI. Cyclic voltammetry 
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conducted on the films in 0.5 M aqueous solution of H2SO4 resulted in intense 

coloration. In general, WO3 is a cathodically coloring material as illustrated 

by the following equation:10  

 

 WO3 (transparent) + xe - +  xH+ ↔ HxWO3 (dark blue)   (3)  

 

According to the above equation reduction of WO3 involves double injection 

of electrons and charge compensating protons resulting in a change of the 

oxidation state of tungsten from W(VI) to W(V). This conversion to a lower 

oxidation state leads to intense coloration of the material. IrOx and PANI, on 

the other hand, are anodically coloring materials: materials that become 

colored during the oxidation process. Eq 4 summarizes oxidation reaction for 

iridium films.11  

 

Ir(OH)n (transparent) ↔ IrOx(OH)n-x (deep blue) + xe - +  xH+   (4)  

 

The material is transparent in its reduced state (Ir(II) and/or Ir(III) forms), 

however, upon oxidation strongly absorbing specie, Ir(IV), is generated via 

double extraction of electrons and H+ ions. Therefore, the deep blue color of 

the film corresponds to the formation of metal ions in the higher-valent state. 

In case of PANI, the polymer has commonly abbreviated chemical formula of          

[(-B-NH-B-NH-)y(-B-N=Q=N-)1-y]x where B and Q stand for the benzoid and 

quinoid forms of the benzene rings, correspondingly.3 There are three 
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predominant redox states, so the oxidation of the material occurs in two 

stages, eq 5.3 

 

NH NH* NH NH *

NH NH* N N *

N N* N N *

H

A-

H

A-

+ 2A-

+ 2e-

- 2A-

+ 2e- + 4H+

(yellow)

(green)

(blue)

                                           

 

                

(5) 
 
 
 
 
 
 

 
 

First, the fully reduced leucoemeraldine (y = 1, yellow) form of PANI is 

partially oxidized to emeraldine (y = 0.5, green) and then fully oxidized to 

pernigraniline (y = 0, blue) form. Additionally, note that besides protons and 

electrons involved in overall oxidation process, the electrochemistry of the 

intermediate state of PANI requires anions (in our case SO4
2- ions) that are 

provided by the electrolyte solution.  

 Figure 5.1 displays current response versus applied potential for a 

WO3 film immersed in an aqueous solution of 0.5 M H2SO4 during (a) first 

three reduction/oxidation cycles and (b) one hundred cycles collected at scan 

rates of 10 and 50 mV/s, respectively. Plots in part (a) show multiple cathodic 

and one anodic peaks that suggest the presence of mixed structural phases 

previously observed using XRD.1 Also, with each consecutive cycle there is a 
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Figure 5.1. (a) Voltammetric responses for three consecutive cycles of H+ 
insertion/deinsertion into unpatterned WO3 thin film supported on ITO and 
immersed in 0.5 M H2SO4, 10 mV/s scan rate. (b) Voltammetric responses for 
one hundred consecutive cycles of H+ insertion/deinsertion into the same 
unpatterned WO3 thin film electrode immersed in 0.5 M H2SO4, 50 mV/s scan 
rate. 
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noticeable decrease in the magnitude of the current response that can be 

attributed to incomplete irreversibility of H+ insertion and breakage and partial 

dissolution of the material due to extensive lattice expansion. After only three 

reduction/oxidation cycles visual examination of the samples showed massive 

amount of cracks in the films. Examination of data in part (b) additionally 

supports the statements of structural instability and the partial entrapment of 

protons inside the film as indicated by the gradual drop in current. Note that 

the cathodic peaks in Figure 5.1 (a) disappear when the scan rate is increased 

to 50 mV/s in Figure 5.1 (b), this suggests that the processes taking place at 

those potential are kinetically limited and in this case most likely correspond 

to irreversible lattice expansion.  

 Similar experiments were performed on IrOx films and are shown in 

Figure 5.2. Here, the electrochemical modulation of IrOx was carried out by 

cycling the potential from 0 to +1.0 V and back again. The current response in 

both plots (a) and (b) does not indicate any significant peaks on either the 

cathodic or anodic portions of the curve. Plus, even after repeated cycling 

there is no considerable change in current values suggesting that the film is 

not damaged during cycling. IrOx films show incredible electrochemical 

reversibility and structural stability in acidic solution. The shape of the CV 

illustrated in Figure 5.2 is commonly recognized as arising from redox 

pseudocapacitance, the ability of a material to hold/store electric charge. This 

type of capacitance is different from classical double-layer capacitance where 

charge storage at the interface of electrode is achieved electrostaticaly. Redox
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Figure 5.2. (a) Voltammetric responses for three consecutive cycles of H+ 
insertion/deinsertion into unpatterned IrOx thin film supported on ITO and 
immersed in 0.5 M H2SO4, 10 mV/s scan rate. (b) Voltammetric responses for 
one hundred consecutive cycles of H+ insertion/deinsertion into the same 
unpatterned IrOx thin film electrode immersed in 0.5 M H2SO4, 50 mV/s scan 
rate. 
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pseudocapacitance is Faradaic in nature entailing charge transfer across the 

double layer accompanied by redox changes of the electrode material. 

Thermodynamically pseudocapacitance is produced when the extent of redox 

reaction, y, is proportional to charge passed and “is some continuous function 

of potential, V, so that a derivative, [dy/dV], arises that has the property of a 

capacitance.”12  Several studies discuss the remarkable capacitive properties 

of IrOx films in aqueous electrolytes.13-15 Specifically, those studies associate 

an excellent capacitive performance with hydrated forms of Ir oxides which 

are likely present in this stud.  

CV experiments were also conducted on PANI films supported on ITO 

substrates and cycled from -0.2 to +0.8 V and vice versa. CVs for the first 

three consecutive cycles is shown in Figure 5.3 (a) which demonstrates fairly 

constant and reproducible cycling between three oxidation states. The plot 

shows well defined peaks corresponding to transitions between the three 

forms of the polymer: leucoemeraldine, emeraldine and pernigraniline. As 

potential is scanned from -0.2 to +0.8 V, anodic peak at about +0.2 V marks 

transition of PANI from fully reduced leucoemeraldine to partially oxidized 

emeraldine where conversion of emeraldine to fully oxidized pernigraniline 

starts around +0.4 V and is completed at +0.8 V, the potential of the second 

anodic peak. As soon as potential is switched, the pernigraniline form of the 

polymer begins to reduce back to emeraldine which is represented by the 

cathodic peak at a potential just below +0.8 V whereas reduction of 

emeraldine back to leucoemeraldine is indicated by a cathodic peak at ~ +0.1 
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Figure 5.3. (a) Voltammetric responses for three consecutive cycles of H+ 
insertion/deinsertion into unpatterned PANI thin film supported on ITO and 
immersed in 0.5 M H2SO4, 10 mV/s scan rate. (b) Voltammetric responses for 
one hundred consecutive cycles of H+ insertion/deinsertion into the same 
unpatterned PANI thin film electrode immersed in 0.5 M H2SO4, 50 mV/s 
scan rate. 
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V. There is no change in peaks position when the potential scan rate is 

increased to 50 mV/s in Figure 5.3 (b) and the peak current values appear to 

scale linearly with the higher scan rate. However, a gradual reduction in the 

magnitude of the current response is observed with every consecutive cycle. 

This current behavior can be ascribed to the breakage of the polymer chains 

and irreversible degradation of the material that results in a decline of the 

electrochemical activity of the film.  

In order to recognize trends in coloration and optical constants in 

addition to redox-stability of WO3, IrOx, and PANI films after repeated 

potential cycling, we simultaneously monitored absorbance spectra of these 

materials as they went through potential driven reduction/oxidation cycle in 

0.5 M aqueous solution of H2SO4. Real-time absorbance spectra were 

acquired during spectroelectrochemical experiments for the first CV and after 

one hundred cycles. The wavelength region of interest in our studies (because 

of specific conditions defined by the setup used for diffraction measurements) 

is visible, from 400 to 700 nm, so attention will be focused only on 

absorbance behavior of the films in this region.  

