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Over many years, the direct observation of dopant profiles in 

semiconductor devices has been of great interest to researchers and engineers in 

the semiconductor industry.  Recently, off-axis electron holography has been 

shown to be a promising technique for determining dopant profiles and solving 

problems in semiconductor device technology.  This dissertation describes the 

application of electron holography to dopant distributions in deep submicron 

devices and compares the outcome with results obtained by other techniques. 
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For this study, complementary metal oxide (CMOS) field effect 

transistors (FET’s) were obtained from a commercial manufacturer.  The dopant 

profiles within these MOSFET’s were investigated using secondary ion mass 

spectrometry (SIMS), process simulations, dopant-selective etching, and electron 

holography.  The simulated results were found to be in agreement with the direct 

measurements of the dopant profiles. 

In the first study, the dopant distributions in NMOS and PMOS devices, 

both as-implanted, and following annealing, were investigated using process 

simulation software, such as TSUPREM-4 Technology Computer-Aided Design 

(TCAD), the UT-Marlowe program, and the Stopping Range of Ions in Matter 

(SRIM).  The results were corroborated using SIMS data. 

In the second study, dopant-selective etching methods were studied for 

both NMOS and PMOS devices. Solutions of HF (49%), HNO3 (70%) and 

CH3COOH (99%) in various ratios were used to etch the doped regions of 

specimen already thinned for transmission electron microscopy (TEM).  The 

etching rate for PMOS was slower than for NMOS; profiles were obtained 

corresponding to contours of concentration equal between 1 × 1016 cm-3 and 5 × 

1021 cm-3. 

In the third study, two-dimensional dopant profiles have been 

investigated using electron holography in the TEM. Three different specimen 

preparation techniques using a focused ion beam tool (FIB) were developed, and 

the ion beam damage in the FIB was investigated.  Electron holograms were 
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obtained using two different instruments, reconstructed, and used to determine 

the voltage profiles within the devices. 

The final phase images show that the dopant distribution determined by 

holography can be compared quantitatively with the results obtained using other 

techniques. 
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Chapter 1: Introduction 

 

1.1 BACKGROUND AND MOTIVATION 

As noted in the International Technology Roadmap for Semiconductors 

[1], improved methods for one-, two- and three-dimensional profiling of dopants 

within CMOS semiconductor devices are required for verification and calibration 

of technology computer-aided design (TCAD) process simulators.  Researchers 

such as Diebold [2], Duane et al. [3], and Subrahmanyan [4] have reviewed the 

two-dimensional dopant profiling methods.  All emphasize the need for accurate 

two-dimensional profiling methods for the continued miniaturization of 

semiconductor devices. 

In the semiconductor industry, accurate process control is increasingly 

critical for the continued shrinkage of devices and the reduction in manufacturing 

costs. Control accuracy depends on precise modeling and analysis using 

technology computer-aided design (TCAD) process simulators.  In turn, the 

process simulators need characterization of actual dopant and defect profiles for 

their calibration [5,6].  However, accurate measurement of the two- and three-

dimensional distributions of dopants within CMOS devices is not routinely 

available.  The ability to make such measurements would provide a critical 

element for the continued evolution of the semiconductor industry. 
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Two-dimensional dopant profiling within CMOS devices is a natural 

extension of the one-dimensional depth profiling of implanted dopants that is 

commonly done using secondary ion mass spectroscopy (SIMS) [7].  

Experimental one-dimensional profiles are correlated with Monte Carlo 

simulations using TRIM or SRIM. Posselt’s experimental SIMS data and 

simulated SIMS data by TRIM and SRIM are critical for modeling of ion 

implantation into crystalline silicon [8]. Ziegler, Biersack, and Littermark [9] 

discuss the use of the TRIM program to predict the range of ions in solids for all 

elements.  Tasch et al. [10,11] introduced an improved one-dimensional 

implantation simulator, called UT-Marlowe for selected elements.  Experimental 

two-dimensional dopant profiling has been attempted using scanning capacitance 

microscopy (SCM) [12], scanning tunneling microscopy (STM) [13], and atomic 

force microscopy (AFM) using dopant-sensitive chemical etches to roughen the 

surfaces [14].  These techniques have been correlated with the results of TCAD 

simulations [15], but each has its own limitations based on sensitivity or spatial 

resolution [16]. 

Off-axis electron holography in the transmission electron microscope 

(TEM) has recently attracted the attention of the microelectronic device industry 

as a complementary and quantitative technique for the determination of the two-

dimensional dopant profiles within deep-submicron devices [17].  Holography 
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was introduced by Gabor in 1949 [18], and the first electron biprism dates to 

1950 [19], but it was not until the widespread introduction of field emission 

electron sources and digital cameras in the 1990’s [20,21] that electron 

holography became a useful technique for materials scientists.  The TEM is a 

widely used tool in the semiconductor industry and its research institutes where it 

is routinely used for critical dimension measurement and defect analysis on the 

atomic scale [22].  Thus, the interest of the device engineers in holography is 

natural.  TEM off-axis electron holography promises of a route to the actual 

distribution of implanted and annealed dopants that can be used to verify process 

accuracy and integrity. 

 

1.2 OBJECTIVE 

The primary objective of this study is to provide a direct comparison 

between electron holography and other techniques for one-and two-dimensional 

dopant profile determination. Currently available techniques for the 

determination of dopant distributions include SIMS depth profiling, ion 

implantation simulation, process simulation, and dopant-selective chemical 

etching.  These methods will be used for comparison with the results obtained by 

electron holography.   
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Electron holography has the advantage that it can potentially determine 

two-dimensional profiles at nanometer resolution.  However, most studies of 

dopant profiles by electron holography have only used CMOS devices with 

relatively large gate lengths [23].  This study will apply holography to the current 

generation of mass-produced deep-submicron devices.   

Secondary objectives of this work are associated with specimen 

preparation. The phase image prepared from an electron hologram depends 

strongly on specimen thickness, and it is necessary to separate thickness effects 

from the phase shifts associated with variations in electrostatic potential.  It will 

be necessary to determine the optimal specimen thickness for which this can be 

done.  In addition, specimen preparation by focused ion beam (FIB) milling 

produces thickness variations; the effects of these variations must be removed.  

Gallium ion milling in the FIB tool also produces structural damage [24]; this 

study will explore how the gallium damage can be minimized.  Specimen 

charging under the electron beam produces shifts in electrostatic potential that 

must be controlled; this study will also examine the use of conducting surface 

films to prevent specimen charging.   
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1.3 OVERVIEW 

Chapter 2 of this dissertation presents a very brief review of the aspects 

of electron holography that are pertinent to dopant profile determination.  The 

reader who needs more information about holography is urged to consult the 

standard references [25].   

Chapter 3 describes the specimens used in the subsequent studies and the 

implantation and annealing processes used to produce them.  Ion implantation is 

examined in some detail as it is very closely related to the FIB milling that is 

used to prepare the specimens for electron holography.   

The specimens used in this study are CMOS devices with an arsenic (As) 

implantation dose of 3.0×1015 cm-2 at 20 keV for NMOS and a boron (BF2) dose 

of 2.0×1015 cm-2 at 20 keV for PMOS.  The gate lengths of these MOSFET’s are 

240 nm for NMOS and 270 nm for PMOS.  These dimensions are larger than 

normal deep-submicron devices because this study uses the extension of cell 

area, not the active cell area.  A schematic drawing of the CMOS structure is 

shown in Figure 1.1. Specimens for study were taken from the fabrication line 

following the first post-implantation anneal. These wafers were sliced using 

diamond pencils and micro-cleaving tools, and prepared for TEM examination 

by various combinations of grinding, broad-beam ion milling and focused ion 

beam milling. 
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Figure 1.1.  A schematic drawing of CMOS devices which have been used in this 
experiment. 

 

Chapter 4 presents a preliminary study.  In it, Monte Carlo simulations of 

ion implantation and diffusion are done using SRIM and UT-Marlowe.  Process 

simulation with full consideration of parameters is done using TSUPREM-4. 

SIMS depth profiling and dopant-selective etching followed by TEM imaging 

are applied for supporting data in this study.   

Chapter 5 describes the specimen preparation considerations for electron 

holography.  Several different techniques are applied and compared.  

Chapter 6 presents the core study of this dissertation.  In it, off-axis 

electron holography is used for dopant profiling in actual CMOS devices.  
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Comparisons of results using two different TEM’s are included.  Phase images 

are reconstructed using Holoworks© 1.0.1 by Edgar Völkl and using ASU 

Holography by Molly McCartney, and the results are compared. Finally, the two 

dimensional profiles from NMOS and PMOS devices acquired by electron 

holography are compared with the results obtained by process simulation and 

selective etching techniques. 
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CHAPTER 2: ELECTRON HOLOGRAPHY IN TRANSMISSION 
ELECTRON MICROSCOPY 

2.1 INTRODUCTION 

 Electron holography in the transmission electron microscope (TEM) is an 

imaging technique that records the interference pattern between waves passing 

through an object and reference waves that passed the object without being 

affected by it [25].  It is the only technique capable of imaging electrical or 

magnetic fields around nano-scale objects.  Although Gabor proposed the 

concept of electron holography as long ago as 1949 [19], it was not until 

coherent electron sources became widely available in the 1990’s that electron 

holography became a useful experimental technique in materials science 

research. 

 In recent years, off-axis electron holography has been used for imaging 

micro-magnetic structures in materials, for mapping electrostatic potentials in 

semiconductors, and for biological applications [20].  Lehmann has reviewed 

various applications of electron holography for materials [26]. Cowley 

introduced twenty different forms of electron holography, and gave the 

theoretical basis and experimental requirements for each [21].   

 This chapter gives a brief history of electron holography, then presents 

the essential theory, the TEM lens setup, and some practical applications of 
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electron holography.  The emphasis will be on aspects of electron holography 

used in the determination of electrostatic potentials within semiconductors. 

 

2.1.1 Brief History 

 In 1924, de Broglie introduced the idea of the wave/particle duality of 

electrons and other subatomic particles. He proposed that each such particle 

would have a wavelengnth given by λ = h/p, where h and p denote Planck’s 

constant and the momentum of the particle, respectively [27].  Walter Franz 

described “electron interferometry” in 1939, but concluded that it was not 

experimentally feasible at that time [19].   

 Ten years later, Gabor used the term “holography” for the first time in an 

article in which he described an imaging technique that could avoid the 

limitations imposed by spherical aberration of magnetic lenses [18].  Möllenstedt 

and Düker used a thin, positively charged wire across the electron beam to 

construct the first electron biprism and acquired the first electron biprism 

interference pattern in 1954 [19].  With improved designs and better 

experimental setups, Möllenstedt and Düker were able to record much brighter 

fringes and verify de Broglie’s relation, λ = h/p, based only on measured fringe 

distances and the accelerating voltage of their electron gun. 
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 Gabor’s holography [18], and many of the forms of holography described 

by Cowley [21], do not require the use of a biprism to form an interference 

pattern.  These techniques make use of the interference between scattered waves 

and reference waves that occurs near the actual specimen.  Addition of the 

biprism near the image plane of a conventional TEM makes it possible to 

preserve the essential imaging function of the TEM and acquire large-area 

holograms.  Because of these conveniences, holography using a biprism in the 

off-axis geometry has become the standard and most popular technique. 

 

2.1.2 Principles and Theory 

 Electron holography was originally proposed as a means to improve the 

resolution limits of electron microscopes by compensating for the effects of 

aberrations in the lenses [28].  It had already been recognized that spherical 

aberration would always be present in conventional magnetic lenses [29].   

More recently, the development of contrast transfer theory has quantified the 

effects of the aberrations on the transfer of phase and amplitude information 

along the TEM column.  Briefly, linear information transfer through the primary 

imaging lens of the TEM is modeled in terms of a transfer function, exp{iχ (g)} , 

in which 

χ(g) = π ∆f( )λg2 + π /2( )Csλ
3g4   (2.1) 
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where the first term represents the effects of defocus, ∆f , and the second term 

represents the effects of spherical aberration, Cs, of the objective lens.  

Additional terms can be added to represent 2-fold astigmatism, coma, 3-fold 

astigmatism and so on.  Amplitude and phase information is convoluted with the 

transfer function (i.e. multiplied in reciprocal space, g.), and the intensity of the 

resulting image wave function is recorded.  The complex character of the transfer 

function has the effect that amplitude and phase information are mixed in the 

image wave function, as indicated schematically in Figure 2.1. Since the 

intensity, rather than the amplitude and phase, of the image wave function is 

recorded, it is not generally possible to deconvolute the effects of the aberrations 

from the high resolution TEM image.  

 
Figure 2.1.  A Schematic drawing of imaging of object by the objective lens. 

 

 Because a hologram does record amplitude and phase information, it is, 

in principle, possible to correct for the effects of the lens aberrations.  This has 
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been accomplished for the primary aberrations [29], but secondary issues, such 

as limited coherency, poor signal-to-noise, higher-order aberrations, and 

specimen drift have prevented the resolution from becoming significantly better 

than is possible using conventional imaging. 

 Instead, holography has proved to be useful for imaging phenomena not 

readily recorded in conventional images, such as variations in magnetic fields or 

electrostatic potentials [30]. 

 Although some twenty different forms of TEM or STEM holography 

have been described [21], most practical work relies on (i) in-line TEM 

holography, (ii) off-axis TEM holography using a biprism near the first image 

plane, or (iii) off-axis STEM holography.  

In-line TEM holography makes use of the interference between 

transmitted and scattered waves that occurs below the plane of the specimen, as 

shown in Figure 2.2 [21], whenever coherent illumination is used.  If the 

objective lens is defocused so that it forms an image of the wave field at some 

distance below the specimen, the magnified image recorded by the TEM is a 

hologram; it contains both amplitude and phase information.  In practice, this 

information is still modified by the aberrations in the imaging lens. 
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Figure 2.2.  A Schematic drawing of in-line holography in TEM. 

 

 For off-axis TEM holography, an electron biprism is used to create an 

interference pattern between electrons that pass through the specimen and 

electrons in a reference wave that passed by the specimen without being affected 

(Figure 2.3).  The intensity distribution in this hologram is written [31]: 

 I(r) =1+ A2 (r) + Iinel (r) + 2µA(r)cos 2πqcr + Φ(r)( )   (2.2) 

where A(r)  is the amplitude of the TEM image onto which the fringe pattern 

from the biprism is superimposed., Φ(r) is the position-dependent phase shift of 
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the hologram fringes, qc is the carrier frequency, and µ  is the fringe contrast, 

normally taken as: 

MINMAX

MINMAX

II
II

+
−

=µ               (2.3) 

where IMAX and IMIN are the maximum and minimum intensity of the recorded 

hologram fringes.  Iinel(r) is background intensity due to inelastically scattered 

electrons; which can contribute nothing to the hologram.  

