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Abstract 

 

As silicon based devices in integrated circuits reach the fundamental limits of 

dimensional scaling there is a growing research interest in the use of high electron 

mobility channel materials, such as indium gallium arsenide (InGaAs), in conjunction 

with high dielectric constant (high-k) gate oxides for Metal-Oxide-Semiconductor 

Field Effect Transistor (MOSFET) based devices. The motivation for the use of high 

mobility channel materials is to reduce the overall power dissipation in integrated 

circuits while also providing improved performance. For the successful 

implementation of high mobility channel materials in large volume manufacturing, it 

will be essential to gain a more complete understanding of electrically active defect 

states in the high-k/InGaAs MOS system which forms the gate stack of the MOSFET. 

The work presented in this PhD thesis details the characterization of MOS devices 

incorporating high-k dielectrics on III-V semiconductor substrates. The analysis 

examines the role of the semiconductor substrate, optimization of device passivation 

procedures, and analysis of electrically active interface defect states at the high-

k/InGaAs interface primarily through the capacitance-voltage (CV) and conductance-

voltage (GV) response of the InGaAs MOS system as a function of frequency and 

temperature. 

Given one of the primary motivations for introducing these III-V materials is 

to take advantage of their mobility, one factor of interest is to examine InxGa1-xAs 

channels with varying indium concentrations, as a higher indium concentration 

increases the electron mobility. Of additional significance is how the modification of 

the InxGa1-xAs bandgap with varying In concentration affects device performance in 

terms of interface defect concentration (Dit) at the high-k/InxGa1-xAs interface. To this 

end, the structural and electrical properties of HfO2 films on GaAs and InxGa1-xAs 

substrates for x: 0, 0.15, 0.30, and 0.53, were examined. A large dispersion of 

accumulation capacitance was observed for n-type GaAs and low In content (x = 0.30, 

0.15) InxGa1-xAs epitaxial layers, the electrical behaviour being dominated by an 

interface state defect response. By contrast, comparison of the capacitance voltage 

characteristics at 295K and cooled to 77K indicates that it is possible to achieve true 





xiv 
 

cm-2) across the In0.53Ga0.47As energy gap, with the peak density approximately 

0.37eV (±0.03 eV) from the valence band edge. 

Despite a large research effort worldwide over a number of years, very few 

studies to date have demonstrated results indicating genuine surface inversion at the 

high-k/In0.53Ga0.47As interface, owing primarily to the high Dit typically observed in 

these devices. Achieving free Fermi level modulation across the bandgap in devices 

incorporating high-k on In0.53Ga0.47As, has presented one of the major obstacles to the 

introduction of this materials system in commercial applications. Following an 

optimized 10% (NH4)2S treatment with minimal ambient exposure pre-ALD, a clear 

minority carrier response was observed for both n-type and p-type 

Au/Ni/Al2O3/In0.53Ga0.47As MOS devices in this work. Multi-frequency CV and GV 

characteristics of the devices exhibited a number of signature features consistent with 

inversion of the In0.53Ga0.47As surface. Analogous behavior was observed at fixed 

frequency with varying measurement temperature. An Arrhenius extraction of 

activation energies for the minority carrier response indicated a transition from a 

generation-recombination regime at lower temperature to a diffusion controlled 

response at elevated temperatures, for both n-type and p-type devices. Also, MOS 

capacitors were fabricated on n and p-In0.53Ga0.47As with semiconductor doping 

concentrations ranging over two orders of magnitude from ~1x1016cm-3 to 

~2x1018cm-3. It was clearly observed for both n and p-In0.53Ga0.47As devices that the 

measured Cmin increases as doping concentration increases, and that the measured 

Cmin is in very good agreement with the theoretical value calculated by assuming an 

inverted surface. Taken as a whole, these observations are consistent with a Dit which 

is sufficiently reduced for the n-type and p-type devices examined in this work to 

permit the Fermi level to be swept across the band gap at the In0.53Ga0.47As/Al2O3 

interface. 

The oxide capacitance, Cox, is an important parameter in general for device 

analysis, for example in many common Dit extraction methods. Therefore an 

experimental method to determine Cox accurately would be of great benefit for device 

analysis purposes, particularly for narrow bandgap systems such as In0.53Ga0.47As. 

Experimental observations for In0.53Ga0.47As devices in this work indicated that in 











2 
 

 

 

Figure 1.1 Schematic of traditional n-MOSFET. L and W are the device length and width 

respectively. 

 

In 1965 Gordon Moore predicted that the density of transistors on a single 

chip would double every 18 months.1 While a reduction in transistor size has obvious 

benefits in terms of footprint, allowing greater functionality per chip, the work of 

Dennard et al. also demonstrated attendant advantages in that as devices are scaled 

their logic characteristics also improve.2 Decades of scaling have therefore resulted in 

vast improvements in switching speed, switching power, and supply voltage reduction. 