Representative absorbance data for WO3 film is shown in Figure 5.4. 

Plot (a) illustrates that there in no significant absorbance increase until the 

potential has reached 0 V and after that, the absorbance of the film drastically 

increases as the film is reduced, coloring back to dark blue at -0.4 V. When 

the potential is reversed for the oxidation scan, the absorbance of the film goes 

down but at much slower rate. Additionally, this plot demonstrates that at the 
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Figure 5.4. Spectroelectrochemical response of WO3 films supported on ITO 
and immersed in 0.5 M H2SO4 showing optical absorption spectra obtained 
during (a) first and (b) one hundred first potential sweeps from +0.6 to -0.4 V 
at scan rate of 10 mV/s. 
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time when the oxidation potential has reached +0.6 V, the absorbance of WO3 

does not go back to its initial value. This observation suggests that the film 

does not decolor (bleach) completely; its optical properties have been 

irreversibly changed. Partial entrapment of H+ inside the lattice of the material 

during H+ insertion/deinsertion cycle is the main reason for this occurrence 

besides structural changes of the material due to breakage. Absorbance data 

obtained during one hundred first reduction/oxidation cycle of the same film 

represented in plot (b) additionally supports this statement. The data shows 

that after one hundred cycles the WO3 film is no longer transparent due to the 

accumulation of H+ with each cycle but still undergoes optical modulation 

during insertion. Absorbance data is in agreement with CVs shown in Figure 

5.1 and demonstrates that PANI degrades each subsequent cycle. 

CVs for IrOx films are displayed in Figure 5.5. Absorbance spectra 

shown for first oxidation/reduction cycle in part (a) indicates complete 

reversibility of optical response of the film. Note that in case of IrOx, increase 

in absorbance is observed during the oxidation sweep when the film colors 

deep blue and bleaches during reduction resulting in decrease in absorbance 

back to its initial value. Careful examination of the plot (a) also suggests that 

coloration and bleaching rates of the film are comparable since absorbance 

values acquired at the same potentials during oxidation and reduction steps are 

very similar. Comparison of absorbance in plot (b) to results in plot (a) 

implies no significant difference even though measurements in plot (b) were 

attained during the one hundred and first CV. The results in Figure 5.5 
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Figure 5.5. Spectroelectrochemical response of IrOx films supported on ITO 
and immersed in 0.5 M H2SO4 showing optical absorption spectra obtained 
during (a) first and (b) one hundred first potential sweeps from 0 to 1.0 V at 
scan rate of 10 mV/s.. 
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confirm conclusions made based on electrochemical data in Figure 5.2: IrOx is 

an electrochemically reversible and structurally stable material.  

The spectroelectrochemical experiments described above for WO3 and 

IrOx thin films were also performed on PANI films. Figure 5.6 shows 

absorbance data for PANI film recorded during the (a) first and (b) one 

hundred first oxidation/reduction cycles. This data is more complex and 

requires detailed knowledge of reaction mechanisms involved in conversion 

between all three forms of the polymer. One has to realize that the reaction 

mechanism shown in eq 5 is a very much simplified version of what is 

actually happening during the oxidation or reduction of PANI. In brief, there 

are three main wavelengths regions corresponding to three forms of this 

polymer.16 Absorbance observed around 300, 400 and 650 nm can be 

attributed to leucoemeraldine, emeraldine and pernigraniline forms, 

respectively. Pristine PANI films were used as the blank before the start of 

data acquisition in Figure 5.6. As a result, there is no noticeable absorbance 

(Figure 5.6 (a)) at the beginning of potential scan when majority of the film is 

in fully reduced form (leucoemeraldine). However, as potential is scanned in 

more positive direction and leucoemeraldine form gets oxidized, the 

absorbance at 300 nm starts to decrease implying reduction in concentration 

of the reduced sites of leucoemeraldine. At the same time, the concentration of 

intermediate/partially oxidized form of PANI (emeraldine) is increasing which 

produces rapid growth of absorbance peak at ~ 400 nm. However, when 

potential continues to increase past +0.4 V, the absorbance at 400 begins to 
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Figure 5.6. Spectroelectrochemical response of PANI films supported on ITO 
and immersed in 0.5 M H2SO4 showing optical absorption spectra obtained 
during (a) first and (b) one hundred first potential sweeps from -0.2 to +0.8 V 
at scan rate of 10 mV/s. 
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decrease whereas absorbance at around 650 nm (in red region) is increasing. 

This potential dependent shift in absorbance spectra corresponds to a decrease 

in the concentration of the intermediate species (emeraldine) due to the 

generation of the fully oxidized form (pernigraniline). Opposite absorbance 

behavior is documented when potential is scanned in the opposite direction. 

Note that when the potential returns to its original value of -0.2 V, the final 

absorbance spectra suggests the presence emeraldine and pernigraniline forms 

and reduced amount of the leucoemeraldine species. This result indicates 

irreversible changes in the films composition and also in its structure. When 

the same analysis scheme is applied to the plot in part (b) of Figure 5.6, the 

observed behavior of absorbance points to the electrochemical degradation of 

the PANI film. Large negative absorbance at around 300 nm and greatly 

diminished modulation of absorbance at 400 and 650 nm suggest irreversible 

loss of the leucoemeraldine form and therefore reduction in production of 

emeraldine and pernigraniline species. In other words, PANI gets hydrolyzed 

due to reaction of oxidized forms of PANI with the solvent which results in 

chemical degradation of the material. Again, trends in absorbance data in 

Figure 5.6 (b) match trends observed during extended electrochemical 

modulation of PANI films in Figure 5.3 (b).  

Figure 5.7 summarizes absorbance response of these thin films at 470, 

535 and 630 nm vs. applied potential. The plots clearly show potential and 

wavelength dependence of absorbance. Data for all films demonstrates that 

absorbance of the films in their colored state is the highest in the red region  
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Figure 5.7. Plots of absorbance response at 470, 535 and 630 nm vs. applied 
potential acquired during first potential sweep for (a) WO3, (b) IrOx and  (c) 
PANI films supported on ITO and immersed in 0.5 M H2SO4. 
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which is expected since resulting color of the films is blue. Plotting 

absorbance vs. potential makes it easy to recognize the differences in behavior 

between these materials. Out of three, WO3 (Figure 5.7 (a)) is the only 

material that colors catholically, during reduction process at negative 

potentials; both IrOx and PANI (Figure 5.7 (b-c)) undergo coloration 

anodically, during oxidation sweep at positive potentials. Absorbance 

response of WO3 films in plot (a) indicates incomplete reversibility of the 

material even after first CV since final absorbance values at the end of cycle 

are higher than initial at all selected wavelengths. Also, the shift between 

absorbance curves for reduction and oxidation suggests that film underwent 

irreversible change during reduction (i.e., material breakdown due do 

extensive lattice expansion). Absorbance data shows good agreement with 

electrochemical data in Figure 5.1 (a) when initial increase in absorbance of 

the film coincides with first prominent current increase observe at 0 V on CV 

plot. In case of IrOx however, absorbance data at all three wavelengths for 

oxidation and reduction steps almost entirely overlap (Figure 5.7 (b)). This 

data shows complete optical reversibility of the sample and also supports 

claim of structural stability previously discussed based on electrochemical 

results. PANI on the other hand displays fairly good trace of absorbance 

values for oxidation and reduction steps only at potentials above +0.2 V. The 

differences between oxidation and reduction absorbance curves observed in 

Figure 5.7 (c) in the potential range from -0.2 to +0.2 V can be explained by 

formation of intermediate species (emeraldine). The formation of emeraldine 
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effects conversion of PANI to fully oxidized and reduced forms and therefore 

optical response the film. The largest deviation of absorbance curve for 

reduction step between +0.2 and -0.2 V is noted for plot at 470 nm which is 

expected since emeraldine has explicit optical signature at around 400 nm. 