 
Figure 2.3. A schematic drawing of off-axis electron hologram formation in 

TEM. 
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The carrier frequency qc depends on the strength of the voltage applied to the 

biprism.  Increasing the voltage on the biprism increases the carrier frequency 

and reduces the spacing of the hologram fringes.  As a rule of thumb, the spacing 

of the hologram fringes should be less than 1/3 of the desired spatial resolution.  

Good fringe contrast, µ , requires a coherent electron source, no drift of the 

specimen or biprism, and good counting statistics at the camera. 

The value of the hologram lies in the fact that it contains both amplitude and 

phase information.  From equation 2.2, it can be seen that the hologram intensity 

consists of a sinusoidal term superimposed on amplitude terms.  The phase 

information, Φ(r) is encoded in the hologram as displacements of the fringes. 

 

2.2 TEM INSTRUMENTATION 

2.2.1 Electron Source 

As mentioned above, the field emission electron source is the single most 

critical development in TEM instrumentation for electron holography.  Field 

emission electron guns provide much greater coherence and an order of 

magnitude greater brightness than do conventional thermionic guns.  It can be 

shown [16] that a given fringe contrast, µ , imposes a relationship between gun 

brightness, β , and hologram intensity I µ( ): 

I(µ) = −ln µ{ } β
2π /λ( )2   (2.4) 
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Fringe contrast may also be limited by lack of beam coherence.  As shown in 

Figure 2.4, imperfect coherence results in incoherent superposition of electron 

waves in the hologram and decreases fringe contrast, µ .  Cold field emission 

guns produce electrons by applying a very large electric field to the sharp (radius 

of tip is ~ 100 nm) tip of an unheated W wire.  Most commercial TEM’s make 

use of Schottky guns in which the electron emitters operate at elevated 

temperatures. Schottky emitters are somewhat less bright and less coherent, but 

they do not need ultra high vacuum (UHV) and they can be stable over very long 

times. 

 
Figure 2.4.  A schematic drawing of an illumination with limited spatial 
coherence on off-axis electron holography in TEM. 

 

2.2.2 Electron Biprism 



  17 

 
 

 Most recent applications of electron holography make use of the off-axis 

geometry in which an electron biprism is used to form an interference pattern at 

the image plane of the TEM. The electron biprism is constructed from a W, Pt, or 

Au wire whose diameter is less than 1 µm.  The biprism assembly consists of a 

power supply that is capable of providing a stable dc voltage, and controls for the 

position and rotation of the biprism in the TEM column (Figures 2.5 and 2.6).   

 
Figure 2.5.  A schematic drawing of electron biprism assembly used in electron 
holography study in JEM-2010F TEM. 

 

The biprism wire, stretched across the electron beam path can be rotated 180˚ 

about the axis of the TEM, in order to align the interference fringes with the edge 

of the TEM specimen.  The position of the biprism that optimizes all the factors 

that affect the quality of the hologram has been calculated by Lichte [32].  In 
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practice, the biprism is located between the back focal plane and the image plane, 

just above the selected area aperture, of the TEM. 

 
Figure 2.6.  The electron biprism setup and position in JEM-2010F TEM. 

 

 The position and voltage of the biprism control the angle, α , between 

beams interfering in the hologram.  For a fixed biprism voltage, the position of 

the biprism (Figure 2.7) controls the fringe spacing, S: 

S = λ
a + b( )
2αa

   (2.5) 

More commonly, the biprism position is fixed; in that case, the biprism voltage 

controls the interference width and the fringe periodicity.  The interference 
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width, W, is the effective area on the specimen over which the interference 

fringes extend (Figure 2.7): 

W = 2
a + b

a
α

ab
a + b

− R
 
 

 
   (2.6) 

where R is the radius of the biprism wire, which should be as small as possible.  

For large specimen areas, W must be large, necessitating a large voltage (large 

α ). 

 
Figure 2.7.  Schematic drawing of the electron biprism action in formation of 
hologram in TEM. 
 

However, fringe visibility generally decreases with voltage, as seen in Figure 2.8.  

Thus, there is a trade-off between large interference width and high fringe 

visibility. 



  20 

 
 

 At very low biprism voltages, the interference pattern is dominated by 

course fringes due to Fresnel diffraction effects at the edge of the biprism wire. 

 
Figure 2.8.  Reference holograms with different biprism voltages on hologram 
formation with Philips Tecnai TEM.  

 

2.2.3 Illumination 

 Figure 2.9 shows an optimal illumination condition with a highly 

elliptical electron beam oriented perpendicular to the shadow of the biprism wire. 

The illumination is made elliptical by deliberate use of strong condenser 

astigmatism.  Applying a voltage to the biprism will create interference fringes 
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parallel to the axis of the wire, making use of electrons distributed perpendicular 

to the wire.  

 
Figure 2.9.  A schematic drawing of the highly astigmatic illumination aligns 
with biprism for electron holography in TEM. 

 

2.3 RECORDING AND RECONSTRUCTION OF ELECTRON HOLOGRAMS 

2.3.1 Recording Process 

 Obtaining useful information from off-axis electron holography requires 

that (i) holograms containing amplitude and phase information be recorded [33] 

and that (ii) phase and amplitude information be reconstructed from the 

experimental hologram [34].  
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 Holograms are usually recorded using charge-coupled device (CCD) 

cameras because the resulting digital images can be reconstructed numerically.  

The CCD cameras that are widely available for TEM’s record images consisting 

of 1024 X 1024 pixels.  This imposes a limit on the information content available 

in a single hologram because each hologram fringe requires at least 4 pixels; 

there are at most 250 fringes in such a hologram.  The higher resolution cameras 

that are now being marketed will alleviate this problem. 

 Equation (2.2) indicates that the hologram fringe amplitude is 

superimposed on a uniform background as well as the intensity of the TEM 

image. This equation neglects possible sources of noise, such as inelastically 

scattered electrons that reach the camera, X-rays that reach the camera, shot 

noise, etc.  In order for the hologram fringes to be clearly visible above the 

background and the noise, it is necessary to accumulate large numbers of counts 

for each pixel. Figure 2.10 compares hologram fringes obtained using exposure 

times of 1 second and 10 seconds.  It can readily be seen that the 10 second 

exposure produces much more regular fringes.  Figure 2.16 quantifies the signal 

for a typical set of fringes; it can be seen that the fringes ride on top of roughly 

2800 background counts.  The fringe contrast, µ  is: 

%16
28003900
28003900

=
+
−

=
+
−

=
MINMAX

MINMAX

II
II

µ  
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Figure 2.10.  Electron holograms recorded with various exposure times in CCD 
camera. 

 

Fringe visibility also depends on the electron beam illumination conditions.  As 

noted above, an elliptical beam is useful because it distributes the electrons 

where they can be used for interference patterns without extending the 

interference fringes more than necessary along the biprism.  Poor coherence 

damps out interference fringes (Figure 2.4); accordingly, fringe contrast is 

improved by the use of a small condenser aperture for small angular 

convergence. It has also been reported [35] that the extraction voltage of the 

electron gun may affect fringe visibility. 

As a practical matter the TEM column may introduce some distortions or 

other unwanted background information into the hologram.  This can be seen, for 

example, in Figure 2.11 where there is a circular pattern in the reference 

hologram.  This pattern comes from non-uniformities in the CCD camera used to 
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record the hologram.  In order to compensate for such unwanted features, it is 

necessary to record a reference hologram for each experimental hologram.   

 
Figure 2.11.  Electron holograms recorded with CCD camera in Philips Tecnai 
TEM. 

 

This is done by translating the TEM specimen out of the beam and recording a 

hologram under identical conditions as for the experimental hologram. 

 

2.3.2 Reconstruction Process 

 After acquisition of the hologram, the amplitude and phase images must 

be reconstructed.  Two software packages are available for this process; (i) 

Holoworks, by Edgar Voelkl and distributed commercially by Gatan, Inc., or (ii) 
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ASU Holography by Molly McCartney. Regardless of the software, the 

following steps are necessary. 

 The first step in the reconstruction process is the calculation of the 

Fourier transform of I(r): 

I(r) =1+ A2 (r) + Iinel (r) + 2µA(r)cos 2πqcr + Φ(r)( )   (2.7) 

The Fourier Transform can be written: 

FT I(r){ }=

FT 1+ A2(r) + I inel(r){ }
+µFT A(r)eiφ(r ){ }⊗ δ q + qc( )
+µFT A(r)e−1φ(r ){ }⊗ δ q −qc( )

    (2.8) 

where ⊗ denotes convolution.  The first term on the right hand side is the FT of 

the conventional TEM image.  The second and third terms represent side bands, 

and contain the desired phase information.   

 
Figure 2.12.  Fourier transform of the electron hologram in Figure 2.14. 
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Graphically, the FT appears similar to a conventional electron diffraction pattern 

with an added pattern on each side (Figure 2.12).  The entire FT has inversion 

symmetry, but each individual side band does not. 

 

Figure 2.13.Sideband selection for reconstruction of electron hologram. 

 

 The second step in the reconstruction process is to choose one side band 

for inverse transformation. This is done by applying a mask, as indicated in 

Figure 2.13, then shifting the center of the sideband to the center of the overall 

FT.  In order to avoid oscillations in the reconstruction, the mask must be a filter 
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function that falls continuously and smoothly to zero outside the selected area 

[36].  The streak connecting the center of the FT with each side-band comes from 

the Fresnel fringes that appear on either side of the hologram; it carries no 

information about the actual specimen and must be removed.  

 An inverse Fourier Transform of the properly centered side-band pattern 

produces a complex image.  The real part is the amplitude image; the imaginary 

part is the phase image. An identical process in performed on the reference 

hologram.  The resulting complex image contains information about the 

instrument that must be removed from the experimental images.  This is done by 

dividing the complex image that was reconstructed from the experimental 

hologram by the complex image that was reconstructed from the reference 

hologram.  The result is a pair of images, one containing amplitude information; 

the other containing only phase information. 

Based on the phase image of the uniform silicon substrate and a measured or 

assumed mean free path, it is possible to derive a thickness map of the TEM 

specimen.  This can be used to remove phase variations that arise from incidental 

variations in specimen thickness. Phase variations remaining after this process 

reflect phenomena that truly exist within the TEM specimen, such as a variation 

in electrostatic potential associated with a variation in semiconductor doping 

levels. 
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2.4 SUMMARY 

In this chapter, we have presented a brief review of electron holography 

principles, instrumentation, and the reconstruction process. Of the many possible 

forms of electron holography, off-axis holography using an electron biprism is 

the most convenient method to produce unique information about the specimen.  

Our brief discussion has focused on the elements of holography needed to detect 

and measure the distribution of dopants within CMOSFET devices. 
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Chapter 3: CMOS Device Fabrication for Two-Dimensional 
Dopant Profile Experiments 

3.1 INTRODUCTION 

For the study of one- and two-dimensional dopant profiling, the extension 

source/drain structure of a CMOSFET device was used as a test structure. The 

NMOS part of the device was formed with an arsenic (As) implantation dose of 

3.0×1015 cm-2 at an energy of 20 keV and the PMOS part of the device was 

formed with a boron fluoride (BF2) implantation dose of 2.0×1015 cm-2 at an 

energy of 20 keV. PMOS with its BF2 implant should have a deeper junction 

depth than should NMOS because BF2 has a lower mass than As. Figure 3.1 

shows a schematic of the device structure used in this study. NMOS and PMOS 

have the same structural configuration; the only difference being the implanted 

atoms.  

 
Figure 3.1.  A schematic drawing of CMOS Device structure used in this study. 



  30 

 
 

 
Figure 3.2.  A schematic of (a) NMOS and (b) PMOS processes used in this 
study. 
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After implantation, the device was annealed at high temperature to 

activate the dopants electrically and to repair implantation-induced crystal 

damage. For NMOS, the wafer went through rapid thermal annealing (RTA) 

process for 10 seconds at 980°C in an N2 environment. For PMOS, the addition 

of boron-phosphorous silicate glass (BPSG) requires a thermal excursion to 

830°C for 15 minutes in an N2 environment. The important ion implantation and 

diffusion processes are shown in Figure 3.2. The details of ion implantation, 

annealing and diffusion processes will be covered in this chapter. 

 

3.2 ION IMPLANTATION 

Ion implantation is a process that modifies the conducting properties of a 

semiconductor by adding small amounts of foreign atoms [37]. As device sizes 

become smaller, ion implantation for the formation of shallow junctions becomes 

critical for process technology [38]. Ion Implantation involves the penetration of 

energetic ions into solids, the quantitative evaluation of energy loss of ions to 

solids and the final distribution of the ions after stopping. Ion implantation is 

widely applied throughout the VLSI circuit fabrication industry. This chapter 

covers the theory, ion stopping mechanisms, and damage processes in 

commercial ion implantation processes. 

The idea of ion implantation as a means of doping semiconductor devices 

was introduced by Shockley at Bell Labs in 1954 [39]. Rubin et al. [40] 

presented dose and energy requirements for various applications of ion 
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implantation, as shown in Figure 3.3. Modern CMOS processing requires up to 

35 implants to complete the manufacture of full working devices.  

 

 
Figure 3.3.  Dose and energy requirements of major implantation applications in 
semiconductor devices. After Rubin et al. [40]. 

 

3.2.1 Theory 

 Ion implantation parameters such as implant dose and energy determine 

the dopant concentration and the dopant depth. For this study, N wells and P 

wells were formed in p-type silicon substrates, then another ion implantation into 

the source/drain areas of the CMOS devices formed the n+ area in the p well and 



  33 

 
 

the p+ area in the n well. During these implantations, each implanted ion went 

through multiple collisions with target atoms and energy loss by nuclear and 

electronic stopping [41].  

The ion implantation profile is often assumed to be Gaussian, 
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This Gaussian profile works well for moderate energies near the peak. 

For calculations of moments in the vertical direction, the following 

equations (3.2 - 3.5) are used, and the four moments are defined as follows: 

 

∫
∞

∞−
= dxxCxR iip )(                               (3.2) 

where Rp is the projected range, the distance from the surface to 

concentration peak of the implanted ions, xi is the position of ions, and Ci is the 

ion concentration, 
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where ∆Rp is straggle, standard deviation,  
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where, γ is skewness which measures the asymmetry of the distribution: 
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where β is kurtosis which measures how flat the top of the distribution is. A 

Gaussian distribution has a skewness of zero and a kurtosis of 3.  

 

 
Figure 3.4.  Schematic drawing of the ion range, where ∆R⊥ is lateral straggle 
[38]. 

 

 Table 3.1 gives projected ranges of typical dopant elements in Si as a 

function of the implantation energy. 

 

 
Table 3.1.  The projected range Rp of typical dopant elements in silicon [38]. 
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Typical ion implantation equipment converts atoms from a molecular source into 

ions, then passes the accelerated ions through a mass analyzer magnet for 

selection of ions having specific charge to mass ratios. The ions are accelerated 

again, and scanned over the wafer surface for implantation. Figure 3.5 is a 

schematic sketch of a typical commercial medium current ion implantation unit. 

