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Miniaturization, continued scaling and cost reduction in microelectronic devices 

are goals being actively pursued in research.  As a result, semiconducting nanowires, due 

to their size, unique properties and potential manufacturability, are being considered as 

“building blocks” for future electronic and photonic devices.  Nanowires could function 

as either the active device element, such as the conductive channel in a transistor or the 

light emitting element in a light emitting diode, or as the inter connections between 

devices on a chip.  The growth and implementation of nanowire technologies hinge on 

high quality synthetic techniques, advanced microfabrication techniques to interface the 

wires with the outside world, and a fundamental understanding of their properties.  Their 

electrical transport properties in particular have important implications on device 

performance.  Three different semiconductor nanowire materials were studied.   

Electrical transport was measured as a function of temperature through individual 

solution-grown GaAs nanowires.  The current-voltage (IV) curves were nonlinear at low 

temperature, becoming increasingly nonlinear with decreasing temperature.  The current 
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density, J, scaled with voltage and followed relationship, 1+∝ lVJ .  This scaling is 

consistent with space charge limited currents.  The characteristic trap energies estimated 

from the IV data were found to vary from wire to wire, ranging from 0.024 to 0.11 eV 

below the band edge.  In the low bias region of the IV curves, where the curves were 

ohmic, the activation energy (related to the Fermi energy) was calculated and found to be 

shifted towards the band edge, consistent with either the presence of impurities or 

charged surface states.       

Bi2S3 nanowire bundles were investigated.  The nanowires were synthesized using 

a solventless reaction involving a single-source bismuth thiolate precursor and stabilizing 

organic ligands.  For electrical testing, the nanowire bundles were dispersed in solution 

and drop cast onto a substrate with gold contact pads patterned by electron beam 

lithography techniques (EBL).  Electrical connections were made by depositing platinum 

interconnect lines between the nanowires and the gold pads by focused ion beam (FIB) 

chemical vapor deposition.  Current-voltage (IV) curves were measured under nitrogen as 

a function of temperature.  The data revealed activated transport that followed a Meyer-

Neldel relationship.  Annealing under vacuum decreased the nanowire resistance by 

nearly four orders of magnitude.  The annealed nanowires followed an inverse Meyer-

Neldel relationship.  Illumination with UV light increased the current and air exposure 

decreases the current under constant applied bias. 

Solution-grown single-crystal Ge nanowires were studied as the conductive 

channels in field effect devices.  Nanowires were deposited on a Si substrate, contacted 

with Pt wires using focused ion beam (FIB) chemical vapor deposition and gated with 

TaN or Au with ZrO2 dielectric.  The Ge nanowire conductivity increased with negative 

gate potentials, characteristic of a p-type semiconductor.  The Ge nanowires were 

photoconductive with higher conductivity when illuminated with UV light.  Temperature 
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dependent and field dependent measurements revealed that the carrier mobility increased 

with increasing temperature, indicating that transport is probably dominated by hopping.  

The effect of a second back gate on the nanowire conductivity was explored and found to 

provide an additional parameter for tuning the current response. 
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Chapter 1: Introduction 

1.1 NANOWIRE DEVICE MOTIVATIONS 

There has been an astonishing amount of research taking place in the realm of 

nanoscale materials.  A huge variety of nanomaterials have become available due to 

advances in synthesis, while progress in characterization tools has made many unique 

features of nanoscale materials easily observable.  There are two main aspects that have 

fueled this interest particularly for nanomaterials application research.  One revolves 

around the continued interest of the silicon industry in meeting Moore’s Law and scaling 

down to smaller and smaller length scales, possibly using nanotechnology (nanotubes, 

nanowires, nanoparticles etc.) to meet these goals.  The second aspect is that 

nanomaterials exhibit unique physical, electrical and optical properties due to their size.  

These unique properties provide functionality that can be exploited to make nanodevices.   

Materials such as carbon nanotubes, various types of nanoparticles and nanowires 

are being explored as active components in nanoelectronic devices.  As critical 

dimensions of commercially available transistors approach the “nanowire” length scale, 

nanowires are being considered for interconnects and active components in integrated 

circuits.  Semiconducting nanowires have been hailed as fundamental building blocks in 

bottom-up nanoscale integrated circuit technology.  A nanowire is a crystalline structure 

(semiconductor, metal or dielectric) with a nanometer-scale diameter and an aspect ratio 

of more than 100.  In particular, the high surface to volume ratio and the one-dimensional 

structure greatly affects the electrical transport in nanowires.   

High quality semiconducting nanowires can be synthesized with a wide variety of 

chemical composition using metal nanocrystals as growth seeds in either the vapor and 
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solution phases.1-5  The nanowires exhibit few extended defects and well-defined 

surfaces.  “Bottom-up” synthetic methods can yield relatively large quantities of “free-

floating” nanowires, which can be dispersed in solvents for processing into device 

structures for applications such as sensing,6 information storage,7 computing,8 

photovoltaics,9 and illumination.4  For most of these applications, electrical current passes 

through the nanowires.  Although electrical transport through bulk semiconductors and 

epitaxially-grown heterostructures is well-studied, there is little data on the transport 

properties of single-crystal semiconductor nanowires “assembled” into device 

structures.4,10-14  For example, many of the details about how the transport properties are 

affected by the metal/semiconductor contacts, the nanowire surface structure and 

chemistry, and defect concentration have yet to be established.  For these reasons, 

evaluating the electrical performance of nanowires is an essential step towards exploiting 

their use in new technologies.   

 

1.2 PREVIOUS WORK ON NANOWIRE DEVICE FABRICATION  

To use nanowires as device elements, they must be addressed and electrically 

connected to the outside world.  Work has been done to fabricate devices where the 

active component is a single nanowire or where the active component is a group of 

nanowires.6-9,15  The ensemble approach (using many wires) gives a functional 

macroelectronic device which is flexible and has the potential to be integrated into 

wearable or disposable electronics.15  In both the case of multi and single nanowire 

devices, some work has been devoted to nanowire alignment including using fluid flow to 

orient the wires,16 Langmuir Blodgett methods,15,17 electric field assisted growth,18 

magnetic alignment19 and alignment using prepatterned seed particles.20  For some single 

nanowire device fabrication techniques, the nanowires are not always aligned, rather they 
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can be drop cast from solutions, detected by SEM and then electrical connection made to 

the nanowires accordingly.11,21-23  

 

 

Figure 1.1:  Schematic of single germanium nanowire device with high κ dielectric and 
top gate configuration.23  

 

1.2.1 Contact Methods and Gating Techniques 

For nanowire device structures, contact metal and fabrication directly affect the 

electrical behavior.  There are three main methods of making contacts to nanowires: 

photolithography,17 electron beam lithography11,23 and focused ion beam metal 

deposition.21,22,24  In the case of photolithography and electron beam lithography, 

nanowires are deposited on a substrate and detected, then photo resist (PR) is applied.  

The source/drain pattern is written into the PR by exposure to light or electron beam.  

Then the PR is developed and a metal is deposited.  In this approach, the metal 

source/drain overlays the nanowire.  Using electron beam lithography, the source and 

drain separation is typically 1 µm although, the resolution of the technique is smaller 

(~10-20 nm).23,25  In focused ion beam metal deposition, the substrate is imaged by SEM 

and then a Ga+ ion beam is used to direct and decompose an organo-metallic Pt precursor 
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to deposit metal connections to the nanowire.  The nanowire is etched by the ion beam 

before or while the platinum is deposited.  In most cases, ohmic contacts to the nanowire 

are most desirable so that the measured electrical response is dominated by the nanowire 

and not by the contacts.    

Much can be learned about nanowire transport properties by applying an external 

gate potential in the form of a field effect transistor (FET).  General nanowire gating 

techniques include using the substrate as a global back gate, or locally top gating by 

depositing dielectric and metal above or over the nanowire channel.  Back gating can be 

done by applying a bias to the underlying substrate using the silicon oxide on a silicon 

wafer, for example, as the gate dielectric.15,23  For thin back gate dielectrics, additional 

patterning, etch and/or growth steps are required to modify the existing surface23 (100 nm 

is the smallest SiO2 thickness before there are leakage problems with a 100 µm square 

metal bond pad).  There also is the potential for trapped charges at the Si-SiO2 interface 

to affect the device.  Alternatively, the gate can be formed over the nanowire channel by 

first depositing a dielectric using chemical vapor deposition (CVD) or atomic layer 

deposition (ALD) followed by metal deposition.23  The additional patterning step can be 

used to reduce the amount of overlap between the source-drain leads thereby decreasing 

the Miller capacitance.  Other gating approaches include coaxial or wrap-around gating, 

where the oxide and the metal gate are deposited to fully encircle the wire; this can be 

accomplished in horizontal26,27 or vertical28 alignments to the substrate.  The advantage of 

wrap-around gating is better control over the channel conductance with more area 

covered by the gate (as compared to one side only with top and bottom gates). 
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1.2.2 Nanowire Device Functionality 

The nanowire surface has been observed to drastically affect the electrical 

properties of the nanowires.  Single nanowire gas sensors have been created that exploit 

carrier depletion associated with gas species adsorption on the nanowire surface.6  

Nonvolatile single nanowire memory devices have been demonstrated by adding redox 

active molecules to the nanowire surface, which can store charge.29  Chemical sensing 

has been demonstrated by functionalizing silicon nanowires with amine and oxide groups 

to detect differences in pH.30  Biological sensing has been demonstrated by 

functionalizing nanowires with biotin to detect streptavidin.30  These surface modulated 

effects can be attributed to the change in charge at the nanowire surface.  

In single nanowire FETs, electrical transport is dominated by majority carriers 

and is operated in depletion/accumulation modes, not inversion.30  Usually majority 

carriers arise from doping the semiconductor with an electron donating or accepting 

impurity.  For nanowires grown by CVD, this involves bleeding in a dopant gas during 

growth.23,31  Doping can also be achieved using a core-shell method where a nanowire is 

grown by CVD-VLS approach then, a heavily doped shell is epitaxially grown around the 

wire and used as the dopant source.32  Another approach is to generate compound 

semiconducting (GaN, ZnO, SnO2)6,33,34 nanowires with slight variations in stochiometry 

that lead to Fermi level shifts.   

Nanowires can also be used as light sensors, emitters and waveguides.  If the 

wavelength of the light has an energy larger than the band gap of the material, the photon 

will be absorbed to produce carriers that can be detected as photocurrent.  ZnO nanowires 

were observed to have a switching (on / off) behavior with UV light of 4 to 6 orders of 

magnitude depending on the power of light used.35  Nanowire devices using n-

GaN/InGaN/p-GaN core shell nanowires have proven to be light emitting diodes in the 
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forward bias, emitting blue light from the InGaN shell.36  SnO2 nanowire ribbons have 

demonstrated both light detection and emission in the form of an optical waveguide.9  

These waveguides have potential for use in photonic circuitry.  

Other device structures such as p-n diodes, and inverters and logic gates have 

been created by integrating active single nanowire components.  N and p diodes have 

been fabricated by crossing individual n and p-type wires.37  Inverters have been made by 

connecting gated n and p-type nanowires in series.37  Nanowire OR, AND and NOR logic 

devices have been fabricated using 2 x 1 crossed NW junction arrays and 1 x 3 crossed 

NW junction array, respectively.8 
 

1.3 DISSERTATION OVERVIEW 

This dissertation discusses the electrical properties of single GaAs nanowires, 

Bi2S3 nanowire bundles and germanium nanowire devices.  

The electrical transport though single GaAs nanowires are discussed in Chapter 2 

and involves the analysis of the nonlinear IV electrical characteristics at various 

temperatures.  Device fabrication using both focused ion beam metal deposition and 

electron beam lithography is presented.  Space charge limited conduction as it pertains to 

the nanowire transport is evaluated.  Exponential distribution of trap states and the 

Meyer-Neldel Rule for activated transport are considered to explain the relationship of 

defects and trap states to the transport properties of GaAs nanowires.  

The electrical transport properties of Bi2S3 nanowire bundles are discussed in 

Chapter 3.  Device fabrication using both electron beam lithography and focused ion 

beam metal deposition is described.  The transport mechanism and thermally activated 

behavior are evaluated before and after annealing by analyzing the IV electrical 
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characteristics over a range of temperatures.  The effects of adsorbates on the nanowire 

surface and photoconductivity were also observed.  

Chapter 4 describes the fabrication of gated single germanium nanowire devices. 

Gating was preformed with TaN and Au structures with ZrO2 as dielectric while source-

drain connections were made with focused ion beam deposited Pt.  Germanium nanowire 

devices showed p-type behavior.  Major device parameters such as resistivity and 

mobility are evaluated as a function of temperature.  The germanium nanowire device 

response to light and inversion properties are measured.  The increase in 

transconductance with a dual gate device design is also discussed.   

Chapter 5 discusses the conclusions of the work as well as the future directions.  

 

1.7 REFERENCES 

 
 (1) Yu, H.; Buhro, W. E. Adv. Mater. 2003, 15, 416-419. 

 
(2) Holmes, J. D.; Johnston, K. P.; Doty, R. C.; Korgel, B. A. Science 2000, 

287, 1471-1473. 
 (3) Hanrath, T.; Korgel, B. A. J. Am. Chem. Soc. 2002, 124, 1424-1429. 

 
(4) Gudiksen, M. S.; Lauhon, L. J.; Wang, J.; Smith, D. C.; Lieber, C. M. 

Nature 2002, 415, 617-620. 
  

(5) Wang, D.; Dai, H. Angew. Chem. 2002, 41, 4783-4786. 
 
(6) Kolmakov, A.; Zhang, Y.; Cheng, G.; Moskovits, M. Adv. Mater. 2003, 

15, 997-1000. 
 
(7) Li, C.; Ly, J.; Lei, B.; Fan, W.; Zhang, D.; Han, J.; Meyyappan, M.; 

Thompson, M.; Zhou, C. J. Phys. Chem. B 2004, 108, 9646-9649. 
 
(8) Huang, Y.; Duan, X.; Cui, Y.; Lauhon, L. J.; Kim, K.-H.; Lieber, C. M. 

Science 2003, 294, 1313-1317. 
 
(9) Law, M.; Sirbuly, D. J.; Johnson, J. C.; Goldberger, J.; Saykally, R. J.; 

Yang, P. Science 2004, 305, 1269-1273. 



 8

 
(10) Wang, D.; Chang, Y.-L.; Wang, Q.; Cao, J.; Farmer, D. B.; Gordon, R. G. 

J. Am. Chem. Soc. 2004, 126, 11602-11611. 
  

(11) Hanrath, T.; Korgel, B. A. J. Am. Chem. Soc. 2004, 126, 15466-15472. 
 
(12) Cui, Y.; Duan, X.; Hu, J.; Lieber, C. M. J. Phys. Chem. B 2000, 104, 

5213-5216. 
 
(13) Huang, Y.; Duan, X.; Cui, Y.; Lieber, C. M. Nano Lett. 2002, 2, 101-104. 
 
(14) Arnold, M. S.; Avouris, P.; Pan, Z. W.; Wang, Z. L. J. Phys. Chem. B 

2003, 107, 659-663. 
 
(15) Duan, X.; Niu, C.; Sahi, V.; Chen, J.; Parce, J. W.; Empedocles, S.; 

Goldman, J. L. Nature 2003, 425, 274-278. 
  

(16) Huang, Y.; Duan, X.; Wei, Q.; Lieber, C. M. Science 2001, 291, 630-633. 
 
(17) Jin, S.; Whang, D.; McAlpine, M. C.; Friedman, R. S.; Wu, Y.; Lieber, C. 

M. Nano Lett. 2004, 4, 915-919. 
 
(18) Englander, O.; Christensen, D.; Kim, J.; Lin, L.; Morris, S. J. S. Nano 

Lett. 2005, 404, 69-73. 
 
(19) Hangarter, C. M.; Myung, N. V. Chem. Mater. 2005, 17, 1320-1324. 
 
(20) Wang, D.; Tu, R.; Zhang, L.; Dai, H. Angew. Chem. 2005, 44, 2925-2929. 

  
(21) Hanrath, T.; Korgel, B. A. J. Phys. Chem. B 2005, 109, 5518-5524. 
 
(22) Schricker, A. D.; Michael B. Sigman, J.; Korgel, B. A. Nanotechnology 

2005, 16, S508-S513. 
 
(23) Wang, D.; Wang, Q. J., Ali ; Tu, R.; Dai, H.; Kim, H.; McIntyre, P. C.; 

Krishnamohan, T.; Saraswat, K. C. Appl. Phys. Lett. 2003, 83, 2432-2434. 
 
(24) Cronin, S. B.; Lin, Y.-M.; Rabin, O.; Black, M. R.; Ying, J. Y.; 

Dresselhaus, M. S.; Gai, P. L.; Minet, J.-P.; Issi, J.-P. Nanotechnology 
2002, 13, 653-658. 

 
(25) Greytak, A. B.; Lauhon, L. J.; Gudiksen, M. S.; Lieber, C. M. Appl. Phys. 

Lett. 2004, 84, 4176-4178. 
 



 9

(26) Kovtyukhova, N. I.; Kelley, B. K.; Mallouk, T. E. J. Am. Chem. Soc. 
2004, 126, 12738-12739. 

 
(27) Lauhon, L. J.; Gudiksen, M. S.; Wang, D.; Lieber, C. M. Nature 2002, 

420, 57-61. 
 
(28) Ng, H. T.; Han, J.; Yamada, T.; Nguyen, P.; Chen, Y. P.; Meyyappan, M. 

Nano Lett. 2004, 4, 1247-1252. 
  

(29) Duan, X.; Huang, Y.; Lieber, C. M. Nano Lett. 2002, 2, 487-490. 
 
(30) Cui, Y. W., Qingqiao; Park, Hongkun; Lieber, Charles M,. Science 2001, 

293, 1289-1292. 
 
(31) Cui, Y.; Zhong, Z.; Wang, D.; Wang, W. U.; Lieber, C. M. Nano Lett. 

