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ABSTRACT OF THE DISSERTATION 

 

Scanning Probe Characterization of Novel Semiconductor Materials and Devices 

 

by 

 

Xiaotian Zhou 

Doctor of Philosophy in Materials Science and Engineering 

University of California, San Diego, 2007 

Professor Edward T. Yu, Chair 

 

As semiconductor devices shrink in size, it becomes more important to 

characterize and understand electronic properties of the materials and devices at the 

nanoscale.  Scanning probe techniques offers numerous advantages over traditional tools 

used for semiconductor materials and devices characterization including high spatial 

resolution, ease of use and multi-functionality for electrical characterization, such as 

current, potential and capacitance, etc.    

 In the first chapter, the basic principle of atomic force microscopy (AFM), and its 

application to characterization of semiconductor materials and devices are discussed.  In 

the second part of the thesis, scanning capacitance microscopy (SCM), spectroscopy 

(SCS) and scanning Kelvin probe microscopy (SKPM) are used to investigate the 

structure and electronic properties of nitride based materials and devices, specifically 

doping in p-type GaN and electronic structure and morphology of InxGa1-xN/GaN 



xx 

quantum wells.  In this work, AFM is used to characterize the local electronic structure in 

nitride thin film and heterostructures devices.  In next part the thesis, AFM is used as an 

active part of the device, in conductive atomic force microscopy (C-AFM) and scanning 

gate microscopy (SGM), to study the transport properties and gating effect of InAs 

semiconductor nanowire based field effect transistor.  This is made possible because the 

nanowire, as a potential one-dimension building block for high performance electronics 

and optoelectronics, has a diameter comparable to the size of AFM tips.  In the last part 

of the thesis (appendix), SKPM is used to characterize semiconductor-like organic thin 

films, where measurements of the potential profile along the channel of an organic thin 

film transistor (OTFT) at different gate bias are presented to illustrate the unique 

transport property of such devices. 

 



   

1 

1. INTRODUCTION 

 
 

1.1. Introduction to Atomic Force Microscopy (AFM) 

1.1.1. Application of AFM in Semiconductor Devices 

 Nowadays semiconductor based electronic and optoelectronic devices impact 

many areas of our daily life, from simple household appliances and communication tools 

to multimedia and computing instruments.  Given the demand for more and more 

compact and powerful systems, there is a growing interest in the development of novel 

semiconductor materials and devices which could enable greatly enhanced performance 

or even bring new functionality.  The evolution of these devices have constantly shown 

the trend of shrinking in size and dimensions and increase in novelty and complexity.  

For example, traditional CMOS technology was using the gate length of 0.35μm (350nm) 

ten years ago and now it already goes down to 65nm node.  In addition, the device 

structure becomes more complicated in every aspect with many new techniques and new 

materials involved.         

 As these materials and devices increase in complexity and shrink in size, the limit 

in conventional semiconductor characterization techniques become increasingly apparent.  

Many of these techniques, such as Kelvin probe measurement, capacitance-voltage (C-V) 

measurement and second ion mass spectrometry (SIMS) require characterization areas 

that are much larger than either the size of state-of-the-art device structure or the 

interesting feature area in the material, like dislocations or local trap states, etc.  As a 

result, those measurement techniques, though able to provide useful information, 

typically yield the average results of bulk values of material properties and give very little 
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insight into the structure and electronic properties at the sub-micron to nanoscale.  To 

address this limitation, new characterization tools that are able to provide important 

information on structure and electronic properties at the nanoscale are highly desirable. 

 A variety of techniques have emerged in recent years and been applied for 

imaging the surface structure of semiconductor materials at the nanometer to angstrom 

scale.  But most of these techniques have shortcomings that make them not applicable 

accepted for electrical characterization.  For example, scanning electron microscopy1 

(SEM) suffers from charging of the sample by electron beam, thus reduces the resolution 

and makes imaging non-conducting samples difficult.  Also, transmission electron 

microscopy2 (TEM) has been extensively used for atomic level imaging, but it requires 

challenging and destructive sample preparation. 

 Since its invention in 19863, the atomic force microscope (AFM) has developed 

into a powerful and versatile tool with applications in many fields of science.  The 

strength of the AFM lies in its combination of high spatial resolution and excellent force 

sensitivity coupled with a very robust force sensing mechanism that can operate in many 

different environments.  AFM has several advantages over SEM and TEM.  Firstly, it 

provides a true 3D surface profile, as SEM and TEM provide only 2D images. Secondly, 

samples viewed by AFM do not require any special treatments that would irreversibly 

change or damage the sample and it can work perfectly well in ambient air or even a 

liquid environment.  Thirdly and most important of all, AFM can be adapted to many 

electrical characterization modes and is applicable in the measurement of electrical 

structure and properties of semiconductor materials and devices at the nanoscale.  For 

example, scanning capacitance microscopy (SCM) can be used to measure the local tip-
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sample capacitance, while scanning Kelvin probe microscopy (SKPM) provides the 

potential and work function of the material and scanning spreading resistance microscopy 

(SSRM) provides 2D information on the electrical conductivity or resistivity of the 

sample, etc.  Furthermore, these electrical characterization results can be obtained at the 

same time with topography, which makes it easier to compare the local features in two 

images and reveal the origin of electronic behavior.  Because of these features, atomic 

force microscopy is proving to be an invaluable tool for advanced semiconductor material 

and device characterization in the nanoscale. 

 

1.1.2. General Introduction to AFM Theory 

 The basic concept of AFM is illustrated in Figure 1.1.  A sharp tip with diameter 

on the nanometer scale (5-50nm in radius) is mounted at the end of a cantilever and 

placed above the sample to be studied.  The cantilever is very soft and behaves like a 

spring, i.e., any force acting on the AFM tips causes the cantilever to deflect.  To monitor 

the motion of the cantilever, a laser beam is applied and reflected at the end of the 

cantilever to a detector.  By knowing the deflection of the tip, we can measure the force 

being applied to the tip.  For example, when the tip is brought in contact with the sample 

surface, the repulsion between tip and sample deflects the cantilever.  If we use a 

feedback loop to keep the repulsive force constant, the sample topography can be imaged.  

This is done by sending a signal to the piezoelectric stage to raise or lower the sample in 

the Z (vertical) direction and return the reflected laser beam to its initial position and then 

plotting out the movement of this stage.  The measurement performed in this way, i.e., 
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keeping the tip in contact with the sample, is known as contact mode AFM, which is the 

most straightforward of all the scanning probe techniques.   

 

 

Figure 1.1.  Schematic setup of an atomic force microscope.  Scanning probe tip is placed 
over the sample surface with position monitored by deflected laser. 
 
 
 A major concern in contact mode AFM is the wear to the tip caused by scanning 

the tip, which reduce the resolution of the technique as well as limiting the useful lifetime 

of the tip.  In an attempt to reduce these forces, tapping mode AFM was developed.4  In 

tapping mode, the tip is held above the surface and allowed to oscillate up and down at or 

near its resonant frequency.  The oscillation amplitude, phase, and resonant frequency are 

modified by tip-sample long-range interaction forces; these changes in oscillation with 

respect to the external reference oscillation provide information about the sample's 

characteristics. Schemes for tapping mode operation include frequency modulation and 

the more common amplitude modulation.  In the amplitude modulation, as the tip scans 

the sample surface, the cantilever oscillation amplitude is monitored and maintained 

constant based on a user defined set point via a feedback loop.  The tip sample separation 
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is adjusted via the feedback loop and this information is recorded to reproduce the sample 

topography.  Also in tapping mode, the cantilever is oscillated such that it comes in 

contact with the sample with each cycle, and then enough restoring force is provided by 

the cantilever spring to detach the tip from the sample.  The force is typically of the order 

0.1 nN for tapping mode, while contact mode force values are typically a few hundred 

nN.4     

 For the electrical characterization, we adopt scanning capacitance microscopy, 

spectroscopy, scanning Kelvin probe microscopy, conductive AFM and scanning gate 

microscopy.  The detail of setup and measurement theory of these techniques will be 

discussed in later chapters. 

 

1.2. Thesis Outline 

 This thesis focuses on studies of two semiconductor material systems.  In the first 

part of this dissertation, properties of nitride based materials and devices, specifically 

doping in p-type GaN and electronic structure and morphology of InGaN/GaN quantum 

well, will be investigated using scanning probe techniques. 

 Nitride based devices have received a great deal of attention since the early 

development of blue light emitting diodes (LEDs) and laser diodes (LDs) by Nakamura5,6 

and Akasaki and Amano.7,8  But due to the lack of a homoepitaxial growth substrate and 

the lattice mismatch between its alloys, lots of issues need to be solved before the high 

quality devices can be achieved.  These issues include high density of threading 

dislocations, inefficiency in p-type dopant activation, and piezoelectric electric field 

induced red shift effect in light emitting diode device, etc.  Characterization and analysis 
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of these problems are critical to improve the performance of nitride based devices.  In 

Chapter 2, we first use scanning capacitance microscope (SCM) to study the effect of 

sublayer structure and electronic structure on light generating mechanism in the active 

region of InxGa1-xN/GaN quantum well LED structure.  SCM technique is very sensitive 

to the small tip-sample capacitance variation which, in this structure, is induced by 

electron and hole modulation in the quantum well layer, depending on the applied bias 

voltage.  Numerical calculations associated with the scanning capacitance spectroscopy 

(SCS) measurement are provided to confirm the origin of our observations in the SCM 

images, where in the forward bias, local In clustering will substantially influence the 

electron accumulation threshold voltage and in the reverse bias, InGaN thickness 

fluctuation will vary the holes accumulation threshold voltage.   

 In chapter 3, we describe spatially resolved studies of Mg acceptor incorporation 

in p-type GaN as a function of crystal polarity and in the vicinity of inversion domain 

boundaries.  Given the difficulties associated with efficient acceptor doping of GaN, an 

understanding of the relationships among active acceptor concentration, the existence and 

spatial distribution of defects, crystal polarity, and other factors is critical.  SCM, SCS 

and scanning Kevin probe microscopy (SKPM) are used to image, on a local basis, 

ionized acceptor concentrations in p-type GaN films grown by MBE.  Our results indicate 

that active Mg acceptor incorporation varies significantly with crystal polarity, being 

more efficient for Ga-polar than for N-polar material.  Furthermore, we observe evidence 

that in some, but not all, instances increased concentrations of ionized Mg acceptors can 

be present within or near inversion domain boundaries and other bulk defects. 
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 The second part of this thesis will focus on nanoscale characterization of InAs 

nanowire field effect transistors.  Nanowires based one-dimensional system has shown 

great potential as building blocks for high performance nanoelectronics and 

optoelectronics.9-12 Despite substantial progress, however, the detailed nature of carrier 

transport in such structures remains incompletely characterized and understood.  

Improved characterization and understanding of these issues in semiconductor nanowires 

and devices will be essential in realizing their full potential.  Scanned probe 

characterization of electronic structure and transport provides a powerful complement to 

macroscopic electrical characterization of nanowire-based devices by offering the ability 

to perform direct experimental assessment of local electrical behavior with very high 

spatial resolution.  In chapter 4, we use conductive AFM (C-AFM) as a local electrical 

contact to image the current flowing through the nanowire as a function of transport 

length.  For electron transport distances L within the nanowire of ~200nm, the nanowire 

resistance is observed to be nearly independent of L, while for larger transport distances 

the resistance increases approximately linearly with L.  These observations suggest that 

for transport distances of up to ~200nm, transport is ballistic or nearly ballistic, while for 

larger distances scattering-induced resistivity eventually dominates and the resistance 

increases linearly with distance.  Further numerical calculation of electronic subband 

structure within the InAs nanowire combined with experimentally determined transport 

parameters are used to determine the mean free path in InAs nanowire. 

 In chapter 5, we use scanning gate microscopy (SGM) to study the gating effect in 

InAs semiconducting nanowire field effect transistor.  A conductive AFM tip, which can 

be viewed as an ultra-small metal top gate, modulates the carrier concentration and 
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current flow in the nanowire.  By precisely controlling the tip position, we find out that 

for both positive and negative tip bias, the carrier/current modulation is stronger when tip 

is near the source and drain contacts region and the effect of the modulation diminishes 

when tip is further away from the contacts.  Further simulation using TCAD tools is done 

to verify our observation and a tip-nanowire capacitance model is discussed.  Current 

data extracted from the SGM measurement suggests a 50% increase in transconductance 

when tip is near the contact than placed at the center of the nanowire. 

 The application of AFM in the study of organic thin film transistor (OTFT) is 

included in the appendix of the thesis.  Organic films exhibit electronic properties very 

analogous to traditional semiconductors with highest occupied energy band, HOMO, and 

lowest unoccupied energy band, LUMO being analogous to the conduction and valence 

bands, respectively, in a solid-state semiconductor.  But carrier transport in organic film 

is different from that in crystalline solid-state semiconductors in that large concentration 

of trap states will cause space charge limited conduction (SCLC) in the device.  In 

appendix, SKPM measurement of potential profile along the OTFT channel at different 

gate biasing conductions are presented and charges built up in the channel are directly 

observed. 
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2. IMAGING OF THICKNESS AND COMPOSITIONAL FLUCTUATIONS IN 

INGAN/GAN QUANTUM WELL LED STRUCTURES BY SCANNING 

CAPACITANCE MICROSCOPY 

 

2.1. Introduction 

The III-nitride materials system has emerged in the last several years as a research 

topic of intense interest for electronic and optoelectronic devices.  Its members include 

AlN, GaN, InN, (In, Ga, Al)N alloy.  The great interest in the III-nitride system stems 

from the possibility of engineering the alloy with a band gap anywhere from more than 6 

eV (AlN) to less than 1 eV (InN).  This range spans from the near infrared to the near 

ultraviolet wavelength region.  Also due to the wide bandgap of GaN, AlGaN/GaN 

structures have been widely applied for high power, high-frequency electronic devices.  

Another advantage of all alloys of the III-nitride system is that they have a direct band 

gap, which means that electrons at the minimum of the conduction band and holes at the 

maximum of the valence band have the same crystal momentum.  This allows for an 

efficient, direct radiative transition process to occur.  

Based on these properties, InxGa1-xN/GaN quantum-well structures are of 

outstanding current interest for short-wavelength visible optoelectonics, including both 

light-emitting diodes and laser diodes1,2, which convert electrical power into light at high 

efficiency.  The applications of these devices, especially LEDs, are very wide, varys from 

solid-state illumination and traffic lights to phone screen and large screen display.  

Although dramatic advances have been made in the development of such devices and 
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commercial devices based on this structure have been available in the market, numerous 

aspects of the radiative efficiency and performance of these devices are still under 

debate.3   

Optimization of emission efficiencies in such devices requires a detailed 

understanding of the local, nanoscale structure and associated electronic properties in the 

InxGa1-xN/GaN quantum-well region.4-8  In particular, factors such as the thickness of the 

quantum-well layer, which influences the degree of wave-function overlap between 

electrons and holes and consequently the recombination dynamics and efficiency, and the 

possible presence of compositional inhomogeneities such as clustering or phase 

separation in the InxGa1-xN layer, which are believed to play a significant role in the 

attainment of high emission efficiencies in certain structures, can dramatically influence 

emission properties.  Direct characterization at the nanoscale of these and related aspects 

of quantum-well structure, however, remains a substantial experimental challenge.  

Scanning probe microscope, thanks to its nanoscale resolution and spatial mapping ability, 

provides us a useful tool to investigate the electronic structures arising from the thickness 

and compositional fluctuations in the materials. 

In this chapter, we describe studies of InxGa1-xN/GaN quantum-well structures 

using scanning capacitance microscopy (SCM) and scanning capacitance spectroscopy 

(SCS) in which local, nanometer-scale electronic behavior is characterized and its origin 

in local structure and composition of the quantum-well layer elucidated.   