 

Figure 3.5.  Schematic drawing of typical ion implantation equipment [7]. 
 

3.2.2 Ion Stopping Mechanisms 

Implanted atoms suffer multiple collisions between atoms and 

interactions with electrons of the target, before finally stopping at certain depth. 

Figure 3.6 shows the results of a TRIM simulation for the implantation of 20 keV 

As into silicon. The simulation shows the scattering of ions from collisions with 

target atoms.  
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Figure 3.6. TRIM simulation of As ion implantation into silicon at energy of 

20KeV. 

 

The energy for typical ion implantations in CMOS devices ranges from 10 to 200 

keV; at these ranges nuclear stopping and low energy electronic stopping are 

dominant [7]. The total stopping power S of the target is defined as the energy 

(E) loss per unit path length of the ion (x), 

 

electonicnuclear dx
dE

dx
dES 






+






=                 (3.6) 

From this equation, the travel distance of ions can be acquired by integrating S to 

sum the energy losses.  

Nuclear stopping is caused by a collision between two atoms, so the 

nuclear stopping power, Sn (E0) is the average energy transfer in a collision. The 
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rate of energy loss to nuclear collisions per unit path length is the sum of the 

energy loss for each possible impact parameter multiplied by the probability of 

that collision occurring. This stopping process is elastic, so the lost energy is 

transferred to the target atom. 

 

∫=
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nuclear

n TdN
dx
dES σ                 (3.7) 

where N is the target atoms per unit volume, Tmax is the maximum 

possible energy transfer in a collision, and dσ is the differential scattering cross 

section.  

Electronic stopping is caused by interaction with electrons of the target 

and this stopping mechanism is dominant over medium and high energy ranges. 

Electronic stopping power, Se (E0) is proportional to the ion velocity v. Lindhard 

et al. [42] introduced the following equation for the electronic stopping power,  
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=                 (3.8) 

where Z1 and Z2 are the atomic charge numbers of ion and target atoms 

respectively, a0 is Bohr radius, h is the reduced Plank’s constant (h/2π ), N is the 

target atom number density, and v is the ion velocity. 

If the nuclear stopping dominates, S is roughly constant vs. energy and if 

the electronic stopping dominates, S is roughly proportional to E  [38]. 
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3.2.3 Implantation Damage 

 As the implanted ions go through the target and undergo nuclear 

collisions, the scattered ions transfer energy to the target atoms. For light dopant 

elements such as Boron (B11), the amount of damage depends on the electronic 

stopping power. Heavy dopant elements such as Phosphorous (P31) and Arsenic 

(As75) have an initially large amount of nuclear stopping power. The typical 

damage peak is at about 0.75 Rp. 

 

 

Figure 3.7.  TEM micrograph of Boron (BF
+
2 ) implanted CMOS device shows 

damage in the silicon substrate even after furnace annealing at 830°C for 15 
minutes. 

 

As shown in Figure 3.7, damage generated from BF +
2  ion implantation 

can affect subsequent processes such as diffusion. Point defects are known to 

strongly affect diffusion of boron in silicon [43]. Formation of shallow junctions 

with boron encounters many difficulties due to the large projected range for B+, 
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the high diffusivity, and the transient enhanced diffusion (TED) associated with 

damage [43]. During implantation, the interstitials are formed and these 

interstitials allow boron to diffuse 100 times faster than normal thermal diffusion 

[44]. It is called transient enhanced diffusion and it is temporary because it 

disappears after annealing for a sufficiently long time. BF +
2  ion implantation has 

several advantages over B+ ion implantation, for example, higher electrical 

activation, lower leakage current, lower acceleration potential, shallow junction 

depth, and reduction of channeling [45].  

 

 

Figure 3.8.  TEM micrograph at the [110] zone-axis of arsenic (As
+

) implanted 
CMOS device showing diffraction contrast in the implanted region in the silicon 
substrate after rapid thermal annealing at 980°C for 10 seconds. 

 

For this study, BF +
2  was implanted, instead of B+. F implanted with the B 

affects the behavior of boron during thermal annealing processes [46,47]. F has 

at least three effects on the boron redistribution; it gives free point defects, 
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complex defects and B-F complexes. Dusch et al. [48] reported F also could 

serve as a sink for interstitial boron, form clusters, or reduce the TED of boron. 

Also clusters of boron and extended {311} defects result from ion implantation 

[48].  

For NMOS, As was used. As is a relatively heavy ion, so it displaces a 

greater volume of target atoms per ion. A higher annealing temperature is 

necessary to allow complete recovery from amorphization [44]. Figure 3.8 shows 

a NMOS device with arsenic implantation as used in this study 

 

3.2.4 Ion Channeling 

Most implanted ions undergo collisions and are repeatedly scattered as 

they enter the Si. However, if the ions are aligned with the columns of the target 

atoms, the number of collisions can drop significantly. If so, the implanted ions 

travel deeper into the Si. This enhanced penetration along certain 

crystallographic directions is referred to as ion channeling [7].  

As shown in Figure 3.9, ion channeling is very sensitive to the direction 

of the ions relative to the lattice of target atoms. Channeling increases the 

penetration distance, adding a tail to the SIMS profile of an implanted dopant as 

shown in Figure 3.10 [38]. 
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Figure 3.9.  Variations of the penetration distances of implanted boron ions due 
to channeling in silicon [48]. 

 

 

Figure 3.10.  SIMS depth profile of Arsenic (As
+

) implanted CMOS device 
shows the ion channeling tail. 
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3.3 Diffusion 

 After ion implantation, CMOS devices undergo rapid thermal annealing 

or furnace annealing to repair ion implantation-induced defects and allow 

implanted dopants to diffuse into the silicon substrate [44]. These annealing 

processes form the actual sources and drains by thermally diffusing dopants to 

desired depths, removing defects by relaxing implantation-induced stress, and 

activating dopants electrically [49,50]. 

 In general, diffusion in solids can be substitutional or interstitial [51]. For 

substitutional diffusion, point defects such as vacancies enable the movement of 

the dopant atoms [52]. Substitutional diffusion normally requires a higher 

activation energy than does interstitial diffusion. For interstitial diffusion, the 

solute is usually smaller than the host atom. Vacancies are not necessary and the 

activation energy for interstitial diffusion tends to be low. 

The solution of the diffusion equation for a fixed source of diffusing 

atoms within a one-dimensional infinite solid is a gaussian: 
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If we identify the total implanted dose as the amplitude of the Gaussian: 
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where N is total concentration, Q is total charge, D is diffusivity, D0 is intrinsic 

diffusivity and frequency factor (in cm2/s), E is the activation energy (in eV), T 

is temperature (in K), and k is Boltzmann constant (in eV/K). But, the implanted 

ions are distributed around the range. The expression for the concentration as a 

function of position and time can be written:  
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Figure 3.12.  SIMS depth profile showing the diffusion of implanted As after the 
rapid thermal annealing process. 

 

Figure 3.12 shows the SIMS depth profiles of As as-implanted and after rapid 

thermal annealing process at 980°C for 10 seconds. The broadening of the depth 
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profile is apparent. It should be noted that diffusivities are exponential in 

temperature, and control of temperature is more critical than control of time for 

rapid thermal annealing. 

 

3.4 Summary 

 In this chapter, we have discussed implantation and diffusion as normally 

used in CMOS fabrication. Ion channeling and implanted-induced defects during 

ion implantation and diffusion processes have been explained.  

It is clear that PMOS forms a deeper junction than NMOS. As the 

diffusion process starts, the dopants diffuse into silicon substrate, and the 

junction depth profiles of both MOS devices are increased. The detailed 

numerical data for junction depths will be discussed in the next chapter. 

In chapter 4, simulation programs that yield one- and two-dimensional 

dopant profiles in semiconductor device are evaluated. Monte Carlo model based 

on the trajectories of implanted ions and the analytical ion implantation model 

such as Gaussian and Pearson distributions based on distribution moments are 

used in this study.  
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Chapter 4: One- and Two-Dimensional Dopant Profile by SIMS, 
Process Simulation and Dopant-Selective Etching Methods 

4.1 INTRODUCTION  

Accurate one- and two-dimensional dopant profilings are very important 

for the evaluation of the process simulation tools have been used in design of 

semiconductor devices [6].  

In this study, one-dimensional dopant profiles of NMOS and PMOS are 

measured by dynamic SIMS analysis and calculated using UT-Marlowe and 

SRIM simulations. Two-dimensional dopant profiles are simulated using 

TSUPREM-4. Also, two-dimensional dopant distributions of NMOS and PMOS 

are directly measured by a dopant-selective chemical etching method which 

gives a direct image of the dopant distribution.  

The simulated data from the UT-Marlowe program in one-dimension 

yields a very good match with the SIMS depth profile data from the NMOS 

device area. In TSUPREM-4 simulation experiments, both Gaussian and Pearson 

models are used for one- and two-dimensional arsenic and boron profiles. Also, 

the diffusion of dopants was fully considered for a realistic simulation.  

A Gaussian model requires only the moments Rp and ∆Rp and is defined 

as 
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where Rp and ∆Rp are the projected range and standard deviation, respectively. 
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A Pearson model requires the moments Rp, ∆Rp, γ, and β and is defined by the 

differential equation. 
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The four moments of the dopant distribution as obtained from UT-

Marlowe simulated data were inserted into TSUPREM-4 for extended two-

dimensional simulation. The two-dimensional data measured by TEM with 

chemical etching-method are also well matched with TSUPREM-4 simulation 

results using a Gaussian model in both NMOS and PMOS. The dopant-selective 

etching method using a mixture of solutions can be a very powerful method for 

the measurements of two-dimensional dopant distributions and structures of 

devices. 

  

4.2 ONE-DIMENSIONAL DOPANT PROFILE 

Four one-dimensional dopant depth profiles were obtained by dynamic 

SIMS analysis from Charles Evans analytical company. Prior to the SIMS 

experiments, blank wafers were placed inside implantation tool at the same time 
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as the NMOS and PMOS structured wafers. After implantation, the SIMS depth 

profiles were obtained from blank wafers. The simulations were done using the 

same implantation conditions such as dose and implantation energy. 

Dynamic SIMS is a technique used to acquire concentration depth 

profiles.  In the SIMS technique, an ion beam is used to sputter material from the 

sample. The sputtered material consists of ions and neutral atoms. The ions are 

electrostatically directed into a mass analyzer. The mass analyzer selectively 

allows the desired ions to reach the detector. As the primary ion beam sputters 

into the sample, material from the current depth reaches the detector. Thus, the 

concentration of a particular element may be monitored at different depths.  

During the analysis, the primary beam is rastered to create a flat-bottomed crater.  

Secondary ions are acquired only from the center of the crater.  This ensures that 

each data point comes from a unique depth by rejecting secondary ions emitted 

from the wall of the sputtered crater where material at different depths is 

simultaneously exposed.   

 
NMOS Condition 
Instrument PHI Quadrupole SIMS 
Elements Monitored As, Si 
Primary Impact Beam Cs+ 
Primary Impact Energy 3 keV 
Angle of Incidence 60° 
Secondary Ion Polarity Negative 
Oxygen Leak No 
Charge Neutralization No 
Surface Conductive Coating No 
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PMOS Condition 
Instrument PHI Quadrupole SIMS 
Elements Monitored B, Si 
Primary Impact Beam O2

+ 
Primary Impact Energy 2 keV 
Angle of Incidence 60° 
Secondary Ion Polarity Negative 
Oxygen Leak No 
Charge Neutralization No 
Surface Conductive Coating No 

 

Table 4.1.  The dynamic SIMS experimental conditions for NMOS and PMOS. 

The secondary ion signal intensity as a function of time is converted to a 

concentration depth profile using relative sensitivity factors and calculated 

sputter rates. 

The precision of the concentration measurement by SIMS analysis for 

samples is typically less than 2%. The precision depends on the impurity matrix 

combination and the analysis protocol. Under a high precision analysis protocol 

(HPIC) which has been used in this study, a precision of the measurement can be 

better than 2% for implant dose determination for sufficiently large doses. 

The depth scale is typically calibrated by measuring the crater depth 

using a stylus profilometer or by using the sputter rates determined from a 

reference sample. For a multi-layered sample, the sputter rate may vary among 

the different layers. Unless specified, a single average sputter rate is typically 
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used for the depth calibration. Thus, for a multi-layered sample, the relative 

thickness of the layers may be different than indicated. 

 

 
Figure 4.1.  One-dimensional SIMS depth profile in comparison with 
TSUPREM-4 simulation results for NMOS as-implanted. 

 

Figure 4.1 compares the SIMS depth profile with TSUPREM-4 results 

using a Pearson model and a Gaussian model. The Pearson model has excellent 

agreement with the SIMS depth profile. The Gaussian model shows agreement 

near the surface, but diverges strongly from the SIMS profile and the Pearson 

model at greater depths or lower concentrations. This result can be explained as 

the results of ion channeling during implantation as mentioned in chapter 3. In 
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these experiments, all ion implantation was done at [100] for both NMOS and 

PMOS.  

From the Gaussian model as depicted in Fig.4.1, the peak concentration is 

5.02×1020 cm-3 at 19 nm. The obtained values of Rp and ∆Rp are 26.3 nm and 

21.8 nm, respectively. 

A comparison between the SIMS depth profile and the Monte Carlo 

simulation, such as SRIM and UT-Marlowe, is shown in Figure 4.2. The UT-

Marlowe model matches with the SIMS data, well but the SRIM model yields a 

profile that is very similar to that obtained using a Gaussian model in 

TSUPREM-4. 

 

 
Figure 4.2.  One-dimensional SIMS depth profile in comparison with SRIM and 
UT-Marlowe simulation results for NMOS as-implanted. 
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Figure 4.3.  One-dimensional SIMS depth profile in comparison with 
TSUPREMS-4 simulation results for PMOS as-implanted. 

 

Table 4.2 and 4.3 show the calculated four moments of both NMOS and 

PMOS devices. We put these numeric data into TSUPREM simulations to get 

two-dimensional dopant profile as an extension of one-dimensional dopant 

profile. 

  
Models Rp (nm) ∆Rp(nm)      γ    β 

SIMS data 13.7 11.2 1.63 28.50 

Pearson in TSUPREM-4 27.0 21.5 1.39 5.48 

Gaussian in TSUPREM-4 26.3 21.8 0 0 

UT-Marlowe 19.3 8.4 3.21 47.60 

Table 4.2.  The four moments of arsenic implantation in silicon. 
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Models Rp (nm) ∆Rp(nm)      γ    β 
SIMS data 19.5 12.2 1.30 9.44 

Pearson in TSUPREM4 22.2 9.6 1.32 8.07 

Gaussian in TSUPREM-4 22.4 9.6 0 0 
UT-Marlowe 19.3 12.0 1.04 6.18 

Table 4.3.  The four moments of boron implantation in silicon. 