In recent years however it became clear that further scaling would not be possible 

using conventional device architectures and materials. A plateau was reached in this 

respect owing to the fact that device dimensions were now reduced to values where 

issues such as short channel effects become significant. 3 , 4  Additionally, and of 

fundamental importance as consumer demand for low-power electronics increases is 

the fact that the density of devices per chip has reached levels where the power 

dissipation per chip is a major issue. The use of techniques such as strained Si was 

introduced at the 90nm and 65nm technology nodes to offset some of the problems 

associated with these shrinking device dimensions. One of the disadvantages in this 

respect was posed by ultra-thin SiO2 layers, the thickness of which was now 

approaching 1.2 nm, equating to just a few atomic layers. Direct electron tunneling 
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Some of the prominent high-k options, and a plot of their band-gap versus 

permittivity, are seen in Figure 1.2. 6 As research into high-k materials progressed, the 

primary difficulties associated with their use became apparent. In terms of processing, 

the existing polysilicon gate was unsuitable for use with high-k, necessitating the use 

of metal gates in order to prevent reactions at the high-k polysilicon interface 

affecting device performance. Some complications in this regard stem from the fact 

that if a single gate metal is chosen then it would have to have a work function 

suitable for n-MOS and p-MOS, and if different gate metals were tailored for each 

this would induce extra processing complexity.  

As the advantage of thermal oxide growth of the native oxide was lost, 

another issue became the deposition method on Si to be used for the high-k oxides. 

Thermally grown oxides are of higher quality than deposited oxides. Physical Vapour 

Deposition (PVD), Chemical Vapour Deposition (CVD), and Atomic Layer 

Deposition (ALD) were considered as possible techniques for high-k. ALD became 

one of the more popular methods adopted for research purposes. ALD operates in a 

sequence of alternating half-cycles where gaseous precursors are introduced to a 

vacuum deposition chamber in isolation. One pulse carries the metal associated with 

the high-k oxide (e.g., Al or Hf) and the second pulse carries the oxidant species. As 

the first gaseous precursor is injected it is chemisorbed on to the heated substrate. A  

 

 

Figure 1.3 A schematic showing a typical pulse-purge sequence in the deposition of Al2O3, using 

Al(CH3)3 and H2O as precursors, from the review of Wallace et al.11  
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purge pulse is then used to remove physisorbed unreacted precursor and gas phase 

by-products. The whole process is repeated using the second precursor to complete an 

ALD cycle. This results in highly controllable self-limiting monolayer growth. 

Another important advantage is that it results in highly conformal films, making it 

suitable for complex structures and small feature sizes, ideal for CMOS. A typical 

pulse-purge sequence for deposition of Al2O3, using Al(CH3)3 and H2O as precursors, 

is shown in the schematic from the review of Wallace et al in Figure 1.3.11 However, 

one drawback is that the use of precursors in the ALD of high-k oxides can introduce 

impurities in the oxide film originating from the precursor ligands. Defects in the 

oxide can lead to trapping of charges within the oxide layer, inducing threshold 

voltage shifts in MOSFET devices, and affecting reliability. Further it has been 

reported that remote phonon scattering effects from charges in the high-k can lead to a 

mobility reduction for devices incorporating high-k on Si. 

One of the most significant problems associated with the incorporation of 

high-k materials was that interface defect densities at the interface of high-k with Si 

tended to be higher than those obtained for SiO2/Si. In that system so called dangling 

bond defects (Pb type defects) were known to exist originating from the Si surface, 

adversely affecting device performance. However these could be reduced 

significantly by annealing in forming gas (H2/N2), resulting in very low defect 

densities of the order of mid 1010 cm-2 eV-1. It is very difficult to achieve comparable 

densities at the interface of high-k directly on Si. A higher Dit at the interface 

degrades the subthreshold slope (SS) of a MOSFET device, which impinges on its 

switching performance. In addition interface defects compromise MOSFET mobility 

values due to Coulomb scattering effects. Annealing of the defects is not as 

straightforward as for the SiO2/Si case, as there are greater thermal budget constraints 

on high-k oxides.  For example HfO2 tends to crystallize at temperatures as low as 

350oC to 500oC. Any roughening at the interface due to thermal degradation will also 

deleteriously affect mobility. 
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It was indeed a remarkable feat that Intel overcame many of the engineering 

obstacles with the introduction of their 45 nm node device, incorporating HfO2 in the 

MOSFET gate stack which became the first high-k material used in mainstream 

CMOS manufacture. One point to make in this regard is that it was found that a very 

thin SiO2 layer was required at the interface between the Si and the HfO2, see Figure 

1.4. The incorporation of this layer was deemed necessary to offset some of the 

aforementioned issues. This means the interface is still effectively SiO2 on Si, which 

negates some of the mobility reduction introduced by high-k due to surface 

roughening, Coulomb scattering due to interface defects, and remote phonon 

scattering due to defects in the high-k film.7 However this now raises one of the main 

concerns originally mooted for high-k, ie. whether the scaling benefits would last for 

more than one technology generation. Continued EOT scaling requires thinning of the 

HfO2 and this SiO2 interlayer, yet the screening benefits of the interlayer are inhibited 

with reducing thickness. Therefore some opinion formed in the field that while the 

introduction of high-k was a stepping stone, an even more drastic step in terms of 

material composition was needed. 