By obtaining SCM images at different bias voltages encompassing both forward- 

and reverse-bias conditions, and using numerical simulations to determine the 

relationship between capacitive behavior and InxGa1-xN/GaN quantum-well thickness and 
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In concentration, it is possible to detect the presence of both monolayer fluctuations in 

quantum-well thickness and nanoscale In-rich clusters in the InxGa1-xN layer, and 

furthermore to distinguish between these features on the basis of their different 

manifestations under forward- and reverse-bias conditions.  The ability to image 

electronic structure associated with nanometer to atomic scale structural features in 

subsurface quantum-well layers is particularly noteworthy given the difficulty of directly 

imaging subsurface electronic properties in semiconductors at these length scales.  In 

addition, the presence of In-rich clusters is observed to correlate with an increase in 

optical emission efficiency, corroborating suggestions that carrier localization in such 

clusters contributes significantly to improved device performance in InxGa1-xN/GaN-

based light emitters. 

 

2.2. Samples and Experiment Setup 

2.2.1. Sample Growth and Device Fabrication 

The samples employed in these studies, whose structure is shown representatively 

in Figure 2.1(a), were grown by metalorganic chemical vapor deposition (MOCVD) on a 

c-plane sapphire substrate using a Veeco TurboDisc E300 GaNzilla platform.  Samples 

consisting of a 2-3μm n-GaN buffer layer with doping concentration of approximately 

1018cm-3 followed by a 3-3.5nm undoped InxGa1-xN quantum-well layer with In 

concentrations ranging from 15% to 30% were studied.  The 30% InxGa1-xN quantum 

well was grown at 710°C while the 15% was grown at 760°C.  In each epitaxial layer 

structure, the InxGa1-xN quantum-well layer was capped with 2nm undoped GaN; the 

very close proximity of the quantum-well structure to the sample surface enables high 
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spatial resolution to be achieved since modulation of carriers in the quantum well is 

possible with only a small depletion layer width in the sample, and in addition improves 

sensitivity to quantum-well electronic structure since the tip-sample capacitance per unit 

area – being inversely proportional to the depth of the quantum well below the surface – 

is very high.9  Composition and layer thicknesses were estimated from MOCVD growth 

conditions and verified (post-growth) by x-ray diffraction (XRD) measurements and 

XRD simulation of the epitaxial layer structures.  More detailed descriptions of sample 

preparation, growth conditions, and growth parameters have been presented elsewhere.10  

 

 

Figure 2.1.  (a) Schematic diagram of a representative InxGa1-xN/GaN quantum-well 
structure with the top GaN layer 2-3 nm and undoped InxGa1-xN quantum-well layer 3-
3.5 nm with In concentration of 15-30%.  (b) Schematic diagram of electrostatic charge 
distribution.  Sheet charges corresponding to the two-dimensional electron gas (σ2deg) and 
two-dimensional hole gas (σ2dhg) are dependent on bias voltage and therefore indicated in 
grey.  (c) Schematic energy-band-edge diagram for the In0.30Ga0.70N/GaN quantum-well 
structure at zero bias. 
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 As is well known, nitride based materials exhibit strong piezoelectric and 

spontaneous polarization effects, which have a substantial influence on the concentration, 

distribution and recombination of free carriers in III-nitride heterostructures.11,12,13   For 

InGaN/GaN quantum well structures, the piezoelectric polarization effect, arising from 

the lattice mismatch between the GaN layer and the InGaN layer, is the dominant factor 

of the two.  For growth in the (0001) orientation with the wurtzite crystal structure, there 

will be present in a stained layer a piezoelectric polarization field aligned along the [0001] 

direction.  Associated with this polarization field are piezoelectrically induced charges 

present at the InGaN and GaN surface and interface, with density given by pz Pρ = −∇ ⋅ .  

As shown in Figure 2.1 (b), a positive sheet charge density pzσ will be present at the 

upper GaN/InGaN interface, and a corresponding negative sheet charge - pzσ  at the 

lower InGaN/GaN interface.  It should be noted that variations in composition or strain 

distribution near an interface will alter the local distribution of piezoelectrically induced 

charge; however, the total piezoelectric sheet charge density associated with the interface 

will be very nearly equal to that present at an abrupt interface between materials with the 

same compositions as those found away from the immediate vicinity of the interface. 

Thus a two-dimensional electron gas (2DEG) and a two-dimensional hole gas 

(2DHG) can be formed separately near the upper and lower InGaN/GaN interfaces 

respectively, the charges from which act to cancel partially the electric field arising from 

the piezoelectrically induced charges.    The band structure, as shown in Figure 2.1 (c) for 

an unbiased condition, is substantially influenced by the piezoelectric effect and a 

detailed understanding of its influence on nanoscale electronic properties is critical for 



 
 

 

15
 

further analysis.  The 2DEG and 2DHG density, as well as the band structure at each 

biased voltage will be numerically simulated in the next section.  

All samples used in our measurements were cleaned with trichloroethylene, 

acetone, and methanol in an ultrasonic bath, followed by a rinse in isopropanol and then 

acid cleaning using HCl:H2O (1:1) prior to processing or imaging.  Ohmic contacts were 

fabricated on all samples by deposition of 33nm Ti/77nm Al/33nm Ti/88nm Au using e-

beam evaporation and then followed by annealing at 650°C for 3 min.  For scanned probe 

characterization, all samples have electrically connected to the sample holder using 

conductive silver paste.  

 
2.2.2. Scanning Capacitance Microscopy Details  

Scanning capacitance microscopy (SCM) is a very useful tool to study the 

localized electronic properties of semiconductor devices.  Careful analysis of the 

capacitance response between tip and sample can reveal valuable information regarding 

dopant or impurity distribution,14,15 compositional composition,16 or charge variations 

near defects or material inhomogeneities.17,18   

Measuring capacitance is always a tricky problem and it is even more complicated 

to do the characterization at the nanoscale.  For example, assuming a metal coated tip 

with a radius of 30nm, and an oxide thickness of 5nm, the capacitance is on the order of 

10-18 F, and very high capacitance sensitivity is required.  While it is extremely difficult 

to measure such a small static capacitance, measuring a dynamic change in capacitance 

on this scale is possible.  In fact, the sensor used in a commercial SCM is capable of 

measuring capacitance changes of order 10-21 farads19.   



 
 

 

16
 

The schematic diagram of the scanning capacitance microscopy apparatus is shown 

in Figure 2.2. (a).  A conductive AFM tip is brought in to contact with the sample surface 

in contact mode and essentially serves as a Schottky contact.   A voltage signal with dc 

and low-frequency ac (5-100 KHz) components is applied between the tip and sample, 

and the tip is connected to a capacitance sensor20 through a transmission line and LC 

resonant circuit tuned at its resonant frequency of approximately 900 MHz.  The 

alternating sample bias leads to changes in capacitive load on the transmission line and 

thus to changes in transmission line resonance frequency, as shown in Figure 2.2 (b).   

 

  

Figure 2.2. (a) Schematic of scanning capacitance microscopy setup including resonant 
capacitance circuit used to sense capacitive load variations at the tip. (b) Slope detection 
method used in UHF capacitance sensor. Shifts in resonant frequency due to sample 
capacitance are exhibited and recorded as sensor output variations. 
 
 

In detail, the sensor output, across the varactor diode, Vo, exhibits a bell-shaped 

resonance behavior with resonant frequency denoted as f0.  The tip-sample junction 
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contributes a capacitive load to this resonant circuit and by tuning the circuit, we make it 

sensitive to the tip-sample capacitance.  When the bias voltage applied between the tip 

and sample changes, the tip-sample capacitance varies, thus causing a shift in the 

resonant curve and output voltage, Vo, as illustrated in Figure 2.2 (b).  The voltage drop 

OVΔ across the varactor diode in the transmission line circuit can be used to measure 

changes in sample capacitance,20 with OVΔ  being a function of shift in resonance 

frequency Δf.  A very detailed analytical solution of SCM signal has been introduced 

elsewhere,21 and the output signal is given by: 

 
DC

O 0 D AC
V

1 1 dCV f V
2 C dV
γΔ =  (1) 

where 0γ  is the frequency sensitivity, Df  is the drive frequency, and C is the tip sample 

capacitance.  The results illustrate that the measured change in sensor output voltage, and 

thus the signal extracted from the SCM images is proportional to the derivative dC/dV of 

the tip–sample capacitance at a given dc bias Vdc . 

Besides mapping the capacitance image simultaneously with the topography, 

scanning capacitance spectroscopy (SCS) can be performed at a local position, which has 

proved to be a very helpful technique for device analysis.22,23  Spectroscopic data are 

obtained by either (i) measuring the signal while slowly sweeping the dc bias voltage 

with the tip held stationary in contact with the sample, or (ii) obtaining a series of SCM 

images at different bias voltages, and extracting the spatially resolved signal from each 

image to construct a collection of spatially resolved signal spectra.   

The physics behind the SCM/SCS measurement can in the simplest 

approximation be described as corresponding to a one-dimensional metal oxide 
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semiconductor (MOS) capacitor. The characteristic feature of this structure is that the 

capacitance between the metal and semiconductor is voltage dependent.  It needs to be 

noted that the capacitance is also strongly frequency dependent, so both the ac frequency 

and dc ramp speed need to be considered to properly interpret the SCM data.24  There is a 

great body of literature describing capacitance voltage theory and measurement of this 

structure.25,26 

In this thesis, scanning capacitance microscopy and spectroscopy were performed 

in a Digital Instruments/Veeco Nanoscope IIIa Dimension 3100s scanning probe 

microscopy system using Co/Cr-coated tips with a nominal tip radius of 25-50nm. To get 

the best signal in the SCM measurement, it is suggested to optimize the measurement 

parameter, such as ac frequency, phase, etc, on the test sample first, which has closely 

packed p-n junction.  The tuning procedure of the capacitance sensor is described in 

detail in SCM user’s guide.27 

 
 
2.3. Numerical Simulations 

To assist in the planning of experiments and interpretation of scanning 

capacitance data, numerical simulations of capacitance-voltage spectra were performed 

using a one-dimensional Poisson-Schrodinger solver28 with band offsets and polarization 

charge densities at the InxGa1-xN/GaN interfaces derived from experimentally measured 

values.29   

Figure 2.3(a) shows a simulated capacitance-voltage spectrum for a 3nm 

In0.30Ga0.70N/GaN quantum-well sample; the capacitance-voltage behavior for other 

compositions and quantum-well thicknesses studied is very similar.  The simulated 
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capacitance-voltage spectrum was verified qualitatively by comparison with results of 

capacitance-voltage spectroscopy performed on large-area Schottky diodes; detailed 

quantitative comparisons were difficult due to substantial series resistances present in the 

Schottky diodes.  Several regimes of behavior, corresponding to accumulation of 

different carrier types - either electrons in the In0.30Ga0.70N quantum well or holes in the 

quantum well or near the GaN surface, are observed in both the simulation and 

macroscopic capacitance-voltage measurement.  At large negative bias voltages (region 

A), hole accumulation near the upper In0.30Ga0.70N/GaN interface and in the top GaN 

layer occurs, leading to a large capacitance.  As the bias voltage is increased to values 

near -2V (region B), hole accumulation occurs primarily near the lower 

In0.30Ga0.70N/GaN interface, as shown in Figure 2.3(c), resulting in a lower capacitance.  

For voltages near zero bias (region C), carriers are depleted from the In0.30Ga0.70N/GaN 

quantum-well structure and only a small depletion capacitance is present.  Finally, for 

larger forward bias voltages applied to the Schottky contact (region D), a large 

capacitance due to electron accumulation at the upper In0.30Ga0.70N/GaN interface and in 

the top GaN layer, as shown in Figure 2.3(c), is observed.  Thus, we see that numerical 

simulations indicate that either electron or hole accumulation in the quantum-well layer 

can be induced by application of forward or reverse bias, respectively.   
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Figure 2.3. (a) Numerically simulated capacitance-voltage spectrum for a 3nm 
In0.3Ga0.7N/GaN quantum well structure. Schematic band diagram of the quantum well 
structure with holes accumulation at reverse bias (b) and electron accumulation in the 
forward bias (c). 
 
 
 
2.4. Imaging of Monolayer Thickness Fluctuations in InGaN Quantum Well 

2.4.1. SCM Measurement Results and Analysis 

 Figure 2.4 shows topographic and scanning capacitance images of the 

In0.30Ga0.70N/GaN quantum-well sample structure for bias voltages of -2V to -3V.  

Monolayer steps approximately 2.5-3Å in height, indicative of step-flow growth, are 

clearly visible in the topographic image, as are pinned step edges terminated by screw-

component dislocations.30  With the probe tip biased at -2V relative to the sample, little 

contrast is evident.  At -2.25V, small undulations are visible in the SCM image, and at -

2.5V these variations in contrast are much more evident with additional structural detail 

becoming clearly visible.  At –3V bias these features once again disappear.  On the basis 

of the numerical simulations described above we interpret the contrast in these images as 
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arising from local variations in hole accumulation, induced by the negative bias applied 

to the tip, in or near the In0.30Ga0.70N quantum well.  We typically do not observe 

perturbations in carrier concentration near dislocations at these bias voltages; this is not 

unexpected as deep acceptor sites believed to be present in dislocations31,32,33 would be 

unoccupied, and therefore uncharged, at bias voltages for which hole accumulation 

occurs in the In0.30Ga0.70N quantum well. We also note that this contrast in the SCM 

images is only observed at negative bias voltages.   

 

Figure 2.4. (a) Topographic image and (b-e) scanning capacitance images of the 
In0.30Ga0.70N/GaN quantum-well sample structure.  Monoatomic steps as well as pinned 
step edges corresponding to threading dislocations are visible in the topographic image.  
A clear evolution in contrast revealing features corresponding to monolayer fluctuations 
in In0.30Ga0.70N quantum-well thickness is apparent in the scanning capacitance images. 
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 The contrast observed in Figure 2.4(d) is reminiscent of, although not identical to, 

the atomic step structure visible in Figure 2.4(a).  The latter point is reinforced in Figure 

2.5, which shows profiles of topography and of scanning capacitance signal obtained 

simultaneously for a tip bias of -2.5V.  It is evident from the data in the figure that, while 

the variations in scanning capacitance signal and in topography occur over similar length 

scales, there is not a one-to-one correspondence between specific topographic and 

scanning capacitance signal features.  These observations suggest that the scanning 

capacitance signal contrast observed in this voltage range originates from features that are 

related to the surface atomic step structure present during growth, while confirming that 

the contrast is not simply a topographic artifact.  

 

 

Figure 2.5. Simultaneously obtained line scans of (a) topographic height and (b) scanning 
capacitance signal revealing features in each that, while not exhibiting a one-to-one 
correlation, contain variations at similar length scales. 
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2.4.2. Numerical Simulations 

We noted in the last section that the SCM image contrast in Figure 2.4 appears to 

originate from the surface atomic step structure present during growth.  In the growth 

process, these step features existed in all layers and the length as well as the height of 

each step may not be the same, resulting in possible monolayer thickness fluctuations in 

each of these layers.  Usually for bulk material, those thickness fluctuations under the 

nanometer scale will not affect the overall device property, but for the quantum well 

structure with a well thickness of 2-3 nm, as shown in Figure 2.6(a), the effect from the 

thickness fluctuations might be very significant. 