2003, 3, 149-152. 
  

(32) J, L. L.; S, G. M.; Deli, W.; M, L. C. Nature 2002, 420, 57-61. 
 
(33) Goldberger, J.; Sirbuly, D. J.; Law, M.; Yang, P. J. Phys. Chem. B 2005, 

109, 9-14. 
 
(34) Zhong, Z.; Qian, F.; Wang, D.; Lieber, C. M. Nano Lett. 2003, 3, 343-346. 
 
(35) Kind, H.; Yan, H.; Messer, B.; Law, M.; Yang, P. Adv. Mater. 2002, 14, 

158-160. 
 
(36) Qian, F.; Li, Y.; Gradecak, S.; Wang, D.; Barrelet, C. J.; Lieber, C. M. 

Nano Lett. 2004, 4, 1975-1979. 
  

(37) Cui, Y. L., C M. Science 2001, 291, 851-853. 
 

 



 10

Chapter 2: Space Charge Limited Currents in GaAs Nanowires 

2.1 INTRODUCTION 

High quality semiconductor nanowires have been synthesized chemically by the 

“VLS” approach, in both the vapor phase and in solution, using metal nanocrystal seeds 

to promote wire growth.1-10 Free-floating nanowires produced by VLS growth have been 

assembled into device structures that have demonstrated a variety of functionalities.11-15   

The ultimate goal of this approach is to develop a library of nanowire “building blocks” 

with a wide range of chemical composition and useful electrical properties that can be 

incorporated into various device structures using various assembly processes.   

Because nanowires have a large surface to volume ratio, chemically-derived 

surface states can play a significant role as a source of electrical defects,16-18 along with 

many other types of defects, including extended  defects (such as stacking faults in the 

nanowire core),9,19 roughness, step edges on the nanowire surface,20 and chemical 

impurities, such as Au in Si or Ge (which is a deep trap)21,22 or Si in GaAs (which is a 

shallow donor).9  Characterization of these defects using imaging, surface science and 

chemical analysis techniques is a challenging task because of the very high sensitivity 

required to detect them at the level of the individual nanostructure.  Electrical 

characterization provides one accessible and powerful diagnostic tool to examine defects 

in nanowires.  Although additional characterization tools are required to fully understand 

the chemical and structural details of the electrical defects, electrical testing can provide a 

snapshot of the underlying defects in the materials.   

In this chapter, the electrical characterization of GaAs nanowires is discussed. 

Crystalline GaAs nanowires were synthesized by a solution-phase version of “VLS” wire 

growth, called supercritical fluid-liquid-solid (SFLS) growth.1,6,9,23,24  In this method, hot 
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(500oC) pressurized (7 MPa) hexane serves as the solvent and sterically-stabilized gold 

nanocrystals are injected into the reactor with the molecular precursors, (tBu)3Ga and 

As(SiMe3)3, to promote nanowire formation.9  Temperature-dependent current-voltage 

(IV) curves measured here for individual GaAs nanowires show both ohmic and space 

charge limited currents.  Analysis of the voltage dependence of the current in the space-

charge limited region of the IV curves indicates that an exponential trap distribution of 

traps resides at the band edge.  The crystallinity of all of the nanowires is very good; 

however, electrical testing of individual wires showed orders of magnitude variations in 

conductivity from wire to wire made in the same batch.9  Conductivity variations of this 

magnitude reflect significant difference in dopant or defect distributions in the wires.   

 

2.2 NANOWIRE IV NONLINEARITY BACKGROUND  

In most nanowire device applications, the current-voltage (IV) characteristics are 

linear and transport is ohmic.  Temperature dependent IV measurements give a more in 

depth analysis of the transport, revealing the thermal activation and mechanism, 

especially if the transport is nonlinear.    

Nonlinear IV behavior observed in single nanowires where the nanowire diameter 

is larger than the bohr radius (i.e., the electron transport is not quantum confined by the 

size of the wire) and the contacts are ohmic can be attributed to hopping or trap-mediated  

types of transport, not band transport.  Usually, nonlinear transport has been observed in 

metal-insulator-semiconductor (MIS) or metal insulator-metal (MIM) type devices where 

the transport is dominated by conduction processes in the insulator.  Various conduction 

mechanisms in insulators are summarized in Table 2.1 showing the relationship of 

current to bias and temperature. 
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Table 2.1:  Conduction Processes in Insulators with Temperature Dependence from 
S.M. Sze.25  

  

 

 

If carriers are thermionically promoted over a barrier, (the barrier can be from an 

insulator, or from a work function difference, or a p-n type junction) then this is Schottky 

emission.25  Frenkel-Poole transport is characterized by the field-enhanced thermal 

excitation of trapped carriers in a barrier into the conduction band.25  In the case of 

Frenkel-Poole transport, the barrier height is the depth of the trap potential well inside the 

barrier.  The field lowering coefficient for Frenkel-Poole is twice as large as the field 

lowering coefficient for Schottky emission due to the trap state. 

In space charge limited transport, charge is injected into the conduction medium 

where there is no compensating charge present.25  For space charge limited conduction, 

there are trap states in the band gap which facilitate electron conduction.   



 13

 

Figure 2.1:  Diagram of (a) electron injecting metal-insulator including traps (b) hole 
injecting metal-insulator including traps.26  Solid circles represent electrons.  
Electron occupied trap is equivalent to hole unoccupied trap.26  

Initially, at low voltages the transport is ohmic as injected carriers fill the trap 

states.27  After the traps states are full (e.i. the concentration of injected free electrons is 

comparable to the thermal electron concentration), transport occurs by carriers moving 

from trap to trap as a result of applied voltage according to Child’s law.  The I-V 

characteristics are determined by the interaction of the injected carriers in the trap states.  

For a space charge limited current type material, the I-V characteristics follow equation 

2.1.26,27   

     3

2

8
9

d
VJ iµε

=                                                 (2.1) 

The Child’s law (trap free square law regime in Figure 2.1) relation of equation 

2.1 holds for materials with a single trap energy level; however for materials with 

disorder due to defects, chemical or structural imperfections, the trap environment will 

differ and so the trap energies will have variation.27  For space charge limited transport, 

the I-V characteristics exhibit power law relationships of the form 1+∝ lVJ .  If the 

exponent l  increases for decreasing temperature,28 then an exponential trap distribution 

is present in the band gap of the material.  When all of the carriers have been thermally 
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excited to the conduction band so transport is no longer dictated by the trap states, the I-V 

characteristics are linear and conduction is dictated by Ohm’s law.   

 

 

 

Figure 2.3:  Current-voltage (IV) characteristics for a single carrier space charge limited 
current injection with one set of traps.26  This diagram shows each of the 
three space charge limited conduction regimes; (1) Ohm’s law where IV is 
linear and the traps in the material are being initially loaded or charged, (2) 
the trap-free square law where the transport is dominated by space charge 
limited currents and J goes as the square of the voltage, (3) the trap filled 
limit in which is the hypothetical case where the traps have already been 
filled prior to applying a voltage.27 
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2.3 EXPERIMENTAL 

2.3.1 GaAs nanowire synthesis 

GaAs nanowires were synthesized by decomposing (tBu)3Ga and As(SiMe3)3 in 

hexane at 500ºC and 37 MPa in the presence of 7 nm diameter dodecanethiol-coated gold 

(Au) nanocrystals.9  (tBu)3Ga, As(SiMe3)3, and Au nanocrystals were synthesized 

following procedures developed by Kovar et al.,29 Wells et al.30 and Saunders et al.,31 

respectively.  The wires were grown by a “semibatch” process in a 1.0 mL titanium 

reactor.  In the synthesis, the reactor was initially filled with anhydrous oxygen-free 

hexane and heated to 500oC and then brought to 7 MPa by injecting additional hexane 

using a high pressure liquid chromatography (HPLC) pump to control the pressure and 

injection rate.  Once the reactor stabilizes at 500oC and 7 MPa, 200 µl of 0.5 mM Au 

nanocrystals in hexane was fed into the reactor, followed immediately by another 200 µl 

injection of 50 mM (tBu)3Ga and 50 mM As(SiMe3)3 in hexane from two sequential 200 

µl injection loops at 4 mL/min.  Additional hexane was fed into the reactor to flush the 

injection loops and raise the pressure to 37 MPa.  The final precursor concentration was 

~10 mM with a Au:precursor mole ratio of 1:100.  The reaction proceeded for eight 

minutes before slow depressurization and cooling under air flow.  The nanowires were 

collected from the reactor in hexane and stored under nitrogen.  Figure 2.4 shows 

transmission electron microscopy (TEM) and scanning electron microscopy (SEM) 

images of the GaAs nanowires.  The wires exhibit cubic (zinc blende) crystal structure 

and grow exclusively in the [111] direction, with less than 5% fluctuation in diameter 

along their length.9   
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Figure 2.4: (a) TEM and (b) SEM images of GaAs nanowires.   

 

a

b
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2.3.2 Device fabrication   

For electrical testing, GaAs nanowires were drop cast from an ethanol/toluene 

dispersion onto an oxidized silicon substrate pre-patterned with Au/Cr contact pad 

electrode arrays.  The Au/Cr electrodes were patterned using a Raith 50 EBL Tool in 

combination with a Standard XL Scanning Microscope to define features in a 200-300 

nm thick PMMA layer spun on the surface of a silicon chip with 100 nm oxide.  The 

patterned PMMA films were metallized by evaporating 3 nm Cr (as an adhesion layer) 

and 30 nm Au in a Denton DV502 Vacuum Chamber Evaporator.  After immersing the 

substrate in acetone and isopropyl alcohol, the GaAs nanowires were dispersed in 100 µL 

ethanol and 400 µL toluene by brief sonication (~ 1 minute) and cast from a 10-20 µL 

drop of nanowire dispersion with its two leads grounded.  Ohmic contacts were made by 

depositing a strip of Pt (0.5~1 µm high, 120 nm~180 nm wide) in a FEI xPDB dual beam 

SEM/FIB (30 kV accelerating voltage; 30~32 pA write current) at the Au/nanowire 

junction.16  SEM images of the devices were obtained on a LEO 1530 SEM equipped 

with a GEMINI field emission column with a thermal field emitter operating at an 

accelerating voltage of 3 kV.   

 

2.3.3 Electrical measurements   

 
 Current-voltage (IV) curves were obtained using an Agilent femptoampmeter 

semiconductor analyzer in conjunction with a shielded Karl Suss probe station (6 point 

device), a HP 4145B semiconductor parameter analyzer in a light-shielded, N2-purged 

environment with a temperature controlled sample chuck (2-point high temperature 

(297~523 K) measurements), or a Keithley 236 Source Monitor Unit in a Janis Research 

ST-100 Cryostat system (2-point low temperature (100~275 K) measurements).  Voltages 
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were scanned from +/-3 V in 10 mV (50 mV) increments for high (low) temperature 

measurements, to ensure that nanowire decomposition did not occur. 

 

2.4 RESULTS AND DISCUSSION  

2.4.1 Temperature dependent current-voltage curves  

Figure 2.5 shows SEM images of two nanowire devices.  The nanowires stretch 

between the Au electrodes and were electrical connected by depositing Pt contacts at the 

Au/nanowire junction to reduce the contact resistance.   
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Figure 2.5:  SEM images of GaAs nanowire electrical test structures.  The wires (shown 
in green) bridge two Au contact pads (shown in yellow).  Pt lines (shown in 
purple) are deposited in a dual beam SEM/FIB to obtain Ohmic contacts.  
The diameter, length and resistivity of each wire shown here are (a) 64.4 
nm, 9.06 µm, 19.08 Ω cm and (b) 38.2 nm, 13.6 µm, 798.9 Ω cm. 

IV curves were measured over a wide temperature range, from 100 K to 523 K, 

with applied potentials less than 3 V.  Higher voltages generally degraded the devices and 

were avoided.  The GaAs nanowire devices exhibited nonlinear IV curves as seen in 

Figure 2.6 showing IV curves measured for four devices between 160 K and 260 K.  The 

nanowire conductance increased with increasing temperature, and the IV curves became 

increasingly linear at higher temperature.   
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Figure 2.6:  Current density versus electric field plotted for four GaAs nanowires as a 
function of temperature: (●) 260 K, (○) 220 K, (▼) 190 K, ( ) 160 K.  The 
nanowire diameter and electrode spacing is (a) 51.4 nm, 18.41 µm; (b) 45.2 
nm, 14.78 µm; (c) 54.0 nm, 6.54 µm; (d) 72.3 nm, 43.51 µm.   

 

Nonlinearity in the IV curves can possibly be attributed to poor contacts,22 or to a 

variety of different effects that can occur within the wire.  Three primary candidates for 

the transport mechanism through the GaAs nanowires were considered: space-charge 

limited currents, Schottky emission, and Frenkel-Poole conduction.  Schottky emission 

and Frenkel-Poole conduction are both processes that occur at the metal-semiconductor 

interface, whereas, space-charge limited conduction occurs when injected charge exceeds 

the number of thermally promoted carriers in the conduction band.  The likelihood of 
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each of these three mechanisms was evaluated by comparing the measured IV curves 

with curve fits to the appropriate model. 

 

2.4.1.1 Nonlinear Fitting 

 For Schottky emission, the current density follows the expression:25  

  ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

kT
EqTAJ SCSC )(exp

2/1
2* φβ

,        (2.2) 

where A*
 is the Richardson’s constant, k is Boltzman’s constant, q is the electron charge, 

βSC is the Schottky field lowering coefficient, ΦSC is the Schottky barrier height and E is 

the electric field (E=V/L).  IV curves for a system exhibiting a Schottky barrier should 

scale as 5.0ln VJ ∝ .  Frenkel-Poole transport is characterized by the field-enhanced 

thermal excitation of trapped carriers into the conduction band:25  

   

             (2.3) 

where Jo is the low field current density (Jo~E), βFP is the Frenkel-Poole field lowering 

coefficient, and ΦFP is the Frenkel-Poole barrier height.  Here the electric field is E=V/L 

as well.  For Frenkel-Poole conduction, 5.0ln VVJ ∝ .   

Figure 2.7 shows linearized temperature-dependent IV data with the appropriate 

form for comparison with the space-charge limited, Schottky, and Frenkel-Poole 

conduction mechanisms.  The data deviate from the model curves for all three 

mechanisms at low applied voltage (<~1 V) (i.e., the ohmic region).  At high applied 

voltage (i.e., >~2V), the data deviate noticeably from the Schottky and Frenkel-Poole 

expressions, but fit the expression for space-charge limited conduction with good 

accuracy.  Pearson’s product moment correlation coefficients (r2) provide a quantitative 

measure of the deviation between the data and the model curves for each mechanism.32  
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As shown in Table 2.2, the values of r are closest to 1 for space-charge limited 

conduction.  The field lowering coefficients, βSC and βFP, relate to the dielectric constant 

εi, of the material: 25 

   2/13 )/(2 ioFPSC q επεββ ==  ,       (2.4) 

where εo is the permittivity of free space. For GaAs with the bulk value of 1.13=iε ,33 

FPβ =2.09x10-5 eVm1/2V-1/2 and SCβ =1.05x10-5 eVm1/2V-1/2.  The field lowering 

coefficients determined from model fits to the data (i.e., Figure 2.4) are one order of 

magnitude too large, with SCβ =1.54x10-4 eVm1/2V-1/2 and FPβ =3.08x10-4 eVm1/2V-1/2.  

Finally, residual curves comparing the deviation between the data and the model curve 

fits are shown in Figures 2.5 and 2.6.32  The deviation between the data and the curve fits 

for Schottky and Frenkel-Poole transport becomes significant at higher voltage.      
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Figure 2.7:   Linear fits to determine the conduction mechanism through GaAs nanowires 
at (●) 260 K, (○) 220 K, (▼) 190 K, ( ) 160 K.  (a), (b) and (c) show curve 
fits using expressions for (a) space-charge limited conduction, (b) Schottky 
and (c) Frenkel-Poole transport for a nanowire diameter and electrode 
spacing was 53.98 nm and 6.54 µm.  (d), (e) and (f) show plots with curve 
fits for space-charge limited conduction for three other nanowires with 
diameter and electrode spacing of (d) 72.34 nm, 43.51 µm; (e) 45.15 nm, 
14.78 µm; (f) 51.37 nm, 18.41 µm.   
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Figure 2.8:  Residual plots between IV data and model curve fits for (●) space charge 
limited conduction, (○) Schottky and (▼) Frenkel-Poole conduction for a 
GaAs nanowire at (a) 260 K, (b) 220 K, (c) 190 K, (d) 160 K.  The nanowire 
diameter and electrode spacing was 53.98 nm, 6.54 µm.  At each 
temperature, the space charge limited residuals remain closest to zero 
indicating the best fit.  
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Figure 2.9:  Residual plots between IV data and model curve fits for (●) space charge 
limited conduction, (○) Schottky and (▼) Frenkel-Poole conduction for 
three GaAs nanowires at 297 K.  The nanowire diameter and electrode 
spacing was (a) 51.37 nm, 18.41 µm; (b) 72.34 nm, 43.51 µm; (c) 45.15 nm, 
14.78 µm.  The residuals determined assuming space charge limited 
conduction show the smallest deviations from zero. 
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Table 2.2:    The space charge + Poole, Frenkel- Poole with sinh and Hill’s law 
relationship were taken from Gonon, et al.34  Tables A and B show The 
square of the Pearson’s moment correlation coefficient, r2, determined for 
each fit at 10 K increments from 170 K to 270 K for a nanowire having 
72.34 nm diameter and 43.51 µm electrode spacing.  Table A shows the 
results of the fits from 0.4 V to 3 V bias and Table B shows the results from 
-0.4 V to -3 V bias.  Voltages close to zero were excluded to avoid signal 
noise and contributions from the ohmic part of curves at low voltage.  