 

 

Figure 1.4 SEM image showing the device structure for the 45nm node device introduced by Intel in 

2007, the first device in mainstream CMOS manufacture incorporating a high-k dielectric. The device 

also utilized a metal gate, and a thin SiO2 layer is visible between the HfO2 high-k layer and the Si 

channel.8 



8 
 

1.4. High mobility semiconductors 

 

Some of the critical requirements for future generations according to the International 

Technology Roadmap for Semiconductors (ITRS) were summarized in a recent 

review article by Thayne et al..9, 10 Given the stringent criteria for device performance 

beyond the 15 nm technology generation it is foreseen that replacing silicon with high 

mobility channels will be the next major materials revolution. Using high mobility 

channel materials allows for a reduction in operating voltage, leading to reduced 

power dissipation, and their incorporation potentially combats some of the mobility 

reductions mentioned previously for high-k/Si systems. Therefore in recent years, 

materials with a higher mobility than Si have been researched as the channel layer for 

future MOSFET design. Table 1.1 summarizes the electron and hole mobilities for a 

range of semiconductor materials. For the case of n-channel devices, high electron 

mobility is desirable, with GaAs among the materials fulfilling this requirement and 

in the case of In0.53Ga0.47As the increase is around one order of magnitude when 

compared to Si. It is notable that the hole mobility of In0.53Ga0.47As  is not exceptional, 

which is one of the reasons why Ge is also under consideration for use as a p-channel, 

with its hole mobility being over four times higher than that of Si. Therefore one 

potential approach to maintain the scaling roadmap is the heterogeneous integration 

onto a silicon platform of these high mobility semiconductors, using Ge for p channel 

devices and III-V compound semiconductors for the complementary n channel 

devices. As the work presented in this thesis is conducted primarily for devices 

incorporating oxides on GaAs and In0.53Ga0.47As surfaces, the discussion here will 

focus on these materials.  

 

Table 1.1 Electron and hole mobilities for a number of semiconductor materials 
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1.5. Challenges for incorporation of high-k on III-V 

 

One of the primary challenges with regard to incorporation of high-k materials on III-

V semiconductors is that there tends to be a high density of defects at the interface of 

the dielectric and the semiconductor, with the majority of studies reporting values in 

excess of 1012 cm-2eV-1, compared to ~ mid-1010 cm-2 eV-1 for SiO2/Si. Unfortunately, 

there are no beneficial native oxides on III-V. As already discussed, the incorporation 

of high-k on Si was fraught with difficulties at the interface, which were not entirely 

resolved as Intel incorporated a SiO2 layer in their 45nm technology. The problem is 

now even more complicated in that you have a high-k layer in contact with a 

compound semiconductor. If you compare for example the ideal case of a SiO2 on Si 

interface with that of one comprised of HfO2 on In0.53Ga0.47As, you venture from a 

materials system where two elements are present to one where you have five distinct 

elements, and therefore a far greater propensity for defect formation.11 Competition 

between these elements leads to a greater range of potential interfacial oxides at the 

high-k/III-V interface. Formation of multiple oxide states, some of which are unstable 

are thought to be one of the main contributors to the poor interfacial properties 

observed for this materials system. 

The level of Dit observed historically for devices incorporating dielectrics on 

GaAs, being over two orders of magnitude higher than that for SiO2/Si systems, has 

typically meant that it is not possible to modulate the Fermi level to achieve free 

movement of charge carriers within the GaAs channel layer. Note that more specific 

discussion of electrical characteristics of devices relevant to this thesis work is 

presented in Chapter 2. Despite over three decades of research, even at the time of 

writing relatively few studies have demonstrated acceptable results for dielectrics on 

GaAs. Callegari et al observed an improvement for MOS devices by using a plasma 

clean treatment on the GaAs surface and then depositing a gallium oxide film by e-

beam evaporation.12 Passlack et al deposited a Ga2O layer on GaAs by molecular 

beam epitaxy (MBE).13 However, deposition approaches such as e-beam and MBE 

are not particularly suited for expansion to a full manufacturing process.  
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TMA)  precursor. Numerous reports in the literature indicate that growth of Al2O3 

using TMA evidently results in either the removal of interfacial oxide species, or their 

conversion to Al2O3 during the ALD process.36, 37, 38 One of the contributory factors to 

this is thought to be the reactivity of the TMA precursor itself.39 By contrast this is 

not observed using the most common precursors used for ALD deposition of HfO2 on 

III-V, and therefore some interfacial oxide layers typically remain. As a consequence 

electrical characteristics indicate a higher Dit for similar devices utilizing HfO2 

compared to Al2O3.  Although the dielectric constant of Al2O3 is relatively modest (in 

the range 7 to 9), its potential to from a good interface with III-V semiconductors has 

sustained interest in its use. Indeed recently, one route to compensate for the k-value 

of Al2O3 in order to achieve the EOT scaling necessary has been to use a bi-layer gate 

stack, whereby a thin Al2O3 layer is used to improve the interface and a higher 

dielectric constant material such as HfO2 is then deposited for EOT scaling 

purposes.40, 41 

 

1.6. Co-integration of Ge and III-V materials on a Si based platform 

 

As mentioned earlier a possible evolution for CMOS is utilizing III-V materials for n-

channel devices and Ge for p-channel devices. For economic and practical reasons it 

will be necessary to combine the benefits of these new materials with well-established 

Si manufacturing processes, requiring co-integration of Ge and III-V FETS on the 

same Si substrate. The use of large diameter Si wafers is cost effective, and 

realistically the new technologies must fit in with the existing Si based manufacturing 

platform to make use of the extensive tool set developed by industry in this regard. 