To test these ideas, we performed the numerical simulations of the capacitance-

voltage curve based on different thickness of the top GaN layer and the InGaN quantum 

well as shown in Figure 2.6(b) and (c).  In Figure 2.6(b) we can see that for a 2 nm cap 

layer, adding or removing one monolayer of GaN has very little impact on the 

capacitance response in the whole bias regime.  In comparison, Figure 2.6(c) shows that 

InGaN monolayer thickness fluctuations will shift the capacitance curve in the negative 

bias regime, which corresponds to the holes accumulation region as shown in Figure 

2.3(b) and it is in this bias regime that we observe the SCM contrast in Figure 2.4.  Based 

on this analysis, we propose that the features we observe in the SCM images are most 

likely originate from the thickness fluctuations in InGaN quantum well layer. 
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Figure 2.6. (a) Schematic diagram showing step structure at the InGaN/GaN quantum 
well interfaces and resulting monolayer thickness fluctuations in the InGaN quantum well.  
Numerical simulation of In0.30Ga0.70N/GaN quantum-well structure capacitance-voltage 
curve for (b) one monolayer thickness variation in GaN layer and (c) one monolayer 
thickness variation in InGaN layer.  Results suggest threshold voltage will be shifted by 
the monolayer thickness fluctuation in InGaN layer, but very minor influence from the 
GaN layer. 
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2.4.3. Scanning Capacitance Spectroscopy Data and Analysis 

To further confirm our analysis, we performed spatially resolved nanoscale 

scanning capacitance spectroscopy measurements.  Figure 2.7 shows a scanning 

capacitance image, local scanning capacitance spectra obtained at the locations indicated 

in the image, and numerically simulated capacitance-voltage curves for a Schottky 

contact to the In0.30Ga0.70N/GaN sample structure shown in Figure 2.3.  The scanning 

capacitance spectra were obtained in the “magnitude mode” of operation of the scanning 

capacitance instrument, and the signal plotted is therefore proportional to |dC/dV|, where 

C is the tip-sample capacitance.   

 Both the simulation and the experimental data reveal an increase in capacitance 

with decreasing tip bias starting at approximately -0.5V to -1.5V, which based on the 

simulation results we interpret as arising from accumulation of holes in the In0.30Ga0.70N 

quantum well and, for more negative bias voltages, in the top GaN layer.  Included in the 

simulation results plotted are curves for In0.30Ga0.70N quantum-well thicknesses of 30Å, 

27.4Å, and 32.6Å – corresponding to the nominal quantum-well layer thickness plus or 

minus one monolayer.  A variation in quantum-well thickness of one monolayer is seen 

to shift the threshold voltage for hole accumulation by ~0.3V.  From the scanning 

capacitance spectra shown in Figure 2.7(b), we see that the contrast observed in the 

image arises from a shift in threshold voltage for hole accumulation of approximately 

0.6V – in very good agreement with that predicted to arise from a two-monolayer 

fluctuation in quantum-well thickness.  It should be noted that voltages of -0.5V to -1.5V 

shown in Figure 2.7(b) and (c) correspond to bias voltages applied during SCM imaging 

of approximately -2V to -3V.  This discrepancy arises because the bias voltage during 
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imaging is applied at each image point only for a duration of approximately 1-2ms, while 

that applied during the spectroscopic measurement is ramped from -0.5V to -3.5V at a 

frequency of ~1Hz.  As a result, the dynamics of charge trapping and detrapping and of 

hole accumulation in the In0.30Ga0.70N quantum well are expected to differ in the two 

measurements, leading to a corresponding difference in threshold voltage for hole 

accumulation.   

 
 

 

 

Figure 2.7. (a) Scanning capacitance image obtained at a bias voltage of -2.5V.  (b) 
Scanning capacitance spectra obtained at points labeled A and B in (a).  (c) Simulated 
capacitance-voltage spectra for In0.30Ga0.70N quantum-well thicknesses of 30Å plus or 
minus one monolayer.  The experimental spectra and simulations suggest the locations 
marked A and B in the image are characterized by local quantum-well thicknesses 
differing by two monolayers. 
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 On this basis, we interpret the contrast visible in the SCM images shown in Figure 

2.4 and Figure 2.7 as arising from monolayer fluctuations in the In0.30Ga0.70N quantum-

well layer thickness.  In the samples studied here these fluctuations occur over length 

scales of several tens of nanometers in the direction normal to atomic step edges; 

however, regions of uniform quantum-well layer thickness can extend over a micron or 

more in the direction parallel to these step edges.  The detailed structure and degree of 

monolayer fluctuations in quantum-well layer thickness will, of course, vary depending 

on the surface morphology present during epitaxial growth.   

Thickness fluctuation is very important for the device performance because due to 

the presence of a large piezoelectric field in the structure, there will be quantum-confined 

Stark effect (QCSE) in the quantum well region.  According with the QCSE model, the 

field causes the energy bands to bend, thereby inducing charge separation and a “red” 

shift of the emission. The magnitude of shift is directly related to the strength of the field 

and to the thickness of the layer across which it operates.   

These results are also highly notable as a demonstration of nanoscale imaging 

capability.  Specifically, we have used what is ostensibly a surface analysis technique, 

SCM and AFM, to obtain information about the subsurface electronic structure of a 

quantum well at the nanoscale.  This is possible due to the depth resolution afforded by 

varying the applied bias voltage in the SCM measurement.  Indeed atomic resolution in 

the vertical dimension has been achieved, by virtue of the sensitivity of the quantum-well 

electronic structure to atomic scale variations in quantum-well thickness. 
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2.5. Imaging of Nanoscale In Concentration Fluctuations in InGaN Quantum Well 

SCM Measurement Results and AnalysisFigure 2.8 shows representative 

3µm×3µm topographic and scanning capacitance images for a series of tip bias voltages 

ranging from 0.5V to 1.75V.  Monolayer steps approximately 2.5-3Å in height, indicative 

of step-flow growth, are clearly visible in the topographic image, as are spiral growth 

hillocks associated with screw-component dislocations.34  Surface depressions associated 

with threading dislocations are visible with an approximate density of 3×109 cm-2.  

 

Figure 2.8. (a) Topographic image and (b-f) scanning capacitance images of the 
In0.15Ga0.85N/GaN quantum-well sample at different bias voltages showing the dot like 
feature evolve as a function of applied voltage.  Data scale is 2V for (b), (c), and 4V for 
(d), (e) and (f). 
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Local electronic structure is revealed in SCM imaging.  With the probe tip biased 

at 0.5V relative to the sample, little contrast is evident in the SCM image.  At 1.25V, 

isolated, approximately circular areas 30-50nm in radius with increased SCM signal 

levels are observed, and at 1.75V these and additional regions of increased SCM signal 

level are much more evident; the radius of the features visible at 1.25V increases to 35-

55nm at 1.75V, suggesting a corresponding expansion of the area within which electron 

accumulation occurs.  The density of these features is ~2×109 cm-2 at 1.25V bias and 

~8×109 cm-2 at 1.75V.  At 2V and 2.25V, the image contrast associated with these 

features largely subsides.  Also we can see at 2V and 2.25V, some of the features reverse 

to darker contrast, which are associated with smaller dC/dV value. 

 

2.5.1. Numerical Simulations 

 Spatially resolved scanning capacitance spectroscopy combined with numerical 

simulations provides insight into the origins of the SCM contrast features observed in 

Figure 2.8.  Figure 2.9(a) shows a 3µm×1µm SCM image obtained at a bias voltage of 

1.5V, in which localized regions of increased SCM signal level are clearly evident.  

Figure 2.9(b) shows spatially resolved scanning capacitance spectra for three locations 

marked within the SCM image, constructed by extracting SCM signal levels from a series 

of images obtained at different bias voltages.  Points A and B correspond to circular 

regions in which increased SCM signal levels are observed at bias voltages of 1.25-1.75V, 

and point C to a region of approximately average signal level at these voltages.  A single 

representative scanning capacitance spectrum measured directly for this sample is shown 
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in Figure 2.9 (c).  A comparison of Figure 2.9 (b) and (c) confirms the validity of SCM 

signal spectra constructed from image data as in Figure 2.9 (b). 

 

 

 
Figure 2.9. (a) Scanning capacitance image obtained at a bias voltage of 1.5V.  (b) SCM 
signal spectra extracted from images obtained at different bias voltages at points labeled 
A, B, and C in (a).  (c) Representative single scanning capacitance spectrum.  (d) 
Computed capacitance-voltage spectra for InGaN quantum-well structures with In 
concentrations of 10%, 20%, and 30%.  (e) Computed capacitance-voltage spectra for 
In0.15Ga0.85N quantum-well structures with In0.15Ga0.85N thicknesses of 1.5nm, 2.5nm, and 
3.5nm. 
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To interpret the variations in the SCM signal spectra that are evident in Figure 2.9 

(b), we employ numerical simulations of capacitance-voltage spectra, from which the 

expected SCM signal spectrum is computed.21  Figure 2.9 (d) shows scanning capacitance 

spectra computed for In concentrations in the quantum well of 10%, 20% and 30%.  The 

differences in voltages at which various spectroscopic features occur experimentally and 

in such simulations are due primarily to the effects of finite tip size, tip shape, and series 

resistance in the sample, as analyzed in detail in our prior studies.  The similarity of the 

measured scanning capacitance spectrum in Figure 2.9(c) and the simulated spectra in 

Figure 2.9(d) – except for the bias voltage ranges – provides validation for this 

explanation. 

A comparison of the experimental SCM signal spectra in Figure 2.9 (b) with the 

computed spectra indicates that the increased signal levels observed in circular regions in 

the SCM images are consistent with a corresponding local increase in In concentration.  

Specifically, a comparison of the spectra at points A and B with that at point C in Figure 

2.9 reveals that for points A and B, a higher signal level is observed at relatively low bias 

voltages, while a lower signal level is measured at higher bias voltages (approximately 

2.0V and above).  As is evident in the simulated SCM signal spectra, this behavior is 

consistent with the presence of increased local In concentration at points A and B relative 

to that at point C.  Physically, higher local In concentration is expected to lead to the 

onset of electron accumulation, and consequently an increase in SCM signal level, at 

lower positive bias voltages due to the higher positive polarization charge at the upper 

GaN/InxGa1-xN interface.  Figure 2.9 (e) shows simulated SCM signal spectra for 

quantum wells with varying In0.15Ga0.85N layer thickness – the other major potential 
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source of the inhomogeneities in electronic structure imaged by SCM.  As is evident from 

the figure, variations in quantum-well thickness result in only very minor variations in 

SCM signal spectra, and may therefore be eliminated as the primary source of the SCM 

image contrast observed in Figure 2.8 and Figure 2.9 (a).  Other possible sources, such as 

variation in local conductivity or surface potential, can be shown by straightforward 

analysis or routine surface potential measurements (not shown here) to be insufficient to 

give rise to the observed SCM image contrast. 

Our interpretation of the observed SCM contrast as a consequence of local 

variations in In concentration, and in particular of In clustering in the quantum well, is 

consistent with (but not dependent on) other studies in which backscattered electron 

imaging in a scanning electron microscope and analysis of the temperature dependence of 

the peak quantum-well luminescence energy were used to deduce the presence of In-rich 

clusters in very similarly grown samples.10,35  The reported densities of these clusters 

varied from 2 to 30×109cm-2 depending on the growth conditions, and our measured 

densities are well within this range.  

It is needed to be pointed out again that InGaN thickness fluctuation only affects 

the hole accumulation in negative bias regime as shown in Figure 2.6 (c) and Figure 2.9 

(e) and In concentration fluctuation only affects the electron accumulation in forward bias, 

which have been proved both by experiments and simulation.  In this way, by choosing 

the proper applied voltage range, we can differentiate the origin of the observed features 

in SCM.  
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Figure 2.10. Schematic diagram of tip-sample geometry showing the real feature size 
widening due to the tip shape and depletion from the tip.  
 
 
 The actual size of these features is, of course, considerably smaller than the size 

observed in the image due to tip convolution and sample depletion effects.  Very 

approximately, the observed radius of a given feature will be the sum of the probe tip 

radius (typically 25-50nm), the depletion depth within the sample (a few nm in our 

studies due to the proximity of the quantum well to the surface), and the actual feature 

size.  Considering the feature size we observed in the SCM image is 30-50nm, which is 

roughly around the tip radius, the actual In clustering size should be very small and it is 

possible that its diameter is around the quantum well thickness. 

 

2.5.2. In Clustering Induced Photoluminescence Enhancement 

 We have also found that the observation of In clustering in the InxGa1-xN 

quantum-well region by SCM is correlated with dramatically increased 

photoluminescence efficiency compared to that measured for nominally identical samples 

grown under conditions for which formation of In-rich regions was not observed. Figure 

2.11 shows room-temperature photoluminescence spectra for two nominally identical 
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3.5nm In0.15Ga0.85N/GaN quantum-well structures, except that the structure labeled 

“baseline” was grown under conditions for which In clustering is not observed in our 

SCM measurements, while the structure labeled “improved” was grown under conditions 

leading to the formation of In-rich clusters as observed in our SCM studies described 

above.  The latter structure exhibits a much higher luminescence efficiency, presumably 

due to enhanced recombination of excitons localized at potential minima created by 

nanoscale In-rich regions.   The increased linewidth of the photoluminescence spectrum 

for the sample containing In-rich clusters compared with the baseline sample is most 

likely a consequence of inhomogeneous broadening arising from the presence of In-rich 

clusters with a range of compositions. 

 

 

Figure 2.11. Room-temperature photoluminescence spectra for nominally identical 3.5nm 
In0.15Ga0.85N/GaN quantum-well structures grown under conditions leading to formation 
of In-rich clusters (“improved”) and under conditions for which such clusters are absent 
(“baseline”). 
 

  



 
 

 

35
 

 It is an advantage to having a device dominated by the indium fluctuation 

mechanism. First, the presence of spatial indium fluctuations in the layer improves the 

radiative recombination efficiency due to an increased localization of the excitons.  

Second, the energy of recombination or “color” of the emission is less sensitive to the 

excitation power or “brightness” of the device than for a device based on the piezoelectric 

field mechanism, which has a large impact on the degree of wave function overlap 

between electrons and holes and, therefore, directly influences recombination efficiency.  

The studies described here confirm the proposed theory1,8 about the correlation 

between increased luminescence efficiency and the presence of In-rich clusters via direct 

imaging of electron accumulation in these clusters using SCM, and demonstrates an 

approach for imaging of nanoscale compositional variations in subsurface quantum-well 

structures. 

 

2.6. Conclusion 

 In summary, we have used scanning capacitance microscopy and spectroscopy to 

characterize local electronic structure in InxGa1-xN/GaN quantum-well structures grown 

by MOCVD.  On the basis of macroscopic capacitance-voltage measurements combined 

with numerical simulations, we see that either electron or hole accumulation can occur in 

the n-type quantum-well region.  Furthermore, the dependence of carrier accumulation 

behavior, and consequently capacitance, on local variations in quantum-well layer 

thickness and In concentration differs substantially under forward- and reverse-bias 

conditions.  These differences provide the basis for a methodology allowing features in 

local electronic structure arising from nanoscale variations in quantum-well thickness to 
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be distinguished from those arising from variations in In concentration.  This 

methodology is illustrated in studies of monolayer thickness fluctuations in a 3nm 

In0.30Ga0.70N/GaN quantum-well structure, and of nanoscale In clustering in a 3.5nm 

In0.15Ga0.85N/GaN quantum-well structure.  In the latter structure, the presence of In-rich 

clusters is further correlated with an improvement in photoluminescence efficiency, 

thereby offering a direct link in these structures between the presence of In-rich clusters 

and improved light emission characteristics.  The capability demonstrated here to image 

directly monolayer-level fluctuations in quantum-well layer thickness with nanoscale 

lateral resolution and sublayer In concentration fluctuation represents a powerful new 

capability in characterization of such heterostructures for a variety of device applications. 