 
Table A 
 
Temp Schottky FowlerNord Ohmic 

High field 
SC SC+Poole

Frenkel-
Poole Hills law 

  exp(V0.5) V2exp(-1/V) V Vn V2exp(V0.5) Vsinh(V0.5) sinh(V) 
(170 K) 0.747 0.899 0.724 0.990 0.935 0.854 0.935 
(180 K) 0.762 0.912 0.740 0.997 0.945 0.868 0.944 
(190 K) 0.803 0.939 0.782 0.996 0.966 0.900 0.965 
(200 K) 0.820 0.949 0.799 0.994 0.974 0.913 0.973 
(210 K) 0.807 0.944 0.787 0.991 0.970 0.906 0.968 
(220 K) 0.859 0.947 0.843 0.992 0.962 0.928 0.966 
(230 K) 0.932 0.978 0.922 0.992 0.970 0.974 0.969 
(240 K) 0.646 0.724 0.632 0.983 0.743 0.705 0.750 
(250 K) 0.884 0.968 0.869 0.995 0.979 0.950 0.982 
(260 K) 0.923 0.988 0.910 0.997 0.991 0.977 0.993 
(270 K) 0.926 0.990 0.912 0.994 0.992 0.979 0.993 
 
 
 
Table B        

Temp Schottky FowlerNord Ohmic 
High field 

SC SC+Poole 
Frenkel-
Poole Hills law 

 exp(V0.5) V2exp(-1/V) V Vn V2exp(V0.5) Vsinh(V0.5) sinh(V) 
(170 K) 0.867 0.971 0.850 0.971 0.987 0.944 0.987 
(180 K) 0.779 0.901 0.760 0.991 0.930 0.867 0.934 
(190 K) 0.687 0.839 0.664 0.986 0.881 0.792 0.883 
(200 K) 0.754 0.865 0.737 0.983 0.881 0.834 0.873 
(210 K) 0.955 0.999 0.945 0.997 0.994 0.995 0.996 
(220 K) 0.883 0.745 0.892 0.999 0.709 0.804 0.730 
(230 K) 0.902 0.955 0.890 0.993 0.948 0.947 0.941 
(240 K) 0.829 0.935 0.811 0.990 0.951 0.907 0.949 
(250 K) 0.804 0.752 0.803 0.944 0.735 0.780 0.747 
(260 K) 0.736 0.803 0.725 0.971 0.795 0.787 0.779 
(270 K) 0.762 0.897 0.740 0.958 0.929 0.858 0.930 
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Up to this point in the nonlinear data analysis, the assumption that the majority of 

the voltage drop occurs over the full length of the nanowire has been used to determine 

the electric field, E.  In the case of Schottky and Frenkel-Poole models, the barrier at the 

metal semiconductor contact junction can create a depletion region at the contact.  In this 

situation, the electric field is determined by evaluating the voltage drop across the 

depletion region instead of the full wire length.  The depletion width, W, is given by:25 

⎟⎟
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⎞
⎜⎜
⎝
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q
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qN
W bi

d

sε2         (2.5) 

where sε is the dielectric constant, q is charge, Vbi is the built in voltage, V is the applied 

potential, and Nd is the doping concentration.  The electric field as a function of position, 

x, is given by:25 

)()( xWqNxE
s

d −=
ε

         (2.6) 

To compare the Frenkel-Poole model using E = V/L to the Frenkel-Poole model using the 

electric field determined by the voltage drop across the depletion region as given by Eqn 

2.6, each model was fitted to original IV data as seen in Figure 2.10.  The Frenkel-Poole 

model using E=V/L and the electric field determined from a voltage drop over the 

depletion region provide similar fits to the data; however, the model employing the 

voltage drop over the depletion region gives a slightly less actuate fit at low bias.  Since 

the electrically active doping level was not determined for the GaAs nanowires, the 

Frenkel-Poole modeling considering a depletion layer was evaluated at a range of 

concentrations as seen in Table 2.2.  The field lowering coefficients were determined by 

fitting Eqn 2.2.    
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Figure 2.10: IV plot showing measured data at 260 K (▲), Frenkel-Poole model fit using 
E=V/L (○), Frenkel-Poole model fit using electric field determined from 
voltage drop across the depletion region at contacts (●).  A 1020 cm-3 doping 
concentration was used for the depletion region.  The nanowire diameter and 
electrode spacing for this sample was 54 nm and 6.45 µm respectively.    

Table 2.3 :  Shows the electric field calculation method used for the Frenkel-Poole fit, 
the doping concentration and the field lowering coefficient determined from 
the fits to the measured data in Figure 2.10 at 260 K.  

Electric Field Model  Doping Concentration (cm-3) FPβ (eVm1/2V-1/2) x10-4 

V/L NA 5.58 

Eqn 2.5 1020 0.75 

Eqn 2.5 1019 1.50 

Eqn 2.5 1018 2.72 

Eqn 2.5 1017 4.85 

Eqn 2.5 1016 8.59 

Eqn 2.5 1015 13.86 

Eqn 2.5 1014 23.78 
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 The Frenkel-Poole field lowering coefficients, FPβ , determined from model fits to 

the data using the E=V/L assumption or the Eqn 2.6 to determine the electrical field are 

one or more orders of magnitude too large compared to the values expected for GaAs 

FPβ =2.09x10-5 eVm1/2V-1/2 and SCβ =1.05x10-5 eVm1/2V-1/2.  This suggests that the 

transport mechanism is not Frenkel-Poole or Schottky transport (both involving 

thermionic emission over a barrier).  In addition, the Pt/GaAs nanowire contact resistance 

measured using a 6-point device (Figure 2.11) at room temperature was found to be ~17.5 

MΩ ( 3101.3 −× Ω cm2), which is two orders of magnitude lower than the nanowire 

resistance.  Since the contact resistance was much lower than the nanowire resistance, the 

nonlinearity in the IV curves can be attributed to space charge limited currents.  

           

 
 

Figure 2.11: SEM image of a GaAs nanowire (d = 77.4 nm) with six electrical 
connections, with the gold contact pads in yellow and the Pt lines in purple.  
(Inset) Device resistance as a function of electrode separation: extrapolation 
to zero electrode spacing gives the contact resistance.  Each data point is the 
average resistance of several segments determined from ohmic IV curves 
measured by applying +/-1 V at 10 mV increments.  No difference in 
resistance was observed along the length of the nanowire.  Based on the 
average width of Pt at each contact (0.23 µm measured by HRSEM), the 
specific contact resistance is 

3101.3 −× Ω cm2, which  is significantly larger 
than 

7108 −× Ω cm2 reported for Pt/Ti contacts to GaAs by Katz et al.35   
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2.4.2 Trapped charge space charge limited conduction   

 In the IV curves in Figure 2.6, the current density, J, and the voltage, V, follow a 

scaling relationship 1+∝ lVJ , which is characteristic of space charge limited conduction 

in a semiconductor with an exponential distribution of shallow charge traps at the band 

edge.  Space charge limited conduction requires at least one ohmic contact (Rwire>Rcontact) 

and occurs when injected charge exceeds the thermally-generated free carriers.  Marks 

and Helfrich36,37 showed that the space charge limited current density in a semiconductor 

of arbitrary width, length and chemical composition, with an exponential distribution of 

traps is 
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In Eqn (2.7), H is the trap concentration, Nc is the band density of states, ε  is the 

dielectric constant of the wire, q is the electron charge, L is the electrode spacing, and µ 

is the carrier mobility.  ( )lf  is a function of the scaling exponent TTl t= ,  
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related to the characteristic trap “temperature” Tt, which gives the width of the 

exponential distribution,  
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In Eqn (2.9), Ec is the band edge energy and k is Boltzmann’s constant.   

 Since 
1+∝ lVJ , l can be determined directly from the temperature-dependent IV 

curves.  Figures 2.12 and 2.13 show plots of l+1 determined from the space charge 

limited region of the IV curves versus T-1 of eight GaAs nanowires.  When T>Tt , trapped 

charge is  thermally promoted back into the conduction band and the IV curves become 

ohmic (i.e., l+1=1 such that VJ ∝ ).  At lower temperature, space charge limited currents 
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dominate with l increasing as T decreases.  The values of Tt and the corresponding 

characteristic trap energy Ect = kTt, were determined from the plots in Figure 2.12 and 

2.13, as summarized in Table 2.3.  For these eight nanowires, Ect ranges between 0.024 

eV~0.11 eV with one device exhibiting a trap energy of 0.006eV, which is an order of 

magnitude lower than the other 7 devices. 

 

Figure 2.12: l+1 plotted versus 1/T for four GaAs nanowires.  The nanowire diameter 
and electrode spacing of the devices were (a) 72.3 nm, 43.51 µm; (b) 54.0 
nm, 6.54 µm; (c) 51.4 nm, 18.41 µm; (d) 45.2 nm, 14.78 µm.  Ect  
determined from the slope of the low temperature data is (a) 0.105 eV; (b) 
0.051 eV; (c) 0.079 eV; (d) 0.047 eV.  The break in data between 270 K and 
297 K resulted from the use of different measurement equipment suitable for 
each temperature range.  The data reflects measurements over the 100 to 523 
K temperature range.     
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Figure 2.13: l+1 plotted versus 1/T for four GaAs nanowires.  The nanowire diameter 
and electrode spacing of the devices were (a) 52 nm, 7.16 µm; (b) 38 nm, 
13.6 µm; (c) 67 nm, 38.8 µm; (d) 47 nm, 13.75 µm.  Ect determined from the 
slope of the low temperature data are (a) 0.024 eV; (b) 0.039 eV; (c) 0.006 
eV; (d) 0.056 eV.  The data were obtained at temperatures ranging from 293  
K to 523 K.   

 

The trap concentration, H, cannot be determined directly from the plots of l+1 

versus T-1.  However, Kumar and coworkers38 showed that plots of lnJ versus lnV at 

different temperatures should exhibit a “crossover” voltage Vc, where ( )VJ  does not 

depend on temperature.  Vc relates to H, 
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ε2

2qHLVc =   ,                                                   (2.10) 

and can be used to calculate the trap density.  Values of Vc determined from temperature-

dependent IV curves, as shown in Figure 2.14 and 2.15, give trap densities ranging 
13101×  cm-3 to 15102.1 ×  cm-3 (See Table 2.4).  Although there is significant uncertainty 

in determining accurately the value of Vc by extrapolating the IV data to higher 

potentials, the trap densities reported here offer good order of magnitude estimates.  As a 

general trend, the trap energy decreased with increasing trap density, suggesting that 

nanowires with higher total trap concentrations have a broader trap distribution at the 

band edge.      
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Figure 2.14: Temperature-dependent IV curves used to determine Vc and H using Eqn 
(2.7).  The data correspond to measurements at (●) 260 K, (○) 220 K, (▼) 
190 K, ( ) 160 K.   The curves correspond to fits of Eqn (1) for trapped 
charge space-charge limited conduction to the data.  The nanowire diameter 
and electrode spacing is (a) 54.0 nm, 6.54 µm; (b) 51.4 nm, 18.41 µm; (c) 
72.3 nm, 43.51 µm; (d) 45.2 nm, 14.78 µm.   
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Figure 2.15: Temperature-dependent IV curves used to determine Vc and H using Eqn 
(2.7).  The data correspond to measurements at (●) 463 K, (○) 413 K, (▼) 
363 K, ( ) 313 K.   The curves correspond to fits of Eqn (1) for trapped 
charge space-charge limited conduction to the data.  The nanowire diameter 
and electrode spacing is (a) 38 nm, 13.6 µm; (b) 67 nm, 38.8 µm; (c) 47 nm, 
13.75 µm; (d) 52 nm, 7.16 µm.   
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Table 2.4:    Radius and electrode spacing of the GaAs nanowires tested, with their 
corresponding trap energy and temperature, cross over voltage, trap 
concentration and carrier activation energy.  

 

Diameter (nm) Length (µm) Ect (eV) Tt  (K) Vc (V) Ht (x1013 cm-3) Ea (eV) 

72 43.51 0.105 1220 17 1.3 0.119 

54 6.54 0.051 592 13 44 0.158 

51 18.41 0.079 917 17 7.3 0.18 

45 14.78 0.047 545 12 8 0.161 

67 38.8 0.006 69.6 ___ 1 ___ 1 ___ 1 

38 13.60 0.039 453 10 7.8 ___ 2 

47 13.75 0.056 650 14 11 0.215 

52 7.16 0.024 279 43 120 ___ 2 
1 The temperature dependent IV curves did not exhibit crossover for this sample.  2 

Samples did not exhibit ohmic behavior ( l+1 ≤ 1.03 ) in the measured high temperature 

range. 

 

2.4.4 Thermally-generated free carrier activation energies 

2.4.4.1 Activation energies derived from ohmic IV curves 

At higher temperature and low bias, the IV curves are ohmic and the current 

density depends proportionally on the concentration of thermally-generated carriers, on :39  
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on  depends on the energy difference between the Fermi level EF, and the band edge Ec , 

which is the activation energy for generating a free carrier, Ea =EF-Ec.  For the nanowires, 

Ea was determined from Arrhenius plots of the resistivity versus T-1, as  

   ⎟
⎠
⎞

⎜
⎝
⎛=

kT
Ea

o expρρ ,          (2.12) 

where ρo is the pre-exponential factor related to the band edge density of states and the 

carrier mobility.  Figure 2.16 shows Arrhenius plots for thse four GaAs nanowires 

studied here.  The activation energies fall in the range 0.12 eV~0.22 eV.  The Fermi 

energy is shifted significantly towards the band edge — bulk GaAs has a band gap 

energy of 1.46 eV — indicating doping or the presence of charged surface states.25   

 

Figure 2.16: ln ρ versus 1/T for four GaAs nanowires determined from ohmic IV curves 
of five devices measured at higher temperature and lower bias.  The 
activation energy, radius and length for each nanowire is: (▼) 0.158 eV, 54 
nm, 6.54 µm; (●) 0.161 eV, 45 nm, 14.78 µm; ( ) 0.119 eV, 72 nm, 43.51 
µm; (○) 0.180 eV, 51 nm, 18.41 µm; ( ) 0.215 eV, 47 nm, 13.75 µm. 

 

Elemental analysis by energy dispersive X-ray spectroscopy (EDS) showed a 

significant presence of Si in the GaAs nanowires as a reaction byproduct from the 
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As(SiMe3)3 precursor (up to ~1020 cm-3 in Ref 9) and Si is a well-known n-type dopant 

for GaAs.33,40  The room temperature carrier concentrations estimated from the measured 

values of the Fermi energy in Table 2.4 using the relationship, 

 ⎟
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gave values of -313 cm 109.8 ×  to -315 cm 104.4 ×  ( ( ) -317 cm 107.4GaAs ×=cN ) that were 

orders of magnitude smaller than the measured Si concentration associated with the 

wires.41  Dopant concentrations of -313 cm 109.8 ×  to -315 cm 104.4 ×  correspond to about 

15~100 dopant atoms per nanowire.  Therefore, it appears that only a very small 

percentage of Si impurity atoms associated with the nanowires are electrically activated.   
 

2.4.4.2 Activation energies derived from nonlinear IV curves 

Activation energies can also be estimated from the nonlinear space-charge limited 

IV curves.  However, since the total injected charge depends on the voltage, the 

activation energies for transport also depend on the applied voltage.  Figure 2.17 shows 

Ea measured from nonlinear IV curves for 8 devices.  These plots show that Ea decreases 

with increasing voltage.  These findings are consistent with space charge limited currents 

that are limited by an exponential distribution of traps.37,41  The quasi-Fermi level EF 

depends on the magnitude of stored charge, and therefore, the applied voltage V.  Kao 

and Hwang (Eqn 3.87 of Ref. 37) provide the following relationship for the quasi-Fermi 

level as a function of voltage EF (V):  
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Note that the quasi Fermi level decreases logarithmically as the voltage increases, as 

observed in Figure 2.17.  To a reasonable approximation, ( ) ( )VHLVEF
2ln∝ , which is 

also consistent with the data plotted in Figure 2.16 based on the values listed in Table 2.4.   

 

Figure 2.17: Ea versus V for eight GaAs nanowires determined from the nonlinear IV 
curves at -2 to 2 V bias in 0.2 V increments.  The radius and length for each 
nanowire is: ( ) 54 nm, 6.54 µm; ( ) 45 nm, 14.78 µm; (▼) 72 nm, 43.51 
µm; ( ) 51 nm, 18.41 µm; (○) 67 nm, 38.8 µm; (●) 38 nm, 13.6 µm; (∆) 47 
nm, 13.75 µm; ( ) 52 nm, 7.16 µm. 

 

2.4.5 Chemical nature of the trap states 

Space charge limited currents in semi-insulating (SI) GaAs41-44 have generally 

been attributed to an intrinsic defect associated with an arsenic anti-site defect,41 called 

EL2, which provides a deep level in the band gap of GaAs.43  However, the temperature-

dependent IV data is consistent with trap energies located near the band edge.  Eizenberg 

and Hovel observed that other shallow trap defects (such as EL5 and EL6) can also 

contribute to space charge limited currents in SI GaAs.41  Furthermore, surface states are 

an additional possible source of traps in the nanowires.       
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2.4.6 Meyer-Neldel Rule in GaAs Nanowires  

2.4.6.1 Introduction to Meyer-Neldel Rule  

We discovered that the temperature-dependent Bi2S3 nanowire conductivity 

followed Meyer-Neldel (MN) behavior.45  GaAs nanowire electrical transport also exhibit 

MN behavior.   