Co-integration of III-V and Ge on Si poses difficulties perhaps as significant as any 

other for their viability as a future materials system. III-V materials in particular 

differ significantly from Si with regard to crystal structure, lattice properties, and 

coefficient of thermal expansion. It is envisaged that Ge and InxGa1-xAs (x > 0.53) 

active areas will be co-integrated at a nanometer lateral scale on the same large size 

Si wafer (300 or 400 mm). Different methods are being considered to obtain such 
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1.7. Use of novel device architectures 

 

It is worth briefly mentioning that in addition to the increasing movement towards 

incorporation of new materials, there is also large effort being invested in the design 

of new transistor architectures in the drive for continued scaling. In a recent review 

article, Thayne et al16 described some of the alternative architectures being 

investigated for planar III-V devices and described some of the considerations 

justifying these approaches. 

 

 Figure 1.6 A sample of some of the device architectures reported in the literature for III-V based 

devices, as discussed by Thayne et al.16 

Even for Si-based devices, Intel has already moved away from the traditional 

two-dimensional, planar MOSFET design to the use of a three-dimensional (3-D) 

multiple gate architecture they introduced at the 22nm node in 2011.45 These so-

called Tri-gate devices offer improved electrostatic control compared to their planar 

counterparts, while the tradeoff to be overcome in this case was that the introduction 

of such a device architecture obviously entailed very significant design complexity as 

well as manufacturing challenges. 46  Figure 1.7 shows a schematic of a Tri-Gate 

architecture, alongside which an SEM of a processed device shows the gate and fin 

structures. A number of groups have also recently explored using such 3-D 

architectures for III-V channel materials.47,48 
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Figure 1.7 Schematic of device structure and SEM showing gates and fins in an Intel Tri-gate 22nm 
node device.49 

 

1.8. Thesis Outline 

 

As mentioned in the previous section there are a range of challenges associated with 

the incorporation of III-V based channel materials into a CMOS process. The 

research work described in this thesis is focused on the high-k/InxGa1-xAs gate stack, 

and covers issues associated primarily with the characterization, understanding, and 

control, of electrically active interface defects. 

The electrically active interface defects are investigated through the fabrication and 

characterization of MOS devices incorporating high-k dielectrics on III-V 

semiconductors.  As alluded to earlier, MOS capacitors serve as ideal test structures 

to evaluate a number of passivation methods designed to reduce Dit at the high-k/III-V 

interface.  This includes techniques to passivate the III-V epitaxial surface prior to 

ALD deposition of the high-k, and annealing performed after gate metal deposition. 

Obviously MOS devices can be fabricated more quickly and easily than MOSFETs, 

which typically require multiple process flows, and this enables MOS devices to be 

used to efficiently screen numerous passivation approaches. In addition, analysis of 

MOS structures allows some understanding of the fundamental behavior of the high-

k/III-V system in the absence of any complicating effects on device performance that 

are introduced during the multiple processing steps inherent in a MOSFET fabrication  
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Figure 1.7 Transmission Electron Spectroscopy (TEM) image of a Ni/Al2O3/n-In0.53Ga0.47As, Metal-

Oxide-Semiconductor (MOS) structure, typical of that explored in this thesis. 

 

flow. Obviously it is important that the results obtained on MOS devices be relevant 

in a wider context. An MOS stack is at the heart of a traditional MOSFET device so 

therefore improvements observed for MOS devices should ideally be transferable to 

related MOSFET devices. A cross sectional transmission electron microscopy (TEM) 

image of a typical gate stack structure examined in this thesis is shown in Figure 1.7. 

In Chapter 2 some basic theory is presented to provide an overview of the 

electrical characteristics expected for a MOS system. This encompasses the responses 

for an ideal system, and also a description of the effect of various defects and oxide 

charges on device electrical characteristics. An emphasis is placed on the non-

idealities and electrical characterization methods most relevant to the discussion of 

the experimental MOS devices in the subsequent chapters of the thesis. 

In the first experimental chapter of the thesis [Chapter 3], the effect of varying 

the % indium composition in the InxGa1-xAs (x: 0, 0.15, 0.30, 0.53) semiconductor 

epitaxial layer was investigated. From a technological perspective there is an interest 

to examine InxGa1-xAs channels with varying indium concentrations, as a higher 

indium concentration increases the electron mobility, however, it also reduces the 

band gap, which can increase off-state currents. From a scientific perspective, how Dit 

values change with the indium percentage is also of interest, as it is possible that 

certain interface defects will move out of the InxGa1-xAs energy gap with increasing 

indium content. For the samples in this study, HfO2 films served as the high-k gate 

oxide. Devices were characterized over a wide temperature range, 77K to 295K, to 

examine the influence of interface defects on the electrical response of the MOS 
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devices as the bandgap varies with % indium content.  Additionally, the effect of 

forming gas annealing on defect densities at the HfO2/In0.53Ga0.47As interface was 

examined. 