 This chapter was published in Applied Physics Letter 2004 “Observation of 

subsurface monolayer thickness fluctuations in InGaN/GaN quantum wells by scanning 

capacitance microscopy and spectroscopy”, 2005 “Observation of In concentration 

variations in InGaN/GaN quantum-well heterostructures by scanning capacitance 

microscopy” and Journal of Vacuum Science & Technology 2005 “Imaging of thickness 

and compositional fluctuations in InGaN/GaN quantum wells by scanning capacitance 

microscopy”, X. Zhou, E. T. Yu, D. Florescu, J. C. Ramer, D. S. Lee, and E. A. Armour.  

The dissertation author was the first author of these papers. 
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3. SCANNING CAPACITANCE MICROSCOPY CHARACTERIZATION OF 

DEPENDENCE OF MG ACCEPTOR INCORPORATION IN P-TYPE GAN ON 

CRYSTAL POLARITY  

 
 
 
3.1. Introduction 

As we introduced in chapter 2, although GaN based electronics experienced 

explosive growth in the past decade, there still exist some serious limitations that have to 

be overcome for these devices to reach their full performance potential.  Efficient 

acceptor doping of p-GaN is one of these problems and remains a major challenge.  

Efficient acceptor doping of group III-nitride semiconductors is an essential requirement 

for a wide range of nitride-based electronic and optoelectronic devices including 

heterojunction bipolar transistors, visible light-emitting diodes and lasers.   

Unfortunately, p-type doping of GaN has proven to be highly challenging, as the 

most widely used dopant species, Mg, suffers from a very high ionization energy, 

resulting in a free hole concentration that at room temperature is much lower than the 

total acceptor concentration.  Furthermore, hole concentrations in p-type GaN are 

typically observed to saturate and decrease at high Mg concentrations,1,2 and high levels 

of Mg incorporation are found to lead to increased defect formation, 3 , 4  such as N 

vacancies, which further reduce the concentration of active Mg acceptors.  Another 

problem comes from the low hole mobility due to the high Mg concentration induced 

impurity scattering.  The limited free hole concentration coupled with the low hole 

mobility results in highly resistive p-type material, a major source of high power 

dissipation which leads to poor device performance. 
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Finally, the crystal polarity during growth of GaN by molecular-beam epitaxy 

(MBE) has been observed to invert from Ga-face to N-face upon exposure to Mg;5 the 

observed polarity inversion has been found to be dependent on the Ga:N flux ratio, with 

decreased Ga flux leading to inversion of polarity from Ga-face to N-face.6 

Given the difficulties associated with efficient acceptor doping of GaN, an 

understanding of the relationships among active acceptor concentration, the existence and 

spatial distribution of defects, crystal polarity, and other factors is critical.  In this paper 

we describe spatially resolved studies of Mg acceptor incorporation in p-type GaN as a 

function of crystal polarity and in the vicinity of inversion domain boundaries.  Scanning 

capacitance microscopy (SCM), spectroscopy and scanning Kevin probe microscopy 

(SKPM) are used to image, on a local basis, ionized acceptor concentrations in p-type 

GaN films grown by MBE.  Because the p-type GaN films were grown under conditions 

leading to the presence of both Ga-polar and N-polar material, a direct assessment of 

active Mg acceptor incorporation under identical growth conditions and its dependence 

on crystal polarity is possible.  In addition, possible variations in active Mg acceptor 

incorporation in the vicinity of inversion domain boundaries, which have been proposed 

to contain increased concentrations of Mg in p-type GaN,7,8 can be detected.  Our results 

indicate that active Mg acceptor incorporation varies significantly with crystal polarity, 

being more efficient for Ga-polar than for N-polar material.  Furthermore, we observe 

evidence that in some, but not all, instances increased concentrations of ionized Mg 

acceptors can be present within or near inversion domain boundaries and other bulk 

defects. 
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3.2. Experimental Techniques 

3.2.1. Samples and Device Fabrication 

The epitaxial layer structures employed in these studies consisted of p-type GaN 

layers 0.4μm in thickness grown by MBE on ~2μm GaN templates grown by metal 

organic chemical vapor deposition (MOCVD) on sapphire substrates.  Details of the 

growth conditions employed are described elsewhere.9  In brief, the samples were grown 

in a Varian Modular Gen II system using conventional effusion cells for Mg and Ga.  

Active nitrogen was supplied by an EPI Unibulb rf plasma source.  All samples were 

grown with an rf power of 150W, a substrate temperature of 650°C and a sufficient N2 

flow to maintain chamber pressure of 1.1 x 10-5 torr.  These conditions yielded a nominal 

growth rate of 200 nm/hr for Ga-rich growth.   

Prior studies have shown that exposure of GaN to Mg during MBE growth can 

lead to inversion of crystal polarity from Ga-face to N-face, with the degree of inversion 

being dependent on the Ga:N flux ratio.  Specifically, the presence of a Ga wetting layer 

on the surface during growth is found to lead to Ga-face polarity, as shown in Figure 

3.1(a), while the absence of such a wetting layer results in N-face growth, as shown in  

Figure 3.1(b).  As GaN has a strong internal polarization effect as we introduced in 

chapter 2, the polarity of the film is critical to determine the built-in electric field and 

polarization charge.  By adjusting the Ga:N flux ratio during MBE growth, the presence 

and spatial distribution of a Ga wetting layer on the surface can be controlled, and hence 

fully Ga-face growth, fully N-face growth, or an intermediate situation with regions of 

each polarity can be achieved.  For these studies, three samples were employed, grown 

with Ga fluxes of 3.3×10-7 Torr, 3.1×10-7 Torr, and 2.9×10-7 Torr.  The first two samples 
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were found on the basis of post-growth reflection high-energy electron diffraction 

(RHEED) and atomic force microscopy (AFM) to contain exclusively Ga-polar material 

while the last contained regions of both Ga-face and N-face material.  The results shown 

in Section III were obtained exclusively on the sample with mixed polarity. 

 

 

Figure 3.1. Schematic diagram showing the GaN with the top layer being (a) Ga- face 
and (b) N-face 

 
Samples were stored under ambient atmospheric conditions and cleaned with 

trichloroethylene, acetone, and isopropanol in an ultrasonic bath prior to scanning probe 

characterization.  Ohmic contacts to the top p-type GaN surface were fabricated by 

deposition of Ni/Au metallization, which has a large work function which makes it easy 

to achieve Ohmic contact to p-type material.  Subsequent rapid thermal annealing in 

H2/N2 was done at 500°C for 30s using RTA furnace.  For further characterization, the 

sample is electrically connected to the sample holder using conductive silver paste.  

Crystal polarities for each sample and within individual samples were determined by wet 

chemical etching in 160°C H3PO4, which has been shown to etch N-polar material while 
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leaving Ga-polar material unaffected,10,11 followed by evaluation of surface morphology 

and etch depth using AFM.  

 

 

Figure 3.2. 5μm×5μm AFM images of Mg doped p-type GaN (a) as grown, and (b) after 
exposure to hot H3PO4, which etches N-face GaN using hot H3PO4 while leaving material 
with Ga-face polarity unchanged.  Areas identified as possessing N-face and Ga-face 
polarity on this basis are indicated.  

 
 AFM imaging combined with etching in hot H3PO4 of the GaN sample purported 

to contain both Ga-face and N-face regions confirmed that regions of both polarities were 

present in the sample, and enabled correlation of pre-etch surface topography with local 

crystal polarity.  Figure 3.2 (a) shows AFM images of the initial surface topography for 

this sample, with regions identified as possessing Ga-face and those possessing N-face 

polarity indicated.  The polarity distribution in the sample is not uniform, i.e., some 

regions contain primarily Ga-face material with N-face inversion domains, while other 

regions contain predominantly N-face material.  Terraces separated by atomic steps as 
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well as spiral growth hillocks are typically visible in the Ga-face regions.  Regions 

identified as possessing N-face polarity are initially about 20nm lower topographically, 

and exhibit rougher surface topography including high densities of growth hillocks 

approximately 3nm to 5nm in height.  Figure 3.2(b) shows an AFM topograph of the 

same sample following etching in hot H3PO4.  The surface morphology in the Ga-face 

regions is essentially unchanged, while that in the N-face regions exhibits increased 

roughness with the surface being much lower topographically, relative to the Ga-face 

regions, than prior to etching.  These results are consistent with previous studies that Ga-

face has smoother and more stable surface12,13.  Some other studies show that compared 

with N-face material, Ga-face has lower impurity concentration9,14, a higher Schottky 

barrier and the associated leakage current is lower15.  The etch rate for the N-face region 

is estimated to be approximately 200nm/min.  These observations provide confirmation 

for the assignment of Ga-face or N-face polarity to different regions of the sample.   

 

3.2.2. Scanning Kevin Probe Microscopy  

 Besides scanning capacitance microscopy we introduced in last chapter, we will 

utilize scanning Kelvin probe microscopy (SKPM) in this work.  SKPM16 is based on 

traditional Kelvin probe measurement, which uses a vibrating capacitor device to 

measure the work function or surface potential of the material.   

 Figure 3.3 (a) shows a schematic diagram of SKPM apparatus and its working 

theory is as follows.  If the tip and sample are made of different materials, then they will 

have different workfunctions.  When the tip and sample are connected electrically, the 

electrochemical potential is the same in both, but the workfunction difference leads to an 
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additional electrostatic potential difference between tip and sample, called the contact 

potential, which is equal to the difference between the two workfunctions.  If there are dc 

and ac voltage simultaneously applied between the tip and sample, then the actual 

electrostatic potential between the tip and sample at time t is given by 

 ( )dc acV V V Sin tω φΔ = + − Δ  (1) 

where φΔ  is the contact potential difference between the tip and sample.  

 

 

Figure 3.3.  Schematic diagram of (a) scanning Kelvin probe microscopy setup and (b) 
two-pass scan used in the SKPM measurement. 

 
 
 Since the tip and sample can be viewed as two conducting surfaces that together 

form a capacitor, the energy U stored in the capacitor is given by ( )21U C V
2

= Δ , where C 

is the capacitance between the tip and sample.  The electrostatic force between tip and 

sample in the vertical direction is then 
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         ( )2dU 1 dCF V
dz 2 dz

= − = − Δ  (2) 

When we take both dc and ac bias into consideration, we can see the force F between the 

tip and sample is the sum of a dc term, ω term and 2ω term,       

         ( )2 2
dc dc ac

1 dCF 2 V V
4 dz

φ⎡ ⎤= − − Δ +⎣ ⎦
 (3.1) 

            ( ) indc ac
dCF V V S t
dzω φ ω= − − Δ⎡ ⎤⎣ ⎦         (3.2) 

                    in2
2 ac

1 dCF V S 2 t
4 dzω ω⎡ ⎤= ⎣ ⎦                                   (3.3) 

The easiest way to measure the contact potential based on the electrostatic force method 

is to nullify the ω term using the feedback loop.  Thus, the contact potential is equal to 

the applied dc voltage that used to eleminate the ω term of the electrostatic force. 

The picture will be more complicated in the real scenario because the local 

electronic structure in the material, such as trapped states on the surface, charged 

threading dislocations or local doping fluctuations, etc, will change the local potential 

difference between the tip and sample, thus the value of the effective contact potential 

can vary significantly as the tip is moved around over the surface.17 

The electrostatic force is very sensitive to the distance between the tip and the 

sample.  In order to minimize the influence of the topography on the SKPM signal, the 

measurement adopts a two-pass scan method, as illustrated in Figure 3.3 (b).  In the first 

scan, the measurement is done in the commonly used tapping mode and records the 

topography of the sample, while in the second scan, the measurement is done in the 

LiftMode™, i.e., at the same position, the tip is raised to a certain height (10-100nm) 

above the sample, retraces the topography and the SKPM measurement is performed.  In 

this way, any the topography-induced scanning artifacts are dramatically reduced. 
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3.3. Results and Discussion 

3.3.1. SCM Measurement Results and Analysis 

SCM images were acquired as a function of bias voltage applied between the 

probe tip and sample for dc bias voltages ranging from 0V to -2.5V, with an additional ac 

bias voltage modulation 1V in amplitude applied at a frequency of 30kHz.   3.4 shows a 

2.5μm×5μm AFM topograph of the p-type GaN surface and SCM images of the same 

area obtained with tip bias voltages of -1.7V, -1.9V, and -2.1V.  Ga-face and N-face 

regions are identified on the basis of surface morphology and topographic height, as 

indicated in the figure.  In addition, hexagonal features surrounded by perimeter regions 

of elevated topography, marked by “A” in  3.4(a), are occasionally visible in the AFM 

image; on the basis of the aforementioned etching studies we conclude that these 

hexagonal features contain Ga-face material.   

The SCM images shown in Figure 3.4 reveal local variations in ionized Mg 

acceptor concentration that are correlated with the local crystal polarity or, in some cases, 

the presence of an inversion domain boundary.  For tip bias voltages ranging from 0V to -

1.5V, SCM images of the p-GaN surface (not shown) reveal negligible signal contrast.  

For tip bias voltages of -1.7V and below, contrast develops in which a higher signal level 

is observed in regions of Ga-face polarity than in regions of N-face polarity.  In addition, 

a high SCM signal level – higher even than that observed in Ga-face regions – is 

observed in the immediate vicinity of some, but not all, inversion domain boundaries. 
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Figure 3.4. (a) AFM topograph and (b)-(d) SCM images of the same region with dc bias 
voltages applied to the tip of –1.7V, –1.9V and –2.1V.  Over this range of bias voltages, a 
larger SCM signal is observed within Ga-face regions than in N-face regions.  In the 
immediate vicinity of some, but not all, inversion domain boundaries, a further increase 
in SCM signal level is observed. 
 

The relationship between SCM signal level and ionized Mg acceptor 

concentration in our studies can be understood as follows as described in greater detail in 

Chapter 2.  In the SCM measurement, the tip-sample junction is incorporated into an RLC 

circuit whose resonant frequency depends on the tip-sample capacitance.  The circuit is 

driven near its resonant frequency, and the resulting output signal obtained in the 

scanning capacitance measurement is proportional to the derivative of the tip-sample 

capacitance with respect to voltage.18,19  Because any native oxide layers present on the 

tip or sample surfaces during these measurements are expected to be very thin in 
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comparison to the depth of the depletion region extending into the semiconductor, the tip-

sample capacitance can be approximated as that of a Schottky contact.  In a one-

dimensional approximation, the tip-sample capacitance per unit area C is then given by20 

                                                       WC sε= ,        (4.1) 

                                       ⎟⎟
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where εs is the semiconductor dielectric constant, W the semiconductor depletion depth, 

NA the ionized acceptor concentration, φb the Schottky barrier height, Nv the valence-band 

effective density of states, V the dc component of the tip bias relative to the sample, T the 

temperature, kB Boltzmann’s constant, and q the electron charge.  The SCM signal is then 

proportional to |dC/dV|, which from Eq. 4.1 and 4.2 is given by 
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From Eq. (5) we see that local variations in the SCM signal will arise primarily 

from inhomogeneity in ionized acceptor concentration NA or local surface barrier height 

φb.  Variations in local surface barrier height can be probed by SKPM, in which the 

contact potential difference between a conducting probe tip and the sample surface is 

imaged.  Figure 3.5 shows an AFM topograph and an SKPM image, obtained 

simultaneously, of the p-GaN surface.  Regions of both Ga-face and N-face polarity are 

present in the images, with the N-face regions exhibiting a surface potential ~0.02V 

higher than that of the Ga-face regions.  This is in contrast to observations reported for n-

type GaN, for which differences in Schottky barrier height of 0.2-0.5V were observed in 

comparisons of Schottky contacts to Ga-face and N-face n-type GaN.21,22  Since the 

observed difference in surface potential for Ga-face compared to N-face p-type GaN is 
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much smaller than the expected surface barrier height φb, the accompanying difference in 

SCM signal level between Ga-face and N-face regions arising from the variation in 

surface barrier height will be negligible.  Thus, the principal source of the signal contrast 

observed in SCM imaging is expected to be local variations in ionized Mg acceptor 

concentration. 