Meyer-Neldel behavior has been observed for thermally activated transport in 

both amorphous and crystalline semiconducting materials.46  For the nanowires, Ea was 

determined from Arrhenius plots of the resistivity versus T-1, as  

    ⎟
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o expρρ ,          (2.12) 

where ρo is the pre-exponential factor related to the band edge density of states and the 

carrier mobility. The Meyer-Neldel Rule relates the activation energy and pre-

exponential factor ρo from an Arrhenius relationship:47,48  

   )/exp( MNaooo EE−= ρρ ,        (2.15) 

where EMN is the characteristic Meyer-Neldel energy and ρoo is a constant.  The 

underlying physical explanation for MN behavior for conductivity varies considerably 

mainly because of the possibly of multiple mechanisms effecting the conduction process 

studied and many times is still a matter of debate.  One theory is that the MNR follows 

from a statistical shift of the Fermi level with temperature resulting from disorder in the 

material.47  

The disorder or inhomogeneity of a material system such as a nanowire 

determines the Meyer-Neldel behavior it exhibits and is qualitatively reflected in EMN and 

ρoo.47  Disorder leads to a tail in the conduction band density of states that extends into 

the gap.  When EMN > 0, the Fermi level lies just below, but is not in the conduction band 

tail density of states (DOS).  Conversely, when EMN < 0, the Fermi level is deep in the 
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band tail, and gives rise to anti or inverse Meyer-Neldel behavior.47  EMN can be written 

in terms of a characteristic temperature, T*: such that EMN=kT*.  Disorder in a material 

broadens the conduction band tail state distribution.44 

   

2.4.6.2 Observation of Meyer-Neldel Rule for GaAs Nanowires 

Large deviations in conductivity and activation energy were observed from GaAs 

nanowires produced in the same reaction.  At higher temperatures, the nanowires 

exhibited ohmic IV curves, whereas at lower temperatures, the curves were nonlinear due 

to space charge limited conduction—activation energies could be determined from both 

kinds of IV curves.  When the currents are limited by space charge, the activation energy 

is additionally a function of applied voltage (Figure 2.17).  The nanowire conductivity 

was measured as a function of temperature for 8 nanowires at applied voltages ranging 

from -0.2 to -2 V without partitioning the ohmic data from the nonlinear data.  Figure 

2.15 compiles Ea and ln ρo determined from Arrhenius plots at different voltages for 8 

different nanowires.  

The GaAs nanowires exhibit MN behavior with an average EMN of 0.044 ± 0.006 

eV ( T* =511 ± 70 K ).  The trend of decreasing activation energy with increasing voltage 

seen in Figure 2.17 is also apparent in Figure 2.18.  The pre-exponential factor, ρ0, 

increases with decreasing activation energy.  Each device has a different EMN value 

indicating that each nanowire has a different concentration of electrically active defects.  

It is also possible that the two competing mechanisms which contribute to the MN 

behavior are the space charge limited transport and ohmic behavior.  
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Figure 2.18: Meyer-Neldel plot for 8 GaAs nanowires at 10 different voltages from -0.2 
to -2 V.  The Meyer-Neldel equation follows the form of ρo=ρooexp(Ea/ 
EMN).  Each shape denotes a different nanowire.  
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Table 2.5:    Shows a list of the radius, length, activation energy and pre-exponential 
factor at -1 V as well as the characteristic Meyer-Neldel energy and ρoo for 
each of 8 GaAs nanowire devices 

 
 

Radius 

(nm) 

Length (µm) Ea (eV) at     

-1V 

ρo x10-3 (Ω-

cm) at  -1V 

EMN (eV) ρoo (Ω-cm) 

66.47 38.80 0.137 176 0.054 2.09 

38.20 13.60 0.381 1.91 0.048 5.36 

47.16 13.75 0.204 52.5 0.043 5.71 

72.34 43.51 0.142 60.8 0.038 2.52 

53.98 6.54 0.188 20.9 0.041 1.95 

45.15 14.78 0.201 5.23 0.037 1.10 

51.83 7.16 0.273 4.24 0.046 1.59 

51.37 18.41 0.226 4.12 0.039 1.27 
 
 

 

2.5 CONCLUSIONS 

Temperature-dependent IV measurements on GaAs nanowires reveal an 

exponential distribution of traps and a Fermi level shifted significantly towards the band 

edge.  Significant variation in the trap distribution, trap concentration, and Fermi energy 

exists from wire to wire; however, these parameters fall within an order of magnitude 

range of values, appearing to indicate that these are statistical fluctuations in doping 

and/or defect concentrations in the sample.  Considering the discrete number of activated 

dopants per nanowire (15~100 atoms/wire), the influence of statistical fluctuations are 
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not that surprising.  As noted several years ago,49 new nanotechnologies will require 

device architectures and fabrication approaches that can accommodate significant 

statistical fluctuations intrinsic to nanomaterials and self-assembly processes.  Certainly, 

new “nanowire technologies” also must contend with the unique challenges of relatively 

large defect distributions that result from the discrete nature of nanoscale systems.        
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Chapter 3: Electrical Transport, Meyer-Neldel Rule and Oxygen 
Sensitivity of Bi2S3 Nanowires 

 

3.1 INTRODUCTION 

 

The high surface-to-volume ratio and the “one-dimensional” structure of 

semiconductor nanowires greatly influence their electrical transport properties.  As the 

critical dimensions of commercially available transistors shrink to “nanowire” length 

scales and nanowires are considered for use as the active components and interconnects 

in integrated circuits, an understanding of how the surface chemistry and nanowire 

structure influences electrical transport becomes increasingly important.  Chemically-

grown crystalline nanowires provide useful experimental model systems for such studies 

as they can now be synthesized with relative ease with diameters less than 10 nm and 

micrometer lengths for a variety of different materials.1-8  Furthermore, electron beam 

lithography patterning approaches and focused ion beam metal deposition make it routine 

to electrically connect these nanowires for experimental studies.9  Here we present 

temperature-dependent electrical measurements of Bi2S3 nanowires synthesized by 

chemical methods.           

An extension of a solventless synthetic approach that has yielded size and shape 

monodisperse Cu2S10,11and NiS12 nanorods and nanodisks was used to synthesize high 

quality Bi2S3 nanowires.13  Bi2S3, bismuthinite, is an ionic semiconductor that is n-type as 

a result of sulfur vacancies with a band gap of 1.3 eV.14-16  Its band gap energy is near 

optimum for photovoltaic conversion of sunlight since it lies at the red edge of the visible 

spectrum.  Bi2S3 also has been proposed for use in thermoelectric applications; however, 



 49

it has a higher thermal conductivity than other bismuth compounds, which lowers its 

thermoelectric figure of merit, ZT.16-18  Here, we explore the electrical transport 

properties of Bi2S3 nanowire devices with and without annealing, and upon exposure to 

light and air.  Temperature-dependent resistance measurements revealed that transport is 

activated and follows a Meyer-Neldel (MN) relationship between the activation energy 

and the exponential prefactor.  Although a wide variety of processes have been found to 

follow the MN rule, including electrical transport through amorphous, organic and ionic 

semiconductors,19-21 this is the first example of MN behavior in a nanowire system.       
   

3.2 EXPERIMENTAL DETAILS 

3.2.1 Bi2S3 nanowire synthesis.   

All chemicals were used as received from Aldrich.  Single crystal Bi2S3 

nanowires were synthesized using a solventless technique.13  In a typical preparation, 36 

mL of 12 mM BiCl3 aqueous solution was added to 25 mL chloroform (CHCl3) with 0.18 

g of sodium octanoate (NaOOC(CH2)6CH3) to form a two-phase mixture.  Sodium 

octanoate serves as a phase transfer catalyst that pulls the bismuth species into the 

organic phase.  While stirring, 240 µL dodecanethiol (C12H25SH) was added to form a 

molecular Bi-thiolate precursor.  The organic phase was then isolated and the remaining 

precipitate dried using a rotary evaporator.  The precipitate was then heated at 160oC for 

1 hour under air.  The resulting product was redispersed in chloroform and then 

precipitated with ethanol.  After centrifuging at ~6000 rpm, the nanowires were 

resuspended in CHCl3. 
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3.2.2 Materials characterization  

High resolution transmission electron microscopy (TEM) was preformed using a 

JEOL 2010F TEM operating at 200 kV accelerating voltage equipped with a Gatan 

multiple scanning CCD camera with digital imaging software.  TEM samples were 

prepared by drop casting from chloroform dispersions onto 200 mesh carbon coated 

copper TEM grids (Electron Microscopy Sciences).  High resolution scanning electron 

microscopy (SEM) images were obtained with a LEO 1530 SEM equipped with a 

GEMINI field emission column with a thermal field emitter operating at an accelerating 

voltage of 3 kV using an Inlens detector and LEO 32 software.  SEM images were 

obtained from nanowire samples drop cast from chloroform dispersions onto glassy 

carbon substrates or from the fabricated device structures.   
 

3.2.3 Nanowire device fabrication and testing 

Bi2S3 nanowires were deposited from a chloroform solution onto a substrate 

patterned with gold contact pads by electron beam lithography (EBL).  The nanowires 

were then electrically connected by writing local Pt lines using a dual beam FIB/SEM 

tool.   

 

3.2.3.1 Electron beam lithography.   

A 400 nm layer of Zep 520 positive resist was spun on a silicon substrate with a 

100 nm thick oxide and patterned in a JEOL JBX-6000FS/E electron beam lithography 

system.  The patterned substrate was developed using ZED N-50 developer and then 

metallized by evaporating 30 nm Au on top of a 3 nm Cr adhesion layer using a Denton 
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DV502 Vacuum Chamber Evaporator.  The excess metal covering the resist was lifted off 

by sonicating in acetone followed by an isopropyl alcohol rinse.     

 

3.2.3.2 Device construction and FIB deposition.   

The nanowires were deposited on the substrate by evaporation of a chloroform 

dispersion with the electrical leads grounded.  It should be noted that the nanowires were 

bundled and that the measurements reported here are actually for bundles of several 

nanowires.  The nanowires were then locally connected to the gold electrodes by 

depositing Pt metal lines 0.5~1 µm high and 120~180 nm wide using ion beam assisted 

chemical vapor deposition (CVD) in a FEI xPDB (Dual Beam) focused ion beam 

(FIB)/SEM operating at 30 kV ion beam accelerating voltage and 29-30 pA ion beam 

write current.  Figure 3.4 shows a Bi2S3 nanowire bundle with two electrical contacts.  

The Pt metal line resistance was ~1.9 kΩ, which was several orders of magnitude lower 

than the nanowire device resistance of ~80 MΩ at room temperature. 

 

3.2.3.3 Device testing.   

Current-voltage (IV) measurements were obtained at temperatures ranging from 

297 to 523 K using a HP 4145B semiconductor parameter analyzer in a light-shielded, 

nitrogen-purged chamber with a temperature-controlled sample chuck.  Photocurrent 

measurements were performed using a StockerYale Imagelite Model 21 UV lamp for 

light illumination, with an Agilent femtoampmeter semiconductor analyzer operating in 

conjunction with a shielded Karl Suss probe station.  Samples were annealed in a Denton 

Vacuum Chamber Evaporator (DV-502A) between 2 to 4x10-6 torr with device substrates 

placed in a flat-bottom molybdenum boat 0.005” thick (Midwest Tungsten Service). 
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3.3 RESULTS AND DISCUSSION  

3.3.1 Bi2S3 nanowire electrical properties 

The solventless synthesis yields crystalline orthorhombic Bi2S3 (bismuthinite) 

nanowires that are micrometers in length and range between 5 and 10 nm in diameter as 

shown in Figure 3.1.13  The wires bundle together with an intervening amorphous 

substance, with bundle diameters up to a few hundred nanometers.  High resolution TEM 

images of Bi2S3 nanowires and their associated fast Fourier transforms (FFTs) were taken 

to determine the crystal structure as seen in Figure 3.2.  The FFTs index to orthorhombic 

Bi2S3.   
 

 

Figure 3.1:  (a) SEM and (b-f) TEM images of orthorhombic Bi2S3 (bismuthinite) 
nanowires.   
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Figure 3.2:   TEM images of Bi2S3 nanowires and their associated fast Fourier transforms 
(FFTs).  The FFTs index to orthorhombic Bi2S3.  In (a), the electron beam is 
oriented down the [001] zone axis and (220) lattice planes appear.  Bright 
reflections appear with 2.79 Å and 2.82 Å d-spacing, consistent with the 
{400} and {040} family of planes for Bi2S3.  In (c), the TEM image is taken 
with the electron beam incident down the [212] zone axis.  The FFT in (d) 
shows bright reflections from the {120}, {101} and {221} family of planes 
for Bi2S3 with corresponding lattice spacing of 4.95 Å, 3.78 Å and 2.80 Å, 
respectively.   
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Figure 3.3:  SEM image of EBL-defined Au contact pad array used for depositing 
nanowires.  (Inset) Magnification of the gold electrodes lines used to 
connect the nanowires.  
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Figure 3.4:  SEM image of a Bi2S3 nanowire bundle 96.0 nm in diameter with two 
electrical contacts separated by 11.7 µm.  (Inset) Magnification of the 
nanowire showing the bundled structure.  This image was acquired after 
annealing, showing good device integrity after the annealing process.   

For electrical testing, Bi2S3 nanowire bundles were drop cast on substrates 

prepatterned with an array of Au electrodes (Figure 3.3).  They were then electrically 

connected to the Au with Pt lines deposited by FIB (Figure 3.4).  At room temperature, 

the current-voltage (IV) curves of these 2-point devices are symmetric about the origin 

and ohmic for applied voltages less than ~1.0 V.  At higher applied bias, the IV curves 

become nonlinear, as shown in Figure 3.5a.  Taking into account the bundle diameter and 

the electrode spacing, the resistivity ρ, of the nanowire bundle in Figure 3.5 is 36.4 Ω cm.   



 56

 

 

Figure 3.5:  (a) IV curve measured at room temperature for a Bi2S3 nanowire bundle of 
an unannealed device.  For this device, the electrode spacing was 11.47 µm 
and the bundle was 47 nm in diameter.  The IV curve becomes nonlinear at 
the high applied bias.  The dashed line provides a visual reference for 
Ohmic behavior.  (b) Nanowire resistivity plotted as a function of inverse 
temperature in the range 297 K to 523 K.  From the slope, Ea=0.327 eV and 
the y-intercept is 1.73x10-4 Ω cm.   
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The nanowire resistance was found to increase with decreasing temperature as 

expected for a semiconductor. The activation energy reveals the position of the Fermi 

energy in the band gap which shifts towards the conduction band for n-type 

semiconductor and shifts towards the valence band for p-type semiconductor.  By 

measuring IV curves at a range of temperatures, the activation energies Ea, and pre-

exponential prefactors ρo, for transport, kTE
o

aeρρ = , were obtained for several devices.  

Figure 3.5b shows a plot of ρ of versus T-1 for one device with Ea =0.327 eV and ρo= 

1.734x10-4 Ω cm.  The room temperature values of ρ varied by nearly three orders of 

magnitude, from 1165 Ω cm to 6.4 Ω cm as seen in Table 3.1.   
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Table 3.1:    Summary of nanowire bundle radius, electrode spacing, resistivity, 
activation energy and pre-exponential factor for 8 Bi2S3 nanowire devices.  
The radii and spacings were determined using HRSEM.  

 

 

Radius (nm) 

Electrode 

Spacing (µm) 

 

ρ (Ω cm) 

 

Ea (eV) 

 

ρo x103 (Ω cm) 

23.26 16.93 1165 0.43 0.078 

46.97 11.47 41.89 0.32 0.182 

62.45 10.99 202.4 0.28 4.381 

72.20 7.29 167.8 0.19 90.78 

54.53 10.68 86.75 0.24 9.462 

74.20 7.51 6.35 0.21 3.124 

43.31 3.30 164.5 0.20 73.73 

43.68 7.09 725.0 0.28 12.47 
 

Bulk Bi2S3 conductivities have been noted to vary by over nine orders of 

magnitude due to large differences in Bi:S stoichiometry and it is possible that 

stoichiometric variations in the wires give rise to the observed range of resistivity.17  A 

wide variety of processes have been found to follow the Meyer-Neldel relationship 

including electrical transport through amorphous, organic and ionic semiconductors.19-21  
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The Meyer-Neldel Rule is an exponential relation between the activation energy and pre-

exponential factor ρo from an Arrhenius relationship,19-21  

   )/exp( MNaooo EE−= ρρ   ,    (3.1) 

where the characteristic energy EMN, and pre-exponential factor ρoo are material-

dependent parameters.  Figure 3.6a shows Ea and ρo determined from the ohmic portion 

of IV curves for 8 different nanowire devices.  The nanowires follow the MN rule with 

EMN=0.038 ± 0.014 eV (with 95% confidence), which is within the range of 0.03 to 0.1 

eV common to a large variety of materials.22-24  This gives an isokinetic temperature 

T*=440 ±163 K, where EMN=kT*.  



 60

 

Figure 3.6:   ρo versus Ea for Bi2S3 nanowire devices (a) without and (b) with annealing. 
Without annealing, the devices follow the MN rule with EMN=0.038 eV and 
ρoo=5.80 Ω-cm.  In (b),  ρo versus Ea were measured with an applied bias of 
1 V: the annealed devices follow the inverse MN rule with  EMN=-0.045 eV 
and ρoo=2.04x10-4 Ω-cm. 
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Figure 3.7:  Room temperature IV curves of Bi2S3 nanowires before and after annealing.   
The electrode spacing was 5.65 µm and nanowire bundle diameter 55.60 
nm.   

 

Annealing Bi2S3 nanowire devices under vacuum at 482oC decreased the 

resistance by nearly four orders of magnitude (Figure 3.7).  The Pt line resistance after 

annealing under these conditions decreases by only ~0.5% from its initial value and 

annealing does not affect the structural integrity of the devices (See SEM image in Figure 

3.4 of a nanowire device after annealing).  The drop in resistance is consistent with sulfur 

outgassing from the wire, which creates more vacancies leading to an increase in carrier 

concentration.17  Annealed nanowire devices showed large variations in resistivity, with 

only slightly lower maximum and minimum values of Ea relative to unannealed nanowire 

devices—0.14~0.29 eV (annealed) versus 0.19~0.43 eV (unannealed) (See Table 3.2 for 

tabulated values).  Figure 3.8b shows ln(ρo) plotted versus Ea for several annealed 

devices measured at the same bias of 1 V.  The annealed nanowires exhibited an inverse 

MN relationship with EMN<0.  MN plots could also be constructed for individual devices, 

since ρo and Ea were found to depend on the applied bias.  Figure 3.8 shows ln(ρo) versus 

Ea determined at different applied biases, ranging from 1.0 V to 0.1 V for 8 devices.  The 
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plots for each device follow the MN rule, with an average EMN of 0.036 eV (standard 

deviation of ±0.014 eV), which is close to EMN of the unannealed devices.        