Overall, in comparison to WO3 and IrOx films, absorbance plots recorded at 

three different wavelengths for PANI do not have comparable shape due to 

existence of three forms that result in absorbance at specific wavelength 

regions. Therefore, because there are multiple shifts in absorbance (Figure 5.6 

(a)) during potential scan as one specie is oxidizing/reducing into other and 

then new specie transforms to a final form, absorbance spectra obtained in one 

wavelength region will not correspond to spectra acquired in different region.  

5.3.2 H+ Diffusion Coefficients via Chronoamperometry Measurements 

In order to determine H+ diffusion coefficients, chronoamperometry 

experiments were performed on WO3, IrOx, and PANI thin films. The short 

time regime referred to as Cottrell region of semi-infinite linear diffusion is 

represented by the plateau at the peak position of the product of current 

response and the square root of time (It1/2) versus time (t) on a log scale.17, 18 

H+ diffusion coefficients can be calculated by substituting constant It1/2 value 

extracted from the plateau into eq 6: 

 

   
L
QDIt H

*2/1

2/1
2/1

π
Δ

= +                                                                  (6) 
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where ΔQ, the total charge passed during the potential step, is found by 

integrating the I–t response and L is the measured film thickness. 

Electrochemically determined H+ diffusion coefficients for WO3, IrOx, and 

PANI films are summarized in Table 5.1. 

  Representative chronoamperometry data for WO3 film used for proton 

diffusion calculations is shown in Figure 5.8. Plot (a) demonstrates I–t 

response curves while It1/2 vs. t on a log scale plots calculated from 

chronoamperometric curves for three consecutive reduction (insertion) and 

oxidation (deinsertion) steps are illustrated in parts (b) and (c) of Figure 5.8, 

respectively. Reduction of the film was achieved by stepping the potential for 

10 s from +0.6 to -0.4 V and the film was oxidized by stepping back from -0.4 

to +0.6 V for the same length of time. On the scale shown, for the first 

reduction step in Figure 5.8 (b) it is hard to determine a plateau due to the 

constant value of It1/2, but the peak position (i.e., time value) for this curve is 

around 0.1 s which is shifted to longer time in comparison to peak positions 

observed for the second and third reduction steps. This shift also noted in 

Chapter 4 for the first Li+ insertion step can be again attributed to structural 

changes of the film during initial proton insertion due to extensive lattice 

expansion. In case of H+ insertion into WO3, the breaking of the electrode can 

be observed under the microscope. After the first reduction step, the Cottrell 

times for the second and third steps are about the same; however, It1/2 value 

for the third step is much smaller. This suggests that the amount of charge 

inserted is going down the same trend previously observed during CV  
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Table 5.1. Evaluation of Electrochemically and Optically Determined 
H+ ion Diffusion Coefficients for WO3, IrOx and PANI 
Gratings 

                                   

Electrochemically Measured DH+ (x 10-10 cm2/s) 

 
 

 

Steps 

 

WO3 

 

IrOx 

 

PANI 
 

Insertion 

Deinsertion 

 

1.3 ± 0.9 

7.4 ± 0.8 

 

0.111 ± 0.003 

0.097 ± 0.003 

 

1.5 ± 0.1 

1.15 ± 0.05 
                            

                            Optically Measured DDE (x 10-10 cm2/s) 
 

Insertion  

Deinsertion 

 

1.5 ± 0.2 

1.1 ± 0.2 

 

N.D. 

N.D. 

 

1.35 ± 0.08 

1.3 ± 0.2 
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Figure 5.8. (a) I-t response curves for three consecutive reduction (+0.6 to      
-0.4 V) and oxidation (-0.4 to +0.6 V) steps performed via 
chronoamperometry on unpatterned WO3 thin film. It1/2 versus t on a log scale 
plots for three (b) reduction and (c) oxidation steps.  
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experiments in Figure 5.1. The decrease in charge is related to both the 

dissolution of the film and the loss of electrical contact due to extensive 

breakage of the material. Figure 5.8 (c) represents measured current response 

for three consecutive oxidation (H+ deinsertion) steps. In this plot, there are no 

drastic differences between three curves. The gradual decrease in It1/2 values 

at the plateau positions of the curves can be attributed to two causes: a shift in 

Cottrell times and the amount of charge inserted. When comparing average H+ 

diffusion coefficients for insertion and deinsertion steps in Table 5.1, much 

larger (~6 times greater) value is observed for deinsertion, 7.4 ± 0.8 x 10-10 

cm2/s, in contrast to insertion, 1.3 ± 0.9 x 10-10 cm2/s, process suggesting that 

proton deinsertion occurs at faster rate than insertion.  The most likely reason 

for this is that insertion is hindered by on going structural rearrangements of 

the WO3 film. 

 Figure 5.9 shows similar set of chronoamperometry experiments 

performed on IrOx film for determination of H+ diffusion coefficients. Plot (a) 

illustrates the I-t response with the oxidation and reduction steps having less 

steep curvature compared to similar experiments on WO3 in Figure 5.8 (a). 

The steepness of I-t curves can be attributed to the rate of ion diffusion; 

therefore, visual comparison of the same type of curves for WO3 and IrOx 

might suggest slower proton diffusion in/out of IrOx film. Cottrell plots for 

three consecutive reduction (H+ insertion) and oxidation (H+ deinsertion) steps 

are shown in parts (b) and (c) of Figure 5.9, respectively. All three curves for 

insertion are almost completely overlapped; there is no shift in Cottrell times 

184 



  

0.0

0.4

0.8

1.2

1.6

1E-3 0.01 0.1 1 10
-1.6

-1.2

-0.8

-0.4

0.0

0 10 20 30 40 50 60

-3.6

-1.8

0.0

1.8

3.6

5.4

It1/
2  (m

A
 s1/

2 )  reduction 1
 reduction 2
 reduction 3

(b)

t (s)

 oxidation 1
 oxidation 2
 oxidation 3

(c)

I (
m

A
)

t (s)

oxidation

reduction(a)

 

Figure 5.9. (a) I-t response curves for three consecutive oxidation (0 to 1.0 V) 
and reduction (1.0 to 0 V) steps performed via chronoamperometry on 
unpatterned IrOx thin film. It1/2 versus t on a log scale plots for three (b) 
reduction and (c) oxidation steps.  
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or variation in magnitude of It1/2 values at the peak positions. This data 

indicates incredible structural stability and ion insertion reversibility of IrOx 

films previously noted during CV experiments (Figure 5.2). Additionally, it 

implies equivalent proton diffusion rates for all three insertion steps. Figure 

5.9 (c) shows It1/2 vs. t on a log scale plots for three deinsertion steps. Again, 

the curves for all three steps are qualitatively similar with constant position of 

the maximum which signifies nearly identical H+ diffusion values. 

Electrochemically calculated proton insertion and deinsertion diffusion 

coefficients are recorded in Table 5.1. As speculated based on the slope of I-t 

response (Figure 5.8 (a) and Figure 5.9 (a)), H+ diffusion into IrOx films is 

much slower than in WO3; there is more than an order of magnitude 

difference between the proton diffusion coefficients of the two materials. 

However within IrOx, evaluation of the magnitude of diffusion coefficients for 

insertion, 0.111 ± 0.003 x 10-10 cm2/s, and deinsertion, 0.097 ± 0.003 x 10-10 

cm2/s, experiments shows very small difference between the two processes. 

Slightly larger value is observed for insertion step meaning that proton 

intercalation is little more favored than deintercalation. Additionally, the small 

standard deviation reported for the IrOx diffusion coefficients demonstrates 

great reproducibility, another indication of the robustness of the IrOx films.  