 

Figure 3.5. (a) AFM topograph and (b) SKPM image, obtained simultaneously, of Ga-
face and N-face regions of the p-type GaN surface.  Comparison of Ga-face and N-face 
regions indicates that the N-face region has a surface potential approximately 0.02V 
higher than that of the Ga-face region. 

 
 
3.3.2. Scanning Capacitance Spectroscopy and Numerical Simulation 

Figure 3.6(a) shows a plot of |dC/dV| computed as a function of V for ionized Mg 

acceptor concentrations of 1×1018cm-3 (solid line) and 1×1019cm-3 (dashed line).  It is 

evident from the figure that for sufficiently negative tip bias voltages, regions of the 

sample with higher ionized Mg concentration will be characterized by a larger value of 

|dC/dV|, and hence a larger SCM signal level, than regions with lower ionized Mg 

concentration.  Thus, we interpret the higher SCM signal levels observed in regions of 
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Ga-face polarity relative to those in N-face regions as arising from a higher degree of 

active Mg acceptor incorporation for material with Ga-face polarity compared to that for 

N-face material.   

 

Figure 3.6. (a) Computed |dC/dV| as a function of V for p-type GaN with ionized Mg 
acceptor concentrations of 1×1018cm-3 (solid line) and 1×1019cm-3 (dashed line).  (b) 
Scanning capacitance spectra obtained for N-face (solid line) and Ga-face (dashed line) 
areas of the sample surface. 

 
This interpretation is further confirmed by SCS measurements.  The scanning 

capacitance spectra were obtained in the “magnitude mode” of operation of the scanning 

capacitance instrument, and the signal plotted is therefore proportional to |dC/dV|, where 

C is the tip-sample capacitance.  Figure 3.6(b) shows scanning capacitance signal spectra 

acquired on regions of N-face (solid line) and Ga-face (dashed line) polarity.  A 

comparison of these measured spectra with those computed and shown in Figure 3.6(a) 

indicates quite clearly that ionized Mg acceptor concentration variations are the principal 

source of SCM signal contrast between Ga-face and N-face regions of the sample.  The 
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apparent shift in bias voltage between the calculated and measured capacitance spectra is 

due principally to contact and series resistance effects, as confirmed by local 

measurements of current-voltage spectra by conductive AFM.  Thus, these results 

demonstrate that under identical growth conditions, Mg incorporation is more efficient 

for Ga-face compared to N-face material.  This observation is consistent with prior 

reports that Mg doping of GaN results in greater total Mg incorporation and higher p-type 

conductivity23 for material grown with Ga-face polarity compared to N-face material, and 

suggests that avoidance of inversion domain formation is essential for optimization of p-

type conductivity in GaN. 

In addition to revealing higher active Mg acceptor incorporation into Ga-face 

compared to N-face material, SCM imaging indicates that higher concentrations of active 

Mg acceptors can occasionally be present in the immediate vicinity of inversion domain 

boundaries than in the surrounding Ga-face and N-face material.  Examination of the 

SCM images in Figure 3.4 reveals that in certain areas the boundaries between Ga-face 

and N-face material exhibit a higher SCM signal level than observed in the surrounding 

regions, indicating that an increased active Mg acceptor concentration is present within or 

in the immediate vicinity of the inversion domain boundaries.  These regions of increased 

ionized Mg acceptor concentration typically extend approximately 30nm to 50nm away 

from the inversion domain boundary.  That these SCM contrast features are not observed 

at all inversion domain boundaries, and that they are not observed in the vicinity of other 

topographic features of similar size and abruptness, indicate that these features represent 

true variations in local electronic properties rather than being simply topography-induced 

imaging artifacts.  The areas of increased active Mg acceptor concentration near 



 
 

 

54
 

inversion domain boundaries appear to extend preferentially into adjacent Ga-face 

regions, suggesting the possibility of segregation of Mg to inversion domain boundaries 

from adjacent Ga-face regions.  Such an occurrence would not be entirely unexpected, as 

theoretical studies have suggested that increased Mg acceptor concentrations may be 

favored in the vicinity of inversion domain boundaries containing high concentrations of 

Mg.  The results presented here show directly that elevated concentrations of ionized Mg 

acceptors can be present near inversion domain boundaries, suggesting that substantial 

concentrations of Mg may be present within the inversion domain boundary itself. 

Finally, we note that the hexagonal features observed in regions of Ga-face 

polarity exhibit higher SCM signal levels than do the surrounding Ga-face regions, 

indicative of increased concentrations of ionized Mg acceptors.  However, the 

topographically elevated areas on the perimeter of these hexagonal regions exhibit a 

lower concentration of ionized Mg acceptors near the interior perimeter boundary, and 

higher active Mg acceptor concentrations exterior to the hexagonal regions.  Those 

observations suggest that either segregation of active Mg acceptors from the hexagon 

perimeter or reduced incorporation of active Mg acceptors near the perimeter occurs in 

these regions.  However, the specific nature and mechanism for formation of such defects 

is not known. 

 

3.4. Conclusion 

We have used a variety of scanning probe techniques to assess the influence of 

surface polarity and the presence of inversion domain boundaries on Mg acceptor 

incorporation in p-type GaN grown by MBE.  Scanning capacitance microscopy and 
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spectroscopy clearly reveal that, under identical growth conditions, Mg acceptor 

incorporation occurs more effectively for Ga-face polarity than for N-face polarity.  In 

addition, Ga-face material exhibits considerably better surface morphology than N-face 

material.  However, only a minimal dependence of surface potential on polarity is 

observed in SKPM measurements – in contrast to observations of the dependence of 

Schottky barrier height on polarity for n-type GaN.  SCM imaging also shows that 

elevated concentrations of ionized Mg acceptors can be present in Ga-face regions, but 

not N-face regions, in the vicinity of inversion domain boundaries.  This observation 

lends credence to theoretical suggestions that increased concentrations of Mg acceptors 

could be present in the vicinity of inversion domain boundaries containing high 

concentrations of Mg within the domain boundary. 

 This chapter was published in Journal of Vacuum Science & Technology B 2006 

“Dependence of Mg acceptor incorporation in p-type GaN on crystal polarity and 

presence of inversion domain boundaries”, X. Zhou, E. T. Yu, D. S. Green and J. S. 

Speck.  The dissertation author was the first author of this paper.  
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4. SCANNED ELECTRICAL PROBE CHARACTERIZATION OF CARRIER 

TRANSPORT BEHAVIOR IN INAS NANOWIRES  

 

4.1. Introduction 

In the past few decades, we have witnessed dramatic progress in the Si-based 

microelectronics technology.  To a large extent, these advances have been the result of 

continuous device scaling, i.e. miniaturization, of electronic devices, particularly the 

metal-oxide-semiconductor field effect transistor (MOSFET), that has led to higher 

circuit density and faster switching speed.1,2  However, the scaling cannot go on forever, 

as a number of fundamental physical as well as technological limitations place a lower 

limiting boundary to the size of the MOSFET devices.  These effects include, among 

others, short channel effect, electron tunneling through short channels and gate insulator, 

hot electron effect and variations in device structure and doping, etc. 

The awareness of the approaching of scaling limit has led to a worldwide effort to 

further develop device technologies.  Some of them maintain the general structure of 

current MOSFET technology and add in the new elements to improve the device 

performance, which include metal gate,3 Ge channel MOSFET,4 multi-gate structure5 and 

III-V MOSFET, etc.  These efforts can be viewed as a solution for a short term.  In the 

long time run, alternative device structures departing from the existing technology have 

to be investigated.    Currently, active research have been done on carbon nanotube6,7,8 

(CNT), semiconductor nanowire (NW) 9 - 12   based 1D nanoelectronics and molecular 

electronics13,14. 



 
 

 

59
 

 Currently, carbon nanotubes and nanowires have both shown very good results in 

single device performance compared with the traditional MOSFET technology.   

However, for carbon nanotube, there are some important limitations which present 

challenges in large scale integration.  Firstly, the controlled growth of exclusively 

metallic or semiconducting nanotubes, which depends sensitively on diameter and 

chirality, is not yet possible.  Secondly, controlled doping of the tubes, which is critical 

for controlling device characteristics, such as threshold voltage, remains problematic.  

Semiconductor nanowires can overcome some of the limitations of CNT’s.  Rational 

control of nanomaterial parameters, including chemical composition, structure, size, and 

doping has been demonstrated, 15 - 18   and it is these parameters that determine the 

electronic and optoelectronic properties critical to predicable device function. 

 Despite tremendous progress in nanowires synthesis and device demonstrations, 

the detailed nature of carrier transport in such structures remains incompletely 

characterized and understood.  For example, the effect of dimensionality on carrier 

scattering and mobility, the influence of defects and surface electronic structure on carrier 

transport, and the transition from ballistic transport to motion dominated by drift and 

diffusion are currently subjects of active investigation and debate.  Improved 

characterization and understanding of these and related phenomena in semiconductor 

nanowires and related structures will be essential in realizing their full potential for 

application in electronic, photonic, and other devices and systems. 

In this work, we used conductive atomic force microscopy to elucidate the nature 

of carrier transport in InAs nanowires at the nanoscale.  InAs is a particularly intriguing 

semiconductor material due to its small electron effective mass, correspondingly high 



 
 

 

60
 

bulk electron mobility, and inherent surface accumulation of electrons, and InAs 

nanowires are currently being explored as candidates for high-performance nanoscale 

electronic devices. 19 - 21   Scanned probe characterization of electronic structure and 

transport provides a powerful complement to macroscopic electrical characterization of 

nanowire-based devices by offering the ability to perform direct experimental assessment 

of local electrical behavior with spatial resolution typically in the range of tens of 

nanometers.22,23  Using a conducting scanning probe tip as a local electrical contact, we 

have measured two-terminal resistance as a function of electron transport length within 

an InAs nanowire.  For transport lengths of ~200nm or less, length-independent 

resistance indicative of ballistic or nearly ballistic transport behavior is observed.  For 

greater transport lengths, the resistance is found to increase approximately linearly with 

length, as expected for conventional drift transport.  Calculations performed to estimate 

the electron mean free path in InAs nanowires based on measured mobilities and model 

calculations of nanowire electronic structure yield values in the range of ~50nm, and 

analysis of expected carrier transport behavior for distances over which only a small 

number of scattering events is expected confirms that resistance should be only weakly 

dependent on carrier transport distance. 

 

4.2. Experiment 

4.2.1. Nanowire Growth  

  The nanowire growth mechanism is generally accepted to be governed by the 

vapor liquid solid model, which describes nanowire growth by metal particles.24,25  In 

brief, nanometer sized metal particles are deposited on a crystalline substrate.  When the 
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temperature increases, the metal particles melt and start to incorporate the growth species.  

A eutectic alloy will be formed when the melt becomes supersaturated and then crystal 

growth starts under the metal particle.  The liquid is in most cases molten Au particles 

formed in various ways, however, some nanowire material, e.g. GaN26, requires other 

metals.  To catalyze the growth, the metal must be able to reach a eutectic point with the 

nanowire material in the phase diagram.  Usually, the diameter of the nanowire is 

determined by the catalyst size and the length of the wire is dependent on the growth time.  

Under certain circumstances, each material has its preferred growth direction.  Also, the 

crystalline structure of the substrate has a big impact on the growth direction of the 

nanowire.  So to get wires grow perpendicular, both factors need to be taken into 

consideration. 

The InAs nanowires employed in these studies were grown by metalorganic 

chemical vapor deposition (MOCVD) on  SiO2/n+-Si substrates from 40nm diameter Au 

nanoparticles with a V/III ratio of 25 using tri-methyl-indium (TMIn) and Arsine (AsH3) 

precursors in H2 carrier gas at 100 Torr pressure and 3500C substrate temperature.  The 

nanowires were unintentionally doped n-type, and for each growth nanowire diameters 

typically were in the range of 30-70 nm and 20-30 μm in length,　 27 as shown in the 

representative scanning electron microscope (SEM) image of the as-grown InAs 

nanowires on SiO2/n+-Si substrate (Figure 1a) and the high-resolution transmission 

electron microscope (HR-TEM) image (Figure 1b).  The diameter of the wire is slightly 

larger than the original metal particle due to the reshaping of the Au spherical particle to 

a hemisphere during the melting process. 
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Figure 4.1. (a) SEM image of InAs nanowires on SiO2 substrate. Scale bar is 20µm. (b) 
LR-TEM image of an InAs nanowire. Scale bar is 50nm. Inset is an HR-TEM image of 
the same single crystalline InAs nanowire. Scale bar is 5nm. 

 

4.2.2. Device Fabrication 

 Considering the size of the nanowire, it is not a trivial thing matter to fabricate 

functional devices.  Integrating the wires together is even harder and currently is a world-

wide active research topic.28,29  In general, there are two ways to fabricate nanowire based 

devices.  The first one is by taking the advantage of vertically grown nanowires and 

making contacts to them directly.  A few preliminary results have been reported using 

this method 30 , 31 , 32  and theoretically this provides a very promising way to directly 

integrate nanowires into circuits in a bottom up approach. However, many engineering 

issues such as catalyst patterning, growth reliability and gate aligning, etc, need to be 

resolved.  The other method is that after growth, nanowires are transferred to another 

substrate and then devices are fabricated in a planar geometry.  This device fabrication 
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procedure is more straightforward and in this work we will adopt the planar geometry for 

device processing and characterization. 

 For device fabrication, the as-grown samples are put into a small tube filled with 

methanol and sonicated for 3-5 seconds to release the wires from the substrate into the 

solution.  Then the wires are transferred to a patterned substrate with the methanol 

droplets.  In order to locate the position of each single nanowire, a patterned and indexed 

grid structure was previously created onto a 600nm SiO2 layer produced by thermal 

oxidation on an n+ Si (001) substrate by e-beam lithography.  High concentration 

methanol is able to evaporate very fast and wires transferred this way can adhere tightly 

to the substrate.  Figure 4.2 shows an optical image of transferred nanowires and pre-

defined markers.  Wires position information are input into the Design CAD toolkit for 

subsequent e-beam patterning.   

 Prior to lithography, the sample is coated with MMA/PMMA and baked at 120oC 

for 90 seconds.  Then the sample is loaded into the e-beam system to define the 

source/drain positions.  After developing and rinsing in DI water, resist residue and other 

organic contamination on the exposed nanowire surface are removed by oxygen plasma 

ashing.  Finally the sample is dipped into a buffered HF solution (1 HF : 6 H2O), which 

etches away the surface oxide.  The sample is rinsed in DI water, and then metallization 

is performed by evaporation of 15nm Ti/85nm Al.  A standard liftoff process was used to 

create Ohmic contacts to the nanowires.  No further annealing is required after the metal 

deposition, which has been shown to degrade the contact quality in this metal recipe.  The 

well-known phenomenon of Fermi-level pinning above the conduction-band edge of 

InAs33 enabled straightforward formation of low-resistance Ohmic contacts to the InAs 
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nanowires.21  The sample is then wire bonded to a home-made sample holder using Au 

wire of 10μm in diameter to connect the device to external electronics. 

 

Figure 4.2. (a) Optical image of InAs nanowire transferred to the SiO2 substrate with 
defined grids and patterns used to locate the nanowire positions.  (b) SEM image of InAs 
nanowire grown by MOCVD and subsequently deposited on SiO2, with Ti/Al Ohmic 
contacts patterned by electron-beam lithography.  (c) Representative two-terminal 
current-voltage characteristic for such a device. 