 

Table 3.2:    Summary of nanowire radius, electrode spacing, activation energy and pre-
exponential factor, Meyer-Neldel energy and ρoo for 8 devices after 
annealing.  The radii and spacings were determined using HRSEM.  

 
 

 

Radius 

(nm) 

Electrode 

spacing 

(µm) 

 

Ea (eV)a 

 

ρo (Ω-cm)a 

 

EMN 

(eV) 

 

ρo (Ω-cm) 

87.46 14.77 0.22 0.0188 0.035 10.11 

55.60 5.65 0.14 0.0070 0.050 0.101 

87.09 13.60 0.18 0.0156 0.029 8.160 

70.89 7.61 0.18 0.0096 0.014 2837 

135.22 9.12 0.24 0.0222 0.060 1.253 

50.59 11.05 0.20 0.0271 0.035 8.638 

75.41 4.70 0.29 0.1306 0.043 123.0 

115.6 7.39 0.23 0.0157 0.025 211.7 
 
 
a Measured with 1 V applied potential. 
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Figure 3.8:  (a) Arrhenius plot for an annealed nanowire device measured with a bias of -
1V; Ea= 0.29 eV and ρo=0.131 Ω-cm.  (b) MN plots for eight annealed 
Bi2S3 nanowire devices with Ea and ρo measured with applied biases from 1 
V to 0.1 V in 0.1 V increments.  A comparison of different devices reveal 
inverse MN behavior. 

 

In the literature, the explanations for the MNR vary considerably mainly because 

of the possibly of multiple mechanisms affecting the process studied.  The central view in 

the literature is that the MNR is the observable effect of the statistical shift of the Fermi 
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level with temperature and the Meyer-Neldel behavior is directly linked to the degree of 

disorder in the system under study.22   

The MN rule has been explained as the result of two (or more) competing 

transport mechanisms with different activation energies.  In semiconductors, impurities or 

structural disorder are believed to be primarily responsible for MN behavior, qualitatively 

reflected in EMN and ρoo.  In semiconductor systems, structural disorder of the lattice is 

usually considered to be any range of defects from vacancies to dislocations and grain 

boundaries.  For example, MN behavior has been explained in terms of a statistical shift 

in the Fermi level with temperature,25 which can occur in semiconductors with a disorder-

induced tail of states at the conduction band edge ( more disorder in a material broadens 

the conduction band tail state distribution).22  When EMN > 0, the Fermi level has risen to, 

but is not in the conduction band tail density of states (DOS) as seen in Figure 3.9.  MN 

behavior has also been showed to result when an impurity energy level lies in the band 

gap.21,26    

For very high impurity levels or when the Fermi level is shifted into a conduction 

band tail of states, inverse MN behavior can occur.22  The inverse Meyer-Neldel relation 

shows an increase in Ea with decreasing conductivity.  The carrier concentration or 

doping in the nanowire is large enough to push the Fermi level into the conduction band.  

In the case of inverse MNR, the defect states in the conduction band tail broaden the 

DOS at the band edge reducing the number of available states for conduction.  The Ea is a 

measure of the difference between the Fermi level and the conduction band tail for MNR; 

in the inverse Meyer-Neldel case where the material is highly doped and Ef is close to the 

Ec, Ea is the size of the conduction band tail.  As the conduction band tail increases size, 

the DOS becomes more spread out above the band gap and the actual conduction band 

becomes higher in energy resulting in a decrease in device conductivity.   
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Figure 3.9:  Band Diagram of Meyer-Neldel Rule and Inverse Meyer-Neldel Rule.  
Electrons are given by black circles and hole given by white circles.  

Significant numbers of vacancies exist in the Bi2S3 nanowires and contribute 

directly to the transport properties.  Annealing appears to increase the vacancy 

concentration enough to give rise to inverse MN behavior.   However, when MN plots 

were developed for individual annealed nanowire devices, EMN >0, which indicates that 

two different transport mechanisms compete in the nanowire device itself.  Possibly 

carrier injection at the contacts competes with activated transport through the wire, or 

perhaps the nanowire surface is playing a role in the observed MN behavior by providing 

a source of structural disorder and (charged) defects.   
 

3.3.2 Light and air sensitivity of the electron transport properties  

 

The nanowire resistance decreased upon light exposure, and could be switched 

reversibly between low and high resistance under light and dark conditions.  Figure 3.10 

shows the electric current measured for a two-terminal Bi2S3 nanowire bundle device in 
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air illuminated with a 101 µW UV lamp with a -1 V applied bias.  The current increased 

by approximately 30% when illuminated.  The current gradually increased after the light 

was switched on, and gradually decreased after the light was switched off.  The relatively 

slow increase and decay in current is indicative of slow surface states, which most likely 

relate to oxidized species.27,28   

 

Figure 3.10: Reversible optical switching of Bi2S3 nanowire devices from high to low 
conductance under light (101 µW UV lamp) and dark conditions.  Current is 
measured with a bias of -1 V.   

  

The nanowire resistance was also sensitive to air exposure.  Air exposure 

decreased the current by nearly an order of magnitude as shown in Figure 3.11.  Prior to 

air exposure, the nanowire device was heated at 200oC in a nitrogen-filled glove box for 

15 minutes with 0.5 V applied to the nanowire to ensure complete oxygen desorption 

from the nanowire surface.  The device was then cooled to 3oC, exposed to air, and the 

current was measured with an applied bias of 2 V.  The current decreased significantly 

during the first 40 sec, followed by a more gradual rate of decay.  Testing of several 
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nanowire devices showed this same general behavior: a rapid decrease in current 

followed by a steady leveling off at longer times.   

 

Figure 3.11:(a) Current measured at 3oC with an applied bias of 2 V after exposure to air.  
(b) Fit of Eqn. (3.4) to the data at long time giving the rate constants β = 
1x10-10 A-1 and to = 22,026 sec.  

 

The current decrease appears to relate to oxygen adsorption kinetics on the 

nanowire surface.  For instance, oxygen chemisorption on CdSe surfaces involves an 

initial oxygen physisorption step followed by the extraction of conduction electrons, or 

charge transfer, that leads to chemical bonding with the surface.29  Chemisorbed oxygen 
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gives rise to a negative ionic surface charge, which depletes the majority carriers in the 

case of n-type Bi2S3 nanowires and decreases the current.  Oxygen chemisorption has 

been considered to follow an Elovich-type of rate expression,  

   Γ−=
Γ ba

dt
d exp ,                                (3.2) 

which has been used extensively to model gas chemisorption to solid surfaces.30  In Eqn 

(3.2), Γ is the surface concentration of adsorbed oxygen and the parameters a and b are 

constants.  If one assumes that the electric surface potential generated by adsorbed 

oxygen relates proportionally to Γ, then the current through the nanowire is also expected 

to be proportional to Γ, and Eqn (3.2) can be re-expressed as  

   I

dt
dI βα exp−=          (3.3) 

with β and α as constants.  Integration of Eqn (3.3) gives 

   ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=−

ot
tI lnβ           (3.4) 

where to is (αβ)-1.  A plot of the current versus ln(t) shown in Figure 3.10 fits Eqn (3.4) 

well for long times, between 200 and 500 sec with rate constants β =1x10-10 A-1 and to= 

22,026 sec (6.1 hr).  Oxygen chemisorption slows down as carriers become depleted in 

the nanowire.  The initial nanowire resistance could be recovered by heating the 

nanowires to 200oC under nitrogen with an applied bias to desorb surface species; re-

exposure to air again reduces the current.  The Bi2S3 nanowires could withstand several 

cycles of heating and air exposure.   
  

3.4 CONCLUSIONS 

In summary, the electrical properties of Bi2S3 nanowire bundles were investigated 

and activated transport was observed.  The nanowire resistivity was found to vary by 
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orders of magnitude from wire to wire and followed the MN rule.  Annealed nanowires 

followed the inverse MN rule.  This is the first observation of Meyer-Neldel behavior in 

nanowires, and appears to indicate that significant disorder and impurities exist in the 

nanowires, despite their crystalline core and well-defined surfaces observed by TEM 

imaging.  Similarly large variations in nanowire resistivity have also been observed from 

Si nanowires grown by metal particle-seeded chemical vapor deposition.31  

Understanding the nature of such large conductivity variations in chemically-grown 

semiconductor nanowires is vital to their implementation in future electronic 

applications. 

 

3.5 REFERENCES       

 
 (1) Holmes, J. D.; Johnston, K. P.; Doty, R. C.; Korgel, B. A. Science 2000, 

 287, 1471. 
 
 (2) Hanrath, T.; Korgel, B. A. J. Am. Chem. Soc. 2002, 124, 1424. 
 
 (3) Davidson, F. M., III; Schricker, A. D.; Wiacek, R. J.; Korgel, B. A. Adv. 

 Mater. 2004, 16, 646. 
 
 (4) Davidson, F. M., III; Wiacek, R.; Korgel, B. A. Chem. Mater. 2005, 17, 

 230. 
 
 (5) Wu, Y.; Cui, Y.; Huynh, L.; Barrelet, C. J.; Bell, D. C.; Lieber, C. M. 

 Nano Lett. 2004, 4, 433. 
 
 (6) Yu, H.; Buhro, W. E. Adv. Mater. 2003, 15, 416. 
 
 (7) Wang, D.; Dai, H. Angew. Chem. 2002, 41, 4783. 
 
 (8) Grebinski, J. W.; Hull, K. L.; Zhang, J.; Kosel, T. H.; Kuno, M. Chemistry 

 of Materials 2004, 16, 5260. 
 
 (9) Hanrath, T.; Korgel, B. A. J. Nanoeng. Nanosyst. 2005, in press. 
 



 70

 (10) Larsen, T. H.; Sigman, M.; Ghezelbash, A.; Doty, R. C.; Korgel, B. A. 
 J.  Am. Chem. Soc. 2003, 125, 5638. 

 
 (11) Sigman, M. B., Jr.; Ghezelbash, A.; Hanrath, T.; Saunders, A. E.; Lee, F.; 

 Korgel, B. A. J. Am. Chem. Soc. 2003, 125, 16050. 
 
 (12) Ghezelbash, A.; Sigman, M. B., Jr.; Korgel, B. A. Nano Lett. 2004, 4, 

 537. 
 
 (13) Sigman, M. B., Jr.; Korgel, B. A. Chem. Mater. 2005, 17, 1655. 
 
 (14) Nomura, R.; Kanaya, K.; Matsuda, H. Bull. Chem. Soc. Japan 1989, 62, 

 939. 
 
 (15) Black, J. C., E. M.; Seigle, L.; Spencer, C. W.. Phys. Chem. Solids 1957, 

 2, 240. 
 
 (16) Gildart, L.; Kline, J. M.; Mattox, D. M. Phys. Chem. Solids 1961, 18, 286. 
 
 (17) Mizoguchi, H.; Hosono, H.; Ueda, N.; Kawazoe, H. J. Appl. Phys. 1995, 

 78, 1376  
 
 (18) Chen, B.; Uher, C.; Iordanidis, L.; Kanatzidis, M. G. Chemistry of 

 Materials 1997, 9, 1655. 
 
 (19) Meyer, W.; Neldel, H. Z. Tech. Phys. 1937, 12, 588. 
 
 (20) Yelon, A.; Movaghar, B.; Branz, H. M. Phys. Rev.  B. 1992, 46, 12244. 
 
 (21) Widenhorn, R.; Rest, A.; Bodegom, E. J. Appl. Phys. 2002, 91, 6524. 
 
 (22) Meiling, H.; Schropp, R. E. I. Appl. Phys. Lett.  1999, 74, 1012. 
 
 (23) Jackson, W. B. Phys. Rev.  B. 1988, 38, 3595–3598. 
 
 (24) Overhof, H.; Beyer, W. Phil. Mag. B 1981, 43, 433. 
 
 (25) Popescu, C.; Stoica, T. Phys. Rev.  B. 1992, 46, 15063–15071. 
 
 (26) Widenhorn, R.; Fitzgibbons, M.; Bodegom, E. J. Appl. Phys. 2004, 96, 

 7379. 
 
 (27) Morrison, S. R. Phys. Rev.  1956, 102, 1297. 
 
 (28) Hanrath, T.; Korgel, B. A. J. Phys. Chem. B 2005, 109, 5518. 



 71

 
 (29) Wagner, R. G.; Breitweiser, G. C. Solid-State Electronics 1969, 12, 229. 
 
 (30) Low, M. J. D. Chem. Rev.  1960, 60, 267. 
 
 (31) Cui, Y.; Zhong, Z.; Wang, D.; Wang, W. U.; Lieber, C. M. Nano Lett. 

 2003, 3, 149. 
 



 72

 

Chapter 4: Electrical Properties of Gated Solution-Grown Germanium 
Nanowires 

 

4.1 INTRODUCTION 

Semiconductor nanowires have been explored as a technology platform in a 

variety of nanodevices.1-7  However, despite the few demonstrated devices with the 

expected performance characteristics,1,2,8,9 there are still many questions about the 

electrical transport properties of chemically-grown semiconductor nanowires: for 

example, what is the fundamental nature of electrical transport through the nanowire and 

how is it influenced by the nanowire surface chemistry?  In the case of Ge nanowires, the 

transport properties have been found to be very sensitive to surface chemistry and gated 

nanowires have been observed to exhibit hysteresis in gate potential scans along with 

time-dependent decay in gate response due to the presence of slow surface states.10-12  

Here, we study the temperature dependence of the electrical gate response of 

single undoped Ge nanowires and reveal that the carrier mobility increases with 

increasing temperature, indicating that transport is probably dominated by hopping.  The 

Pt/Ge contacts are ohmic and, as such, the Ge nanowire device operates as a gated 

resistor as opposed to a true transistor.  Nonetheless, the device could be used to invert an 

input voltage, albeit with a very low gain of ~10-5.  A second back gate was added and 

studied for additional control of the device transconductance, however, the low current 

mobilities severely limit the device performance.     

 



 73

4.2 BACKGROUND FOR GERMANIUM DEVICES 

The germanium nanowires are made using a supercritical fluid-liquid-solid 

technique described else where.13-15  In this technique, the diphenylgermane precursor 

and gold seed nanoparticles are injected into supercritical hexane.  The precursor 

thermally degrades and the germanium dissolves into the gold nanoparticle.  When the 

eutectic concentration is met, a single crystal germanium nanowire grows out of one side 

of the nanoparticle as more germanium dissolves.13-15  An example of a germanium 

nanowire is seen in the HRTEM image in Figure 4.1. 

 

 

 

 

 

Figure 4.1: HRTEM of single crystalline germanium nanowire with gold seed.15  
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Figure 4.2:  (A) Shows SEM of electron beam lithography defined 4 point nanowire 
connections. (B) Shows IV behavior of electron beam lithography 
connections.  (C) AFM images of ion assisted CVD platinum connections to 
nanowire made using focused ion beam (FIB) lithography.  (D) 4 point 
measurement of contact resistance plotting resistance versus applied voltage 
for the device fabricated using FIB.16  

To study the electrical properties of the germanium nanowires, contacts to the 

nanowires had to be made.  Different nanowire contact methods were explored.  The first 

method was electron beam lithography (Figure 4.2 A and B) which involved patterning 

structures and depositing chromium/gold onto the nanowire.  The second method was 

focused ion beam metal deposition (Figure 4.2 C and D) which involved the ion assisted 

CVD of platinum onto the nanowire.  The electron beam lithography technique created 

high resistance Schottky barrier contacts with contact resistances ~1012
 Ω, while the 

(C)

(D) 
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focused ion beam techniques gave ohmic contacts with contact resistances significantly 

less than the nanowire resistance.16   

The nanowire surface has drastic effects on the electrical transport.  The 

germanium surface is known to have an electron trap level 0.15 eV below the middle of 

the band gap.  When the Fermi level is above the trap level, an electron fills the trap level 

and a hole accumulates at the nanowire surface.  These holes give the Ge nanowire its p-

type behavior.10  

 

  

Figure 4.3:  (A) Hysteresis in the transconductance plot of an untreated oxidized Ge 
nanowire.  (B)  Reduced hysteresis in the transconductance plot of a hexyl 
surface passivated Ge nanowire.  (C, D) Field effect decay of source –drain 
current when an untreated Ge nanowire was held at 1 Vsd and +/- 20 V gate 
respectively.  The histograms show the relaxation time distributions.10    

Figure 4.3 shows the transconductance plots (A,B) for single Ge nanowire devices 

on 100 nm SiO2 using the silicon back gate.  The unpassivated Ge nanowire surface 

(C)

(D)

(A) 

(B) 
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demonstrates more hysteresis than the C6, hexyl passivated one.  The hysteresis is due to 

charged surface states with slow recombination kinetics; the passivation helps to mediate 

these traps.  The charge the traps maintain affects nanowire gating (Veffective gate = ψsurface 

states + Vgate applied)10 where ψ is the surface potential.  The source-drain current decay over 

time was measure with a constant gate bias (Figure 4.3 C,D) for the unpassivated Ge 

nanowire device.  The current decay is exponential and shows the slow surface state 

recombination kinetics.  