 

The UT-Marlowe simulation models the SIMS data in the channeling tail 

range much better than does the SRIM calculation. This is true because the 

SRIM program assumes that the target materials are all amorphous. On the other 

hand, the UT-Marlowe program can calculate the channeling data in crystalline 

materials. The UT-Marlowe program combines a local model with a non-local 

electronic stopping mechanism [11]. 

   

 
Figure 4.4.  One-dimensional SIMS depth profile in comparison with UT-
Marlowe simulation results for PMOS as-implanted. 
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Figures 4.3 and 4.4 show the comparison between SIMS and simulated 

data for PMOS as-implanted. The results are very similar to those of NMOS. For 

PMOS, UT-Marlowe has a perfect agreement with the SIMS profile. From the 

Gaussian model, as depicted in Fig. 4.3, the peak concentration is 6.39×1020 cm-3 

at 22 nm. The obtained values of Rp and ∆Rp are 22.4 nm and 9.59 nm, 

respectively. 

 

 
Figure 4.5.  One-dimensional SIMS depth profile in comparison with all 
simulated results for NMOS after RTA at 980°C for 10 seconds. 

 

After ion implantation and SIMS depth profiling, both NMOS and PMOS 

are annealed for diffusion and activation of implanted ions. For NMOS, the 
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wafer undergoes rapid thermal annealing at 980°C for 10 seconds in N2 ambient. 

A SIMS depth profile was obtained. The SIMS depth profile results are shown 

with other simulated data. For PMOS, there is no annealing process designed 

specifically for diffusion, but the wafer is annealed at 830°C for 15 minutes with 

N2 ambient during the BPSG deposition process. SIMS depth profiling after 

annealing is technically impossible due to the presence of the BPSG layer. 

A comparison of the one-dimensional profiles after RTA for NMOS is 

shown in Figure 4.5. The SIMS data are quite different from all the simulated 

data. This is, presumably, the result of several competing phenomena during the 

annealing process. At relatively low temperatures of 400°C, vacancies are 

annihilated at the surface. Above 400°C, rod-shaped defects composed of 

ribbons of Si atoms, lying on {311} planes have been reported [48]. These {311} 

defects are located at end-of-range of the implantation profile where they appear 

in TEM images similar to a band of dislocations loops. The transient vacancy 

concentration and the {311} defects and dislocations loops near the end-of-range 

make it difficult to simulate the exact concentrations profile.  

As shown in Figure 4.5, the Gaussian model has an abrupt profile. On the 

other hand, Pearson, UT-Marlowe, and SRIM models show perfect agreement. 

For the measurement of diffusion effects during annealing, arsenic diffusion 

profiles are obtained using the PD.FULL model which includes mechanisms 

such as arsenic clustering, concentration dependent diffusion, and transient 

enhanced diffusion (TED) [53]. In this case, from the annealing in the 

900~1000°C temperature range, arsenic peak is somewhat reduced due to 
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transient enhanced diffusion effects at end of range [52]. But arsenic ions form 

broader and deeper tailed profiles from the diffusion effects. For good statistical 

resolutions of profiles, 100,000 ion numbers are selected for SRIM and UT-

MARLOWE simulations, respectively. 

However, theoretical models presented here have shown some deviations 

in peak concentration in comparison with SIMS data. Some deviations in 

implanted and simulated profiles are shown from surface to end of range region. 

TED is caused by anomalous temperature and dose dependence effects. 

 

4.3 TWO-DIMENSIONAL DOPANT PROFILE 

Two-dimensional profiles can be modeled by multiplying each one-

dimensional profile by a Gaussian distribution in the lateral direction as follows: 
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where y is a distance perpendicular to the direction of the original implantation, 

and ∆Rp,y is the lateral standard deviation of the implanted profile. Generally the 

lateral penetration underneath a mask layer is roughly 0.75Rp [7]. 

 

4.3.1 SIMS and Monte Carlo Simulation 

Monte Carlo simulation tools such as SRIM and UT-Marlowe are useful 

tools for the modeling the distribution of ions in simple and complex targets. 
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SRIM considers target materials as amorphous, so the ion channeling due to the 

arrangement of atoms in a crystalline target is ignored in SRIM simulations. UT-

Marlowe treats target materials as crystalline, but targets are limited to only four 

materials. TSUPREM-4 is the most used and most powerful process simulation 

tool; it can model the entire silicon device, including amorphization damage and 

ion channeling effects. 

It is possible to obtain the following simulation profiles by TSUPREM-4. 

We are also able to obtain the junction depth and the channel length of each 

profile. NMOS and PMOS simulation profiles are shown in Figure 4.6 through 

4.11 and Fig. 4.12 through 4.15, respectively. 

 

 
Figure 4.6. Two-dimensional profiles of arsenic concentrations following 
implantation. For these contours, SIMS data was fit to a 1-D gaussian model. 
Parameters from that model were used as input to TSUPREM-4, which simulated 
the 2-D distributions. 
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Figure 4.7. Two-dimensional profiles of arsenic concentrations following 
implantation and rapid thermal annealing. For these contours, SIMS data was fit 
to a 1-D gaussian model. Parameters from that model were used as input to 
TSUPREM-4, which simulated the 2-D distributions. 
 

.  

Figure 4.8. Two-dimensional profiles of arsenic concentrations following 
implantation. For these contours, UT-Marlowe data was fit to a 1-D gaussian 
model. Parameters from that model were used as input to TSUPREM-4, which 
simulated the 2-D distributions. 
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Figure 4.9. Two-dimensional profiles of arsenic concentrations following 
implantation and rapid thermal annealing. For these contours, UT-Marlowe data 
was fit to a 1-D gaussian model. Parameters from that model were used as input 
to TSUPREM-4, which simulated the 2-D distributions. 
 

 
Figure 4.10. Two-dimensional profiles of arsenic concentrations following 
implantation. For these contours, SRIM data was fit to a 1-D gaussian model. 
Parameters from that model were used as input to TSUPREM-4, which simulated 
the 2-D distributions. 
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Figure 4.11. Two-dimensional profiles of arsenic concentrations following 
implantation and rapid thermal annealing. For these contours, SRIM data was fit 
to a 1-D gaussian model. Parameters from that model were used as input to 
TSUPREM-4, which simulated the 2-D distributions. 

 
Figure 4.12. Two-dimensional profiles of boron concentrations following 
implantation. For these contours, SIMS data was fit to a 1-D gaussian model. 
Parameters from that model were used as input to TSUPREM-4, which simulated 
the 2-D distributions. 
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Figure 4.13. Two-dimensional profiles of boron concentrations following 
implantation and annealing. For these contours, SIMS data was fit to a 1-D 
gaussian model. Parameters from that model were used as input to TSUPREM-4, 
which simulated the 2-D distributions. 
 

 
Figure 4.14. Two-dimensional profiles of boron concentrations following 
implantation. For these contours, UT-Marlowe data was fit to a 1-D gaussian 
model. Parameters from that model were used as input to TSUPREM-4, which 
simulated the 2-D distributions. 
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Figure 4.15. Two-dimensional profiles of boron concentrations following 
implantation and annealing. For these contours, UT-Marlowe data was fit to a 1-
D gaussian model. Parameters from that model were used as input to 
TSUPREM-4, which simulated the 2-D distributions. 

 

For the NMOS and PMOS composition profiles, each contour line 

represents one decade in concentration. The lowest concentration contour is set 

to 6×1017 cm-3 for NMOS and 1×1016 cm-3 for PMOS. These values are based on 

the SIMS profiles and process simulation. 

The junction depth is the place in a p-n junction at which the 

concentration of acceptors is equal to the concentration of donors. For n-type and 

p-type wells, the background dopant concentrations are 9×1016 cm-3 and 1×1017 

cm-3, respectively, so, the metallurgical junction depths of NMOS and PMOS are 

131 nm and 173 nm for NMOS and PMOS, respectively. The channel length is a 

shortest distance between source and drain in a transistor of the MOSFET. 
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For NMOS, the junction depths as-implanted are 85.9 nm for UT-

Marlowe and SRIM, and 86.4 nm for SIMS. The channel lengths as-implanted 

are 290 nm for all three simulations. After the RTA process at 980°C for 10 

seconds, the junction depths are increased to 86.0 nm for SRIM, 86.3 nm for UT-

Marlowe and 87.5 nm for SIMS. All three simulations give the same channel 

length of 269.7 nm. 

For PMOS, the junction depths as-implanted are 187.9 nm for UT-

Marlowe and 188.2 nm for SIMS. The channel lengths as implanted are 323 nm 

for all simulations. After furnace annealing at 830°C for 15 minutes, the junction 

depths are increased to 188.3 nm for UT-Marlowe and 188.4 nm for SIMS. All 

simulations give same channel length of 266.3 nm. From both NMOS and PMOS 

results, the annealing process actually decreases the channel length, but, 

significantly, the junction depths stay almost the same. 
 

4.3.2 TSUPREM-4 

Two-dimensional dopant profiles of NMOS and PMOS are shown in 

Figure 4.16 through 4.23. In this study, we used only Gaussian and Pearson 

model because we already got results from Monte Carlo simulation with SRIM 

and UT-Marlowe. 
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Figure 4.16. Two-dimensional profiles of arsenic concentrations following 
implantation. For these contours, Gaussian model of TSUPREM-4 was used. 
 
 

 
 

Figure 4.17. Two-dimensional profiles of arsenic concentrations following 
implantation and annealing. For these contours, Gaussian model of TSUPREM-4 
was used. 
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Figure 4.18. Two-dimensional profiles of arsenic concentrations following 
implantation. For these contours, Pearson model of TSUPREM-4 was used. 
 
 
 

 
Figure 4.19. Two-dimensional profiles of arsenic concentrations following 
implantation and annealing. For these contours, Pearson model of TSUPREM-4 
was used. 



  65 

 
 

 

 
Figure 4.20. Two-dimensional profiles of boron concentrations following 
implantation. For these contours, Gaussian model of TSUPREM-4 was used. 
 
 
 

 
Figure 4.21. Two-dimensional profiles of boron concentrations following 
implantation and annealing. For these contours, Gaussian model of TSUPREM-4 
was used. 
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Figure 4.22. Two-dimensional profiles of boron concentrations following 
implantation. For these contours, Pearson model of TSUPREM-4 was used. 
 
 

 
Figure 4.23. Two-dimensional profiles of boron concentrations following 
implantation and annealing. For these contours, Pearson model of TSUPREM-4 
was used. 
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With the exception of the simple Gaussian model, all the simulations are 

in remarkable agreement. The Gaussian model omits the long tail in the 

implantation profile and grossly underestimates the junction depth. Channel 

lengths are virtually identical among all the two-dimensional simulations.  

 

 
Model Junction depth (nm) Channel length (nm) 

Gaussian 48.5 292.1 

Pearson 84.4 291.3 

TSUPREM of SRIM 85.9 290.0 

TSUPREM of UT-Marlowe 85.9 289.9 

TUSPREM of SIMS 86.4 289.6 

 
Table 4.4.  The junction depth and channel length profiles of all simulations as 
implanted for NMOS. 
 
 
 
 
 

Model Junction depth (nm) Channel length (nm) 

Gaussian 49.3 269.3 

Pearson 87.9 266.6 

TSUPREM of SRIM 86.0 269.7 

TSUPREM of UT-Marlowe 86.3 269.7 

TSUPREM of SIMS 87.5 269.7 

 
Table 4.5.  The junction depth and channel length profiles of all simulations after 
annealing process for NMOS. 
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Model Junction depth (nm) Channel length (nm) 

Gaussian 72.1 325 

Pearson 188.0 326 

TSUPREM of UT-Marlowe 187.9 323 

TSUPREM of SIMS 188.2 323 

 
Table 4.6.  The junction depth and channel length profiles of all simulations as 
implanted for PMOS. 
 
 
 

Model Junction depth (nm) Channel length (nm) 

Gaussian 125.8 233 

Pearson 188.6 266.6 

TSUPREM of UT-Marlowe 188.3 266.3 

TSUPREM of SIMS 188.4 266.3 

 

Table 4.7.  The junction depth and channel length profiles of all simulations after 
annealing process for PMOS. 
 

The accuracy of these two-dimensional dopant profiles will be compared 

with experimental results obtained from dopant-selective etching. 

 

4.4 DOPANT-SELECTIVE ETCHING  

4.4.1 Introduction 

The direct measurement of the two-dimensional dopant profiles in CMOS 

devices is very useful for the evaluation of process control and process design. 

One possible approach to experimental measurement of dopant profiles uses 
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conventional TEM imaging of specially prepared specimens. In this technique, a 

cross-sectional specimen is pre-thinned, then chemically etched with a solution 

chosen for its ability to delineate the composition contours [54]. This technique 

was introduced several years ago, but few researchers have used it because of its 

experimental difficulties and because of its limited sensitivity. Even so, this 

technique can produce two-dimensional compositional profiles, as such it can 

give an experimental reference point for evaluating the results of simulations and 

of electron holography.  

Previous studies [55] of dopant selective etching have relied on 

mechanical polishing and broad beam ion milling to thin the specimen to 

electron transparency. Solutions of hydrofluoric acid (HF, 49%), nitric acid 

(HNO3, 70%) and acetic acid (CH3COOH, 100%) have been used to etch cross-

sectional TEM samples to reveal the two-dimensional dopant distributions in 

both NMOS and PMOS [56]. When properly applied, this technique can produce 

reasonably clear two-dimensional profiles in the source and drain areas. Dopant 

concentrations down to several times 1017 cm-3 for NMOS [54] and a few times 

1016 cm-3 for PMOS [57] have been measured. Results are, however, dependent 

on solution composition, temperature, light illumination level, and total etching 

time. All these parameters must be optimized, controlled carefully, and calibrated 

against known materials for this to be a quantitative technique. 
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4.4.2 Chemical Reaction  

Dopant-selective etching requires chemical reactions between silicon and 

a chemical solution. The four steps in the reaction are as follows: 

 

1. Injection of holes into the Si to form Si2+or Si+. 

2. Attachment of OH-groups to the Si2+ to form Si(OH)2
2+. 

3. Reaction of the hydrated Si with a complexing agent in the solution 

4. Dissolution of the reaction products into the solution   

 

For these reactions, the solution must provide a source of holes, OH- ions, and a 

complexing agent. A mixture of HF:HNO3:CH3COOH (HNA) meet these 

requirements. When this solution is used, the following overall reaction occurs 

[58]:  

 

3Si + 4HNO3 + 18HF → 3H2SiF6 + 4NO + 8H2O 

The HNO3 oxidizes the silicon surface to form SiO2, the HF attacks the oxide to 

form H2SiF6 and the CH3COOH keeps HNO3 from disassociating into NO3
- or 

NO2
-. An increase in the dopant level causes a decrease in the activation energy 

for the oxidation process, so the etch rate increases as the dopant level increases.  