 
Figure 4.2(b) shows a scanning electron microscope (SEM) image of a 50nm 

diameter InAs nanowire structure with two Ohmic contacts fabricated in this manner.  

Current-voltage characteristics for these nanowire structures are typically highly linear, 
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as shown in Figure 4.2(c), confirming the high quality of the Ohmic contacts, with 

average electron mobilities in excess of 3000 cm2/V⋅s.21  In Ref 21, a very detailed model 

of three terminal InAs nanowire field effect transistor is developed, taking into account 

the series resistance, parallel resistance due to the undepleted portion of the wire, and 

interface state induced capacitance.  This analysis provides a better understanding of the 

electrical properties of the nanowire-based transistor and also in later part of this chapter, 

we will use the parameters extracted from the experiments based on this model, most 

notably field effect mobility, and carrier concentrations, for the numerical calculations. 

 

4.2.3. Measurement Setup 

Scanned probe measurements were performed using a Digital Instruments/Veeco 

Nanoscope III Multimode atomic force microscope to which a external votage source and 

current preamplifier were attached to enable conductive AFM (cAFM) measurements.  

cAFM was used previously in our laboratory for studying dislocation-related leakage 

current due to its ability to detect localized current paths in the material while 

simultaneously recording topographic information, 34 , 35   as well as to modify 

semiconductor surfaces by applying a voltage between the tip and sample and growing a 

thin insulating.36-39  

In this work, the experimental geometry employed is shown schematically in 

Figure 4.3.  A diamond-coated scanning probe tip served as a positionable electrical 

contact to the InAs nanowire, with the macroscopic Ohmic contact fabricated 

lithographically serving as the second contact to the nanowire for a two-terminal 

measurement of electrical current flow through the nanowire.  A dc bias voltage Vsd was 
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applied between the macroscopic contact and the conducting probe tip and the resulting 

current was measured as a function of distance L between the probe tip and the edge of 

the contact.  The second macroscopic Ohmic contact shown in Figure 4.3 remained 

floating, and therefore did not contribute to the current flow observed in these 

measurements.   

 

Figure 4.3.  Schematic diagram of experimental probe tip and sample geometry and 
electrical measurement configuration.  Current I is measured for fixed bias voltage Vsd as 
a function of tip-contact distance L, with the probe tip constituting a positionable contact 
to the nanowire in a two-terminal device measurement. 

 
  The macroscopic electrical contact to the nanowire was completed by wire 

bonding between the homemade sample holder and metal pads predefined on the sample 

which is connected with the source/drain contacts of the nanowire.  Many problems were 

encountered in bonding process at the beginning period of the experiment, as nanowires 

are much fragile than the bulk sample, and are very likely to be destroyed by the 

electrostatic charge.   To overcome this problem, two procedures have to be adopted.  

First, the operator needs to be grounded and wear nitride gloves before using the system.  

Second, an electrical short need to be created between the two bonding pads, which are to 

be connected to source and drain electrodes, to avoid the current flow through the 
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nanowire.  These two steps are also required to be applied for the c-AFM measurement 

process when connecting the sample with external electronic system.  In addition, coaxial 

cables are suggested to be used wherever possible. 

 

 
4.3. Results and Data Analysis 

4.3.1. Resistance vs Channel Length Data 

Figure 4.4 (a) shows an AFM topograph of the device, consisting of a 75nm-

diameter InAs nanowire with two Ohmic contacts fabricated as described previously, 

employed in these studies.  Current images acquired at fixed Vsd simultaneously with the 

topograph reveal a trend of constant to decreasing current I with increasing tip-contact 

distance L, suggesting that the nanowire resistance contributes significantly to the total 

device resistance, and as expected generally increases with transport distance within the 

nanowire.   

The detailed behavior of current flow as a function of electron transport distance 

within the nanowire can be elucidated by extracting the total resistance R≡Vsd/I as a 

function of electron transport distance L, as shown in Figure 4.4(b).  The data in Figure 

4.4(b) were derived from cAFM images by averaging current measured at several points 

over a distance of ~20nm normal to the nanowire axis, and clearly reveal two distinct 

regimes of behavior.  For electron transport distances below approximately 200nm, R is 

observed to be independent of L, while for larger distances R increases approximately 

linearly with L.  Linear fits to these two regions are also shown in Figure 4.4(b), and yield 

a constant contribution to the device resistance of ~40KΩ and a length-dependent 

contribution of ~23KΩ/µm.   
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Figure 4.4. (a) AFM topograph of InAs nanowire and Ti/Al Ohmic contacts.  (b) 
Resistance measured by cAFM as a function of tip-contact distance L (symbols), with 
linear fits for the ballistic transport regime (L below ~200nm), for which resistance is 
independent of L, and the drift transport regime (L above ~200nm), for which resistance 
increases linearly with L. 

These results may be interpreted as follows.  The total resistance of the tip-

nanowire Ohmic contact structure can be written, adapting the well-known Landauer 

formalism, as40  

drift tip nanowire series2
hR R R R

2e M −= + + + , (1)  

where Rdrift is the contribution due to scattering during drift transport in the nanowire, 

h/2e2M is the contact resistance to the nanowire, accounting for the difference in current 

carrying modes between the contacts and nanowire, with M being the number of 

propagating electron modes in the nanowire, Rtip-nanowire is the additional resistance 
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between the probe tip and the nanowire, and Rseries is the parasitic series resistance 

associated with external wiring and wire bonds and the patterned metal electrodes.  Of 

these contributions, only Rdrift depends directly on L; therefore, any dependence observed 

of R on L should constitute primarily a dependence of the nanowire resistance on L.   

The observation of a range of tip-contact distances for which R is independent of 

L suggests that electron transport over these distances within the nanowire is primarily 

ballistic.  In this regime, the observed resistance of ~40KΩ is dominated by the 

remaining terms in Eq. (1).  Since the contact resistance of a single-mode conductor is 

h/2e2 = 12.9KΩ, this result suggests that parasitic series resistances or nonidealities, e.g., 

thin insulating layers, at the contacts contribute significantly but not overwhelmingly to 

the observed resistance.  As carrier scattering becomes more prominent for longer 

electron transport distances, Rdrift, the contribution to the total resistance from carrier 

scattering in the nanowire associated with conventional drift transport, should increase 

from zero linearly with L.  This is in very good accord with the experimental observations 

shown in Figure 4.4(b).   

Furthermore, a very simple quantitative estimate of the wire resistivity expected 

on the basis of wire dimensions, expected carrier concentrations, and mobility measured 

in similar InAs nanowire structures yields good quantitative agreement with the 

experimentally measured value of 23KΩ/µm.  Specifically, the familiar expression for 

resistivity and resistance adapted to account for the presence of electrons both at the InAs 

surface and within the bulk material region with different electron concentration and 

mobility due to the presence of surface states, as shown in Figure 4.5, yields 
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( )( )surfsurfwirebulkbulk
2

surfwire

drift

nr2nrrq
1

L
R

μπμπ +−
≈ ,                     (2) 

where q is the fundamental electronic charge magnitude, rwire is the nanowire radius, rsurf 

is the thickness of the InAs electron surface accumulation layer, nbulk is the bulk volume 

electron concentration, nsurf is the surface electron concentration, µbulk is the bulk electron 

mobility, and µsurf is the surface electron mobility.   

 

Figure 4.5. Cross section view of InAs nanowire showing conduction band diagram at 
bulk and surface layer.  Due to Fermi level pinning and interface states, carrier 
concentrations and mobilities are very different in these two layers. 

 Given a nanowire diameter of 75nm, estimating the bulk electron concentration to 

be 5×1016 cm-3, the surface electron accumulation layer thickness to be 10nm, and the 

surface electron concentration to be 0.5×1011 cm-2,41,42 and using the measured electron 

mobility in very similar InAs nanowires of ~2000 cm2/V⋅s – which most likely reflects 

the relatively low mobility of electrons at the InAs surface compared to that in the bulk, 

as well as possible structural defects within the wire,21 we obtain a resistance per unit 

length for the InAs nanowire of 24KΩ/µm – very close to the experimental value of 23 

KΩ/µm derived from the data of Figure 4.4(b).  Very similar mobilities have recently 
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been reported in planar43 (~2000 cm2/V⋅s) and vertical44 (~3000 cm2/V⋅s) InAs nanowire 

transistors, further supporting the validity of the mobility value used in this calculation. 

It should be noted that despite the very good agreement observed between the 

measured InAs nanowire resistance and that calculated using the simple approach 

described above, the measured resistance may be somewhat larger than that associated 

specifically with electron transport within the nanowire.  Because the nanowire resistance 

increases with tip-contact distance L, the potential drop across the nanowire increases 

with L as well.  As a result, the potential drop across the nanowire contacts will decrease 

as L increases for measurements performed at fixed bias voltage Vsd.  This could be of 

particular importance for the tip-nanowire contact, which is more likely to contain 

contamination or insulating interfacial layers that yield nonideal Ohmic contact behavior.  

For such a nonideal Ohmic contact, the resistance Rtip-sample in Eq. (2) would increase with 

decreasing voltage across the contact, resulting in an additional contribution to R as L 

increases in the measurements presented in Figure 4.4(b).  While this subtlety may 

influence the quantitative determination of the nanowire resistance per unit length, it does 

not impact the observation of ballistic transport within the nanowire nor the 

determination of the length scales over which electron transport within the nanowire is 

predominantly ballistic in nature. 

The observation of a range of tip-contact distances for which R is nearly 

independent of L suggests that electron transport over these distances within the nanowire 

is primarily ballistic.  However, the ~200nm distance over which this behavior is 

observed should not be taken to be a direct measure of the electron mean free path in the 

nanowire.  Specifically, assuming an electron mean free path Λ, interpreted as the 
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average distance an electron travels in the nanowire before experiencing a scattering 

event, a nonzero probability t that a single scattering event will result in transmission of 

the electron (and, consequently, a probability 1-t that the electron will be reflected), and a 

Poisson distribution for the number of scattering events experienced by an electron while 

traversing a distance L, relatively straightforward calculations show that the resistance of 

the nanowire increases much more slowly with L, for values up to a few mean free paths, 

than would be predicted by the conventional scattering-induced resistance,    

                   
2
h LR

2e M
⎛ ⎞≈ ⎜ ⎟Λ⎝ ⎠

.  (3) 

Thus, the experimental observation shown in Figure 4.4 suggests a mean free path 

approximately in the range of 40-80nm.   

 

4.3.2. Numerical Calculations 

The electron mean free path in the InAs nanowire can also be estimated using 

independently measured values for electron mobility and calculations of electronic 

structure within the wire to determine the Fermi velocity.  Specifically, the mean free 

path is given by  

  τFv≈Λ ,                       (4) 

where vF is the Fermi velocity and τ is the scattering relaxation time.  τ can be estimated 

from the electron drift mobility µ using the relation µ=qτ/m*, where q is the fundamental 

electronic charge and m* is the electron effective mass in InAs.  Separate measurements 

on very similar InAs nanowires have yielded mobility values in the range of 1600-6600 

cm2/V⋅s.21  For our purposes we assume an electron mobility for the InAs nanowire of 
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3000 cm2/V⋅s, which combined with the InAs electron effective mass m* = 0.023me 

yields a scattering relaxation time τ≈0.04ps.  While the measured values of electron 

mobility in InAs nanowires are much lower than those for bulk InAs, the large 

contribution of electrons in the InAs surface accumulation layer to carrier transport in the 

nanowire geometry should lead to effective mobility values closer to the measured 

mobilities45 ,46 of surface electrons in InAs, approximately 1000-3000cm2/V⋅s – as is 

indeed observed. 

To estimate the Fermi velocity, we perform an analytical calculation of the 

conduction subband structure assuming a model InAs nanowire of radius r with a 

constant potential within the nanowire and infinite potential barriers at the nanowire 

surface.  For this model nanowire structure, Schrödinger’s equation in cylindrical 

coordinates (r,φ,z) is separable; the electron wave function can be written in the form 

Ψ(r,φ,z)=ψ(r,φ)eikz and Schrödinger’s equation becomes 
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where kz is the wave vector and Ez the corresponding energy for unrestricted motion in 

the z-direction, and E is the quantization energy for bound motion in the (r,φ) plane,  i.e., 

in the z-direction we will have a continuous spectrum for plane waves, and the 

quantization will come from the confinement in x-and y-directions. Eq. (5b) is well 

known and can be simplified to the form47 
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where k2=(2m*/ħ2)(E-V(r)) and ψ(r,φ)= R(r)eimφ.  The solution to Eq. (6) is of the form 

ψ(r)=CJm(kr), where C is a constant and Jm are Bessel functions of the first kind.15  

Taking the potential V(r) in a form of a square well of infinite depth and width r and 

applying the boundary conditions ψ ( ± R)=0 will give us the transverse energy 

spectrums. 

 Assuming a nanowire radius r0, the eigenvalues of Eq. (5b), which correspond to 

the discrete conduction subband energies within the nanowire, are given by  

           
, ,

2
2

m n m n2E
2mr

ρ=   (7) 

where ρm,n is the nth root of the mth order Bessel function Jm.  The quantum number m 

determines which order of Bessel function is in the wavefunction.   The zeros are given 

by the condition ( ) 0=⋅ rkJ m , which can be extracted by the intercept of Bessel function 

and x=0.  The first five zeros of 1st to 8th Bessel functions are calculated and listed in 

Table 4.1. 

Table 4.1. First five zeros of 1st to 8th Bessel functions. 

n\m 1 2 3 4 5 6 7 8 

1 2.405 3.832 5.136 6.380 7.588 8.772 9.936 11.086

2 5.520 7.016 8.417 9.761 11.065 12.339 13.589 14.821

3 8.654 10.174 11.619 13.015 14.373 15.700 17.004 18.288

4 11.792 13.324 14.796 16.224 17.616 18.980 20.321 21.642

5 14.931 16.471 17.960 19.409 20.827 22.218 23.586 24.935

  

 Based on the Eq. 7, we can see that as the nanowire diameter is made smaller, the 

number of transverse mode decreases, as shown in Figure 4.6, thus the conductance 
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decreases.  This is attributed to the quantization of the energy levels in the wires.  For a 

certain diameter a fixed number of subbands are occupied, but as the diameter decreases, 

the energy levels are pushed up in energy and at some point they are pushed above the 

Fermi energy and thermal excitation is necessary to move carriers from the metal into the 

wire, i.e., thinner wires have a higher lying ground state than thicker wires, and hence 

require a higher Fermi level to have a more effective injection of carriers.  Also it has 

been well established that in a 1D system, each transverse mode has a conductance of 

22e h  as defined by Landauer formula.     

 

Figure 4.6. Large diameter wires have several occupied subbands and the conductance is 
high. When the diameter is made smaller, one subband after the other will be pushed up 
above the Fermi level due to quantum confinement, and finally the ground state is 
emptied. At this point transport occurs only if the thermal energy is sufficiently high to 
excite electrons up into the empty subbands. 

 With Fermi level position and wire radius known, we can determine the quantum 

confinement numbers and confinement energy levels.  Figure 4.7 shows the distribution 

of the first 11 of these states in energy and the corresponding wave functions. 
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Figure 4.7.  (a) Calculated conduction subband energies in an InAs nanowire of radius 
35nm.  E=0 corresponds to the InAs valence-band edge.  (b) Radial wavefunctions for the 
subbands shown in (a). 