 The same method was used for measurements of proton diffusion 

coefficients into and out of PANI films. Figure 5.10 shows representative 

chronoamperometry data (a) and Cottrell plots for the first three proton 

insertion (b) and deinsertion (b) steps. Plot (a) curves have steep slopes 
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Figure 5.10.  (a) I-t response curves for three consecutive oxidation (-0.2 to 
0.8 V) and reduction (0.8 to -0.2 V) steps performed via chronoamperometry 
on unpatterned PANI thin film. It1/2 versus t on a log scale plots for three (b) 
reduction and (c) oxidation steps.  
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analogous to WO3 indicating a similar rate of diffusion. In Figure 5.10 (b), 

It1/2 vs. t on a log scale curves for all three insertion steps completely trace 

each other implying good initial electrochemical reversibility of the material. 

As mentioned earlier (Figure 5.3 (b)), extended cycling of PANI films results 

in degradation and loss of electrochemical activity of the material. Note, 

however, that curves in plot (b) exhibit reproducible hump at longer times. 

This type of feature often indicates heterogeneity, or multiple phases in 

crystalline materials. Since this is an amorphous polymer the presence of 

distinct phases is ruled out.  Knowing that the electrochemistry of PANI 

involves electron coupled proton and anion transfer, suggests that the hump is 

the outcome of anion reaction with the intermediate form of the polymer 

(emeraldine). This hypothesis can be convincing since anion (SO4
2-) is much 

larger; its transport kinetics should be slower than for H+ and our data does 

indicate longer Cottrell times for the hump. However, plots for deinsertion in 

part (c) of Figure 5.10 have no hump making stated hypothesis questionable. 

More studies have to be done in order to understand the nature of observed 

hump, one of which can be a set of similar chronoamperometry experiments 

performed in different electrolyte solutions with variable anion sizes; 

however, these studies have not yet been performed. Going back to 

deinsertion plots in Figure 5.10 (c), again good electrochemical reversibility 

of the sample is recorded: each curve lay on the top of each other implying no 

significant differences in diffusion coefficient between the runs. Comparison 

of average diffusion coefficients offered in Table 5.1, reveals that insertion 
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(1.5 ± 0.1 x 10-10 cm2/s) of protons into PANI occurs at a slightly faster rate 

than deinsertion (1.15 ± 0.05 x 10-10 cm2/s). Note that for calculation of 

diffusion coefficients for H+ insertion steps, It1/2 values required in eq 6 were 

extracted from the plateaus of the maximum peak positions (not humps) 

shown in Figure 5.10 (b). 

 5.3.3 SE Measurements of Optical Constants 

Since diffraction response is dictated by the changes in the optical 

constants, n and k, of the grating material and its surroundings (eq 2), it is 

important to understand optical properties of both in order to optimize 

diffraction measurements. In our study, we assume that real component of 

refractive index, n, of electrolyte solution (surrounding) is the same as bulk 

water (n632= 1.33) and imaginary component, k, is equal to 0. The optical 

constants of WO3 and IrOx films were extracted from real-time spectroscopic 

ellipsometry (SE) measurements acquired during reduction and oxidation 

sweeps performed via cyclic voltammetry. Due to large roughness of PANI 

films that resulted in extensive scattering of SE signal and significant swelling 

during oxidation and reduction, the optical constants of PANI could not be 

determined.  

Figure 5.11 shows n and k data versus applied potential for WO3 and 

IrOx films obtained by SE measurement at 470, 535 and 630 nm. Optical 

constants for WO3 during proton insertion/deinsertion cycle exhibit similar 

trend observed in Chapter 4 for Li+: n values decrease upon insertion 

(reduction) and decrease for deinsertion of H+ (oxidation) while k values 
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Figure 5.11. Plots of real, n, and imaginary, k, components of the refractive 
index as a function of applied potential during the second cycle of H+ 
insertion/deinsertion into (a) and (b) WO3 and (c) and (d) IrOx thin films via 
CV determined from SE measurements at 470, 535, and 630 nm 
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increase during insertion and decrease upon deinsertion (Figure 5.11 (a) and 

(b)). Because k is directly related to absorbance, it is expected that its values 

will increase when the material colors from transparent to dark blue (eq 3) and 

decrease as it goes back to transparent and k in plot (b) behaves similarly to 

absorbance curves in Figure 5.7 (a) plotted for the same set of wavelengths. 

Plots in Figure 5.11 (a) and (b) demonstrate the wavelength dependents of 

optical constants by showing that the magnitude of change in n and k 

increases with longer wavelength. Note that during electrochemical 

modulation n and k values experience the largest change starting at ~0 V 

which coincides with the initial current increase demonstrated in Figure 5.1 

(a). Data in Figure 5.11 (a) and (b) also suggests that during the first CV run 

the optical constants of WO3 undergo an irreversible change because final n 

and k are shifted from the initial values. 

 IrOx has a more complex optical response as illustrated in Figure 5.11 

(c) and (d). First noticeable difference is considerably smaller changes in n 

recorded for IrOx in contrast to n modulation for WO3. Another distinct trend 

noted for optical constants of IrOx is increase of both n and k values during 

oxidation and decrease during reduction. Again in case of k due to its 

relationship to absorbance, it is anticipated that k values will increase as film 

colors from nearly transparent to deep blue which is during oxidation of IrOx 

and decrease when film decolors back to transparent during reduction. Similar 

results were attained for absorbance measurements offered in Figure 5.7 (b). 

However, it was surprising to see n behave in the same manner as k since n of 
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WO3 demonstrated reverse to k behavior (Figure 5.11 (a) and (b)). The reason 

for this behavior is that the IrOx has several adsorption centers in contrast to 

the simple Drude type absorption observed for WO3.  Convolution of these 

responses leads to a relatively flat n response across the wavelength range 

tested. This complex response is illustrated by contrasting the n response at 

630 nm shown in Figure 5.11 (c) for IrOx with that of higher energy 

wavelengths. n values at 630 nm increase during oxidation and increase 

during reduction opposite of the response observed at 470 and 535 nm. 

Overall, optical data for IrOx presented in Figure 5.11 (c) and (d) illustrate 

incredible reversibility of optical constants as they modulate reproducibly 

back and forth during potential driven oxidation and reduction of the film 

making it an excellent candidate for a diffraction probe. 

5.3.4 Effect of Optical Constants on Diffraction Signal 

In order to examine the effect of n and k on DE response, optical 

constants acquired during real-time SE experiment of proton insertion via 

cyclic voltammetry were substituted in eq 2 and solved separately for the 

phase and amplitude segments of DE. Figure 5.12 shows plots of DE 

modulations for WO3 and IrOx resulted from contributions of n and k 

measured in blue (470 ± 20 nm) and red (630 ± 30 nm) wavelength regions. 

Diffraction efficiencies values arising from changes in n (the sine term of eq 

2) are labeled DEphase whereas diffraction originated due to only changes in k 

(the hyperbolic sine term of eq 2) are labeled as DEamplitude. The sum of 

diffraction efficiencies from both the phase and amplitude portions is 
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Figure 5.12. Plots of DE response as a function of time during first cycle of 
H+ insertion/deinsertion (reduction/oxidation) into (a) and (b) WO3 and (c) 
and (d) IrOx thin films via cyclic voltammetry at a scan rate of 10 mV/s shown 
at two wavelength regions blue (470 ± 20 nm) and red (630 ± 30 nm). DE 
response was estimated using the phase and amplitude terms of eq 2. 
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designated as DEtotal. In order to better picture the DE modulation, the values 

in Figure 5.12 are plotted vs. time (t) and not applied potential. The 

importance of wavelength is well demonstrated by wavelength dependent 

contributions of n and k to DEtotal. The greater modulation of DEtotal for both 

materials is observed in the blue wavelength region (Figure 5.12 (a) and (c)). 

In this region, diffraction response is predominantly controlled by changes in 

n which is well illustrated by the close correlation of DEtotal curve to DEphase. 