 

4.4.3 EXPERIMENTAL PROCEDURE 

For this study, site-specific cross sectional TEM specimen preparation 

was carried out using focused ion beam (FIB) milling. FIB has advantage over 
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conventional ion milling for studies of this type because it can be used to make 

multiple specimens on a single specimen bar, each having a different thickness. 

Specimen having thicknesses equal to 200 nm, 350 nm and 400 nm were 

prepared and supported on standard copper grid. 

 

 
Figure 4.24.  The experimental setup for dopant selective etching of CMOS 
devices. 

As shown in Figure 4.24, the FIB’ed TEM specimens on Cu grid were 

suspended in HNA solutions and illuminated by a 500W halogen lamp. Solutions 

containing HF:HNO3:CH3COOH in the ratios 1:3:8, 1:10:30 and 1:20:30 were 

tested. NMOS specimens were exposed to the etchant for 15 seconds at room 

temperature. PMOS structures are more resistant to etching; they were exposed 

to the etchant for 20 seconds. As shown in Figure 4.25, the extent of etching 

increased from solution 1:3:8 to solution 1:20:30.  
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Figure 4.25.  TEM images showing the dopant-selective etching profiles for 
various solution ratios. All three specimens were FIB’ed to same initial thickness. 

 

4.4.4 Results  

The dopant-selective etching experiments allow direct measurements of 

the junction depths and channel lengths of both NMOS and PMOS structures. 

During our experiments, NMOS etchings results were easily obtained, but the 

concentration sensitivity of NMOS etching is 6×1017 cm-3 which is poorer than 

that of PMOS etching which has a concentration sensitivity of 1×1016 cm-3. Even 

though the acquisition of a good dopant profile from PMOS was difficult, the 

concentration sensitivity was better.  

For TEM imaging, specimens are tilted to the [110] zone axis and a 40 

micron objective aperture is inserted for better thickness contrast. The first 

contour line is used as measurement criterion. 
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Figure 4.26.  TEM micrographs show that the thickness has a certain role in 
acquisition of good dopant selective etching. 
 

The thickness of the specimen has a certain role in this dopant-selective 

etching experiment. Too thin a specimen causes perforation of source and drain 

area without forming a proper profile of the dopants. This is shown in Figure 

4.26 where rapid removal of As-doped material resulted in perforation regardless 

of initial thickness. Because PMOS etched more slowly, it was possible to 

develop a dopant profile, especially for relatively thick specimens, as seen in 

Figure 4.26. 
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For NMOS, direct measurements of the junction depth and the channel 

length of the device give 83 nm and 237 nm respectively as shown in Figure 4.27. 

For PMOS, a junction depth of 125 nm and the channel length of 205 nm were 

obtained. Recall from Figure 2.28 that implantation-induced damage in the 

source and drain areas of the PMOS was not completely removed prior to etching. 

This damage is made more visible by the etching, as seen in Figure 4.28. 

 

 
Figure 4.27.  TEM micrograph shows that the junction depth and channel length 

of NMOS from dopant selective etching. 
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Figure 4.28.  TEM micrograph shows that the junction depth and channel length 

of PMOS from dopant selective etching. 

 

 
Figure 4.29.  HR-TEM micrograph shows that the roughness of dopant selective 

etching profile. 
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The direct measurement of channel length by etching has a 10 nm 

uncertainty due to the inherent roughness of the etching as shown in Figure 4.29. 

The correspondence between etching results and concentrations will be discussed 

with comparison to simulated data and SIMS results below. 
 
 

4.5 RESULTS AND DISCUSSION  

For NMOS, results from process simulation using SRIM, UT-Marlowe 

and TSUPREM-4 are in relatively good agreement in the junction depth with 

dopant-selective etching results except in Gaussian result as shown in Table 4.7. 

The difference between simulated data and etching results is less than 5% in 

junction depth and 12% in channel length. For Gaussian data of junction depth, 

the difference between Gaussian and etching data is more than 40% because 

Gaussian model only consider parameters of the projected range and standard 

deviation. 

 
Model Junction depth (nm) Channel length (nm) 

Gaussian 49.3 269.3 

Pearson 87.9 266.6 

SRIM 86.0 269.7 

UT-Marlowe 86.3 269.7 

SIMS 87.5 269.7 

TEM with dopant 
selective etch 

83.0 237.0 

Table 4.7 The junction depth and channel length profiles of all simulations and 
dopant selective etch experiment for NMOS. 
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For PMOS results, only the Gaussian profile of the junction depth is well 

matched with dopant selective etching results as shown in Table 4.8. The 

difference between simulated data and etching results is more than 30% in 

junction depth and 22% in channel length. The difference between Gaussian and 

etching data is less than 1% because PMOS underwent a thermal annealing not 

enough to diffuse implanted atoms. 

 
Model Junction depth (nm) Channel length (nm) 

Gaussian 125.8 233 

Pearson 188.6 266.6 

UT-Marlowe 188.3 266.3 

SIMS 188.4 266.3 

TEM with dopant 
selective etch 

125.0 205.0 

Table 4.8 The junction depth and channel length profiles of all simulations and 
dopant selective etch experiment for PMOS. 

 

Because SIMS depth profile is a relatively accurate measurement of 

dopant profile, the concentration sensitivity of dopant-selective etching method 

can be evaluated with the combined image of TEM micrograph and SIMS depth 

profile of annealed specimen as shown in Figure 4.32. These data are calibrated 

with scale bar in both results. For NMOS, the junction depth and the related 

concentration were 83 nm and 6×10-17 cm-3, respectively.  
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Figure 4.32 The overlapped image shows the junction depth and the 
concentration sensitivity of NMOS. 



  79 

 
 

Chapter 5: Consideration for Specimen Preparation for Electron 
Holography 

5.1 INTRODUCTION 

 High quality electron holography in the TEM requires correct imaging 

conditions, lens settings, and very good specimens. Specimen thickness is 

particularly critical for electron holography because phase shift accumulates with 

specimen thickness such that variations in specimen thickness produce variations 

in the phase images. Thus, the control of specimen thickness for electron 

holography is more critical than for normal TEM imaging. 

 This chapter emphasizes techniques for specimen preparation that make 

use of the focused ion beam tool (FIB).  FIB technology makes it possible to 

prepare uniformly thinned cross-sectional TEM specimens from specific sites on 

silicon wafers.  In the next section, the specimen requirements for holography 

will be described.  After an introduction to the FIB, two FIB-based TEM 

specimen preparation techniques will be described in detail. The chapter will 

conclude with discussions of how to minimize thickness variations and 

implanted Ga ion damage in FIB’ed specimens. 

 

5.2 REQUIREMENTS FOR SPECIMEN 
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 As noted in a recent study, [59] the basic principles behind the use of 

electron holography for dopant profiling place severe demands on the specimen.  

First of all, the area of interest must be thin, but not too thin.  In the absence of 

dynamical diffraction or any electric fields, the phase change, ∆ϕ , of the 

electron wave that is transmitted through a specimen of thickness t is given by 

tVC oE=∆ϕ     (5.1) 

where CE is a cluster of physical constants numerically equal to 

7.28X106 m−1eV −1 for 200 keV electrons, and Vo is the mean inner potential of 

the specimen in eV.  Variations in the dopant concentration effectively produce 

small variations in the local value of the inner potential, 

[ ]tyxVVC doE ),( +=∆ϕ      (5.2) 

where Vd(x,y) << Vo represents the small position-dependent changes in the 

inner potential associated with the dopants.  Small variations in Vd(x,y) produce 

small variations in phase, reflecting the local dopant concentration.  As can be 

seen from these equations, a very thin specimen will not produce large phase 

differences between areas doped differently.  But, as the specimen thickness 

increases, these phase differences can be expected to increase and eventually 

become detectable above background.  However, as the specimen thickness 

increases, the fraction of the electrons that undergo incoherent scattering events 
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also increases. Ultimately, the background from these incoherently scattered 

electrons buries the useful signal.  The result is that there is an optimum 

thickness for dopant profiling in silicon using a 200 keV microscope that 

typically lies between 200 nm and 300 nm. 

 Secondly, the specimen must be parallel-sided.  The value of the mean 

inner potential for silicon in the absence of doping (Vo) is much larger than the 

variations that result from doping Vd(x,y).  Specimen thickness variations of a 

few percent give larger phase changes than do the dopant local variations in 

concentration. Dopant profiling can only be done for samples whose thickness 

does not vary significantly across the critical source and drain areas of the 

CMOS devices. 

 Thirdly, the specimen should be clean.  An amorphous layer on the 

specimen will produce a phase shift that will be approximately constant over the 

specimen. This phase shift is essentially background for dopant profiling.  It can 

contribute to an incorrect estimation of specimen thickness.  Similarly, gallium 

deposits from the FIB should be minimized. 

 Because holography detects local changes in inner potential, specimen 

charging under the electron beam must be eliminated.  Charging can be 

minimized by coating one side of the specimen with a layer of carbon or 

chromium, although these films do contribute to the background. 
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 Finally, the area of interest must be situated near the edge of the 

specimen so that it can be possible to allow part of the beam to bypass the 

specimen.  In the present context, it is necessary to thin the CMOS devices in 

such a way that their sources and drains are intact, but near the edge of the 

specimen. 

 It is not likely that specimens of this quality can be routinely prepared 

using traditional techniques.  Conventional mechanical grinding and polishing, 

followed by broad area ion beam milling, generally produces wedge-shaped 

specimens within which the thickness and position of the area of interest relative 

to the edge of the specimen cannot be controlled.  The traditional technique for 

cross-section specimens requires the use of epoxy to bond together a stack of 

wafers. The epoxy is likely to charge under the electron beam, and may interfere 

with the reference beam. Although mechanical stability of the stack is enhanced 

by minimizing the thickness of the epoxy film; holography demands that the 

epoxy film be relatively thick to allow room for the reference beam to pass 

between the two halves of the specimen.  

Focused ion beam techniques can eliminate the use of epoxy, prepare 

parallel sided specimens, and position the area of interest near the vacuum.   

However, focused ion beams do cause implantation damage, and they may leave 

a layer of Ga on the surface of the specimen. 
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5.3 THE FOCUSED ION BEAM TOOL FOR TEM SPECIMEN PREPARATION 

 The principle of operation of a focused ion beam (FIB) tool is similar to 

that of a scanning electron microscope. Gallium ions are generated and 

accelerated through 30 keV, they are focused to a nanometer-scale probe, and 

that probe is rastered over the specimen surface. Images are formed using the 

secondary electrons that are produced at the point where the ion beam strikes the 

specimen.  

 
Figure 5.1.  A schematic drawing of FIB system used in specimen preparation 
process. 
 

In the FIB, molten Ga is allowed to flow down to the tip of a tungsten 

needle that is exposed to a large electric field.  The field extracts ions from a very 

small effective source area, they are accelerated, and focused to a 7 nm diameter 
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probe using electrostatic lenses.  The ion column (Figure 5.1) consists of the 

source and accelerating section, the focusing lens, and the ion beam deflection 

system.  The ion column is maintained at high vacuum.  The multi-axial 

specimen stage is under precise computer control.  Most FIB’s are also equipped 

with gas injection devices so that films can be deposited on the specimen for 

protection or repair.  Some are also equipped with an electron column, so that the 

specimen can be imaged at high resolution without ion beam damage.   

FIB’s can be used for stand-alone imaging, for the repair of 

microelectronic devices, or as tools for the preparation of specimens for other 

analytical techniques, such as Auger electron spectroscopy, secondary ion mass 

spectrometry, and transmission electron microscopy.  TEM specimen preparation 

using the FIB relies on the fact that the ion beam sputters away atoms from the 

surface of the specimen.  The focused beam can be used to carve out the area of 

interest in a form suitable for TEM analysis.  It can usually prepare specimens 

much more rapidly than can be done using the more traditional techniques.  Two 

FIB-based techniques for specimen preparation are described in detail below. 

 

5.3.1 THE FIB LIFT-OUT METHOD 

 The integrated circuit industry is widely adopting FIB lift-out techniques 

for TEM specimen preparation. FIB lift-out techniques provide higher 
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throughput; they are capable of producing specimens in less than an hour.  Other 

techniques for site-specific specimen preparation typically require several hours 

to complete.  Because FIB lift-out techniques consume less than 100 µm2 of the 

wafer, most of the original wafer can be retained for other types of analysis.  

 Very briefly, the FIB lift-out technique begins by depositing a layer of 

protective material over the piece of wafer to be extracted.  Then, trenches are 

milled on both sides of this protective layer.  The protected area is gradually 

thinned to electron transparency using successively lower beam currents. Then 

the specimen is tilted so that the ion beam can cut around the thinned slice of the 

material. A micromanipulator is used to lift the thin slice out of the wafer and 

place it on a carbon support film on a Cu mesh. A detailed description of this 

process is as follows: 

 

Step 1 – Place the target area on the center of the viewing screen. 

 The target area of the wafer can be found using the secondary electron 

imaging mode of the FIB or through the use of navigation modes which can 

transfer coordinates from other defect detection tools.  

 

Step 2 – Deposit a protective layer over the target area. 
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 A protective layer of carbon, or metal such as platinum or chromium, is 

deposited over the target area to prevent unnecessary milling or damage during 

subsequent steps.  The deposition is especially important when the surface layer 

needs to be analyzed.  The protective layer also serves as a reference mark during 

the FIB milling process, so that the specimen can be consistently returned to the 

proper position. 

 

 
Figure 5.2.  FIB image of specimen immediately after deposition of a carbon 
protective layer.  The gross features of the wafer are memory cells.   

 

Step 3 – Mill out two triangular trenches. 
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 The ion beam is used to cut a triangular trench on each side of the target 

area.  Starting with a high current of approximately 5000 pA at a distance of 

approximately 15 µm from the target area, the beam is moved at a decreasing 

velocity toward the target area.  The resulting trench is deepest near the 

specimen. The same process is completed on each side of the specimen.  The 

triangular shape of the trench provides accessibility for the micromanipulator. At 

this high beam current, the surrounding area is quickly damaged; it is important 

to minimize time spent in imaging the surroundings and to avoid long, 

unnecessary exposures. 

 
Figure 5.3.  Triangular trenches are milled on both sides of the target area using a 
high current ion beam. 
 

Step 4 – Thin the target using reduced beam currents. 
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 After the trench milling is complete, a beam of approximately 1250 pA is 

used to remove the gross artifacts of trench milling and reduce the thickness to 

0.5 µm.  The current is further reduced to 250 pA, and the thickness is pared 

down to 0.3 µm. 

 

Figure 5.4.  Tilted view of the specimen after milling with a beam current of 250 
pA.  The device structures are now visible. 
 