 
 Using the subband energies given by Eq. (7) and the well-known form of the 

density of electronic states in one dimension, 

,
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, (8) 

 we can then calculate the expected one-dimensional electron concentration n1D as a 

function of the Fermi energy EF by the sum of the electron concentrations in all the 

subbands. 
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where D1(E) is the one-dimensional electronic density of states, Ec is the conduction-

band-edge energy, f(E) is the Fermi distribution function, and kB is Boltzmann’s constant.  

Figure 4.8 shows n1D estimated from Eq. (9) as a function of the Fermi level position EF–
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Ec.  n1D can be determined experimentally from the 23kΩ/µm slope of the resistance as a 

function of carrier transport distance for drift-dominated transport combined with the 

mobility value cited above, and is found by this method to be 9.1×106 cm-1.   

 

Figure 4.8.  One-dimensional electron concentration in an InAs nanowire of radius 35nm, 
calculated as a function of Fermi level position.  Vertical lines on top of the figure 
correspond to the energy level of each subband below the Fermi level. 

From Eq. (9) and this experimental value for n1D, we can then determine EF–Ec 

and consequently the Fermi velocity vF and mean free path Λ.  Using this approach, we 

obtain a value for Λ of ~55nm for an InAs nanowire of radius 35nm, well within the 

range of values that are consistent with the observations shown in Figure 4.4(b).  As a 

further check, we can compute the mean free path from Eq. (4), obtaining the number of 

occupied transverse modes M from the numerical calculation of EF–Ec and of the 

conduction subband energies Em,n.  This approach yields M=11 and, using the measured 

value for ρ/L of 23kΩ/µm, a mean free path Λ=51nm – very consistent with the first 

approach and with our experimental observations. 
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4.4. Conclusions 

We have used conductive atomic force microscopy to characterize carrier 

transport at the nanoscale in InAs semiconductor nanowires fabricated by metalorganic 

chemical vapor deposition.  For electron transport distances L within the nanowire of 

~200nm or less, the nanowire resistance is observed to be nearly independent of L, while 

for larger transport distances the resistance increases approximately linearly with L.  

These observations suggest that for transport distances of ~200nm or less, transport is 

ballistic or nearly ballistic, while for larger distances scattering-induced resistivity 

eventually dominates and the resistance increases linearly with distance.  Model 

calculations of carrier transmission and total resistance in the nearly ballistic regime, for 

which the number of scattering events is small and assumed to obey a Poisson 

distribution, confirm that for distances up to a few mean free paths the resistance should 

increase much more slowly with L than in the drift transport regime.  Calculations of 

electronic subband structure within the InAs nanowire combined with experimentally 

determined mobilities, resistance, and carrier concentrations yield, for a variety of 

approaches, a mean free path of ~50-55nm, which is very consistent with our 

experimental observations of resistance as a function of transport distance and analysis of 

transport in the near-ballistic regime. 

 This chapter was published in Applied Physics Letter 2006  “Direct observation of 

ballistic and drift carrier transport regimes in InAs nanowire” and Journal of Vacuum 

Science & Technology B 2006 “Scanned electrical probe characterization of carrier 

transport behavior in InAs Nanowires”, X. Zhou, S. A. Dayeh, D. Aplin, D. Wang, and E. 

T. Yu.  The dissertation author was the first author of these papers. 
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5. ANALYSIS OF CARRIER MODULATION IN INAS NANOWIRES BY 

SCANNIN GATE MICROSCOPY 

 
 
5.1. Introduction 

With the end to traditional silicon transistor scaling in sight, much current 

interests is focused on identifying alternatives which will enable continued improvements 

in performance of electronic systems in future.1  Of the various material systems and 

structures being investigated, semiconductor nanowires have shown particular promise.  

In recent years semiconductor nanowires have been extensively explored as building 

blocks for nanoscale electronic devices 2 , 3 , 4 , optoelectronics 5 , 6 , 7 , sensors 8  and high 

performance logic circuits9,10.   Among those, the semiconductor nanowire field effect 

transistor11,12 (SNWFET) has drawn particular interest, both as a vehicle for basic carrier 

modulation investigation or transport study and as a potential future high-performance 

electronic device for large-scale integrated systems13.     

  Toward the goal of integrating SNWFETs with Si technology14, single devices 

need to be optimized in every aspect to meet the VLSI scaling roadmap.  Similar to a 

bulk Si MOSFET, coupling between gate and channel plays a key role in improving 

device performance.  Back-gate7,15, top-gate11,12,16, and surrounding-gate17,18 SNWFETs 

geometries have been successfully demonstrated.  Top gate and surrounding-gate devices 

exhibit excellent electrical characteristics, including steep subthreshold slope and high 

transconductance, a significant improvement relative to back-gate devices which uses a 

thicker gate dielectric.  Top gate devices are also suitable for high frequency applications 

thanks to their smaller overlap capacitance between gate, source and drain compared with 
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that of back gate.  Compared with surrounding gate, top gate has the advantage of being 

more easily integrated in conventional processing due to its planar structure. 

  To further refine the top gate geometry to optimize device performance, we need 

to have a closer look at how a local top gate influences the carrier modulation and 

transconductance along the channel of the SNWFET.  For this purpose, scanning gate 

microscopy19,20 (SGM), which has been used successfully to characterize local nano-

electronic properties in other material systems, is a very attractive candidate.  In short, 

while biasing the two-terminal device at a constant source-drain voltage, we use a 

conductive AFM tip, which can be viewed as a very narrow top gate, positioned above 

the sample.  In our experiments, at both positive and negative tip voltages, we observed 

the variation in current flow in the nanowire with the tip distance from source/drain 

contact changed, i.e., modulation is stronger while tip is close to contact and weaker 

when tip is getting further.  Tip-nanowire capacitance models are discussed to explain our 

observations of carrier modulation behavior in the nanowire.  Further simulation work is 

done to verify our observations and the capacitance model, showing that, carrier 

modulation is dependent on the AFM tip (ultra-small gate) position and maximum effect 

is attained when tip is closer to the source/drain contact.  These results provide insight 

into top gate geometry design of highly scaled devices and nano-electronics, to pursue 

better performance, such as higher transconductance and better ion/ioff ratio. 

 

5.2. Measurement Setup 

 The procedure of InAs nanowire growth and device fabrication has been 

described in detail in chapter 4.  After the two terminal devices are fabricated, a 20 nm 
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SiO2 film is sputtered on top of the sample to protect the nanowires from breaking when 

large bias voltage is applied to AFM tip.  The sample is wire bonded to a home-made 

sample holder using 10μm diameter Au wire to connect the device to external electronics.   

 Figure 5.1 shows the schematic measurement configuration of the scanning gate 

microscopy.  A dc potential Vg is applied to the tip, while a current is passed through the 

InAs nanowire.  The resistance or conductance of the nanowire is then measured as a 

function of tip position over the nanowire.  The biased AFM tips changes the electrostatic 

potential of the nanowire, and induces either electron accumulation or depletion 

depending on the bias voltage, and in this way, alters the nanowire conductance.  While 

moving the tip over the sample at a fixed tip voltage, the image of the nanowire current as 

a function of tip position can be used to reveal different responses to changes in the 

electrostatic potential at each local position inside the nanowire.   

 

 

Figure 5.1. Schematic diagram of experimental probe tip and sample geometry and 
electrical measurement configuration.  A DC voltage Vg is applied to the conductive 
AFM tip and current through the nanowire Ids is measured for fixed bias voltage Vsd as a 
function of tip position, with the probe tip serving as a top gate to the nanowire in a three-
terminal device measurement. 
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In the SGM measurement, the system adopts a two-pass scan, as introduced in 

SKPM measurement in chapter 3.  In this way, topography related imaging artifacts can 

be dramatically reduced. 

 

5.3. Results and Data Analysis 

5.3.1. Scanning Gate Microscopy Results 

Figure 5.2(a) shows the topography of the nanowire device, with a 

lithographically defined channel length of ~ 1μm and diameter of 45 nm, acquired in the 

AFM measurement.  Current images acquired at fixed Vsd = 0.3V (high field) 

simultaneously with the topograph reveals the difference in current modulation at 

different Vg.   

Scanning probe gating was carried out with Vg varying from -4V to 4V applied to 

the tip, which was scanned over a 3μm range at a speed of 1.8 μm/s (scan frequency of 

0.3Hz).  The current data were captured every 6nm on the sample.  As shown in Figure 

5.2(b)-(f), when no bias voltage is applied to the tip, the conductance of the nanowire is 

not influenced.  When we apply negative voltages on the tip, the current is reduced when 

the tip is scanned over the nanowire (darker region), which arises from the local electron 

depletion under the negatively biased tip and shifts the local Fermi level in the nanowire.  

The contrast is greater at the edge of the nanowire, which we believe arises from a 

combination of two effects. First, because the coated SiO2 layer is thinner at the nanowire 

edge compared with other regions, which is a consequence of shading by the nanowire in 

sputtering process.  Second, the tip-wire capacitance per unit area increases due to the 

curvature of the AFM tip, when contacting with the nanowire, it has a larger effective 
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contact area with the sidewall than on top of the wire, as shown in Figure 5.3, which has 

a direct impact on the carrier modulation.  Similarly, when tip is positively biased, we see 

the current enhancement in the nanowire (brighter region), which is attributed to 

increased local electron accumulation under the tip.  Low field data at Vsd = 45 mV (not 

shown) was also acquired and same features are observed. 

 

 

Figure 5.2. (a) AFM topograph of InAs nanowire and Ti/Al Ohmic contacts made to both 
ends of the nanowire.  (b)-(f) Current through the nanowire measured by SGM as a 
function of tip position.  Bias voltage applied to the tip is -4 V, -2V, 0V, 2V and 4 V 
respectively.  In the current image, the darker region is where the current is reduced as 
reverse biased AFM tip depletes the nanowire, while in the brighter region, the current is 
enhanced by AFM tip. 
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 A closer look at the current image reveals that for both positive and negative tip 

bias, the carrier modulation is stronger when tip is near the source and drain contact 

regions and the effect of the modulation diminishes when tip is further away from the 

contacts.  The peak value of the current modulation occurs at a distance of 50-100nm 

from the source/drain contacts.   

 

 

Figure 5.3. Schematic diagram of tip-sample in the SGM measurement showing effect 
contact area is smaller when tip is right above the nanowire (a) than tip on the sidewall of 
the nanowire (b). 

 Another observation in the current image is that current modulation is more 

pronounced near the source contact (left) than the drain contact (right).  We believe this 

phenomenon originates from the electron injection barrier modulation (source side) by 

the biased AFM tip, on the other (drain) side, the energy bands are largely pulled down 

by the drain voltage (0.3 V) and tip modulation on the electron extracting barrier will be 

minimal.  Barrier height modulation in semiconducting nanotubes has been well 

investigated by Freitag21, where biased AFM tips will effectively modulate the injecting 

barrier height and thus the current flow.  Similarly to this work, only modulation at the 

injection electrode is observed. 
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5.3.2. Tip Sample Capacitance Model 

SGM modulation of carriers in nanowires can be explained by the simple 

capacitance model shown in Figure 5.4.  Suppose we consider the tip-sample gap to be a 

capacitor C1 and the nanowire between the tip and source/drain contact to be capacitors 

C2 and C3 in series with C1.  The charge Q on C1 and C2 + C3 should then be equal to the 

total charge depleted from the nanowire.  For a total voltage V applied between tip and 

contact, there will be voltage V1 across C1 and V2 across C2 and C3 with   

         1 1 2 3 2C V  = (C +C ) V× ×            (1.a) 

                  1 2V V +V= .                                 (1.b) 

Based on these, we can then see that  

    1 2 3 1 2 3V  = V (C +C ) (C +C +C )×                                  (2.a)     

1 1 1 2 3 1 2 3Q=C V  = C V (C +C ) (C +C +C )× × ×                              (2.b) 

 

 

Figure 5.4. Capacitance model for the tip-nanowire structure.  C1 is the capacitance 
between the tip and the nanowire and C2 and C3 are capacitance between nanowire and 
source and drain respectively. 

When the tip is close to the source side, C2 is constrained to be relatively large, so 

that Q can approach C1×V.  When the tip is farther from the contact, C2+C3 can become 

smaller as V is increased, so that Q is closer to V × (C2+C3) with C2+C3<C1.  
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Furthermore, one can exactly show that Q decrease monotonically from contact to center 

along the nanowire axis.  Thus, it makes sense that the charge depleted from the nanowire, 

Q, is larger when the tip is closer to the contact.  However, when the tip is too close to the 

contact, or on top of the contact, screening by the contact metallization becomes 

dominant and less nanowire depletion is observed. 

 

5.3.3. Numerical Calculations Using ISE 

To verify the SGM results, modeling or simulation of the measurement structure 

is essential.  A few groups have attempted to model the electrostatic potential of the 

scanning gate structure combined with a CNT or nanowire22,23.  But these models are 

mostly very simple and neglected some of the key factors in the SGM modeling, like tip 

geometry, boundary conditions between different dielectrics and semiconducting 

characteristics of material, which cannot give us information on carrier distributions, 

electric field distribution, etc.  In this work, we make a 3D simulation of the measurement 

structure using Integrated System Engineering24 (ISE) simulator, taking into accounts the 

conditions mentioned above. 

Figure 5.5 shows the schematic configuration of 3D structures used in the ISE 

simulation.  A 50nm diameter InAs nanowire with channel length of 1μm is placed on top 

of 100nm SiO2.  The doping concentration in the bulk region of the n-type nanowire is 5

×1016cm-3.  Considering the Fermi level pinning in the conduction band of InAs at the 

surface, we choose the surface electron concentration to be 1×1018cm-3.  Previous 

numerical calculation 25  suggests that at this concentration, the Fermi level position 

pinned into conduction band is very close to the theoretical value.26  Source and drain 
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contacts, 200nm in length as fabricated, are placed at the both ends of the nanowire and 

set to ground in potential.  A pyramid-shaped probe, with tip diameter ~ 30nm, is 

positioned 20nm above the nanowire and a dc bias is applied to the probe.  The rest of the 

space in the figure is defined as vacuum for the purpose of setting up the 3D meshes.  

Electrostatic potential, electron concentration, electric field, etc., at each mesh point are 

calculated using the finite element method.  

 

Figure 5.5. Schematic diagram of 3D simulation geometry used in the ISE simulation.  A 
pyramid-shaped probe, with tip diameter ~ 30nm, is positioned 20nm above the nanowire 
and a dc bias is applied to the probe. 

 

Figure 5.6. Electron concentration in the nanowire as a function of tip distance of 25nm, 
50nm, 100nm, 200nm, 300nm, 400nm and 500nm from source contact at  Vg  = -5 V. 
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Figure 5.6 shows the simulated electron concentration distribution in the cross-

section plane along the nanowire.  A conductive AFM tip, biased at -5V, is placed at 

positions with different distances from the contact, ranging from 25nm to 500nm.  When 

the tip is close to the contact, i.e., at 25nm, 50nm and 100nm distance from the left 

contact, the electrons are fully depleted both at the surface and in the bulk of the 

nanowire under the tip.  While the tip is positioned further from the contact, the depletion 

is weaker and only electrons at the surface are fully depleted; minimum depletion occurs 

when the tip is above the center of the nanowire.  It should be noted that the maximum 

depletion is achieved at a distance of 100nm, which is roughly the balance point of 

increasing Q near contact and screening effect by the metal contact.  These results prove 

the validity of our measurement results and the capacitance model, that the current 

contrast shown in Figure 5.2 is arising from the electronic behavior modulated by the 

local top gate.   