However, when moving to the red wavelength region (Figure 5.12 (b) and 

(d)), contributions of k to total diffraction signal becomes more significant. 

Note that DEamplitude increases while DEphase decreases as materials color from 

transparent to dark/deep blue, therefore, the two components work against 

each other decreasing overall response of DEtotal. In actual diffraction 

experiments, this effect decreases sensitivity which was observed in Chapter 

4. Since in the blue region the opposing effect of DEamplitude on DEtotal is 

minimal, in order to optimize sensitivity, all diffraction experiments were 

performed in the blue wavelength region. 

5.3.5 Diffraction Response of Electrochemically Modulated Gratings 

Figure 5.13 shows AFM images of representative WO3, IrOx and 

PANI gratings deposited onto ITO interdigitated arrays (IDA). Fabrication of 

ITO IDAs is described in Chapter 2.  The average line width of deposited 

gratings is ~8 μm with the line spacing of about 12 μm. The height of the 

gratings is a combination of ITO layer (~130 nm) plus the thickness of the 

deposited material. The samples shown in Figure 5.13 have material 
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Figure 5.13. 40 x 40 μm2 AFM images of (a) WO3, (b) IrOx and (c) PANI 
patterns that were electrochemically deposited onto plasma-etched ITO 
gratings. WO3 and IrOx were sintered at 250 ˚C for 2 h before AFM 
measurements, whereas PANI samples were scanned right after deposition.   
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thicknesses of around 100, 35 and 32 nm for WO3, IrOx and PANI films, 

correspondingly. These and similar gratings were used in diffraction 

experiments described in following paragraphs.  

 Figure 5.14 illustrates electrochemical modulation of the optical 

diffraction of WO3, IrOx and PANI gratings. All diffraction data was acquired 

utilizing the microscope-CCD setup described in Chapter 4. To maximize 

diffraction signal the measurements were taken using the 470 ± 20 nm (blue) 

band-pass filter. Real-time DE response was recorded during redox switching 

of active grating materials via cyclic voltammetry. Plot (a) in Figure 5.14 

demonstrates DE data obtained on WO3 grating. Diffracted light intensities 

(eq 1) decrease as WO3 is reduced while undergoing color change from 

transparent to dark blue and increase when the grating is oxidized back. Note 

that beginning of DE modulation matches the initial jump in current observed 

around 0 V, up until that potential no significant change in DE is recorded. 

The shape of DE curve suggests that materials optical properties undergo 

irreversible change during reduction as protons insert into material. During 

oxidation DE values are lower than for reduction and final data points do not 

coincide with starting DE values. Also, characteristics of the DE response 

closely resemble plots attained for the real component of refractive index, n, 

in Figure 5.11 (a). This observation confirms previous statement that in the 

blue wavelength region diffraction response is dominated by changes in n 

(Figure 5.12 (a)).  

Opposite trend in DE response is observed with IrOx gratings. DE 
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Figure 5.14. Plots of measured diffraction efficiency, DEblue, versus applied 
potential during electrochemical modulation of (a) WO3, (b) IrOx and (c) 
PANI gratings via cyclic voltammetry acquired in the blue wavelength region 
(470 ± 20 nm).  
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values decrease as material is oxidized and colored to deep blue, whereas 

upon reduction diffraction signal increased back to its original value as 

material becomes transparent. IrOx diffraction data shows incredible linearity 

of DE response during both oxidation and reduction steps implying complete 

reversibility of optical constants. This data supports earlier examples of IrOx 

stability and reversibility noted during electrochemical (Figures 5.2 and 5.9), 

spectroelectrochemical (Figure 5.5) and SE (Figure 5.11) data analysis. Note 

that the magnitude of diffraction signal at the beginning of modulation for 

IrOx is smaller than for WO3. There are two contributors to this difference (eq 

2): first is the overall thickness of the gratings (ITO + material) and second is 

the difference in the refractive indices between the two materials in their 

pristine unaltered states. The thickness of WO3 and IrOx gratings was about 

230 and 165 nm, respectively. The refractive index of these materials when 

immersed into 0.5 M aqueous solution of H2SO4 was found by SE 

measurements to be equal to 2.04 for WO3 and 2.02 for IrOx. However, the 

most significant difference is observed in the degree of DE change during 

potential sweep. DE signal for WO3 is modulated by 0.175 whereas for IrOx is 

only by 0.011. This result is explained by much smaller changes in optical 

constants of IrOx in comparison to WO3 shown in Figure 5.11. Although IrOx 

undergoes extensive color change during oxidation, the change in n is small 

and since the technique is more sensitive to changes in n (Figure 5.12), the 

diffraction response is very small when IrOx is switched between redox states. 

The change is so small that fluctuations in the light intensity of the tungsten 
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lamp are readily observed (b) as noise. This is a significant drawback of using 

IrOx as a diffraction sensing material.  

Interrogation of DE for PANI grating shown in Figure 5.14 (c) 

illustrated similar to IrOx trend in response. As the material is oxidized and 

then reduced the DE decreases and then increases. The plot clearly 

demonstrates potential dependence of DE response. During oxidation, DE 

maintained nearly constant value until potential above +0.2 V where fully 

reduced form of PANI (leucoemeraldine) got partially oxidized and then fully 

oxidized at higher potentials resulting in a gradual decrease in DE. After 

potential was reversed, DE started to increase back again as the fully oxidized 

form of PANI (pernigraniline) was transforming back to partially oxidized 

(emeraldine) up until a potential of +0.1 V was reached. At this potential, a 

majority of emeraldine has been converted to leucoemeraldine, so DE returns 

to its initial value and stayed constant for the rest of the reduction sweep. 

These potential dependent inflection points of DE response agree with CV 

peaks at around +0.2 and +0.1 V demonstrated in Figure 5.3 that correspond 

to conversion of leucoemeraldine to emeraldine during oxidation and 

emeraldine back to leucoemeraldine form during reduction, respectively. 

According to plot (c) acquisition of diffraction signal for PANI occurs at even 

lower DE values in contrast to both WO3 and IrOx. This phenomenon again 

can be attributed to the overall thickness of PANI grating which is equal to 

~162 nm and predominantly to much lower refractive index of the material 

being around 1.60.3,19 The probability that modulation of DE response was 
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dominated by changes in n is high, however, because collection of optical 

constants via SE was not successful, we cannot comment on the degree of 

contribution of either n or k to diffraction signal. 

5.3.6 H+ Diffusion Coefficients via Optical Diffraction Measurements 

As demonstrated in Chapter 4, time-dependent change in diffraction 

efficiency can be used to approximate ion diffusion coefficients, DDE, 

according to eq 7: 

 

 
L
DEDt

dt
dDE DE

*2/1

2/1
2/1

π
Δ

=−                                                      (7) 

 

where ΔDE is the overall DE change measured at selected wavelength region 

during ion insertion/deinsertion, and L is the thickness of the grating. The 

same approach was used in this Chapter to calculate H+ diffusion coefficients 

for WO3, IrOx and PANI gratings. In order to obtain time-dependent change in 

DE, three consecutive proton insertion/deinsertion (reduction/oxidation) 

cycles were performed via chronoamperometry experiments while at the same 

time acquiring optical diffraction data in the blue wavelength region. Figure 

5.15 represents DE data collected for all three diffraction gratings. The step 

duration time during chronoamperometry runs was 10 s for each reduction and 

oxidation step. Representative I-t response curves for WO3, IrOx and PANI 

can be found in Figures 5.8 (a), 5.9 (a) and 5.10 (a), correspondingly. As with 

CV runs in Figure 5.15, each material possesses distinct DE response during 
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Figure 5.15. Plots of the diffraction efficiency, DEblue, during electrochemical 
modulation via chronoamperometry of (a) WO3, (b) IrOx and (c) PANI 
diffraction gratings supported on an ITO and immersed in 0.5 M H2SO4. The 
DE response of the gratings was recorded using blue (470 ± 20 nm) band-pass 
filter. 
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chronoamperometry runs in Figure 5.15. Again, for WO3 grating diffraction 

signal in plot (a) goes down upon reduction (potential step from +0.6 to -0.4 

V) and back up during oxidation (potential step from -0.4 to +0.6 V) steps. As 

discussed previously there is a partially irreversible decrease in DE values 

during the first reduction step. After the rearrangement, diffraction signal 

seems to modulate in qualitatively reproducible manner. The DE curve has a 

slight downward slope most likely due to small changes in the optical 

constants of the material resulting from incomplete reversibility of proton 

insertion causing material breakdown. In the case of IrOx gratings, the 

magnitude of diffraction response is qualitatively identical between all 

oxidation (potential step from 0 to +1.0 V) and reduction (potential step from 

+1.0 to 0 V) runs. Once more, this type of response points out to good 

structural stability and electrochemical reversibility of the material. Because 

DE modulation occurs on relatively small scale in comparison to both WO3 

and PANI diffraction response, lamp noise becomes a problem. Plots of DE 

for IrOx (b) and PANI (c) demonstrate similar direction of diffraction 

response: DE is going down during oxidation and back up during reduction. 