The experimental results and analysis in Chapter 3, indicated that with ALD 

based high-k oxide deposition it was only possible to achieve a genuine surface 

accumulation in n-InxGa1-xAs MOS with 53% indium, and as a consequence the  

remainder of the thesis work focused primarily on utilizing In0.53Ga0.47As as a 

semiconductor layer. A common passivation technique used for III-V surfaces is 

immersion in an ammonium sulfide solution, and a study was performed to 

investigate the effect of varying the passivation parameters [Chapter 4]. Various 

concentrations of (NH4)2S were used and the optimum condition was assessed based 

on the electrical and physical characteristics of the devices. In addition a comparison 

was performed of the Conductance Method and the High-Low Capacitance Voltage 

Method to compare the Dit extracted using the two approaches. 

  Further optimization of the passivation technique was used to fabricate MOS 

devices, again incorporating Al2O3 on In0.53Ga0.47As, where Dit values were reduced 

to levels allowing genuine surface inversion to be achieved in both n and p type 

In0.53Ga0.47As/Al2O3 MOS. Techniques developed by Nicollian and Brews 50  were 

used to analyze the signatures of, and mechanisms for, the minority carrier response 

observed over n-type and p-type substrates in inversion [Chapter 5]. In addition the 

effect of the In0.53Ga0.47As epitaxial doping concentration on the inversion responses 

was studied through use of n- and p-type In0.53Ga0.47As with doping concentrations 

varying over two orders of magnitude.  

In Chapter 6 the analysis of the In0.53Ga0.47As/Al2O3 MOS inversion response was 

extended on the basis of an experimental observation indicating a unique relationship 

between the capacitance and conductance in strong inversion [Chapter 6]. This 

chapter also indicates how these new observations can have a practical application to 

the extraction of the oxide capacitance (Cox), which can be particularly challenging in 

the case of In0.53Ga0.47As based MOS  structures. The effect of tox and FGA on the 
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minority carrier responses was also studied. Finally, the main findings of the thesis 

are summarized with some suggestions on possible future work [Chapter 7]. 
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Chapter 2 
 

2. Charged defect components in the MOS system: Influence on the 

capacitance-voltage and conductance-voltage response, and methods 

for defect density quantification 

 

2.1. Introduction 

 

The aim of this chapter is to provide a brief overview of the electrical characteristics 

of MOS devices, both in terms of the behaviour expected in the ideal case and the 

influence of defects and charges in the system. There are a vast number of textbooks 

explaining the physics of MOS devices in great detail.1,2,3,4,5 Therefore, the intention 

here is not to replicate this theory but to present a selected number of points salient to 

the analysis presented later in this thesis on the experimental samples. The samples in 

the thesis are examined primarily through electrical measurements of the capacitance 

and conductance responses of MOS devices as a function of the applied gate bias, 

signal frequency, and temperature. This allows the characterization of some non-

idealities that can affect the electrical performance, primary among these being 

defects at the interface between the dielectric and the semiconductor, fixed charges in 

the oxide bulk, and so-called border-traps which are charge trapping sites in the oxide 

in proximity to the semiconductor.  

 

2.2. Capacitance-Voltage Response of MOS capacitors 

 

Figure 2.1 shows a schematic representation of the ideal CV response associated with 

the primary modes of MOS capacitor operation, ie, accumulation, depletion, and 

inversion. The corresponding energy band diagrams are also shown with an  
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Figure 2.1: Top: Illustrative schematic of MOS device structure indicating charges under the gate with 

different gate bias conditions. Middle: Corresponding energy band diagrams illustrating band bending 

in the MOS system. Bottom: Curve illustrating the Capacitance-Voltage response associated with three 

primary modes of MOS device behavior, ie. accumulation, depletion, and the high and low frequency 

response in inversion.   
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illustration of the charges under the gate stack for each condition. The case shown is 

for an n-type semiconductor layer. When the layers are brought into contact with each 

other, band bending occurs at the semiconductor-oxide interface due to differences in 

the work functions of the metal and semiconductor. The application of a positive gate 

bias attracts electrons to the semiconductor surface, resulting in accumulation of 

majority carriers at the interface. When the gate bias is reduced to a negative value 

the bands will begin to bend in the opposite direction, marking the onset of depletion. 

With further reduction in gate bias, more holes are attracted to the semiconductor 

surface, with this population of minority carriers leading to the inversion regime. 