Step 5 – Cut around the pre-thinned specimen. 

 At a specimen thickness of 300 nm, the stage is tilted 55 ˚, and a 250 pA 

beam used to cut around the specimen.  This cutting process could be done after 

final thinning, but it is likely to damage the surface of the specimen.  In order to 

avoid this damage, it is better to do the cutting before final thinning and 
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polishing of the specimen surface.  The cut is done such that the top surface of 

the silicon and the carbon layer are still intact. 

 
Figure 5.5.  Tilted view of the specimen after cutting around the pre-thinned 
specimen. The specimen is still not yet thin enough for holography.   
 

Step 6 – Polish to desired final thickness. 

 Final polishing to the desired thickness is done with the beam current 

reduced to 50 pA.  For electron holography, the optimum thickness is typically 

around 200 nm.  Other TEM techniques, such as high-resolution imaging, 

typically require significantly thinner specimens.  During the final thinning 

process, it is helpful to tilt the specimen 1˚ so that the beam is in grazing 

incidence which improves the uniformity of the specimen thickness. 
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Figure 5.6.  Final thinning of the specimen is done with a beam current of 50 pA. 
 

 

Figure 5.7.  The final thickness of the specimen can be measured using the 
secondary electron imaging mode of the FIB.   
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Step 7 – Complete the cut. 

 The two corners of the specimen are cut using the lowest possible beam 

current, and the specimen is ready for lift-out.  Even though the specimen is free 

from the substrate at this point, it remains in position because of static electrical 

forces. 

 
Figure 5.8.  Final cutting of the corners of the specimen readies it for lift-out. 

 

Step 8 – Lift the specimen out using the micromanipulator and place it on the 

support grid. 

 A micromanipulator installed in an optical microscope is used to lift the 

specimen out of the wafer and place it on a support grid. The lift-out system 
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consists of a very fine glass needle and a three-axis micromanipulator.  While 

imaging through the optical microscope, the glass tip is placed just over the 

specimen.  Electrostatic interactions cause the specimen to adhere to the glass 

needle.  The glass needle carries the specimen to the 3 mm diameter Cu support 

grid with 10 nm thick continuous carbon film.  Figure 5.10 is a low 

magnification TEM image of the Cu support grid, with carbon film and 

specimen. For electron holography, it is always necessary to record a reference 

hologram containing no specimen at all; the support film in Fig. 5.10 is 

deliberately broken in order to make that possible.  

 

Figure 5.9.  Photograph of the micromanipulator system that is used in an optical 
microscope.  
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Figure 5.10.  Low magnification TEM image of the Cu support grid with 10 nm 
thick carbon film.  The actual TEM specimen is the small dark rectangular object 
lying on the carbon film.  The carbon film within one grid square is broken to 
facilitate acquisition of reference holograms. 

 

5.3.2 GRINDING +  FIB METHOD 

 The second preparation technique used in this study uses a combination 

of mechanical grinding and ion beam milling.  A rectangular parallelopiped of 

the silicon wafer is pre-thinned to approximately 30 µm by mechanical grinding, 

mounted on a Cu support, and FIB milled to electron transparency.  This method 

is suitable for specimens that must be handled and viewed repeatedly because it 

produces specimens that are relatively strong.  It is also possible to produce 

more than one electron-transparent region on a single specimen; this reduces the 
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time spent inserting and retracting specimens from the TEM column.  Some of 

the specimens used in the dopant-selective etching and electron holography 

experiments were produced in this way.  This technique also is referred to as the 

“bar-type” TEM specimen method. 

 
Figure 5.11.  FIB secondary electron image of a bar-type specimen with three 
different thinned areas (arrowed).  Specimens of this type were used for electron 
holography because they allow various thicknesses to be examined in a single 
specimen. 

 

Step 1 – Make a half-cut Cu grid. 

 The first step in this process is to cut a Cu support grid into a form that 

will be used to hold the specimen in the FIB and in the TEM.  Begin with a 

standard 50 µm thick, 3 mm outside diameter Cu support ring. The ring should 
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have a single, large (1 – 2 mm) hole.  The Cu support ring should be mounted on 

a glass slide using wax, then sliced with a diamond cutting tool. The cut should 

be somewhat off center, in order to give sufficient space to hold the specimen in 

the FIB.   It may be necessary to grind the cut edge to remove the burr. 

 

 

Figure 5.12.  The Cu support ring is cut into a form suitable for both FIB and 
TEM. 

 

Step 2 – Cleave and pre-thin the specimen bar. 

 A micro-cleaving tool is used to cleave the silicon wafer such that an 

area of interest is 10 µm from the cleaved surface.  The cleaved surface is 

mounted to the tripod polisher and the opposite side is ground down to a final 

thickness of 30 µm using standard techniques.  Final grinding may be done using 

a dimpler.  The ground surface should be polished using submicron abrasives. 
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Figure 5.13.  The FIB bar is made using a micro-cleaving tool followed by 
mechanical grinding and polishing to a thickness of 30 µm. 

 

Step 3 – Glue the bar to the half-cut Cu support ring. 

 The pre-thinned bar is glued to the half-cut Cu ring using M-Bond 610® 

adhesive.  The bar should be carefully leveled on the Cu support, and the area of 

interest should be located near the center.  The specimen is now ready for FIB 

milling. 

 
Figure 5.14.  The FIB bar is glued to half-cut Cu grid using M-Bond 610®. 
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Step 4 – Load the specimen into the FIB stage. 

 The specimen must be loaded into the FIB specimen clamp very 

carefully in order to avoid breaking the bar.  The alignment of the specimen in 

the FIB holder must be checked. 

 

Figure 5.15.  The Cu support ring holding the FIB bar is placed into the special 
stage for TEM specimen preparation in the FIB.  In the FIB, the gallium ions will 
mill the specimen from its edge; once in the TEM, the electrons will pass through 
the specimen normal to Cu support ring. 

 

Step 5 – Load the FIB stage into the FIB and deposit a protective layer of carbon. 

 Once inside the FIB, it is necessary to align the stage to the FIB.  The bar 

must be parallel to the x-coordinate so that the mill can produce a thin area 

whose sides are parallel to the bar.  The tilt center should be set to that the 

specimen can be tilted about the line representing the top edge of the specimen.  
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Due to the design of the TEM specimen clamp, it is necessary to tilt the 

specimen approximately 30 ˚ so that ion beam lies in the plane of the specimen. 

The imaging capabilities of the FIB can be used to locate an area of 

interest.  A layer of carbon can be deposited on the edge of the specimen 

adjacent to the area of interest in order to avoid damaging it during the coarse 

milling. Specimens for holography are prepared without the carbon layer 

because it interferes with the reference wave. 

 

Figure 5.16.  Low magnification FIB secondary electron image showing the 
specimen immediately after loading. 

 

Step 6 – Mill the specimen to electron-transparency using successively smaller 

beam currents. 
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 A high beam current (5000 pA) can be used to rough mill the specimen.  

Typically this is followed by polishing with 1250 pA, 250 pA, and finally, 50 

pA. 

 

Figure 5.17.  A low magnification FIB image of a tilted specimen that has 
undergone coarse milling using a 5000 pA ion beam. 
 

This grinding + FIB method can be readily adapted to various types of 

specimens. As can be seen in Figure 5.19, the thinned area can be extended to 

include both NMOS and PMOS devices.  It is possible to mill different parts of 

the same specimen to different thicknesses so that the effects of thickness on 

imaging or holography can be determined. 
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Figure 5.18.  A low magnification FIB image of a tilted specimen that has 
undergone final polishing using a 50 pA ion beam. 

 

 For dopant profiling in the source and gate areas, it is necessary for the 

thinned area of interest to lie near the edge of the specimen. Using this 

technique, it is possible to move the source and drain to the edge by cutting 

away some of the poly-silicon gate material.  This is done by tilting the 

specimen 90 ˚ to the beam and carefully milling away the edge of the specimen.  

Figure 5.20 shows a specimen whose edge has been removed so that the source 

and drain are near the vacuum. 
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Figure 5.19.  A low magnification FIB image showing an extended thin area.  
The thickness of the specimen varies in a series of steps along the specimen. 
Several different NMOS and PMOS devices are exposed. 

 

Figure 5.20.  A higher magnification FIB image showing the specimen tilted 90 ˚ 
to the ion beam after removal of unnecessary poly-silicon gate material. 
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5.4 THICKNESS VARIATIONS FOLLOWING FIB MILLING 

 It is commonly observed that high atomic number materials, such as 

tungsten silicide, in the device structure interfere with FIB milling such that 

thickness of the silicon substrate varies with position below the device structure.   

This “curtaining” effect produces thickness variations in the areas of greatest 

interest for dopant profiling.  Figure 5.21 shows the effect of curtaining on a pair 

of the amplitude and phase images reconstructed from a hologram of an NMOS 

device.  Although the thickness variations are hardly noticeable in the amplitude 

image, the phase image presents striking evidence of a ridge of silicon below the 

gate structure.  Assuming a mean free path of 90 nm at 250 keV electrons, it can 

be estimated that the specimen thickness varies by some 40 nm across this ridge. 

The phase variations associated with thickness changes of this magnitude are 

certainly much greater than the phase variations associated with the dopant 

distribution.  

The effects of curtaining can be mitigated by image processing or by 

modification of the specimen preparation technique.  Image processing attempts 

to remove the effects of curtaining by subtracting a profile similar to that seen in 

Figure 5.21 from the phase image. This can be useful when the phase shift 

resulting from curtaining is not large compared to the phase shift associated with 

doping. However, for a situation like that seen in Figure 5.22, errors in 
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subtraction of the spurious phase shifts are likely to be greater than the total 

resulting from the dopant concentration variations.   

 

 

Figure 5.21.  Amplitude and phase image reconstructed from an electron 
hologram showing the curtaining effect associated with FIB milling through the 
tungsten silicide gate. The phase variations along trajectory A—B are assumed to 
arise from thickness variations as shown in the line profile. 

  

Eliminating the curtain requires that the ion beam be directed at the 

specimen from a direction that differs from the usual FIB milling practice.  The 

simplest such approach uses broad area argon ion milling at a glancing angle to 

polish the surface.  This can give modest improvements in the shape of the 
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specimen.  If a micromanipulator is available within the FIB chamber, it is 

possible to lift the specimen out, re-orient it and FIB-mill from the backside.  

This form of backside milling is reported [60] to remove the curtain very 

effectively.  With no access to an in situ micromanipulator, it becomes necessary 

to remove most of the wafer by mechanical grinding and polishing.  As seen in 

Figure 5.22 and 5.23, the bar-type specimen is ground down to a total height of 

only 20 µm before mounting on the half-cut Cu support.  Obviously, this 

requires a greater investment in time, but the results, as seen in Figure 5.24 are 

apparently very good.  This technique was used for some of the holography 

specimens observed in this study. 

 

 

Figure 5.22.  Schematic diagrams illustrating the preparation of a bar-type TEM 
specimen by backside grinding of the wafer prior to FIB milling. 
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Figure 5.23.  Low magnification FIB image of the bar-type specimen prepared 
by backside grinding prior to loading into the FIB. 

 

 

Figure 5.24.  Conventional TEM bright field image of specimens prepared by 
conventional FIB milling and by FIB milling from the backside.  The curtaining 
effect has apparently been eliminated by backside milling. 
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5.5 Gallium Ion Damage in Silicon 

FIB milling techniques are invaluable for the preparation of site-specific 

TEM specimens, but they do cause some damage to the specimen. In this study, 

damage formation from FIB gallium ions during specimen preparation has been 

investigated with a Monte Carlo simulation and TEM analysis. Damage 

formation from FIB milling process is pretty similar to that of ion implantation 

process because both of them were governed by ion/solid interactions. However, 

FIB milling process sputters away the materials due to high corrosive property of 

gallium ions. 
 
 

 

Figure 5.25 Monte Carlo simulation of the gallium damage on silicon for 30 kV 
accelerating voltage. 

 

In addition to the damage that occurs along the line of the gallium beam, 

scattering of the gallium ions produces damage in areas on either side of the 

beam.  This is shown schematically in Figure 5.25, which is very similar to 
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Figure 3.6.  The Monte Carlo simulation shows that the beam penetrates as far as 

80 nm into the silicon with damage maximized at a depth of about 25 nm.  

Transverse scattering delivered some of the beam to points as far as 30 nm on 

either side.  For final polishing of TEM specimens, the FIB beam is directed at a 

very small glancing angle to the specimen surface.  Scattering at that surface can 

be expected to deliver some gallium ions to points 30 nm below the surface.  

This transverse scattering can be expected to damage the specimen surface to a 

similar depth.  

 

 
Figure 5.26.  Three different trenches are made for FIB damage test. A TEM 
specimen is made of these damaged areas for microscopic analysis. 

 

In order to investigate the effects of transverse Ga scattering, equal doses 

of gallium ions at three different beam currents of 200 pA, 1250 pA, and 5000 
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pA were applied to equal 3 µm x 6 µm areas of a wafer consisting of 200 nm of 

tantalum on a silicon substrate.  As shown in Figure 5.26, three rectangular boxes 

were milled out, and an additional protective layer of carbon was deposited over 

the surface.  Then, a TEM specimen was made from a cross section of the area 

containing the three boxes.   

 

 
Fig. 5.27 TEM micrographs from FIB gallium ion damage test. 

 

In effect, this produces a cross section of the TEM cross section.  As can be seen 

in Figure 5.27, the Ga ions do cause damage to the sides of the boxes, although 

the extent of damage is not strongly dependent on the dose rate. The tantalum 

layer above the rapidly milled specimen was almost completely milled through.  

The amorphized layers on these samples are between 30 and 40 nm thick.  

Presumably, amorphous films having similar thicknesses are produced during 

FIB polishing operations.  Because this damage results from the basic physics of 

scattering, it can not be totally avoided.  It can only be minimized by minimizing 
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the time spent in milling so that the total number of transversely scattered 

gallium ions is minimized. 

 
5.6 Summary 

This chapter presented two different techniques for preparation of useful 

TEM specimens using the focused ion beam tool (FIB).  The FIB lift-out method 

is probably best for rapid preparation of specimens for routine TEM analysis.  

The bar-type method can produce larger thinned areas, and it is easy to prepare 

regions of various thicknesses within the same specimen. This makes it possible 

to examine the effects of thickness on the image or hologram.  Specimens made 

with either of these techniques are likely to show the curtaining effect. Specimen 

damage during any type of FIB milling includes gallium ion implantation, defect 

formation, and amorphization; the peak implanted gallium concentration can be 

as deep as 40 nm below the surface. A modification of the bar-type techniques in 

which the wafer is first ground down to a thickness of 20 µm in order to facilitate 

backside FIB milling proved to be the best for dopant profiling by holography.  