However, for PANI, the almost instantaneous drop and increase of DE upon 

oxidation (potential step from -0.2 to +0.8 V) and reduction (potential step 

from +0.8 to -0.2 V) steps is striking. This behavior is indicative of fast 

change in optical constants of the material when leucoemeraldine oxidizes to 

pernigraniline and visa versa even though the overall process involves 

formation of intermediate specie, emeraldine. The ability to measure that fast 
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of switching between two states of the material emphasized capability of 

microscope-CCD setup to detect rapid changes taking place in the system. 

While examining DE response of PANI grating, one might notice that with 

each reduction step there is a very small decrease in diffraction signal. This 

feature implies incomplete reversibility of the material that eventually after 

repetitive cycling leads to degradation and loss of electrochemical activity of 

the polymer (the trend previously noted during CV experiments in Figure 5.3 

(b)). Nonetheless, data in Figure 5.15 was utilized to estimate H+ diffusion 

coefficients using eq 7 and compare them to the diffusion coefficients 

acquired via electrochemical means using chronoamperometry (eq 6). 

Figure 5.16 shows (-dDEblue/dt)t1/2 versus t on a log scale plots for 

three reduction (proton insertion) and oxidation (proton deinsertion) steps via 

chronoamperometry on WO3 grating (original data illustrated in Figure 5.15 

(a)). As in case of It1/2 vs. t on a log scale plots, all (-dDEblue/dt)t1/2 values 

required for eq 7 were extracted from the plateaus corresponding to the 

maximum peak values for insertion and minimum for deinsertion runs. In 

contrast to electrochemical plots in Figure 5.8, diffraction-based Cottrell plots 

in Figure 5.16 especially for insertion behave in more predictable way. The 

larges value for (-dDEblue/dt)t1/2 is recorded for the first insertion (reduction) 

step shown in plot (a). This deviation from 2 and 3 reduction curves is a 

consequence of the largest and irreproducible change in DE observed for the 

initial insertion of protons into WO3 in Figure 5.15 (a). After this perturbation, 

Cottrell curves for 2 and 3 reduction runs are qualitatively similar with only 
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Figure 5.16. (-dDEblue/dt)t1/2 versus t on a log scale plots for three (a) 
insertion (reduction) and (b) deinsertion (oxidation) of H+ into WO3 grating 
performed via chronoamperometry by stepping potential from +0.6 to -0.4 V 
and visa versa. Diffraction data was acquired in blue wavelength region (470 
± 20 nm). 
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small decrease in the magnitude of plateaus values.   This can be explained by 

the shift in Cottrell times and little changes in DE response between two runs. 

Cottrell plots obtained from diffraction data for the oxidation steps in Figure 

5.16 (b) are analogous to Cottrell plots in Figure 5.8 (c) acquired from 

chronoamperometry measurements. There is no significant difference between 

three curves in Figure 5.16 (b) beside gradual decrease in (-dDEblue/dt)t1/2 

values at the plateau positions that is most likely caused, again, by shift in 

Cottrell times and little changes in DE response between the runs. Optically 

determined H+ diffusion coefficients for WO3 gratings are summarized in 

Table 5.1. In general, both insertion (1.5 ± 0.2 x 10-10 cm2/s) and deinsertion 

(1.1 ± 0.2 x 10-10 cm2/s) diffusion coefficients obtained via diffraction 

measurements are in agreement with electrochemically established 

coefficients. Diffraction-based numbers suggest that there is no considerable 

difference between diffusion rates for insertion and deinsertion processes.  

Figure 5.17 offers (-dDEblue/dt)t1/2 vs. t on a log scale plots for IrOx 

grating. The plots for insertion (reduction) in part (a) and deinsertion 

(oxidation) in part (b) of Figure 5.17 do not display any distinguishable peaks 

with well defined characteristics of Cottrell region of semi-infinite diffusion. 

The data looks like a set of curves with oscillating maximum and minimum 

values aka noise. This result is the outcome of taking derivative of DE data in 

Figure 5.15 (b) with respect to time where original DE response did not 

undergo significant modulation during oxidation or reduction of the material 

plus was obstructed by the noise caused by the fluctuations in light intensity 
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Figure 5.17. (-dDEblue/dt)t1/2 versus t on a log scale plots for three (a) 
insertion (reduction) and (b) deinsertion (oxidation) of H+ into IrOx grating 
performed via chronoamperometry by stepping potential from +1.0 to 0 V and 
visa versa. Diffraction data was acquired in blue wavelength region (470 ± 20 
nm). 
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of the source. Curves shown in Figure 5.17 could not be used for 

determination of proton diffusion coefficients. 

Similar data analysis was performed on DE data recorded in Figure 

5.15 (c) for PANI gratings. Resulting (-dDEblue/dt)t1/2 vs. t on a log scale plots 

are shown in Figure 5.18. Note that in case of PANI (and IrOx) since 

diffraction signal increases during reduction and decreases during oxidation 

steps, (-dDEblue/dt)t1/2 values at the plateau positions correspond to the 

minimum for reduction and to the maximum for oxidation curves. This is 

opposite to trends observed for WO3 grating in Figure 5.16. Cottrell plots for 

the reduction steps in part (a) of Figure 5.18 are qualitatively identical. There 

is no significant difference in the magnitude of (-dDEblue/dt)t1/2 values. Using 

this data in eq 7 resulted in diffusion coefficients for H+ insertion into PANI 

gratings equal to 1.35 ± 0.08 x 10-10 cm2/s (Table 5.1). Examination of 

Cottrell curves for oxidation in Figure 5.18 (b) reveals small fluctuations in 

Cottrell times that originate differences in (-dDEblue/dt)t1/2 values between 

each run. However, these differences have no significant effect on the 

diffusion coefficients (1.3 ± 0.2 x 10-10 cm2/s) calculated for proton 

deinsertion out of polymer grating as evidenced by the small standard 

deviation recorded in Table 5.1. Optically measured diffusion coefficients 

imply that the rates of proton diffusion for both insertion and deinsertion 

processes are equal. Values of diffusion coefficients attained from diffraction-

based data collected on PANI gratings are in agreement with diffusion 

coefficients acquired on PANI films during chronoamperometry experiments. 
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Figure 5.18. (-dDEblue/dt)t1/2 versus t on a log scale plots for three (a) 
insertion (reduction) and (b) deinsertion (oxidation) of H+ into PANI grating 
performed via chronoamperometry by stepping potential from +0.8 to -0.2 V 
and visa versa. Diffraction data was acquired in blue wavelength region (470 
± 20 nm). 
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5.3.7 Interrogation of DE Response Obtained on Binary Gratings  

 A major reason for the fabrication of interdigitated array (IDA) 

electrodes was to utilize them for the preparation of binary (two material) 

gratings. These binary IDA gratings could then employed in optical 

diffraction experiments where one can interrogate optical properties of an 

unknown material or sensing agent via analysis of the diffraction signal 

recorded during independent chemical or electrochemical modulation of a 

second well know/studied material. Equation 2 could be used to extract n and 

k of the unknown material from diffraction data because the DE response 

originates from the combination of n and k values of both materials. 