 

4.3 EXPERIMENTAL DETAILS 

4.3.1 Ge Nanowire Synthesis   

Crystalline Ge nanowires were synthesized using a supercritical fluid-liquid-solid 

(SFLS) technique10,11,13-15 in a continuously-stirred 250 mL PARR reactor.  Anhydrous 

hexane with 34.8 mM diphenylgermane (DPG, Geleste) and 3 nm diameter 

dodecanethiol-coated gold nanocrystals were continuously fed into the reactor at the 

molar ratio of Au/Ge 1:1200 at 380ºC and 800 psi.  The Au nanocrystals were prepared 

by arrested precipitation as described in the literature.17,18  The flow rate for the reaction 

was 7 mL/min giving a residence time of 35 min.  The total volume of hexane, DGP and 

Au crystals used were 500 mL, 3.25 mL and 1.25 mL respectively.  Before removing the 

nanowires from the reactor, the Ge nanowires were passivated with isoprene.  The reactor 

was cooled to 250ºC and the pressure was increased to 1100 psi with the addition of 

hexane.  Then 25 mL of isoprene was added to the reactor, which increased the pressure 

to 2300 psi while the temperature was maintained at 250ºC.  The reactor was then cooled 

to 145ºC, and flushed with hexane at 5 mL/min for 25 min.  Next, the reactor was further 

cooled to 75ºC and flushed again with hexane at 5 mL/min for 10 min.  The reactor was 



 77

finally cooled to room temperature for removal of the wires from the reactor.  The Ge 

nanowires ranged in diameter from 10 nm to 60 nm with predominantly a [110] growth 

direction19 and exhibited very few extended defects.   

 

4.3.2 Nanowire Device Fabrication 

Two different device configurations were fabricated and tested.  In one 

configuration, TaN was used as a metal gate, and in another Au was used as the gate 

metal.  Zirconia (ZrO2) was used as the gate dielectric in each case.  Ge nanowires were 

deposited onto a patterned substrate coated with ZrO2 by drop casting from a toluene 

dispersion.  The nanowires were then electrically connected by a “dig-depo” process:  

Using a FEI dual FIB/SEM tool, a 1.5 µm by 1.5 µm hole was etched into the oxide to 

expose the source-drain metal electrode and then filled with Pt.  The Ion beam was held a 

30 kV and both the etching/milling and Pt deposition used write currents of 30-35 pA for 

the Au structures and 50-55 pA for the TaN structures.  The Pt deposition was then 

extended to make contact with the nanowire, as illustrated in Figures 4.4 and 4.5. 

 

4.3.3 TaN gated device 

A 310 nm to 350 nm layer of tantalum nitride (TaN) was deposited using a DC 

magnetron sputtering tool (Kurt J. Lesker) onto a silicon substrate with a 300 nm thick 

oxide.  The process pressure was 10 mTorr and the sputtering time was 5 min.  A 1.5 µm 

layer of AZ5209 photo resist was then spun onto the TaN surface followed by a 90ºC, 90 

sec post bake.  The substrate was patterned using a Karl Suss MA4 mask aligner 

photolithography system and then etched using a Batch-Top reactive ion etcher (Plasma 

therm, 6” RIE MF) for 1 minute using a CF4 etch at 50 sccm followed by a 4 minute Cl2 
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etch at 10 sccm.  The etch conditions were 150 W and 50 mTorr total pressure.  The 

remaining photoresist was removed with acetone.  

 

4.3.4 Au gated device  

A 400 nm layer of Zep 520 positive resist was spun on a silicon substrate with a 

165 nm thick oxide and patterned in a JEOL JBX-6000FS/E electron beam lithography 

system.  The patterned substrate was developed using ZED N-50 developer and then 

metallized by evaporating 30 nm Au on top of a 3 nm Cr adhesion layer using a Denton 

DV502 Vacuum Chamber Evaporator.  The excess metal covering the resist was lifted off 

by sonicating in acetone followed by an isopropyl alcohol rinse.   

 

4.3.5 Dielectric deposition and Ge nanowire/Pt contact fabrication  

The dielectric deposition and contact patterning processes were the same for both 

TaN and Au gate device configurations.  ZrO2 was used as the gate dielectric.   The 

source-drain bond pads were protected with nail polish (Revlon clear top coat).  ZrO2 was 

deposited using a 3-step shadow evaporation technique on an Edwards Auto 500 

Magnetron Sputtering System.  30-40 nm of ZrO2 (Cerac Inc) were deposited at three 

different angles (+30º, -30º and normal to the target) for a total dielectric thickness of 

120~160 nm.  After the ZrO2 was deposited, the nail polish was removed with acetone to 

expose the bond pads.   

Ge nanowires were then drop cast from toluene onto the substrate.  The substrate 

coverage was about 2 nanowires per 100 µm2.  If the nanowire deposition step did not 

yield nanowires with the appropriate orientation relative to the TaN pattern, the chip was 

sonicated in toluene and then acetone for 2-3 minutes to remove the nanowires.  
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Nanowires were then redeposited on the substrate.  The source and drain contact pad 

structures were located below the ZrO2 layer on the same plane as the gate electrode, 

making it necessary to etch a hole (1~2 µm square) through the dielectric to reach the 

source-drain metal.   This was done using the ion milling function on the FIB tool, which 

removed the ZrO2 dielectric by Ga+
 bombardment.   The hole was then filled with Pt by 

ion beam-assisted chemical vapor deposition (CVD) on the FEI xPDB (Dual Beam) 

FIB/SEM tool at 30 kV ion beam accelerating voltage.  A line of Pt was deposited to link 

the Pt contact to the Ge nanowire as shown in Figure 4.4.  For devices with TaN gates, 

the milling/deposition current was 50-55 pA and for devices with Au gates, the milling 

and deposition current was 33-34 pA.   
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Figure 4.4: TaN/ZrO2-gated Ge NW FET Fabrication: 1. Photolithographically defined 
TaN source. drain and gate. 2,3,4. ZrO2 ebeam deposition at +30º, -30º and 
normal to the target.  5. Drop Cast Nanowires onto substrate. 6. Ion mill/etch 
hole in the ZrO2 to the TaN source-drain. 7. Deposit Pt by FIB to connect 
TaN source-drain to the Ge Nanowire. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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Figure 4.5:  Au/ZrO2 gated Ge nanowire FET.  The device is made using the same 
fabrication steps as the TaN-gated device, except that the Au gate and 
source-drain structures are defined using electron beam lithography and the 
Au was deposited by thermal evaporation.  

4.3.6 Characterization and Testing   

Transmission electron microscopy (TEM) images were obtained using a JEOL 

2010F equipped with a field emission gun operated at 200 kV.  Nanowires were drop cast 

onto lacey carbon-coated copper TEM grids for imaging.  Devices were imaged by 

scanning electron microscopy (SEM) on a LEO 1530 SEM equipped with a GEMINI 

field emission gun operated at 3 kV.  ZrO2 film thicknesses were measured using a 

Dektak 6M Stylus Profiler (Veeco Instruments). 

Current-voltage (IV) measurements were obtained at temperatures ranging from 

297 to 493 K using an Agilent femtoampmeter semiconductor analyzer in a light-

shielded, nitrogen-purged chamber with a temperature-controlled sample chuck.  Inverter 

measurements were performed using an Agilent femtoampmeter semiconductor analyzer 

operating in conjunction with a shielded Karl Suss PM5 probe station with a hand made 

off chip 1 kΩ resistor.  Nanowire photoconductivity was measured using light excitation 

from a Novacure 2100 UV light source with spectral illumination across the visible 

wavelengths with peak excitation wavelengths at 250 nm, 365 nm, 410 nm, 440 nm, 550 

nm, and 580 nm.  The light intensity was measured using a Newport Optical Power Meter 

(Model 1830C). 
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4.4 RESULTS AND DISCUSSION 

Figure 4.6a shows a high resolution TEM image of a Ge nanowire produced by 

SFLS.  It is crystalline and exhibits a [110] growth direction with nanometer-scale 

surface roughness.  All the nanowires studied were surface-treated with isoprene to 

minimize the influence of slow surface states on the transport properties, as described 

previously by Hanrath and Korgel.10,11  Figures 4.6b and 4.6c show SEM images of a 

TaN-gated wire and a Au-gated nanowire.  In both device configurations, the gate 

electrodes do not overlap with the Pt source/drain metal contacts.   
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Figure 4.6:   (a) TEM image of a [110]-oriented Ge nanowire. SEM images of Ge 
nanowires gated with (b) TaN and (c) Au.  Both devices have a ZrO2 
dielectric layer separating the nanowire from the metal gates.  The nanowire 
diameters are (b) 80 nm and (c) 64 nm.  The nanowires are contacted with Pt 
lines with source-drain separations of (b) 12.3 µm and (c) 14.6 µm.  The 
active channel length of the wire spanning the gate electrodes are (b) 7.2 µm 
and (c) 5.0 µm. 
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4.4.1 Ge nanowire field effect response.    

Figure 4.7a shows room temperature IV curves for a TaN-gated Ge nanowire with 

Pt source and drain contacts.  The nanowire was gated with an “inline” TaN gate covered 

by 116 nm of ZrO2 as shown in Figure 4.6b.  The nanowire conductance increased when 

negative gate voltages were applied.  Positive gate potentials decreased the conductivity 

until reaching a positive threshold voltage where the gate potential had little effect on the 

source-drain current.  This kind of gate response is characteristic of a p-type 

semiconductor, as previously reported by Hanrath and Korgel for isoprene-treated SFLS-

grown Ge nanowires gated by a Pt/SiO2 gate stack.10,11  
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Figure 4.7:  Room temperature (A) source-drain IV curves and (B) source-drain current 
as a function of gate potential (Vsd = 1 V) for a TaN/ZrO2 gated Ge 
nanowire.  The curves in (A) correspond to source-drain IV measurements 
as the gate potential was scanned from -4 to 4 V in 1 V increments.  The 
curves in (B) correspond to forward (→) and reverse (←) gate potential 
scans (0.5 V/s) of the source-drain current.  The Pt contacts were separated 
by 11.4 µm, the nanowire diameter was 56 nm, the ZrO2 dielectric thickness 
was 116 nm and the active channel length was 8.3 µm.     
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In Figure 4.7A, the source-drain IV curves do not saturate at high source-drain 

bias and the IV curves are nearly linear under the entire ±4 V range of source-drain 

potential.  (Higher source-drain potentials were avoided due to device degradation.)  The 

linear source-drain IV curves indicate that the Pt/Ge nanowire contacts are ohmic, which 

is consistent the alignment of the Pt Fermi level with the Ge conduction and valence 

bands.  The work function of Pt is 5.6 eV and the electron affinity for Ge is 4.0 eV 

(which corresponds to the conduction band energy).  Given that the band gap of Ge is 

0.67 eV, the Pt Fermi level is well below the valence band edge of the Ge nanowire, 

which makes hole transport from the contact into the p-type nanowire very energetically 

favorable.  The Ge nanowire device is behaving as a gated resistor as opposed to a true 

field effect transistor.           

A small amount of hysteresis was observed in the gate scans of the source-drain 

current at negative gate potentials (<-3V).  Hysteresis in the gate sweep results primarily 

from slow surface states at the Ge/dielectric interface.10  Although isoprene passivation 

helps eliminate slow surface states, they cannot be completely avoided.  The 

metal/dielectric gate stack materials also seem to influence the surface states.  The 

TaN/ZrO2-gated Ge nanowires appear to exhibit less hysteresis than previously observed 

by our group10 from Pt/SiO2 gated Ge nanowires, which is an indication that the 

TaN/ZrO2 gated devices have a lower concentration of surface states.   

The gated Ge nanowire functions as a p-type enhancement mode device.  There is 

low current at zero gate voltage and the device is considered “off”.  An applied negative 

gate potential to a p-type device turns it more strongly “on”.  The Ge nanowire in Figure 

4.7 still has a significant current at zero gate potential, and the threshold voltage Vth, of 

the device—the gate voltage required to turn the device off is positive.  By a linear 

extrapolation of Isd versus Vg in the “on” state to the “off” current (210 pA at Vg=3 V), Vth 



 87

was found to be approximately 0.66 V.  Another important device parameter is the 
subthreshold swing ( sdg dIdV−  in the linear “on” current range), which provides the 

responsiveness of the nanowire to the gate.  The subthreshold swing for the nanowire in 

Figure 4.7b is 6.7 V per decade, which is about 2 orders of magnitude worse than the 

theoretical limit for a Si CMOS transistor (60 mV/decade).20  The relatively poor gate 

response of the device is due in part to the relatively high surface state density which 

causes low µ in the nanowire and the ohmic source/drain contacts which make this device 

a gated resistor rather than a true FET.     

  

4.4.2 Ge nanowire mobility 

 The carrier mobility µ , of the Ge nanowire was estimated from the gate sweep 

of the source-drain current at a fixed source-drain bias.  Using a conventional model, the 

transconductance gm, depends on µ , the channel length L, and the gate capacitance C:10  

   sd
g

sd
m V

L
C

dV
dIg 2

µ
==  .         (4.1) 

Assuming the nanowire to be a cylinder,  the capacitance between the gate and the 
nanowire depends on the dielectric constant of the gate material (

2ZrOε ),the dielectric 

thickness h, and the nanowire diameter d:1  

   ( )d
h
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C ZrO
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2
20επε

=  .         (4.2)  

where 0ε is the vacuum permittivity ( cmF 1085.8 14−× ).  Using Eqn (4.2), 
2ZrOε =23 and 

the dimensions from the device used to make the measurements in Figure 4.7, C=5 fF.  

µ  estimated from gm of the “on” state in Figure 4.3 (gm=0.056 nS) is 0.008 cm2 / V s.  

This value is several orders of magnitude lower than the bulk hole mobility in Ge.  It is 

also significantly lower than the hole mobilities measured for isoprene-treated Ge 

nanowires in Ref 10.  The mobility, however, was found to vary from wire to wire, being 
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up to two orders of magnitude higher for most devices.  The highest mobilities measured 

for the single Ge nanowire devices were on the order of ~1 cm2/V sec, which is 

consistent with previous measurements.10  Still, these mobilities are about two to three 

orders of magnitude smaller than the bulk hole mobility in Ge, indicating that transport is 

most likely dominated by hopping.  The temperature-dependent mobility measurements 

discussed below appear to confirm this.      

 

4.4.3 Temperature dependent transport measurements  

The source-drain current at a fixed Vsd of 1 V was measured as a function of gate 

potential at temperatures ranging from 293 K to 493 K (Figure 4.8).  Isd(Vg=0) and the 

slope of Isd  versus Vg  for Vg<0 increased with increasing temperature.  The resistance, R, 

was determined from the source-drain IV curves Vg=0 and used along with the nanowire 

device dimensions to calculate the Ge nanowire resistivity, ( )LrR wire
2πρ = , as a function 

of temperature.  Figure 4.9a shows ρ   plotted as a function of temperature.  ln ρ  

increased linearly with 1/T, characteristic of an activated process, where 

( )kTEao expρρ = .  The activation energy Ea, determined from Figure 4.9a was 0.19 eV.     
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Figure 4.8:  Source-drain current plotted as a function of gate voltage for a TaN/ZrO2 
gated Ge nanowire measured at different temperatures: (●) 295 K, (○) 333 
K, (■) 393 K, (∆) 453 K, (▲) 473 K.  In this device, the Pt contacts were 
separated by 11.4 µm, the nanowire diameter was 56 nm, the ZrO2 dielectric 
thickness was 116 nm and the active channel length was 8.3 µm.    
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Figure 4.9:  (A) ρ  and (B) µ  plotted as a function of temperature for a TaN/ZrO2 gated 
Ge nanowire.  ρ  was determined from source-drain IV curves with Vg=0.  
µ  was calculated using Eqns (4.1) and (4.2) from the data in Figure 4.7 as 
described in the text.  The nanowire was 56 nm in diameter with a 11.4 µm 
separation between Pt contacts, an active channel length of 8.3 µm and a 
116nm thick ZrO2 layer.  From the slopes of the plots in (A) and (B),  Ea = 
0.19 eV and ρo = 0.066 Ω-cm, and µ,aE  = 0.21 eV and µo = 25.64 cm2/Vs. 

 

The resistivity of a p-type semiconductor depends on both the active carrier 

concentration p (#/cm3), and the carrier mobility µ  (cm2/V sec): 

   
µ

ρ
pe
1

=  ,          (4.3)  
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where e is the electron charge ( C 106.1 19−× ).  For band conduction through a 

semiconductor, µ  decreases with higher temperatures due to photon scattering.  When 

carrier concentration is determined by dopants and not traps, impurities or defects, 

resistivity for a semiconductor generally increases at higher temperature.  On the other 

hand, when carrier transport is dominated by hopping, µ  can increase with temperature.  

Using Eqns (4.1) and (4.2) to determine µ  from the “on” state transconductance data in 

Figure 4.8, it is clear that µ  increases significantly with increasing temperature.  A plot 

of µln  versus T-1 in Figure 4.9b shows an Arrhenius dependence of the form 

( )kTEa µµµ ,0 exp −= , which gives an activation energy of µ,aE =0.21 eV, and the 

prefractor, µo = 25.6 cm2/V sec.  µ,aE  is very close in value to Ea, which is a strong 

indication that carrier transport occurs by a hopping mechanism and not band conduction.  

This is also consistent with the very low values of µ  measured for these devices.   

 

4.4.4 Photoconductivity   

A semiconductor absorbs a photon when the incident photon energy is greater 

than the band gap energy (hv > Eg).  The light absorption event creates an electron and 

hole that can contribute to electrical conduction and increase the conductivity.  Figure 

4.10 shows the photo-response of a TaN/ZrO2-gated Ge nanowire.  The total current 

increases significantly upon illumination—by 18% at Vg=0—but, the transconductance 

does not noticeably change indicating that the carrier mobility is relatively insensitive to 

light exposure.  The photoinduced change in conductivity σ∆ , relates to the rate of 

optical excitations gopt, and the carrier lifetime τ  (the subscripts n and p refer to electrons 

and holes, respectively):  
   ( )ppnnopteg µτµτσ +=∆  .        (4.4) 
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Therefore, the independence of the mobility on light excitation is consistent with 

expectations.  Furthermore, very short carrier lifetimes—an indication of very large 

concentrations of carrier traps—would lead to very small changes in conductivity.        