 

2.3. Simulated CV response: Effect of interface defect states, oxide charge 

and border traps 

 

Typically, experimental MOS devices are characterized by applying a direct current 

(DC) bias to the capacitor structure, with a small signal alternating current (a.c) signal 

superimposed. The frequency of this ac signal can then be varied to examine the 

frequency dependent characteristics of the device. This is particularly relevant to 

defects at the oxide-semiconductor interface, normally referred to as interface defects, 

which have a strong dependence on the frequency of the applied signal, and also on 

measurement temperature. The influence of such defects on the electrical 

performance of devices will depend on their characteristic peak energy and 

distribution with respect to the semiconductor bandgap.  

Figure 2.2 presents simulated multi-frequency CV curves for an n-type Si 

MOS. Although the case presented is for Si the same general theory is relevant for 

III-V semiconductors. These simulation results were performed utilizing a Synopsys 

Sentaurus Device Simulator. Figure 2.2 (a) shows the CV profiles expected assuming 

zero contribution from interface states, fixed oxide charges, or border traps, in the 

MOS system. In the accumulation region, ideally no dispersion is observed with 

variation in the a.c signal frequency, and there is a steep transition into depletion. In 
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the inversion region, one sees the CV initially rise and then plateau with increasing 

negative gate bias. The value of the capacitance in this plateau region reduces with 

increasing frequency, approaching a minimum capacitance at high frequency. In real 

devices this frequency dependent behavior is due to generation and supply of 

minority carriers through mid-gap defects in the bulk of the semiconductor. Note that 

 

 

Figure 2.2 Simulated multi-frequency (100Hz to 1MHz) CV characteristics for an n-type Si MOS 

device. The simulation parameters assumed a 1nm EOT, a doping of 1x1016cm-3, and a minority carrier 

generation lifetime of 10pS. The simulation results were provided by Dr. Rafael Rios, of Intel 

Components Research, who utilized a Synopsys Sentaurus Device Simulator. 
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It is noted that the bandgap of In0.53Ga0.47As is reduced compared to Si. 

Therefore for a given Gaussian Dit distribution, the energy range of the Dit 

distribution is spread over a larger percentage of the energy gap. If the Dit value 

increases significantly, then it is noted that the distortion associated with the Dit 

response can be smeared, such that it extends into the region of the CV corresponding 

to the onset of the inversion response. Therefore this results in a complication in 

differentiating the capacitance contribution due to the Dit and that due to inversion of 

the semiconductor surface. In fact, for the majority of published literature for the 

In0.53Ga0.47As MOS system, a very high Dit has resulted in a situation where it is not 

possible, within the bias range applied, to move the surface Fermi level past the Dit 

response and therefore surface inversion cannot be achieved.   

While interface defects are sensitive to the variation in frequency of the 

applied ac signal, and measurement temperature, they also affect the CV in their 

response to the varying DC bias. This typically manifests as a stretch out in the CV as 

illustrated in Figure 2.3. This compares the high frequency (1 MHz) CV curves for 

two Pd/Al2O3/n-In0.53Ga0.47As devices, with an 8nm ALD Al2O3 layer, which are 

nominally identical except that in one case the In0.53Ga0.47As surface was left 

 

 

Figure 2.3 Comparison of the stretch-out in the measured 1MHz high-frequency CV due to Dit 
response to DC gate bias. One of the Pd/Al2O3/n-In0.53Ga0.47As devices deliberately received no surface 
passivation prior to ALD to generate a higher level of Dit in the sample. The Al2O3 is 8nm thick.  
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untreated prior to ALD, and in the other case the In0.53Ga0.47As surface received a 

(NH4)2S passivation. The untreated sample has, as expected, higher levels of Dit than 

the (NH4)2S treated sample, which is also reflected in the multi-frequency CV and 

GV (not shown). The Dit response as a function of DC gate bias is better compared at 

high frequency (1MHz) where the interface states do not have time to respond to the 

ac signal frequency. Therefore the increased stretching of the CV along the gate 

voltage axis for the untreated sample can be attributed to the filling or emptying of 

interface states with the slow variation in DC bias on the gate, due to higher Dit in this 

device. It is noted that any charge trapping in defects within the oxide, will also result 

in a CV stretch out along the gate voltage axis, so this method cannot distinguish 

between interface states and defects in the oxide which can trap charge. High levels 

of Dit, and of defects located within the interfacial transition layer between the 

semiconductor and the bulk oxide, is a common issue in general for III-V devices. It 

is noted that in the experimental data in Figure 2.3, the Dit distribution will not be a 

mono-energetic level, as shown in the examples in Figure 2.2, but will most probably 

result from a distribution of Dit across the energy gap. Another consideration with 

regard to measuring III-V devices is that this stretch-out effect must be factored in to 

the bias range selected for the CV measurement, particularly where Dit is present, and 

even more critically for lower EOT devices. This is because selecting too wide a DC 

bias range can in fact degrade the samples and increase the observed stretch-out, thus 

distorting interpretation of the results. 