Therefore, knowledge of n and k for one material at various states of 

coloration and the acquired DE signal could be substituted into eq 2 to extract 

n and k values for another material. This approach can prove to be useful for 

determination of optical constants of different variety of materials for which 

other types of characterization techniques cannot be applied. For example, in 

our study we encountered a problem with using SE measurements to establish 

optical constants of PANI mostly due to large roughness of polymer’s film 

surface that resulted in extensive scattering and loss of signal. As a result, the 

application of optical models to SE data was unfeasible, so the optical 

constants for PANI were not found. With that in mind, we used plasma-etched 

IDA ITO electrodes to make binary gratings for diffraction experiments. The 

following paragraphs discuss preliminary results obtained using binary 

WO3/PANI gratings. 

209 



For deposition of binary gratings the same electrochemical deposition 

procedures as described in experimental part of this chapter were used, though 

this section will deal with WO3 and PANI interdigitated in one grating. In 

order to prepare a WO3/PANI IDA, first, a potentiostat was connected to one 

pad and thus one half of the array (see Chapter 2 for detailed description of 

IDA design).  A WO3 film was electrochemically deposited on this half of the 

array. After that, the sample was desiccated for 48 h and then sintered in air at 

250 ˚C for 2 h with a heating rate of 60 ˚C/h in a programmable electric 

furnace. Finally, the potentiostat was connected to the contact pad with second 

set of arrays and a PANI film was deposited via potential cycling on the top of 

vacant ITO array. Figure 5.19 (a) show AFM image of resulted binary 

WO3/PANI grating. A cross-section of the pattern is displayed in part (b) of 

Figure 5.19. Height versus distance plot illustrates that WO3 arrays are thicker 

than the PANI lines. AFM measured thickness of the WO3 lines throughout 

the grating area was found to be equal to ~207 nm whereas the thickness of 

PANI arrays was determined to be around 160 nm. Note that 130 nm of each 

grating height was contributed by the ITO layer, thus the actual thickness of 

WO3 and PANI deposited onto ITO IDA is about 77 and 30 nm, respectively. 

Figure 5.19 (c) shows image of diffraction pattern from this grating acquired 

by CCD camera before experimental runs. Note that passing light (λ = 470 ± 

20 nm) through this grating produced two diffraction patterns as indicated by 

orange and violet circles placed around the diffracted spots. The orange color 

is assigned to what will be called the “primary” diffraction pattern and violet  
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Figure 5.19. (a) 50 x 25 μm2 AFM images of binary WO3/PANI grating 
deposited onto plasma-etched ITO interdigitated array. (b) Cross-section of 
the grating showing periodicity and height of the patterned features.             
(c) Digital image of diffraction pattern resulted from this binary grating 
acquired in the blue (470 ± 20 nm) wavelength region. 
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color corresponds to the “secondary” diffraction pattern. Numbers above and 

below the image indicate the order of the diffracted spots for each              

corresponding pattern. These diffraction patterns, “primary” and “secondary”, 

are distinguished from each other by both their position on the image plane 

and intensity. Note that in Figure 5.19 (c) the 1st and 2nd “primary” orders are 

in the same position as the 2nd and 4th orders of the “secondary” diffraction 

pattern.  

 Detection of the “secondary” diffraction pattern was not expected. To 

understand its origin, eq 8, which is based on Fraunhofer diffraction3,20,21 was 

used to relate the spacing of constructive interference (bright diffraction spots) 

on the image plane to the grating spacing. Eq 8 (known as the grating 

equation) is used to determine which set of diffraction spots correspond to the 

“primary” and “secondary” diffraction pattern observed for binary gratings.  

 

 
d

mλϕ =sin                 (8) 

 

In eq 8 φ is the angle of diffracted beam with respect to the normal, m is the 

order of diffraction, λ is the wavelength of the incident beam of light, and d is 

the grating period or periodic spacing of the pattern. The position of bright 

spots (in-phase constructive interference) is determined by the spacing of the 

pattern (d), so if the angle (φ) of the diffracted beam is known, the period of 

the grating responsible for both “primary” or “secondary” diffraction patterns 

can be determined. Figure 5.20 illustrates the approach, described above, to 
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predict the grating periods dp and ds which give rise to the “primary” and 

“secondary” diffraction patterns, respectively, shown in Figure 5.19 (c). 

Briefly, the zeroth order, undiffracted, beam and the first order diffracted 

beam form a right triangle, abc, with the image plane of diffraction pattern. 

When the lengths of sides a and b of this triangle are known, the angle φ can 

be found from the geometric expression tan φ = b/a. In our setup, the length of 

side a which corresponds to the distance between grating and image plane (i.e. 

length of undiffracted beam of light) was determined to be 1.54 mm. The 

length of side b of the triangle was approximated using the digital image of 

the diffraction pattern shown in Figure 5.19 (c).  This value was determined to 

be 36 μm for the “primary” pattern and 18 μm for the “secondary” pattern. 

Knowing the length of sides a and b allows us to calculate the angles φp and φs 

(illustrated in Figure 5.20) using tan φ = b/a.  The angles for “primary” and 

“secondary” diffraction patterns were calculated to be 1.34° and 0.67°, 

respectively. After that, the angle values were plugged into eq 8 to solve for 

the grating period (d) using a wavelength of 470 nm. The calculations suggest 

that the “primary” diffraction pattern results from the periodic spacing of the 

grating, dp, equal to ~20 μm. The “secondary” pattern corresponds to a grating 

spacing, ds, of ~40 μm. Determined grating periods, dp and ds, for both 

diffraction patterns are labeled in Figure 5.20. These values indicate that the 

“primary” diffraction pattern arises from periodic contrast in the optical 

constants (i.e. refractive indices) of the surrounding solution, 0.5 M aqueous 

H2SO4, and the grating.  This includes the WO3 portion of the grating (BCB) 
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Figure 5.20.  Schematic diagram (not to scale) of light diffraction through 
binary WO3/PANI grating deposited onto plasma-etched ITO interdigitated 
array.  
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and the PANI portion of the grating (BAB). The larger ds value of 40 μm 

implies that the source of “secondary” pattern is the periodic contrast in 

optical constants of the two materials WO3 and PANI (BABCB). Comparison 

of intensities of diffracted spots corresponding to each diffraction pattern in 

Figure 5.19 (c) indicates that “primary” diffraction pattern originated from dp 

that produces the highest periodic contrast between surrounding and material 

grating. In this study, the refractive index of WO3 (~2.0) is much higher than 

that of PANI (~1.6)3,19 meaning that the WO3 will dominate the resulting 

diffraction pattern if thicknesses of materials are equal. However, the BAB 

contrast is large enough that the PANI contribution to the “primary” 

diffraction pattern should not be ignored.  Note that the lower intensity of the 

“secondary” grating is a direct reflection of the lower contrast in the BABCB 

grating (∆n = ~0.4), reflective of the small difference between PANI and 

WO3. 