  110 

 
 

Chapter 6: Two-Dimensional Electrostatic Potential Profile by 
Off-Axis Electron Holography 

 

6.1 INTRODUCTION 

Electron holography has the potential to be the best possible 

measurement of dopant profiles.  The spatial resolution in the specimen plane is 

on the order of 5 nm, the results are truly two-dimensional., and electron 

holography can potentially be quantitative. However, dopant profiling by 

electron holography is still not mature; it still requires a specialist to set up the 

instrument.  Results from electron holography have not been fully calibrated 

against other techniques. The optimum specimen and specimen preparation 

techniques have not been fully established. 

 This chapter aims to make a contribution to the development of 

electron holography for dopant profiling by comparing its results with those 

obtained by other techniques.  In the next paragraphs, thee two instruments will 

be described, and the details of the reconstruction will be highlighted. 

 

6.2 MICROSCOPES 

Electron holograms have been acquired using the JEM-2010F at the 

University of Texas and the Philips TECNAI F30 at International SEMATECH, 

Austin, TX, USA.  Both instruments are equipped with Schottky field emission 

electron sources, electron biprisms, and digital cameras.  Field emission guns are 



  111 

 
 

essential for electron holography.  They are much more nearly coherent, and they 

can be more than 10 times as bright as thermionic LaB6 or W emitters.  In both 

of these TEM’s, the biprism is located between the back focal plane and the 

image plane of the objective lens.  Both systems also require that the lens settings 

be significantly different from those used in normal TEM operations; but the 

details of the lens configurations differ greatly. 

 

 
 

Figure 6.1.  A schematic lens setup for the electron holography with free lens 
control of JEM-2010F and Lorentz lens of Philips Tecnai TEM system. 
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Figure 6.1 shows schematic diagrams of the optical columns of the two 

lenses. In both cases, the first condenser lens (CL1) is used to form a 

demagnified image of the electron source above the specimen.  Strengthening 

CL1 reduces the size of the demagnified image for greater coherency, but 

reduces the total electron current delivered to the specimen.  Subsequent 

condenser lenses (CL3 in JEM-2010F and CM in F30) are used to form a nearly 

parallel electron beam at the specimen plane.  This beam must span the area of 

interest of the specimen as well as an equal area of vacuum outside the specimen.  

Because dopant profiling does not require high magnification, the 

primary imaging lens for TEM operation – the objective lens (OL) – is shut off, 

and a much smaller lens is used to bring the beam through cross-over ahead of 

the biprism.  In the TECNAI instrument, this lens is referred to as the “Lorentz 

lens” because it was originally designed to enable image of magnetic domain 

structures.  In that role, the OL must be shut off or dramatically weakened in 

order to minimize lens fields at the specimen.  It turns out that this “Lorentz” 

lens also is useful for holography because it allows the electron beam to remain 

parallel through the specimen plane.  Similarly, the objective minilens (OM) in 

the JEOL instrument was designed for other purposes. In normal JEOL 

operation, it is excited in STEM modes and can be useful for convergent beam 

diffraction.  OM lenses have also been used for magnetic domain imaging.  In 

both cases, absence of strong fields from the OL’s enables parallel illumination 

through the specimen. 
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Following the OM/Lorentz lens, the beam passes through the biprism 

which causes electron wave that transmitted through the specimen to interfere 

with the electron wave that remained in vacuum as it passed the specimen.  A 

hologram is formed near the image plane of the OM; subsequent lenses magnify 

the hologram to the viewing screen or camera. 

In operation, holography in the F30 is accomplished in the “Lorentz” 

operating mode.  Shifting to Lorentz mode configures the lenses as suggested by 

Figure 6.2, and only a modest amount of re-alignment is necessary.  The JEM-

2010F makes use of Free Lens Control (FLC) for holography.  FLC allows 

independent control of each lens in the column; each lens is then manually set to 

a range that is appropriate for holography, and considerable re-alignment is 

required.  Details of the procedures that are required are included as an 

Appendix.  JEOL has provided settings for low (HOLO-L), medium (HOLO-M), 

and high magnification (HOLO-M) holography, and they are working on more 

convenient lens setup through their FasTEM® system [61], but this is not yet 

operational. For this work, high magnification was not necessary, and only 

HOLO-L was used. 

 

6.3 RECORDING OF ELECTRON HOLOGRAMS 

Actual recording of holograms is relatively straightforward once the 

lenses are properly configured and aligned.   The area of interest of the specimen 

is brought to one side of the center of the viewing screen and camera.  The 

biprism wire is inserted into the column and rotated so that its image lies roughly 
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parallel to the edge of the specimen, and across the center of the viewing screen. 

The condenser stigmators are adjusted such that the electron beam is elongated 

normal to the biprism wire as shown in Figure 2.9.  As the voltage on the biprism 

is increased, the Fresnel fringes from the biprism wire move apart, as suggested 

by Figure 2.8, and a series of parallel fringes appears over the image of the 

specimen.  

 
Figure 6.2.  Electron holograms are recorded with a CCD camera of JEM-2010F 
TEM. 

 
Figure 6.3.  Electron holograms are recorded with a CCD camera of Philips 
Tecnai F30 TEM. 
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Figure 6.2 shows a typical unprocessed hologram and reference hologram 

recorded using the JEM-2010F, and 6.3 shows those obtained using the TECNAI 

F30.  

As noted in the discussion of equation (2.2), the amplitude of the 

holographic fringes, or the “fringe visibility” 

MINMAX

MINMAX

II
II

+
−

=µ               (6.1) 

is a measure of the quality of the holographic data.  In this expression, 

IMAX and IMIN are the maximum and minimum pixel intensity, respectively. The 

fringe visibility is controlled by the degree of coherence of the electron beam, the 

amount of inelastic or incoherent scattering within the specimen, the voltage on 

the biprism and the total number of counts in each pixel of the hologram. The 

degree of coherence of the electron beam depends on the gun settings and on the 

condenser lens settings. The amount of inelastic scattering depends on the 

specimen composition and thickness.   

The voltage on the biprism has direct and immediate effects on the fringe 

visibility.  Figures 6.4 and 6.5 compare the fringe visibility resulting from 

various settings of the biprism voltage for the two instruments.  Because of 

differences in construction and geometry, the biprism on the TECNAI F30 

requires much higher voltages than does the biprism on the JEM-2010F.  As the 

biprism voltage increases, the fringes become narrower, the area on the image of 

the specimen that is spanned by the fringes increases, and decreases. As the 

fringes become narrower, they span fewer pixels; eventually, the digital camera 

can no longer record a well-defined sinusoidal carrier wave.   
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Figure 6.4.  The characteristics of electron holograms from JEM-2010F with 
various electron biprism voltages. 

 

It is, however, desirable to produce narrow fringes because narrow fringes can 

theoretically contain more information; in effect, narrower fringes improve the 

spatial resolution of the reconstructed amplitude and phase images.  It is also 

frequently desirable to span a large area on the specimen in order to image an 

entire device simultaneously. However, increasing the biprism voltage eventually 

results in loss of fringe visibility, such that no information is recorded. This can 
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be seen in Figure 6.5 where µ decreases from approximately 0.23 at 35 V to 0.1 

at 65 V.  As a rule of thumb, the biprism voltage should normally be set in a 

range that gives at least 4 pixels per fringe. 

 

 
Figure 6.5.  The characteristics of electron holograms from Philips Tecnai F30 
with various electron biprism voltages. 

 

As noted in Chapter 2, good fringe visibility implies a good signal to 

background ratio. Since the signal associated with dopant variations is 

necessarily weak compared to the background, it is necessary to record large 

numbers of counts in each pixel of the hologram. This is done by using a bright 

electron source, a beam that is elongated normal to the biprism wire, and a 

relatively long image acquisition time. Holograms presented here typically 
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required 10 second exposures.  Each experimental hologram was accompanied 

by a reference hologram taken under identical conditions. 

Two additional factors that can affect the results of electron holography 

for dopant profiling are (i) the presence of strong, dynamical diffraction within 

the specimen, and (ii) charging of insulating areas of a specimen by the electron 

beam.  As shown in Figure 6.6, strong diffraction effects are visible as bend and 

thickness contours in the TEM images.  The normal approach to avoid their 

effects on the holograms is to simply tilt the specimen a few degrees away from 

the zone axis and monitor the image to be sure the no strong Bragg conditions 

are accidentally established.   

 

 
Figure 6.6.  The TEM micrographs show the difference of slight tilt of 3° to 
remove the diffraction contrast effect at <110> zone axis. 

 

An electrically insulating specimen will become positively charged under 

an TEM beam because secondary electrons are produced at the top and bottom 

surfaces. The resulting shift in the electrostatic potential will affect the phase 
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obtained from the holographic reconstruction process. The insulating regions of a 

CMOS device may become charged under the electron beam even though the 

overall specimen remains uncharged. Such local charge variations will definitely 

cause distortions in the measured potential distributions. These effects are 

minimized by coating the specimen with a thin conducting layer.  Following 

reconstruction, the intrinsic electrostatic potential from the substrate well away 

from the device should be obtained and used to check for the presence of 

charging effects and remove them whenever possible.  

 

6.4 RECONSTRUCTION OF ELECTRON HOLOGRAMS 

As described in Chapter 2, the reconstruction of amplitude and phase 

images from an electron hologram involves the following steps: 

a) A Fourier transform of the hologram is calculated. 

b) The streak in the Fourier transform should be removed.   

c) One of the side bands in the Fourier transform is cut out using a 

suitable envelope function and shifted to the center. 

d) The centered side band in inverse Fourier transformed to produce 

amplitude an phase images.  

e) Steps (a) through (d) are repeated for the reference hologram 

f) The complex image from the experimental hologram is divided by the 

complex image from the reference hologram. 

Figure 6.7 gives a schematic of the process. 
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Figure 6.7.  The principle of reconstruction process of electron holograms. 

 

In practice, reconstruction is done using either of two commonly 

available software packages.  Holoworks™ was originally written by Edgar 

Völkl and distributed by a Gatan Inc. Version 1.0 was available for this study.  

Molly McCartney has also put together software for this application; a recent 

version of her ASU holography software was also available [62].  Both of these 

consist of a series of scripts for the Gatan Digital Micrograph™ software that is 

also used to acquire the digital images [63].  

ASU holography software includes a convenient routine for removing the 

streak connecting the sidebands in the Fourier transform. This streak is the 

Fourier space representation of the Fresnel fringes in the hologram; the Fresnel 

fringes come from scattering at the biprism, and are essentially artifacts in this 
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context.  ASU holography also provides tools to remove the effects of curtaining 

and other specimen thickness variations from the phase image. The thickness of 

the specimen can be estimated from the amplitude image as 

 { }AmplitudeMFPt log)(2−=                             (6.2) 

where the inelastic mean free path, MFP, in silicon is taken as 85 nm for 

200 keV electrons and 90 nm for 250 keV electrons. Amplitude is the intensity of 

the amplitude image as a function of position in the image. More recent versions 

of Holoworks include these features and more. Both software packages can make 

use of reference holograms in order to eliminate many minor experimental 

complications. 

 

 

 

Figure 6.8.  The screen image of Digital Micrograph shows the beginning of the 
reconstruction process of electron holograms. 
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The reconstruction process begins with the experimental hologram on top 

of the reference hologram as shown in Figure 6.8. Fourier transforms are 

calculated, and the sidebands are shifted to the center as seen in Figure 6.9.  

 

 

 
 

Figure 6.9.  The screen image of Digital Micrograph shows the sideband 
selection and removing of the streak lines from Fresnel fringe of electron biprism. 

 

The user is then allowed to outline the area of the streak using the ROI 

(region of interest) tool and remove it. The software then produces 6 images as 

shown in Figure 6.10.  They are (i) a complex image, (ii) a thickness image, (iii) 

an amplitude image, and (iv) three phase images with different contrasts. 
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Figure 6.10.  The screen image of Digital Micrograph shows the six 
reconstructed images, one complex, one thickness, one amplitude, and three 
phase images. 

 

 
Figure 6.11.  The reconstructed phase image show the dopant profile of NMOS 
and PMOS. 
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It is possible to remove the effects of thickness variations between the 

source and drain areas due to curtaining during FIB milling.  The thickness of a 

trajectory from source to drain is estimated from the amplitude image.  The 

overall thickness is set to an average of the thickness of the source and drain.  

The amplitude and phase images are adjusted accordingly. The results of this 

process are shown in Figure 6.11. 

 

6.5 ANALYSIS OF RESULTS 

Holograms were recorded using the JEM-2010F and the TECNAI F30 

TEM’s. from specimens of various thicknesses containing both NMOS and 

PMOS devices. Holograms were reconstructed using Holoworks and ASU 

holography software. Only those holograms recorded using the TECNAI F30 

from specimens between 200 and 350 nm thick and reconstructed using ASU 

Holography software produced unambiguous evidence of dopant profiles.   

An example of a successful reconstruction appears in Figure 6.12. In 

these phase images, the source and drain areas appear at a different intensity 

level than the surrounding silicon substrate.  The intensity varies continuously 

from the center of the source or drain to the substrate far below.  Following the 

reconstruction process in which a single sideband from the original 1024 × 1024 

hologram is selected and converted into amplitude and phase images, each phase 

image is reduced to a 128 × 128 pixel image.  Each pixel in the image 

corresponds to approximately 5 nm on the original specimen. 
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Figure 6.12.  The reconstructed phase images with color contour show the 
distribution of dopant of both NMOS and PMOS. 

 

Following proper reconstruction of the electron hologram, the phase 

image, ϕ(x,y) , is proportional to the potential within the specimen and the 

thickness of the specimen [64]: 

 

 ϕ(x,y) = CE Vo +V (x, y)[ ]t(x, y)  (6.3) 

where Vo is the mean inner potential (12 V for silicon), V(x,y) is the 

variation in inner potential with position due the local variations in dopant 

concentrations, t(x,y) is the thickness, and CE is constant equal to 0.00691 

rad/(V•m) for 200 keV electrons and 0.00728 rad/(V•m) for 300 keV electrons.  

Because Vo is much larger than V(x,y), small variations in the thickness can have 

greater effects on ϕ(x,y) than do the variations in dopant concentration.  This is 

probably the origin of the region of dark contrast immediately below the gate in 

the phase image of the PMOS device.  Comparing the two phase images in 
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Figure 6.12, it can be seen that the NMOS device produced a simpler and clearer 

source and drain profile.  The PMOS image contains a band of exceptional 

brightness just outside the source and drain that is not yet totally understood.  

Our experiments have consistently obtained better results from NMOS devices, 

other researchers report the opposite to be true [65]. 