 

 

 

Figure 4.10: Source-drain current (Isd) plotted versus gate voltage (Vg) for a TaN/ZrO2-
gated Ge nanowire under a constant source-drain bias of 1 V before (●) and 
after (∆) exposure to 4.6 µW of light.  The active channel length, nanowire 
diameter, contact separation and ZrO2 dielectric thickness were 8.4 µm, 69 
nm, 19 µm, and 340 nm, respectively.  

 

4.4.5 Signal Inversion   

The gated Ge nanowires were implemented into inverter circuits.  An inverter is 

the smallest logical unit needed to convert between logical 1’s and 0’s.  For device 

applications, an isolated transistor does not provide the signal gain needed for 

computation, but rather must be used in series with a complementary n or p device.  By 

applying a potential to the gates of one of the transistor structures, an input voltage can be 

inverted from a low signal to a high signal.   
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Figure 4.11c shows the transfer characteristics (Vin vs. Vout) for a TaN/ZrO2-gated 

Ge nanowire.  For these measurements, a pull down 1 kΩ resistor was placed in series 

with the gated Ge nanowire device and Vsd was held at 1 V with one side of the resistor 

grounded as reflected in Figure 4.12.  The gate voltage—or input voltage, Vin—was 

swept from + 5 V to -5 V while monitoring the output voltage, Vout.  Vout decreased with 

increasingly positive input voltage, thus inverting the signal.  The voltage gain 

(dVout/dVin) was 7.1x10-5.  Figures 4.11a and 4.11b show the gate-dependent IV curves 

and transconductance plot of this particular nanowire exhibiting p-type behavior with a 

room temperature resistivity (Vg=0) of 0.59 Ω-cm and µ = 1.47 cm2/V sec.  Although the 

nanowire current could not be fully depleted at room temperature, and did not exhibit 

saturation at high Vsd, the Ge nanowire did function in the inverter circuit, as shown in the 

plot of in Figure 4.11c.   

Figure 4.13 shows four other gated Ge nanowire device inverters measured using 

this pull down method with a 1 kΩ off-chip resistor.  The voltage gain measured for the 

devices in Figures 4.13a to 4.10d are 7.1x10-5, 1.9x10-5, 4.1x10-5, 5.7x10-5, respectively.  

The devices all exhibited voltage gains on the order of 10-5 to  10-6, which is extremely 

small—much smaller than the desired gain of at least 121 and would require significant 

amounts of power to operate circuits built around these device structures.   
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Figure 4.11: A TaN/ZrO2-gated Ge nanowire: Room temperature (A) source-drain IV 
curves with the gate potential scanned from -4 to 4 V gate in 1 V 
increments, (B) source-drain current at constant source-drain bias of 1 V as 
the gate potential was scanned from -4 V to 4 V back to -4 V (Vg scan rate 
of ~0.5 V/s) and (C) inverter measurements of decreasing Vout with 
increasing positive Vin.   For this device, the contacts were separated by 12.3 
µm, the nanowire diameter was 80 nm and the active channel length was 
7.15 µm. 
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Figure 4.12: Electronic schematic of single Ge nanowire inverter circuit using a pull 
down, 1 kΩ resistor in series with the Ge nanowire device. 
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Figure 4.13: Inverter behavior of decreasing Vout with increasing positive Vin for four 
different TaN/ZrO2-gated Ge nanowires.  The contact separation, nanowire 
diameter and active channel lengths were (a) 12.3 µm, 80 nm, 7.15 µm; (b) 
12 µm, 84 nm, 1.2 µm; (c) 29 µm, 66 nm, 9.7 µm; (d) 10.8 µm, 89 nm, 6.8 
µm. 

 

Table 4.1 summarizes semiconductor nanowire and carbon nanotube device 

performance reported in the literature to date and compares the results to 130 nm Si 

CMOS technology.  Dai’s complementary carbon nanotube (CNT)22 devices have shown 

the largest voltage gain (60) to date.  In all devices, higher transconductance provides 

better voltage gain.   
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Table 4.1:   Comparison of carbon nanotube and semiconductor nanowire signal 
inversion reported in the literature.  The on/off ratio is the order of 
magnitude difference in the source-drain current from a fully depleted to 
fully accumulated state.  

 
Reference 

 
Materials 

 
Inverter 

Configuration

 
Trans-

conductance

 
On/Off 
Ratio 

Inverter 
Voltage 

Gain
Lieber3 10 nm diameter 

boron and 
phosphorus 

doped Si NW 

400 nS at -
10 V gate 

bias 

104 0.13 

Lieber23 20 nm diameter 
boron doped Si 
NW on plastic 

substrate 

650 nS 105 4 

Dai22 2 nm diameter 
SWNT with 

ZrO2 dielectric 

12 µS (p 
type) 

1.2 µS (n 
type) 

104 
(p type) 

103 
(n type) 

60 

Avouris24 1.4 nm 
diameter SWNT

0.6 nS ( after 
O2 annealing 
and cover by 

PMMA) 

NA 1.6 

Dekker25 1 nm diameter 
SWNT, p type 
Al2O3 dielectric 

0.3 µS 105 3 

Intel26 130 nm 
technology 

~50 µS 105 1 

Schricker 80 nm undoped 
Ge nanowire 

59 nS NA 7.1x10-5 

 



 98

4.4.6 Dual Gate effects on mobility  

The voltage gain in the inverter circuit using a gated Ge nanowire could be 

improved greatly by increased “on” state transconductance and reduced “off” state 

currents.  One approach to achieving higher transconductance that has been explored for 

carbon nanotube devices27 has been the use of a dual gate structure consisting of an inline 

gate and a back gate (silicon substrate).  This approach was explored for the Ge 

nanowires.  

Figure 4.14 shows room temperature source-drain IV curves for an Au/ZrO2-

gated Ge nanowire at different Au gate potentials.  The Ge nanowire exhibits a p-type 

gate response with increased currents at more negative Vg.  From Eqn (4.2) with 

2ZrOε =23, C=2.8 fF, which, using Eqn (4.1) and the data in Figure 4.14, gives a carrier 

mobility of 1.6 cm2/V sec.     
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Figure 4.14: Room temperature IV curves for an Au/ZrO2-gated Ge nanowire scanned 
from -4 to 4 V gate in 1 V increments.  For this device, the contacts were 
separated by 14.6 µm, the nanowire diameter was 64 nm, the ZrO2 layer was 
160 nm thick, and the active channel length was 5.0 µm.   

 

The silicon substrate was used to supply an additional “back gate” voltage to an 

Au/ZrO2-gated Ge nanowire.  Figure 4.15 shows room temperature gate scans of the 

source-drain current (Vsd= 1 V) measured by applying either the Au “inline” gate or the 

Si back gate.  Both gate scans exhibit significant hysteresis, but the transconductance is 

significantly lower, by about 75%, when the Si substrate is used as the gate.  The lower 

transconductance is a manifestation of the much larger gate electrode distance from the 

nanowire (i.e. thicker back gate dielectric), which decreases the gate capacitance C 

significantly.  The Si back gate operates across the same ZrO2 layer separating the Au 

electrode from the wire, but also the additional thick layer of SiO2.  The Au/ZrO2-gated 

Ge nanowire exhibits more pronounced hysteresis in the transconductance plots than the 

TaN/ZrO2-gated nanowires.   
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Figure 4.15: Room temperature forward and reverse gate scans with a fixed 1 V source-
drain bias for a Ge nanowire gated with either (●) the inline Au/ZrO2-gate or 
(○) the Si substrate as a back gate.  For this device, the contacts were 
separated by 14.6 µm, the nanowire diameter was 64 nm, the active channel 
length was 5 µm and the ZrO2 thickness is 160 nm.  Both gates were 
scanned at ~0.5 V/s.   

 

Figure 4.16 shows room temperature Au/ZrO2 gate sweeps of the Ge nanowire 

source-drain current with additional applied potentials of 5 V, 0 V or -6 V to the Si 

substrate.   An additional positive potential from the Si substrate does not affect the Au 

gate response of the device.  However, an additional negative applied potential increased 

the transconductance and the conductivity significantly.    
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Figure 4.16: Room temperature forward and reverse gate scans of a Au/ZrO2-gated Ge 
nanowire with a 1 V source-drain bias and an additional gate potential 
applied from the Si substrate of (●) 5 V, ( ) 0 V and (▼) -6 V.  For this 
device, the contacts were separated by 14.6 µm, the nanowire diameter was 
64 nm, the active channel length was 5 µm, the ZrO2 thickness was 160 nm 
and the SiO2 thickness was 100 nm.   

 

Figure 4.17 shows a contour plot of the transconductance of an Au/ZrO2-gated Ge 

nanowire measured as a function of both temperature and Si back gate potential.    The 

transconductance increased with increasing temperature and increasingly negative Si 

substrate potential.  From Eqn (4.1), Cgm µ∝ .  Since C does not depend on the 

temperature, it is clear that the temperature dependence of gm—i.e., increasing with 

increasing temperature—most likely is a result of hopping transport through the 

nanowire.  From the contour plot, the transconductance, gm ranged from 8.3x10-9 to 

2.2x10-8 A/V and the estimated mobilities ranged from 0.73 to 1.92 cm2/V sec.  The 

increase in gm with increasingly negative Si substrate potentials relates to the relative 

increase in gate capacitance C.   
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Figure 4.17: Contour plot of the transconductance (gm) of an Au/ZrO2-gated Ge 
nanowire measured as a function temperature and added Si back gate bias.  
gm was determined from gate sweeps of the source-drain current with a fixed 
Vsd=1 V by taking the slope of Isd versus Vg at negative Vg.      

 

4.5 CONCLUSION 

Solution-grown single-crystal Ge nanowires were studied as conductive channels 

in field effect devices.  The Pt-contacted Ge nanowires exhibited ohmic IV curves with a 

p-type gate response.  Using the transconductance determined from gate scans, the carrier 

mobility was found to be relatively low, ranging from ~2 cm2/V sec down to as low as 

0.008 cm2/V sec for some devices.  Temperature-dependent gate sweeps revealed that the 

carrier mobility increased with increasing temperature, indicating that transport probably 

occurs by a hopping mechanism in these nanowires.  The Ge nanowires exhibited 

photoconductivity with increased conductivity under light excitation and could be 

employed in an inverter circuit using a 1 kΩ off chip resistor, but with a very low gain of 

only 7.1x10-5.  The nanowire transconductance could be further increased, by about 75%, 

by adding an additional negative gate potential from the Si substrate.       
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The low values of µ  are not too surprising considering that the nanowire has a 

very large surface to volume ratio, which provides many scattering and trapping sites for 

the carriers.  Furthermore, the nanowire surface is not atomically smooth—it is highly 

curved, exposing many step edges and different surface facets that could also serve as 

scattering and trapping sites for the carriers.11,13  Ge as a material is also notorious for 

having a high concentration of slow surface states, due to its electrically poor oxide, 

which can provide additional sources of surface defects, although ZrO2 passivation in 

some cases has been shown to help eliminate these.10,11,16  Nonetheless, it appears that it 

will be a significant challenge to design the material combinations in semiconductor 

nanowire devices that will give good device responses and reasonable performance.  One 

key consideration will be the source/drain metal, or localized doping at the source-drain 

contacts.  Either approach is expected to be required to provide transistor behavior, 

although several examples in the literature of good nanowire device performance have 

shown that these considerations are not necessarily needed.2,9  It remains a challenge to 

synthesize and fabricate nanowire devices with good surface passivation, high carrier 

mobilities, and good device characteristics, and the combination of high quality 

nanowires produced from a synthetic reaction is only one small step towards 

commercializable devices.   
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Chapter 5: Conclusions and Future Directions 

5.1 CONCLUSIONS 

The next era of innovative electronic device design is beginning to and will likely 

continue to focus on nanoscale materials as active and passive components in novel 

devices.  The synthetic techniques for creating designer materials of high quality have 

just recently become available, facilitating the growth in nanoscale materials for electrical 

devices.  One dimensional semiconductor materials such as nanowires with small 

dimensions and large surface to volume ratios have unique electrical, optical and 

mechanical properties not accessible in bulk materials.  The unique characteristics of 

nanowires open a huge range of possibilities such as active FET components, sensors, 

memory devices, and higher order logic devices.  Nanowires, hailed as fundamental 

building blocks in bottom-up nanoscale integrated circuit technology, are becoming the 

technology platform for nanoelectronics.  To explore the possibilities of nanowire 

devices, methods are needed to reproducibly synthesize and connect nanowires to the 

outside world; then evaluate their electrical performance to gain understanding of their 

electrical properties.  A clear understanding of the electrical properties of nanowires is 

key to the advancement of the field and to capitalize on their unique electrical attributes 

in devices.  For these reasons, the objective of the research described in this dissertation 

was to evaluate the transport properties of nanowires and improve upon device 

fabrication to advance the knowledge in the field of nanowire electronics.  
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5.1.1 Device Fabrication Techniques 

To study the electrical properties of nanowires, each nanowire had to be 

addressed separately and good electrical contacts had to be made to the wire.  For single 

nanowire devices a popular technique involves drop casting nanowires onto a SiO2 

substrate, detecting the locations of the wires, designing an electron beam lithography 

pattern to fit the locations and writing the pattern on top of the wires.  Larger sample 

sizes were needed to accurately characterize nanowire behavior, so techniques involving 

focused ion beam (FIB) lithography were developed allowing imaging simultaneously 

with connection writing, which saved time and increased device output. For electrical 

testing, nanowires were dispersed in solution and drop cast onto a substrate with gold 

contact pads patterned by electron beam lithography techniques (EBL).  Electrical 

connections were made by depositing platinum interconnect lines between the nanowires 

and the gold pads by focused ion beam (FIB) chemical vapor deposition.  Ohmic contacts 

were made between substrates prepatterned with Au or TaN, and the various nanowires 

were tested.  The Pt/GaAs nanowire contact resistance, measured using a six point device 

at room temperature, was found to be ~17.5 MΩ ( 3101.3 −× Ω cm2), which was two orders 

of magnitude lower than the nanowire resistance.  Similarly, the FIB technique provided 

improved ohmic nanowire contacts to germanium nanowires in contrast to the Schottky 

behavior observed by Hanrath and Korgel using electron beam lithography techniques.1  

In addition to making simple two point connections to nanowires, the FIB 

technique was expanded to the fabrication of gated devices as well.  Photolithography 

defined TaN source-drain, and gate structures were covered with ZrO2 using a shadow 

electron beam evaporation technique.  The FIB was then used to etch a hole through the 

deposited ZrO2, and Pt deposition was used to make contacts between the TaN source-
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drains and the nanowire.  Ohmic contacts to single nanowire active components were 

realized using this technique.  

 

5.1.2 Electrical properties of GaAs nanowires 

Crystalline GaAs nanowires were synthesized using a solution-phase version of 

“VLS” wire growth, called supercritical fluid-liquid-solid (SFLS) growth.  Ga and As 

precursors were degraded in supercritical hexane and dissolved into a Au nanoparticle 

seed; super-saturation of Ga and As in the gold seed-particle results in GaAs nanowire 

growth.  Current-voltage behavior was measured as a function of temperature through 

individual solution-grown GaAs nanowires connected to a prepatterned Au source–drain 

structure using the FIB techniques.   

The current-voltage (IV) curves are non-linear.  After extensive data fitting 

considering Frenkle-Poole, Schottky, and space charge limited transport mechanisms, the 

GaAs nanowires where found to exhibit space charge limited currents.  The IV curves 

become increasingly non-linear with decreasing temperature and follow the scaling 

relationship, 1+∝ lVJ .  This scaling indicates that the space charge limited currents are 

limited by trapped charge.  Charge injection into the nanowire and charge hopping 

dominate the transport.  Temperature-dependent IV measurements of GaAs nanowires 

reveal an exponential distribution of traps and a Fermi level shifted significantly towards 

the band edge.  The characteristic energies of the trap states were found to vary from wire 

to wire, ranging from 0.024 to 0.11 eV below the band edge.  In the low bias region of 

the IV curves, where the curves were ohmic, the activation energy (related to the Fermi 

energy) was determined and found to be shifted significantly towards the band edge, 

which indicates either the presence of a large concentration of impurities, such as Si, in 
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the nanowires or charged surface states.  Additionally, cross over voltages provided order 

of magnitude estimates of defect concentrations ranging from ~1013 to ~1015 cm-3.   

The GaAs nanowires were also found to exhibit Meyer-Neldel Rule behavior 

which concurs with the variation in defect concentration from wire to wire.  Significant 

variations in the trap distribution, trap concentration, and Fermi energy exist from wire to 

wire; however, these parameters fall within the range of an order of magnitude, appearing 

to indicate that these are statistical fluctuations in doping and/or defect concentrations in 

the sample.  Considering the discrete number of activated dopants per nanowire (15~100 

atoms/wire), the influence of statistical fluctuations are not that surprising.  New 

“nanowire technologies” also must contend with the unique challenges of relatively large 

defect distributions that result from the discrete nature of nanoscale systems.        

 

5.1.3 Electrical properties of Bi2S3 nanowire bundles 

The electrical properties of Bi2S3 nanowire bundles were investigated.  Crystalline 

Bi2S3 nanowire bundles were synthesized using a solventless technique.   In this process, 

a single source bismuth thiolate precursor was created from aqueous/organic portions of a 

multi-phase system using a phase-transfer catalyst.  The remaining precipitate and 

stabilizing organic ligands were then heated in air to make Bi2S3 nanowire bundles.  

Current-voltage behavior was measured through individual Bi2S3 nanowire bundles 

connected to a prepatterned Au source–drain structure using the FIB techniques.     