Real-time, potential dependent, diffraction efficiency measurements 

were acquired using binary WO3/PANI gratings.  First, the WO3 array was 

modulated using cyclic voltammetry in 0.5 M aqueous solution of H2SO4 and 

then the PANI side of the grating was modulated. During electrochemical 

modulation the WO3 portion of the IDA was cycled from +0.6 to -0.4 V for 

reduction and from -0.4 to +0.6 V for oxidation. When the electrical 

connection was switched to PANI side of IDA, potential range of cyclic 

voltammetry was changed from -0.2 to +0.8 V for oxidation and from +0.8 to 

-0.2 V for reduction steps. Diffraction efficiency response was calculated 
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using eq 1. DE data of “primary” diffraction patterns are the brighter 

diffraction spots and have been indicated with orange circles ( mp = ± 1 and ± 

2) while the “secondary” pattern consists of dim spots indicated by violet 

circles (ms = ± 1 and ± 3) in Figure 5.19 (c). Figure 5.21 represents DE plots 

obtained during two separate electrochemical experiments performed on the 

same binary grating. Plots (a) and (b) show the DE response for “primary” and 

“secondary” diffraction patterns, respectively, collected during reduction and 

oxidation of the WO3 array. Plots (c) and (d) show DE for “primary” and 

“secondary” diffraction patterns, respectively, during oxidation and reduction 

of the PANI array. DE data extracted from the “primary” diffraction pattern 

(Figure 5.21 (a) and (c)) is in agreement with diffraction plots in Figure 5.14 

(a) and (c) attained for singular WO3 and PANI gratings. Therefore, the 

“primary” diffraction pattern reports on the diffraction signal of the 

electrochemically modulated material. Note that because of interdigitated 

nature of the grating, the magnitude of the DE signal is a convolution of the 

two materials’ optical properties.  For example, PANI has a lower refractive 

index and thickness than WO3. When the same polymer was identically 

analyzed with unary gratings, the starting DE signal was 0.155 (Figure 5.14 

(c)). However, in the interdigitated array the starting DE signal is much larger,  

0.365 (Figure 5.21 (c)).  

The DE response of the “secondary” diffraction pattern in Figure 5.21 

(b) and (d) will now be discussed.  Notice that for both modulations of WO3 

and PANI the shape of the response is almost identical to the shape of the DE 
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signal obtained for the unary grating under similar electrochemical 

modulation. However, there are some key differences.  First, the intensity of 

these “secondary” patterns is much lower than the unary gratings.  This lack 

of intensity arises from the fact that the refractive index contrast between WO3 

and PANI is smaller than between WO3 and the solution or between PANI 

and the solution. The second important difference is that when PANI is 

modulated in the binary gratings, Figure 5.21 (d), the signal moves in the 

opposite direction from that of the unary grating.  This phenomenon arises 

from the fact that for the unary grating cases and for the modulation of WO3 

in the binary grating, Figure 5.21 (b), the periodic refractive index contrast is 

decreasing during reduction and increasing during oxidation. From real-time 

SE studies of WO3 in Figure 5.11 (a) we know that the real component of 

refractive index decreases during reduction and increases, irreversibly during 

oxidation. During reduction of WO3, the refractive index of WO3 in the blue 

wavelength region decreases from ~2.0 to ~1.7 while the refractive index of 

PANI stays at ~1.6. Therefore, during the reduction of WO3, contrast between 

the refractive index of the two materials decreases (∆n decreases from 0.4 to 

0.1).  This loss of contrast is indicated by the decrease in the DE signal for the 

“secondary” pattern in Figure 5.21 (b), the reverse occurs during oxidation. 

During oxidation, the refractive index of WO3 increases from ~1.7 to ~1.9, 

thus the index contrast between WO3 and PANI increases leading to the 

increasing DE values shown in Figure 5.21 (b). 
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Figure 5.21. Plots of measured diffraction efficiency, DEblue, versus applied 
potential during electrochemical modulation of (a) and (b) WO3 and then (c) 
and (d) PANI lines of binary grating via cyclic voltammetry acquired in the 
blue (470 ± 20 nm) wavelength region. Note that orange color plots (a) and (c) 
represent DE data collected at bright spots of “primary” diffraction pattern  
(mp = ± 1 and ± 2) and violet plots (b) and (d) correspond to DE recorded at 
dim spots of “secondary” diffraction pattern (ms = ± 1 and ± 3) shown in 
Figure 5.19 (c). 
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Now, let examine how diffraction from the binary grating results in the 

anomalous “secondary” pattern during electrochemical modulation of PANI in 

Figure 5.21 (d). In this case, the electrochemical scan starts with oxidation of 

the PANI grating. We were unable to measure real-time changes in the optical 

constants of PANI, however, others have reported3,19 that as PANI gets 

oxidized from leucoemeraldine to pernigraniline, the polymers’ real refractive 

index decreases. Using a Kramers-Kronig transformation Massari and co-

workers3 showed that during electrochemical modulation of PANI films in 0.1 

M aqueous solution of HCl, n at λ = 470 nm decreases from 1.63 to 1.4 for 

leucoemeraldine to emeraldine transformation and remains nearly constant for 

the change from emeraldine to pernigraniline.  This indicates that the 

diffraction signal in Figure 5.21 (d) should increase during oxidation of PANI 

as contrast between the refractive indices of WO3 and PANI increases (∆n 

goes from 0.4 to 0.6) because n of WO3 remains constant at ~2.0 while n of 

PANI decreases from ~1.6 to ~1.4. When the potential is reversed, 

pernigraniline is reduced back to leucoemeraldine and n PANI increases back 

from ~1.4 to ~1.6. Again the DE response is consistent with a decrease in the 

index contrast (∆n decreases from 0.6 back to 0.4). These results indicate that 

it is possible to probe the complex refractive index of an unknown material by 

modulating the optical properties of a well known interdigitated material. To 

quantitatively understand the DE response of the “secondary” pattern, one 

must perform similar studies utilizing two materials with well understood and 

stable/reversible optical and structural properties so the effects of materials’ 

219 



thickness change and refractive index and concentration gradient of 

surrounding electrolyte solution can be eliminated as significant contributing 

factors. 

5.3.8 DE Response to Changes in pH of Electrolyte Solution 

The dependence of DE on the solution pH was determined by an 

experiment summarized in Figure 5.22. This plot shows the modulation of DE 

response by addition of electrolyte solutions of different concentrations 

(distilled water, 0.3, 0.5 and 3 M aqueous H2SO4). The diffraction grating 

used was a plasma-etched IDA ITO electrode similar to those that used to 

construct electroactive gratings. As the plot in Figure 5.22 shows the 

diffraction signal varies with solution concentration. Here, the DE decreases 

as the concentration of acid is increased from 0 to 3 M. This experimental 

observation suggests that large changes in solution pH around the gratings 

may lead to errors in very sensitive measurements.  Similar to the scheme 

above an IDA with one half consisting of a well known material would be 

able to deconvolute changes in the surroundings from those arising from 

changes to the grating. 
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Figure 5.22. Shows diffraction efficiency of ITO grating measured in the blue 
(470 ± 20 nm) wavelength region, DEblue, when various concentrations of 
H2SO4 solution were added to the cell “housing” the grating. The linear fit 
through the points is shown by red line. 
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5.4 CONCLUSIONS 

Electrodeposition was utilized to prepare WO3, IrOx and PANI thin 

films and gratings on ITO platforms and plasma-etched IDAs, respectively. 

Redox activities and electrochromic properties of the materials were 

investigated in terms of H+ insertion/deinsertion reversibility, structural 

stability and changes in optical constants. Changes in diffraction signal were 

correlated to optical modulations of the films caused by electrochemical 

processes during reduction and oxidation of the materials. Here, IrOx was 

demonstrated to have incredible structural, electrochemical and optical 

stability and great H+ insertion/deinsertion reversibility. However, because of 

very small changes in n during redox switching that result in insignificant 

modulation of DE response, this material cannot be applied toward studies of 

binary IDA gratings. Both electrochemical and optical data were used to 

establish proton diffusion coefficients for insertion and deinsertion and results 

showed good agreement between two approaches. Preliminary experiments on 

binary (WO3/PANI) IDA grating suggested a possibility of sensing changes in 

refractive index of materials through the DE response of a known grating 

material. However, more experiments have to be done in order to understand 

DE response of this system and interrogate the capability of the setup to probe 

the optical constants of unknown material through modulation of diffraction 

signal by changes in well know material that represents the other half of IDA.  
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