 

Figure 5.7. Current through the nanowire Ids vs Vg at different tip-contact distances with 
100nm intervals from metal contact to center of the wire. 
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Figure 5.7 shows the current data extracted from the SGM measurement as a 

function of tip voltage at different tip-contact distances.  As we have mentioned, at each 

gate voltage, the 100nm distance tip distance shows the largest current modulation.  Also 

we can see from the figure that the current is more sensitive to the gate voltage variation, 

i.e., the slope is steeper when gate is closer to the contact.  By comparing the slope, we 

can get a 50% increase in transconductance, m ds gg di dv≡ , which a key parameter for 

the device performance.   

These results give us important information on the geometry design for highly 

scaled devices.  We can see that carrier modulations by the narrow top gate strongly 

depend on the gate position.  When the tip is near the source/drain electrode, the carriers 

can be modulated more easily, which means the device can be turned on and off more 

easily and, correspondingly, the ion/ioff ratio will be larger.  Based on these ideas, 

fabrication of a device with small source-drain separation, which gives higher current 

flow, and short gate length, which gives us good coupling between the gate and channel, 

should be a priority.  By having this structure, the propagation delay, load dsC V Iτ ≡ , 

will also be shortened by the reduced load capacitance and enhanced current flow.  The 

application of these results is not only limited to semiconductor NWs and CNTs, but can 

be further extended to scaled MOSFET and other electronic device structures. 

 

5.4. Conclusions 

 In this work, we have performed gating of a semiconductor nanowire with a local 

conductive probe and we have shown that electron concentration and current modulation 

in a scaled semiconducting nanowire device will be strongly dependent on the gate 
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geometry, i.e., the modulation is stronger when tip is near the source and drain contacts 

region and the effect of the modulation diminishes when tip is moving further away from 

the contacts.  Thus through the design and engineering of the gate position and geometry, 

devices performance, such as transconductance and ion/ioff ratio, will be improved to meet 

the VLSI scaling trend. 
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APPENDIX 

 

A1. SCANNING KELVIN PROBE MICROSCOPY STUDY OF TRANSPORT 

PROPERTIES IN CUPC ORGANIC THIN FILM TRANSISTORS 

 
 
A1.1. Introduction 

 Organic thin-film transistors (OTFTs) have been a subject of outstanding research 

interest in recent years due to its rapid performance improvement,1  and they could be an 

important complement to silicon-based devices, as they promise economical processing 

for low-cost, flexible, and large-area device applications.2  However, the mobility of the 

organic materials is intrinsically low, which has been ascribed either to the localized 

nature of the charge transport or to the presence of trap states associated with chemical or 

structural defects.  Despite numerous literature reports, fundamental understanding of 

charge transport processes in OTFT remains elusive. 

 Both carrier "hopping" and charge "trapping" models have been proposed to 

explain field-effect mobility in organic transistors.  In the "hopping" model, the charge 

transport is dominated by thermally activated tunneling of carriers between localized 

states.  The model can account for the temperature and field-dependent properties of 

mobility found in disordered materials such as conducting polymers.3   The hopping 

model predicts a thermally activated mobility. But the mobility of vacuum grown films or 

crystals is found to be temperature-independent at temperature below 10K.4  A "trapping" 

model has been proposed for small molecule organic semiconductors in which the 

injected carriers are occasionally immobilized if caught by the traps states.  The carriers 



 

 

97

are thermally released to the conduction/valence band to provide hot carriers transport 

between trapping events.5,6  

 The charge transport studies of organic transistors have been primarily focused on 

the field-effect mobility, i.e. the mobility as a function of gate voltage and temperature.   

It has been clearly established that the field-effect mobility is dependent on gate voltage 

as a consequence of the charge trapping effect.7,8  However, the microscopic nature of 

these trap states in organic films remains unknown.  Different models have been 

proposed for trap locations in polycrystalline organic thin films, such as grain boundaries, 

band tail or gap states.9  Whether or not grain boundaries limit charge transport in organic 

transistors is still under dispute in literature.10  The potential drop across grain boundaries 

measured in a working transistor is smaller than the thermal energy, which further 

complicates the identification of the trap locations.11  Regardless of the trap locations, the 

“trapping” model predicts that the trap energy distribution (TED) is the key to device 

performance.  Unfortunately, there is no known method to extract trap energy distribution 

parameters and their dependence on gate voltages at a fixed operating temperature.   

 In this appendix, the theory of SCLC based transport, which has been developed 

in literature12,13, will be briefly reviewed.  Then SCLC based transport in organic thin 

film is independently characterized both macroscopically and microscopically.  First, we 

investigated SCLC I-V characteristics as a function of gate voltage and two characteristic 

transport regimes, Ohmic and SCLC, are clearly observed.  Secondly, we measured the 

spatial variation of the potential in the channel in the reverse bias using scanning Kelvin 

probe microscope (SKPM).  The microscopic measurement clearly shows SCLC 

characteristics at high source-drain voltage in the reverse mode, as well as the charge 
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built up in the channel.  Further gate controlled measurements based on these results are 

introduced, where co-existence of two types of traps are observed and trap states energy 

are quantitatively determined.   

 

A.2. Space Charge Limited Conduction Theory 

The statistics of trap energy distribution in organic semiconductors depends on 

the material system and the film structure.  The conformational disorder in conjugated 

polymers results in a Gaussian site energy distribution centered at the conduction/valence 

band edge. Conversely, an exponential distribution of trap states is widely assumed for 

amorphous materials.3, 14  In an exponential trap distribution, the trap energies are 

clustered near the conductor or valence band edge.   

For exponentially distributed traps within the energy gap, the hole trap 

distribution function above valence band E can be written as12  

   ( ) expvb

t t

N En E
E E

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
            (1) 

where n (E) is the energy distribution function of traps, Nvb is the trap density at the 

valence band edge, and Et is the characteristic constant of trap distribution which is often 

expressed as a characteristic temperature Tt (Tt = Et/kB).  The trap density can be written 

as ( ) expvb
t

EN E N
E

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
, where ( ) ( ) tN E n E E= .  Et is a measure of the width of the 

trap energy distribution. At E = Et, the trap density decays by 1/e compared to the 

valence band edge, 

                ( ) 1t

vb

N E
N e

=                         (2) 
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Assuming the exponential trap distribution from Eq. (1) the known power law 

dependence of current density on bias for the SCLC conduction is given by12  

                   
1 1

1 0
2 1

2 1
1 1

ll l
l

p v l
total

l l VJ q N
l l N d

εεμ
+ +

−
+

⎛ ⎞+⎛ ⎞= ⎜ ⎟⎜ ⎟+ +⎝ ⎠ ⎝ ⎠
           (3) 

where q is the element charge, ε 0 is the permittivity of free space, ε is the 

dielectric constant of the material, μp is the hole mobility, Nv is the density of states in 

valence band, Ntotal is the total density of traps, l=Tt/T=Et/kBT, T is the film temperature 

in Kelvin, and d is the film thickness.  Therefore, the source drain current shows a power 

dependence on source-drain voltage: J ~ Vm where m = l+1.  Plotting the curves as log J 

versus log V, the power law coefficient m is readily obtained at high voltage, where the 

device is operated in SCLC region.  

 

A.3. Measurement Setup 

 CuPc is one of most commonly used organic material and it has been widely used 

in organic electronics, such as light-emitting diodes, photovoltaic cells, thin-film 

transistors and chemical sensors.  In this work, CuPc was purchased from Aldrich and 

purified three times by zone sublimation at 400 ºC and 10-5 Torr.  Bottom contact devices 

were fabricated on 100nm thermally grown SiO2. Gold evaporated onto the back of the Si 

wafers was used as gate electrode.  The backside oxide was removed by buffered oxide 

etching and 100 nm of gold was evaporated onto the back of the Si wafers to form the 

gate electrode.  The channel length and width of the devices were 5-10 μm and 4 mm 

respectively.  Thin films between with thickness of 15-75 nm were deposited on 100 nm 

SiO2 dielectric using organic molecule beam epitaxy (MBE) method at 294 K.  The film 
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thickness has been calibrated by AFM and XRD.  As the same with most of the organic 

semiconductor, CuPc is p-type doped due to the incorporation of oxygen in the air. 

 I-V curves at room temperature were measured using a HP4155A semiconductor 

parameter analyzer in a probe station.  Scanning Kelvin probe microscopy was used to 

measure the potential profile along the channel and the detail of measurement setup and 

theory has been introduced in chapter 3. 

 

A.4. Results and Data Analysis 

A.4.1. Macroscopic Current-Voltage Measurement 

 The drain currents were measured at both negative and positive drain voltages 

with source electrode grounded at different gate voltage.  A very typical I-V curve of 

these devices in the linear scale is shown in Figure A.1(a).  In the negative Vds region, 

which is the forward bias regime for p-type materials, the device shows typical field-

effect transistor (FET) characteristics, i.e., the drain current increases linearly with Vds at 

low drain bias, and saturates due to the "pinch off" of the conduction channel at high 

drain bias.  The gate voltage modulates charge carrier density in the conduction channel 

above the dielectric and, therefore, controls the drain current level.  
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Figure A.1. (a) I-V characteristics of FET mode (negative Vds) and reverse mode 
(positive Vds).  (b) Log J – log V characteristics in the reverse mode, with gate voltage 
applied from -8 V to 12 V at 2 V step.  The voltages are swept from high voltage to low 
voltage to reduce time induced trap filling. 

 In the positive Vds region, the reverse mode, the drain current shows a parabolic 

behavior.  To show the trend of these parabolic curves more clearly, positive bias region 

is redrawn in the double log scale, as shown in Figure A.1(b).  It can be observed that at 

low drain bias regime, the slope of the curve is smaller compared with larger drain bias.  

Careful analysis of the curve suggests that current has a linear relation with the voltage, 

which obeys the Ohm’s law, except at +12 V gate voltage where the Ohmic current is 

reduced below the level of gate leakage current.  At higher drain bias, current has a power 

law dependence on the drain bias.  This behavior is very different from a MOSFET 

working in the reverse bias regime,15 but very consistent with the characteristic of SCLC 



 

 

102

theory in the presence of exponential distribution of traps within the band gap.  Above Vds 

= +0.4 V, the log J-log V curves follow SCLC mechanism, although the transition 

between Ohmic and SCLC conductions is not abrupt.  The slopes at high Vds are strongly 

dependent on gate voltage.  Both Ohmic and SCLC current density decreases with more 

positive gate voltage. The behavior is attributed to the gate-voltage modulated trap 

density and energy distribution, which can be described by SCLC model shown in the 

previous section. 

 
  
A.4.2. Microscopic Potential Measurement  

To further verify the evidence of the Ohmic vs SCLC transport model as a 

function of drain voltage, we performed a microscopic study of surface potential of the 

device in the biased conduction at ambient temperature.  The electric potential as function 

of local potential can be directly measured along the device channel as Vds is externally 

applied.  From the surface potential profile, the electric field distribution along the 

channel can be determined from the derivative of the potential:  

    ( ) ( )V x
E x

x
∂

= −
∂

                            (4) 

From data measured at a series of drain voltages from 0.5V to 10V, we found that 

both the potential the and electric field profile show two different types of behavior.  

Figure A.2 (a) and (b) show the surface potential and electrical field profiles measured at 

Vds = +1 V and +8 V at Vgs = 0 V respectively. At low bias, Vds = +1 V, the potential 

profile is linear along the channel and correspondingly, the electric field is constant, 

consistent with Ohmic behavior.  Constant electric field suggests that there is no net 

charge build up in the channel.  This is because for Ohmic conduction, the thermal carrier 
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density is higher than the injected carrier density.  Therefore, the injected carriers 

redistribute themselves to establish charge neutrality.  On the contrary, when Vds = +8 V, 

the potential has a non-linear distribution and electric field is not constant along the 

channel.  The non-constant electric field is associated with the net charge built up in the 

channel as a consequence of SCLC transport mechanism.  For SCLC, the injected charge 

density exceeds thermal carrier density. The extra injected charges build up in the film 

and induce a parabolic surface potential along the channel.   

 

 

Figure A.2. (a) The surface potential profile and electric field magnitude at low field (Vds 
= +1 V) show Ohmic behavior and (b) show SCLC behavior at high field (Vds = +8 V). 
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The charge build up in the channel can be further analyzed by measuring the 

surface potential as a function of gate voltage.  In Figure A.3 (a), we show the potential 

profiles in the SCLC biasing region under varying gate voltage conditions and constant  

Vds  at 10 V.  It is apparent that surface potential profiles at all gate bias voltages are 

parabolic, which is a characteristic of SCLC conduction.  But those curves show the trend 

that potential curves become more parabolic when the gate voltage increases from -8 V to 

+8 V.   

 

Figure A.3. (a) The surface potential profile at Vds = +10 V as a function of gate voltages 
between -8 V and +8 V with 2V step.  (b) The electric field calculated from surface 
potential profile in (a). (c) The charge distribution in CuPc film and electrodes are 
calculated from electric field profile. 
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The electric field profiles, the derivative of potential curves as shown in Figure 

A.3 (b), show these features more clearly, i.e., the slope of the electric field curve is 

steeper when  the gate is more positively biased.  As we know, a first order derivative of 

electric field is the charge,  

         ( ) ( )
0

E x
Q x

x
εε

∂
=

∂
 .                                  (5) 

Thus it suggests that when gate is more positively biased, more charges are built-up in the 

channel, to be more specific, near the carries extracting electrode.    

The density of these charges is estimated to be in the range of 1e13- e14cm-3.  It 

needs to be noted that besides channel, large of amount of charges are built-up at the 

contact region, which is associated with the large two peaks in the electric field image.  

The origin of these charges is very possibly due to the large amount of interface states 

between metal and the organic thin film, which can be proved by the gate bias dependent 

characteristic of the charge density.  On the injecting electrodes, a reservoir of positively 

charged holes has been imaged.  Negative charges are found in CuPc films next to the 

injecting electrode. These charges may be assigned to negatively charged CuPc 

molecules.16  The positive and negative charge build up on both sides of the injecting 

electrode edge is responsible for the first peak in electric field profile. The second electric 

field peak was observed near the extracting electrode.  Negative charges have been 

imaged on the gold extracting electrodes, consistent with local charge neutrality.  It is 

predicated in literature that, for SCLC, holes mostly build up near injecting electrodes.   

Our microscopic study shows the holes predominantly accumulate near the extracting 

electrodes, and the extractor charge build up increases with increasing gate voltage.  

These results are consistent with I-V curves shown in Figure A.1 (a) & (b).  The current 
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density is reduced at higher positive gate voltage as more charge carriers are trapped at 

higher positive gate bias.  The slopes of log J – log V curves also become steeper with 

increasing gate voltage, reflecting the increasing of trap energy in SCLC region. 

Based on confirmation of trap-state induced SCLC transport mechanism and 

charge built-up in the channel by surface potential measurement, further temperature 

dependent I-V measurements are carried out.  These results show that there are two kinds 

of trap states co-exist in the organic thin film, interface traps and bulk traps.  The trap 

states energy level are further extracted from the experiments and find bulk traps are 

associated with low activation energy, while interface states has a higher energy level.  

The detail of this measurement will not be covered in thesis.17  

 
A.5. Conclusions 

 In this work, we have used I-V measurement and scanning Kelvin probe 

microscopy to study the transport properties in OTFT.  For the macroscopic 

characterization, typical FET behavior is observed in the forward bias.  In the reverse bias, 

current is power law dependent on voltage, which is a characteristic of SCLC transport 

mechanism.  Surface potential measurement in this bias regime proves that when source-

drain voltage is low, it is Ohmic conduction and at high source-drain voltage, there will 

be net charge built up in the channel, which is a result of SCLC.  Further surface potential 

measurement suggests that the density of the net charge is gate bias dependent, which 

suggest the trap energy may not be uniform in the organic thin film.  These results are 

important for the analysis of trap states energy and distribution in organic materials. 
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