Charge within the oxide layer which does not respond to the applied gate bias 

is termed fixed oxide charge. This is usually identified via a parallel shift in the CV 

characteristic along the gate voltage axis, with the direction of the shift being opposite 

in polarity to the charge type, ie. a positive shift in voltage corresponds to negative 

fixed oxide charge. Frequently anneals are used to attempt to remove such charge 

from oxide films. As a practical example, Figure 2.4 compares the 1MHz CV curves  

for the same Au/Ni/Al2O3/n-In0.53Ga0.47As device both prior to and following a 275oC 

anneal in forming gas (FGA). The pre-FGA curve is negatively shifted compared to 
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process. Injection of electrons or holes from the substrate or the gate can occur into 

these charge trapping sites in the oxide. This can manifest as hysteresis due to 

trapping or de-trapping of charge in these defects.6 In order to measure hysteresis, 

usually a bi-directional sweep of the gate bias is performed. The charge trapping or 

de-trapping is related to the observed shift between the CV curve generated from the 

forward and reverse sweeps. An example is shown above in Figure 2.5 for a 

Pd/HfO2/n-In0.53Ga0.47As device. Additionally, in recent literature reports some of the 

frequency dispersion in the accumulation region for In0.53Ga0.47As devices has been 

attributed to these border traps.7 Figure 2.6 shows a multi-frequency CV response for 

a Pd/Al2O3/n-In0.53Ga0.47As device. Stretch out is observed as in Figure 2.3 for the 

same sample, as well as a Dit response typical of that observed for n-In0.53Ga0.47As at 

negative gate bias. There is also a noticeable dispersion of accumulation capacitance 

with frequency, and it is thought that a contributor to this is a tunneling process 

whereby border traps having energy levels aligned with the In0.53Ga0.47As conduction 

band allows tunneling of carriers into and out of these traps, as indicated by the 

schematic in Figure 2.6. Given it is a tunneling process this is exponentially 

dependent on the distance of any such traps from the interface, and also the process 

should be temperature independent.  

 

Figure 2.6 Multi-frequency CV (1kHz to 1MHz) for a Pd/Al2O3/n-In0.53Ga0.47As sample, which 
received no In0.53Ga0.47As surface passivation pre-ALD. On the right-hand side is a schematic of a band 
diagram, showing the mechanism for direct tunneling of electrons in and out of border traps in the 
oxide, thought to be a contributing factor to the observed dispersion of capacitance with frequency in 
the MOS device. 



32 
 

 

2.4. The effect of very high Dit level on the MOS CV response 

 

 As alluded to in the previous chapter, historically it has been an enormous challenge 

to produce devices incorporating GaAs as a channel layer with acceptable electrical 

characteristics. Due to the high levels of Dit for such structures a very pronounced 

frequency dispersion is routinely observed, an example of which is shown in Figure 

2.7 for a Pd/Si3N4/GaAs device. 8  The CV at low frequency approaches Cox only 

because of the high capacitance contribution from interface states, Cit. As the 

frequency is increased less interface states respond so the contribution is reduced and 

at 1MHz the CV is almost flat, which is an indicator that very few free carriers are 

present and that it is not possible to achieve true accumulation for these devices. 

Figure 2.8 shows an example of one of the few approaches which has been successful 

to date in solving this issue. Hinkle et al generated samples with and without an 

amorphous Si interface passivation layer.9 With the a-Si layer behavior more 

consistent with true accumulation is observed, and as mentioned previously this is 

thought to be due to hydrogenation of the GaAs surface during PECVD deposition of 

a-Si. 

 

Figure 2.7 Multi-frequency (20Hz to 1MHz) CV responses for a Pd/Si3N4/n-GaAs device. 
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Figure 2.8 Effect of incorporation of PECVD deposited a-Si interface passivation layer on 

accumulation dispersion of Al2O3/GaAs MOS devices as published by Hinkle et al.9 

 

2.5. Evaluation of Dit: Conductance Method and High-Low CV Method 

 

A number of different methods have been used to quantify the interface state density 

in MOS devices, among them being the Terman method, the Conductance method, 

the Berglund Method, and the High-Low Capacitance method.4 There remains much 

discussion in the literature regarding the respective merits or otherwise in applying 

such methods to high-k/III-V systems. Two of these methods are used in this thesis so 

further discussion is limited to the Conductance Method and the High-Low method. 

The High-Low Capacitance-Voltage method allows extraction of Dit just from 

the measured CV responses of MOS devices. At low frequency it is assumed that the 

interface traps have time to respond to the slowly changing ac signal and therefore 

add a capacitance to the measured low frequency CV curve, CLF. For this purpose it is 

worth measuring to as low a frequency as possible in order to maximize the interface 

state response. By contrast, at high frequencies interface defect states cannot respond 

in any significant way to the ac signal and therefore they contribute little or no 

capacitance to the high frequency CV measurement, CHF. In both the low and high 

frequency cases, the interface states respond to the slowly varying DC bias on the 

gate. As an illustration Figure 2.9 shows the 40Hz and 1MHz CV curves for a 

Au/Ni/Al2O3/n-In0.53Ga0.47As device, showing a large peak at low frequency 
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associated with an interface defect response. This Cit attributed to interface states can 

be extracted at each gate bias using Equation [2.1], and the corresponding Dit 

estimation is obtained using Equation [2.2]. As stated by Nicollian and Brews, one of 

the advantages of using this method is that no assumptions regarding material 

properties are required, and Dit is estimated simply and directly from measured CV 