  Current-voltage (IV) characteristics from single Bi2S3 nanowire bundles were 

measured under nitrogen as a function of temperature. As-made devices showed 

increased conductivity as temperature was increased and followed an Arrhenius 

dependence. The data revealed activated transport that followed a Meyer-Neldel 

relationship. The nanowire resistivity was found to vary by orders of magnitude from 
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wire to wire and followed the Meyer-Neldel rule, indicating that the nanowire defect 

concentration varied from wire to wire.  Annealing under vacuum decreased the nanowire 

resistance by nearly four orders of magnitude.  This result is consistent with sulfur 

outgassing from the nanowire bundle providing excess bismuth to act as an n-type donor.  

Additionally, annealed nanowires followed an inverse Meyer-Neldel relationship.  

Annealing increased the vacancy concentration, which contribute directly to the transport 

properties giving rise to the inverse Meyer-Neldel behavior.  However, when Meyer-

Neldel plots were developed for individual annealed nanowire devices, EMN >0, which 

indicates that two different transport mechanisms compete in the nanowire device itself.   

This is the first observation of Meyer-Neldel behavior in nanowires, and appears 

to indicate that significant disorder and impurities exist in the nanowires, despite their 

crystalline core and well-defined surfaces which were observed by TEM imaging.  

Similarly large variations in nanowire resistivity have also been observed from Si 

nanowires grown by metal particle-seeded chemical vapor deposition.2  Understanding 

the nature of such large conductivity variations in chemically-grown semiconductor 

nanowires is vital to their implementation in future electronic applications. 

The Bi2S3 nanowire bundles proved to be sensitive to air and light. Illumination 

with UV light increased the current, while air exposure decreased the current under 

constant applied bias.  The conductivity of Bi2S3 nanowire bundles decreased when 

exposed to air under due to the chemisorption of oxygen on the surface.  The current 

decay due to oxygen chemisorption was found to follow Elovich type rate expressions.  
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5.1.4 Gated Germanium Nanowire Devices 

Solution-grown single-crystal undoped Ge nanowires were used as conductive 

channels in field effect devices.  The devices were gated using TaN or Au with ZrO2 gate 

dielectric.  Nanowires were connected to TaN or Au source-drain structures through the 

electron beam deposited ZrO2 using a FIB etch followed by Pt deposition technique.  The 

germanium nanowire devices exhibited ohmic IV characteristics and p-type behavior 

when gated.  Hysteresis in the transconductance plot was reduced from previous work by 

Hanrath and Korgel.3,4  Using the transconductance determined from the gate scans, the 

carrier mobility was found to be relatively low, ranging from ~2 cm2/V sec down to 

0.008 cm2/V sec for some devices.  Both the estimated mobility and conductivity 

increased with temperature, exhibiting Arrhenius behavior with activation energies of 

0.21 eV and 0.19 eV respectively.  The increase in carrier mobility with increasing 

temperature indicates the transport probably occurs by a hopping mechanism in these 

wires.  Photoconductivity was observed upon illumination with UV light.  An inverter, 

which is the most basic from of logic device, was made with a gated germanium 

nanowire device and a pull down resistor.  Input voltage was inverted across the active 

device with a gain of 7.1x10-5 using a 1 kΩ off chip resistor.  To improve 

transconductance a dual gate structure was evaluated.  Device conductivity was 

modulated with both inline and back gates giving an additive effect of improved mobility 

at negative inline and back gate biases.  Temperature-dependent studies using dual gates 

showed increasing estimated mobility with increasing temperature reflecting the hopping 

transport and increasing mobilities with negative back gate bias at all temperatures.  As 

suggested by these results, dual gating techniques might prove useful to facilitate more 

control in undoped semiconductor nanowire devices. 



 112

 

5.2 FUTURE DIRECTIONS 

Nanowire electronics has considerable potential; however, the fundamental 

properties of these materials are only now being discovered.  Future research should 

address how to interface nanowires with current microelectronic processing techniques, 

nanowire contact issues, effects of defect variation from wire to wire, and influence of the 

nanowire surface on the transport.  

Although the work presented in this dissertation used FIB techniques to 

electrically connect individual nanowires, this technique is not practical for large scale 

manufacturing.  Ideally, to make nanowires compatible with current photolithography, 

nanowire self-assembly is needed.  Some work has been done by Lieber et al.5 on this 

using a Langmuir-Blodgett film approach and nanowires synthesized by CVD-VLS.  

Another idea that has been explored is to grow nanowires in specific locations using a 

substrate prepatterned with seeds and CVD-VLS techiques.6  Alternatively, the 

supercritical fluid “VLS” style growth has huge potential for scale-up and generating 

technologically significant quantities of nanowires.  Post-synthesis VLS type nanowires 

can be aligned on substrates from solution using electric fields.7  Possibilities to be 

explored include delivering small amounts of fluid containing nanowires to the substrate 

surface while exposing the solution to both polarities of an electrical field.  This might be 

achieved by maintaining a drop of fluid between the plates of a small metal capacitor 

connected in a circuit.  Conductive nanowires have the ability to react to such a field.8  

The electrical performance of nanowire devices depends on the electrical 

contacts.  It has been previously established9 that FIB Pt deposition contacts are much 

better than electron beam lithography contact techniques.  Some drawbacks to FIB 

techniques include limitations of minimum channel length; only wires with lengths of ~5 
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µm or more can be addressed.  Smaller diameter nanowires (~5 nm) are difficult to 

resolve using the FIB technique as well.  Ideally, nanowires on a substrate in known 

locations can be individually addressed using EBL or photolithography (assuming the 

surface is well passivated and unaffected by the photoresist).  In scaled-up wafer-size 

chip manufacture, nanowires can be addressed using a similar idea to the FIB technique 

in conjunction with industry standard lithography patterning techniques.  The exposed 

source-drain nanowire connects can be slightly plasma or ion etched under vacuum to 

improve the surface to metal contact, similar to FIB.  Then, a metal such as TaN, Pt or 

any material can be deposited by plasma sputtering in the next step while the wafer is still 

under vacuum.  This employs the improved contact technique demonstrated with FIB 

while making large amounts of devices simulatiously.  

In the work presented in this thesis, the Meyer-Neldel Rule was observed with the 

GaAs and Bi2S3 types of nanowires.  Since nanowire resistivity varied significantly for 

nanowires in the same batch, this issue must be addressed in the implementation of the 

nanowires in marketable devices.  Some research is needed to determine how different 

device processing conditions affect the variance in defect concentration.  The same ideas 

can be used towards synthesis as well.  Although it is highly doubtful that variation in 

defect concentrations per wire can be 100% controlled synthetically, some processing 

conditions might have an effect on the defect distribution.  To evaluate this, electrical 

testing of a statically significant number of single nanowire devices would be required. 

For each nanowire material type that exhibits the inverse Meyer-Neldel Rule, 

research can be done to determine the competing transport mechanisms giving rise to the 

MN behavior.  It is possible that the Meyer-Neldel Rule could be expanded using 

statistics to forecast a range of electrical properties for nanowires synthesized with a 

particular set of conditions.  This would be immensely valuable to the implementation of 
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nanowires as active components where device tolerances are critical to ensemble 

performance.  This kind of predictive model would also help facilitate architectural 

design of multi-nanowire device systems. 

For FET devices, the performance depends on the carrier mobility.  On/off ratios 

of 103-105 are preferred for most device applications.  High transconductance can 

potentially be achieved by using doped nanowires, which would increase the carrier 

concentration that can be modulated by the gate.  This technique has been used by many 

groups such as Dai’s6,10 and Lieber’s.2,11  Current supercritical fluid VLS synthetic routes 

do not have nanowire doping as a controllable option due to differences in reactivity 

between the nanowire material type precursor and the dopant precursor.  Although 

attempted, post synthesis drive-in doping techniques with nanowires deposited on the 

chip did not appear to be effective in our laboratory.  Even using doping material with 

high diffusivities did not prove successful.   For this reason, post synthesis drive-in type 

doping techniques, which take place in the reactor before the nanowires are removed, 

might be a feasible solution.  The high temperature and pressures of the reactor can 

facilitate drive-in, while the nanowires remain solvated in solution.  

Another remedy to the doping problem is to create large amounts of carrier 

injection at the contacts possibly over a Schottky barrier.  Recently, Avouris et al.12 have 

demonstrated improvements in transconductance for carbon nanotubes using a band 

bending technique to inject electrons from the valence band to the conduction band.  

With smaller feature size, thinner oxide and smaller channel lengths leading to more 

effective gate control, germanium nanowire band-bending can be used to give larger 

Schottky barriers at the contacts, give larger carrier injection and larger transconductance.  

Some work has been done to determine the effects of surface chemistry, surface 

states and surface passivation on electrical transport by Hanrath and Korgel3 and Dai13 
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for germanium nanowires.  These surface issues have not been thoroughly addressed for 

other nanowire types.  For the gated germanium nanowire devices, it was found that 

significant transconductance improvement can be made by drop casting a charge storage 

type molecule, such as ferrocene, on the surface of the germanium nanowire device – 

even with an isoprene treated surface.  Since only one charge storable type molecule was 

tested, this effect was not optimized.  Many other molecules and their effects on the 

nanowire transport need to be examined.  In fact, the choice of molecule and the ease of 

transferring an electron or hole between the germanium nanowire surface and the 

molecule can determine if the addition of the molecule results in improved gate effect 

with minimal hysteresis or in large hysteresis in the transconductance plot.  A molecule 

which creates large hysteresis in the transconductance plot can be used to transform the 

gated germanium nanowire device into a memory device.  The novelty that a simple 

coating can totally change the device type from a gated device to memory type device 

can potentially reduce the manufacturing steps needed when up scale production is 

considered.  

Another direction for nanowire electronics is optical devices.  It has been 

demonstrated in this work that nanowires increase conductance when exposed to light.  

Although it is known that all semiconductors, to some degree, adsorb light with energy 

larger than the band gap of the material, it is still not known how the light interacts with 

the surface traps and defects of the nanowire.  It might be possible to induce optical 

gating or optical memory with the charging or discharging of the surface states.  This 

integration between nanoelectronics and optics could prove to be ideal for future device 

implementation.  
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Appendices 

 

Appendix A: Derivation of Space Charge Limited Conduction for Single 
Nanowire 

A.1 DERIVATION FROM FIRST PRINCIPLES 

A.1.1 Space charge limited transport without traps 

The following derivation follows the work of A. Rose,1 M. A. Lampert,2 and P. 

Mark.3  One requirement for space charge limited transport is the one of the two contacts 

to the conduction material is ohmic.  For the single nanowires, we have shown that the 

contact resistance is significantly smaller than the wire resistance indicating that the 

charge injection is not limited at the contacts.  In this case the contact provides an excess 

amount of carriers to the nanowire which is defined as an ohmic contact to an insulator. 

The charge on the parallel plate capacitor is given by the relation of the charge Q, 

to the capacitance C and the voltage applied across the plates V.  

    CVQ =       (1) 

The space charge limited current is given by I where T is the time it takes for the charge 

to move the length of the wire.  

    QTI =      (2) 

The capacitance of the parallel plate capacitor is given by 

    dAC /ε=       (3) 

where ε is the dielectric constant, A is the cross sectional area and d is the plate 

separation.  
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Figure A.1:  Schematic showing resistances in series and parallel for a single GaAs 
nanowire with a two point connection.  

There are two different paths for current to go.  1. Rwire 2. R1, R2 R3.  When bias 

was applied to the source-drain connections without a nanowire attached, the resistance 

was higher than what could be measured by the equipment.  Since, 1/R = 1/ Rwire + 

1/(R1+R2+R3) then the resistance measured is the nanowire resistance.  Consequently, the 

capacitance associated with R1+R2+R3 would be very low and the nanowire capacitance 

would dominate.  
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Figure A.2: Schematic showing the geometries for space charge transport. 

The single nanowire case is similar to the parallel plate case except that the 

relationship between d and A is different.  Space charge theory, however, does not limit 

these parameters.  
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The transient time T is found by relating the velocity of the carrier to the length of travel.  

Consider,  

     µξ=v      (5) 

where v is velocity, µ is mobility and ξ is electric field;  

      ξ  = V/d     (6) 

where V is applied bias.  

    
V

dddT
µµξν

2

===      (7) 

The space charge current is then,  

    3

22

d
rVI µεπ

=       (8)  

and if one considers the flux instead of the current  

    3

2

d
VJ µε

=       (9) 

This gives the typical space charge relationship between flux and bias of    

     2VJ ∝       (10) 

 

A.1.2 Space charge limited transport with traps 

 

The Fermi-Dirac expression is given by the following,  

 

    ⎟
⎠
⎞

⎜
⎝
⎛ −

=
kT

EFNn c
c

0
0 exp     (11) 

where n0 is the thermal equilibrium free electron concentration, F0 is the Fermi level, Ec 

is the conduction band level, Nc is the effective density of states in the conduction band, 

T is the temperature and k is the Boltzmann’s constant.  The concentration of filled traps 

is given by the following Fermi-Dirac distribution,  
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where Nt is the density of states of the traps and Et is the trap level.  The ratio of the free 

electron concentration to the trapped electron concentration is given by,  
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The amount of charge is forced into the conduction material is the same as the 

case without traps but the drift mobility is reduced due to the trapped charge which 

results in the following equation,  

 

    3

2

d
VJ εµΘ

=        (14) 

 

 

A.1.3 Traps with Energy Distribution 

 

Consider the following equation.  

   ⎟
⎠
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⎛ ∆

⎟⎟
⎠
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⎜⎜
⎝

⎛ −
=

kT
E

kT
E

Nn f
cc expexp     (15) 

Here Ef is the original distance of the Fermi level from the conduction band while ∆E is 

the shift in position of the Fermi level due to the charge Q injected into the material. The 

nc is the free carrier concentration and the Nc is the free carrier density of states.  

If one considers the previous equation for charge 
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dqn

VC
dqn

QE
tt

==∆      (16) 

where q is the charge of an electron, d is the electrode spacing, and nt is the trap 

concentration.  
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Density of trapped carriers is close to the total density injected carriers: 

    
qd
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The equation for the ratio of free and trapped charge is given by:  
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If this is combined with the J V relation one gets the following for a uniform distribution 

of traps: 
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To determine the exponential trap distribution, consider the following equation.  The 

density of carrier trapping states above the valence band per unit energy is given by: 

   ⎟⎟
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c
c kT

EkTHEh exp)/()(      (23) 

where H is the total trap density, E is energy measured up from the valence band and Tc 

is the characteristic constant of the distribution.  
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where q is charge of an electron and ρ is the space charge at position x.  Ef is the quasi 

Fermi level of the holes.  
   )/)(exp()()( 0 cff kTxEqNx −=ρ     (25) 
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Appendix B: Focused Ion Beam Lithography Details 

B.1 FUNDAMENTALS OF FOCUSED ION BEAM LITHOGRAPHY 

B.1.1 General Operation of FIB 

Focused ion beam (FIB) lithography is a versatile tool that can be used for cross-

sectioning samples, imaging, TEM sample preparation, circuit editing, and cross section 

defect analysis.  It consists of an electron beam with SEM capabilities in conjunction 

with a Ga+ ion beam.  The electron and ion beam are 52 degrees apart as shown in Figure 

B.1.  

 

Figure B.1: Schematic of Ion beam depositing Pt connection to nanowire.1,2  

The sample is originally loaded with the electron beam perpendicular to the 

surface.  To use the ion beam, the eucentric height (Z height at which both beams are 

focused on the substrate surface and the substrate is 52 degrees tilted so that the ion beam 

is perpendicular to the surface) must be obtained.  
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There are several different modes of operation.  The electron beam is usually used 

for imaging (SEM).  There is also an electron beam deposition.  At 0 degree tilt and 1 pA 

ion beam (to break down the Pt precursor) the electron beam is used to write patterns of 

Pt on the sample surface.  The ion beam is used to mill trenches, cut cross sections and 

deposition Pt on the surface.  The ion beam direct write and milling functions require the 

52 degree tilt.  To create a pattern, the surface is imaged once with the ion beam and then 

the pattern is drawn over the acquired image prior to selecting deposition parameters such 

as thickness, time, etc. 

  

B.1.2: FIB Pt Deposition 

The FIB is fitted with a gas injection system (GIS) which consists of a cylinder 

holding Pt precursor, a needle to deliver the precursor to the surface close to the area 

where writing occurs, and a shutter mechanism to open and close the valve allowing gas 

to flow.  The gas injector must be heated for deposition.  The Pt gas precursor used for 

work described in this dissertation was trimethyl-methylcyclopentadienyl-platium, 

(CH3)3Pt(C5H9CH3).2  The parameters which influence the deposition results include, 

local gas flux, ion beam write current, scan area (pattern size), and scan speed (dwell time 

per pixel and beam overlap).2  For deposition to occur, the ion beam rosters over the 

sample in the desired shape at the desired location on the substrate with the injection 

needle open.  The adsorbed precursor gas is decomposed by the ion beam to deposit 

material.  The ion beam also sputters off the material at the surface so there is a balance 

between decomposition and sputtering for deposition.  Too much sputtering can result in 

etching instead of deposition. 
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Figure B.2: FIB Pt Deposition Efficiency Diagram.2 

As seen in Figure B.2, for large pattern size and low ion beam current, the film 

growth rate is low and the deposition efficiency is high (section A).  In this regime, there 

will be more carbon incorporated into the film resulting in higher resistivity.  Since the 

deposition time is increased, there is also the possibility of sample charging.  At              

2-6 pA/µm2, the growth rate is most efficient and the gas is used up.  High ion beam 

currents and small pattern areas results in a situation where there is more milling that 

deposition.  Pt line resistivity reported by FEI is 10-20 Ω µm.2  The resistance of a Pt line 

5.1 µm long by 200 nm wide was measured to be 1909 Ω.  The write current used was 30 

pA and the deposition thickness specified in the FIB program was 1 µm (this thickness 
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was not measured).  Using the 1 µm thickness approximation, the estimated resistivity of 

this line is 75 Ω µm which is close to the expected value. 
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