It is not entirely clear why the holograms from the JEM-2010F did not 

produce any strong evidence of source and drain profiles.  The fringe visibility 

for the JEM-2010F holograms was equal to or better than the fringe visibility 

from the TECNAI F30 holograms. This assures that illumination was sufficiently 

coherent, and that the signal to background was adequate. It is possible to 

speculate that (i) the use of the reference hologram to cancel out spurious 

instrumental effects was not effective or that (ii) the actual specimen used in the 

JEM-2010F had greater thickness variations such that the phase variation due to 

the dopant profiles were obscured. 

Based on the reconstructed phase images, junction depths and channel 

lengths can be measured. Figures 6.13 and 6.14 show reconstructed phase images 

on which representative regions have been selected. The profile of the phase 

variation with position within each selected region appears on the right.  The 

junction depth was taken as the distance from the surface of the silicon to the 

point where the slope reaches zero.  For NMOS, this suggests a junction depth of 

102 nm, which is between that measured by dopant selective etching (83 nm) and 

the metallurgical junction depth measured by SIMS (131 nm).  
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Figure 6.13.  The reconstructed phase images with a measurement of the junction 
depth in NMOS. 
 

 
Figure 6.14.  The reconstructed phase images with a measurement of the junction 
depth in PMOS. 

 

The PMOS junction depth measured in this way (138 nm) is also greater than the 

PMOS junction measured by etching (125 nm) and the PMOS metallurgical 

junction measured by SIMS (173 nm) as shown in Figure 6.15.  Based on Figure 
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6.12, the channel lengths are 250 nm for NMOS and 205 nm for PMOS; these 

numbers correspond to those measured using other techniques within reasonable 

experimental error. 

 

 
Figure 6.15.  The comparison of junction depth measurements in NMOS and 
PMOS. 

 

Using equation (6.3) it is possible to estimate the total voltage difference 

between the surface of the silicon and the interior of the substrate.  The PMOS 

specimen whose phase image appears in Figure 6.14 is known to be 300 nm 

thick, based on measurements made during FIB preparation and on the amplitude 

image through equation (6.2).  The total phase difference between silicon surface 

and interior is 2 radians. Using equation 6.3 with the assumption that thickness 

and mean inner potential are constant gives a voltage difference of approximately 
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1 V between surface and interior.  This is reasonable, based on the device design.  

Using 1 V as a scale factor, it can be seen that each pixel corresponds to a shift of 

0.1 V; the voltage resolution of this particular profile appears to be 

approximately 0.05.  It is possible to use the phase values to map out the voltage 

contours at the 0.05 V resolution.  In a similar way, the NMOS specimen in 

Figure 6.13 was 350nm thick; the total phase shift of 1.5 radians also 

corresponds to a voltage of approximately 1 V. 

The voltage that is measured by holography is a somewhat indirect 

measure of the actual dopant profile.  First of all, V(x,y) appears in equation (6.3) 

as a term that is simply added to the mean inner potential.  The mean inner 

potential is the difference in potential energy between an electron in vacuo and 

an electron occupying an average position within the solid.  As such, the mean 

inner potential depends on the composition, and structure of the specimen.  

V(x,y) represents any deviations from Vo due to compositional differences, 

externally applied voltages, or variations in charges within the specimen.  For 

example, if an external voltage were applied to part of the specimen, there would 

be a shift in phase of the electron wave proportional to the applied voltage.  

Similarly, the presence of a pn junction within the specimen raises and lowers 

energy bands on opposite sides of the junction, relative to the Fermi level.  This 

dopant-induced displacement will also produce differences in V(x,y).  Neglecting 

externally applied fields and any beam-induced specimen charging, spatial 

variations in V(x,y)  will be dominated by the pn junction effects with a small 

contribution due to the changed average atomic number in the doped regions. 
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The voltage shift associated with a pn junction is a classic textbook 

subject. Extracting the dopant distribution from the local voltage profiles requires 

solution of Poisson’s equation: 

 
s

zyxzyxV
ε

ρ ),,(),,(2 −=∇    (6.4) 

where ρ(x,y,z) is the space charge density as a function of position, and 

s is the permittivity of silicon equal to (11.7)(8.85 　 × 10-12 F/m).  For a one-

dimensional abrupt junction, Poisson’s equation reduces to [66]: 
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where p(x) is the density of holes, n(x) is the density of electrons, Nd(x) is 

the density of ionized donors, and Na(x) is the density of ionized acceptors as 

functions of position. Q is the charge on an electron.  Further restricting to the 

case of a one-dimensional abrupt junction and integrating gives a useful, 

approximate result: 
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kB and T are Boltzmann’s constant and absolute temperature, 

respectively, and ni is 1.45 × 1010 cm-3 for silicon. For the NMOS device used in 

this study, following annealing, Nd can be roughly approximated as 6 × 1021 cm-

3, and the background acceptor concentration, Nd, as 1 × 1017 cm-3.  Putting these 

values into equation (6.6) gives a voltage difference between the source and 

substrate of 1.09 V.  This value is in very good agreement with that obtained 

from the measurement of phase and thickness of the specimen.   
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The channel length provides a simple way to quantify the measurements 

of the two dimensional profiles. Measured channel lengths for NMOS are 269 

nm using the Gaussian model, 267 nm using the Pearson model, 237 nm using 

dopant-selective etching, and 250 nm using holography.  The PMOS device gave 

233 nm using the Gaussian model, 267 nm using the Pearson model, 205 nm 

using dopant-selective etching, and 245 nm using holography.  It should be noted 

that a long channel length represents a small amount of lateral spreading 

following implantation.  It would be better to estimate the amount of lateral 

spreading as: 
( )

2
cg LL

x
−

=∆   (6.7) 

where Lg is the physical length of the gate and the spacers on both side 

and Lc is measured channel length.  From this equation, the measured values of 

the lateral spreading for NMOS are 41.5 nm using the Gaussian model, 41.5 nm 

using the Pearson model, 56.5 nm using dopant-selective etching, and 50.0 nm 

using holography.  The PMOS device gave 73.5 nm using the Gaussian model, 

56.5 nm using the Pearson model, 87.5 nm using dopant-selective etching, and 

67.5 nm using holography. 

Although a complete solution of Poisson’s equation in the two-

dimensional case is beyond the scope of this study, it can be seen that electron 

holography does provide quantitative data that can be used to measure the two-

dimensional dopant profile. 
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6.6 SUMMARY 

In this chapter, two dimensional dopant profiles, as determined by off-

axis electron holography, have been presented.  The results show that holography 

can be used to determine the distribution of dopants within a semiconductor at 

high spatial resolution.  Results obtained from holography have been found to be 

in agreement with SIMS data for one-dimensional composition profiles.  In 

general, NMOS devices gave better results than did PMOS devices; there is, as 

yet, no clear explanation of the difference.  Similarly, the holograms from the 

TECNAI F30 were more successfully reconstructed than those obtained using 

the JEM-2010F; this difference is also not fully understood.  Although many 

questions remain to be answered and many aspects of holography remain to be 

optimized, this work has shown that dopant profile determination will soon 

become a routine diagnostic tool. 



  133 

 
 

Chapter 7: Conclusions and Future Work  

7.1 COMPARISON AND ANALYSIS OF RESULTS 

This study examines the use of TEM off-axis electron holography for the 

determination of two-dimensional dopant profiles in deep submicron devices. 

Holography is challenged as a method for evaluating dopant profiles and is 

evaluated as a possible alternative to conventional one-and two-dimensional 

dopant profiling by process simulation and dopant-selective etching. 

For one-dimensional dopant profiles, the results of dopant-selective 

etching and holography can be evaluated with reference to the SIMS depth 

profile. SIMS depth profiling is well established and is believed to be 

quantitatively accurate to a relative error of less than 2%. SIMS data give a 

continuous composition profile form the surface of the wafer into the substrate; a 

point of particular interest along that profile is the metallurgical junction depth.  

The junction depth is the point at which concentration of implanted dopants of 

one type is equal to the concentration of dopants of the opposite type in the 

underlying silicon.   

This study has obtained NMOS junction depths of 131 nm by SIMS, 49 

nm using a Gaussian model, 88 nm using a Pearson model, 83 nm using dopant-

selective etching, and 102 nm using electron holography.  The Gaussian model is 

in significant error because it assumes a symmetric distribution and cannot 

account for the long tail in the distribution from channeling in the lattice.  

Holography seems to over estimate the junction depth; this may be the result of 
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the somewhat arbitrary definition of the junction depth as the point where the 

slope of the voltage vs. position curve goes to zero; a complete solution of 

Poisson’s equation may reduce the discrepancy between holography and SIMS.   

For PMOS, only the simulations using Pearson model are capable of 

accurately reproducing the very deep 173 junction depth measured by SIMS.  All 

other techniques measure significantly shallower junctions.  In this case, dopant-

selective etching and the Gaussian model are in agreement at 125 nm, and 

electron holography measures the junction depth at 138 nm.  In this case, the 

metallurgical junction depth occurs well out on the tail of the composition profile 

measured by SIMS.  Etching is not expected to be effective at such low dopant 

concentrations. Holography is also likely to be inaccurate so far out on the tail of 

the profile because concentrations are not changing rapidly; the very subtle 

voltage variations become lost in the background.  Improving the sensitivity in 

this region will require a better signal-to-background ratio (fringe visibility) in 

the original holograms. 

Since SIMS data is essentially one-dimensional, it cannot be used to 

determine the accuracy of the other techniques in the areas where the profiles are 

varying in two dimensions.  Instead, it is necessary to work from what is known 

in the one-dimensional case to the two dimensional case. For example, 

holography overestimated the one-dimensional junction depth by approximately 

25% for the NMOS case.  It is reasonable to expect the same behavior all around 

the curved ends of the source and drain. The NMOS lateral spread measured by 

holography also overestimates by 25%. Similarly, the etching technique 
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underestimates junction depths in all cases; it should also underestimate the 

degree of lateral spreading by similar rate. 

From this work, it can be concluded that off-axis electron holography can 

become a useful, quantitative analysis technique. A few directions for further 

study toward that end are mentioned in the next section. 

 

7.2 SUGGESTIONS FOR FUTURE WORK  

The main objective of this study was to study the use of electron 

holography for two dimensional dopant profile determinations.  This study 

suggests that further research in the following areas will improve the accuracy 

and reliability of the technique: 

• The minimum concentration detection limits as functions of 

instrumental parameters determined.  Measurable instrumental parameters 

include coherence length, beam current and exposure time. 

• The spatial resolution as a function of instrumental parameters should 

be determined. Measurable instrumental parameters include coherence length, 

beam current, exposure time, and number of pixels in the camera. 

• The phase resolution as a function of instrumental parameters should be 

determined. Measurable instrumental parameters include coherence length, beam 

current, exposure time, and number of pixels in the camera.  A systematic study 

of error propagation through the reconstruction process should be done. 

• The cause for the failure of the JEOL JEM-2010F to produce successful 

holograms should be determined. 



  136 

 
 

• The accuracy of holography for specimen thickness determination 

should be determined.  The confidence in the technique would be improved if the 

thickness determination did not have to rely on an externally supplied 

measurement of the inelastic mean free path. 

• The specimen preparation techniques should be optimized and 

automated as much as possible.  The optimal thickness should be determined and 

used as input to the specimen preparation. 

•    The effects of the dead layer from FIB milling should be quantified. 

•    Knowledge of holography obtained from this field should be applied 

to other materials science areas. 



  137 

 
 

Appendix A: TEM Lens Setup for Electron Holography 

The free lens control of JEM-2010F has a disadvantage over Lorentz lens 

of Philips Tecnai because of the necessity of a manual setup of the lenses every 

time electron holography is attempted. With the help of FasTEM®, it should 

become possible to save settings and reset them automatically. However, that 

was not available when this work was done. The detailed steps of the free lens 

control are as follows: 

 

Step 1 - Remember the TEM lens and deflector conditions before starting free 

lens control, 

 
Figure. 1. TEM lens setting before free lens control of JEM-2010F. 

 

Step 2 - Press LOW MAG switch on the panel. 

Step 3 - Set the magnification to 6000X in HOLO-L mode by changing selector.  
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Step 4 – Find a specimen, the optimal area should be as close as possible to 

vacuum area for reference wave. 

Step 5 - Push the FREE lens control button to change the lens setting.  

 

 
Figure. 2. TEM lens setting right after start of free lens control of JEM-2010F. 

 

Step 6 - During lens setting, the column alignment such as current center and 

objective lens astigmatism alignment should be done carefully, otherwise, it is 

easy to loose an illumination. 

Step 7 - Select lens setting as the follows for each lens, step by step: 
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Fig. 3 TEM lens settings during setup of free lens control of JEM-2010F. The 
major changes in lens setting have been circled. 

 

Step 8 - Please remember that the magnification 6000X at HOLO-L mode 

is no longer valid after setting the lenses up, the real magnification needs to be 

calibrated with known dimension of object. 
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Step 9 - Increase contrast of the biprism fringes by increasing the spot number or 

by increasing the strength of CL1. 

Step 10 - Set CL aperture size to 50 µm. 

Step 11 - Make better use of the illumination by adjusting CL STIG to make a 

very narrow beam line with no distortion of the wire along the line.  

Step 12 - Insert the biprism slowly into the electron beam path and we can see 

the black Pt wire in the center of screen.  

Step 13 - Rotate the Pt wire to be parallel to MOSFET gate channel and put Pt 

wire vacuum field just off specimen, keeping the Pt wire close to gate structure is 

important because the reference hologram from vacuum area will be used for 

reconstruction of hologram to get electrostatic potential profile of MOSFET.  

Step 14 - Turn on the Power switch and apply the appropriate voltage gradually 

using VOLT knob. A sudden increase of voltage may cause break the Pt wire.  

Step 15 - By increasing voltage, we should able to see the interference fringes. 

Step 16 - Expand the electron beam on screen. 

Step 17 - Make sure that the field of view is in the span of interference fringes. 

Step 18 - Expand the fringe area by adjusting INT 3, which is usually maximized 

to 8.03. 

Step 19 – The beam spot should be always maintained at the center position or 

the optical axis, using <HT wobble> for HT centering, CL <Shift> for beam 

translation, CL DEF ADJ <Tilt> for balancing. Use DEF <Spot> to change CL 

shift range and pull back the beam to the screen if the beam spot is out of the 
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<Shift X&Y> range. Notice that the <Spot> needs to be neutral after using 

<Spot> shift to reset the beam center. 

Step 20 - Keep <IMAGE 1>or <Image Shift> in the neutral position at ~8000 

number, pressing <IMAGE DEF> and using <Shift X&Y> to adjust the number. 

Similarly, Keep <IMAGE 2> in the neutral position at ~8000, pressing < 

IMAGE DEF> and using <DEF X&Y> to adjust the number. 

 

 

 

Fig. 4 Final TEM lens setting after free lens control of JEM-2010F. 

 

After finish the setting lens setup for electron holography, highly 

elliptical illumination is used to record electron holograms. Even though this 

illumination has a needle shape, the coherency of electron beam is very high 

along long axis of illumination.  
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