curves without the need for simulation. One caveat for employing this method, which 

is particularly important for narrow band gap materials such as In0.53Ga0.47As, is that 

it will work most effectively where CLF is chosen for a sample where the capacitance 

associated with the interface state contribution goes through a peak within the gate 

bias range examined. If the CV does not go through a peak it could be the case that 

the Dit is so high such that the peak value has not been attained and the Dit will 

thereby be underestimated. Further, in the presence of a minority carrier response it is 

possible that Dit could be overestimated, as it becomes difficult to distinguish the Dit 

response from the inversion behavior. 
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Figure 2.9 Illustration of Cit contribution at low frequency for a Au/Ni/Al2O3/n-In0.53Ga0.47As device. 
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Figure 2.11 Multi-frequency (2kHz to 1MHz) GV reponses for a Au/Ni/Al2O3/n-In0.53Ga0.47As device. 

 

2.6. Conclusions 

 

An overview of some of the primary non-idealities present for MOS systems, and 

their effect on device electrical characteristics was presented. For narrow band-gap 

semiconductors like In0.53Ga0.47As the analysis of the device characteristics can be 

non-trivial, which is complicated by the fact that Dit levels are often two orders of 

magnitude higher than that encountered for Si based devices. In addition, given that 

understanding of III-V systems is still evolving, one must use caution in the 

application of techniques established for Si based systems and in the subsequent 

interpretation and evaluation of high-k/III-V device electrical behaviour. 
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Chapter 3 

3. Temperature and frequency dependent electrical characterization of 

HfO2/InxGa1-xAs interfaces  

 

3.1. Introduction 

 

As described in Chapter 1 the interface chemistry for high-k materials on III-V 

substrates is more complex than that of the SiO2/Si system,1 with the possibility for 

more than one substrate element, and its native oxides, to contribute to interfacial 

defects. The detrimental effect of high interface state density (Dit) on device 

characteristics has motivated extensive research on passivation of the high-k/III-V 

interface in an attempt to reduce Dit.2, 3,4,5,6,7  

In this chapter the electrical properties of atomic layer deposited (ALD) HfO2 thin 

films on n-type GaAs or InxGa1-xAs (x= 0.53, 0.30, 0.15) substrates with Pd metal 

gates are examined. The motivation for this approach is to assess whether the change 

of energy gap from GaAs (~ 1.42 eV) to In0.53Ga0.47As (~ 0.75 eV) is reflected in a 

change of electrically active interface defects. This is determined through 

measurement of the Capacitance-Voltage (CV) and Conductance-Voltage (GV) 

responses of the devices as a function of frequency (1 kHz to 1 MHz) and 

temperature (77K to 295K). Dit analysis for Pd/HfO2/n-In0.53Ga0.47As/InP structures 

using the conductance method developed for the SiO2/Si system is also presented.8 

The effect of post-metallization low temperature forming gas annealing (FGA) on the 

electrical properties of Pd/HfO2/n-In0.53Ga0.47As/InP structures is examined. 
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samples investigated an interlayer (IL) oxide is observed between the ALD HfO2 film 

and the InxGa1-xAs substrate, with a thickness ranging from 0.9 to 1.3nm. The IL 

oxide thickness was not affected in samples which received the three stage surface 

pre-treatment prior to the ALD, and in that case it is possible that some native oxide 

regrowth occurred during the time interval between removal of the samples from the 

treatment solution to loading to the ALD chamber, during which the semiconductor 

surface was exposed to ambient. The IL oxide appears to be fully amorphous, 

however examination of the TEM micrographs suggests that the HfO2 layer is a 

mixed amorphous/crystalline film, with evidence of crystallites extending through the 

film from the IL oxide to the Pd metal gate.  These samples underwent no post-ALD 

deposition annealing, thus suggesting that the partial crystallization of the HfO2 film 

on these InxGa1-xAs substrates possibly occurs during the ALD growth at 250oC.  

TEM micrographs for the In0.30Ga0.70As and In0.15Ga0.85As layers grown on GaAs 

(100) are plotted in Figure 3.1 (c) and (d) respectively. These both exhibit a higher 

density of defects in the InGaAs layer. This is expected as the layer thickness of 47.5 

nm for the In0.30Ga0.70As sample is well in excess of the critical thickness of 12 nm 

for growth of this InGaAs composition on GaAs.10,11,12 It is also the case that the layer 

thickness of 23.5 nm for the In0.15Ga0.85As sample exceeds the nominal critical 

thickness of 20 nm.10, 11, 12 The defects are attributed to (111) stacking faults and 

dislocations. Analysis of the TEM also indicates that in the case of the In0.30Ga0.70As 

and In0.15Ga0.85As samples the (111) stacking faults in the epitaxial layers extend to 

the HfO2/InxGa1-xAs interface.  

 

3.4. Room Temperature Electrical Analysis 

 

The room temperature CV multi-frequency responses (20 Hz to 1MHz) for the 

InxGa1-xAs devices are shown in Figures 3.2 (a-d). These results are for samples 

which received no three-stage passivation treatment or anneal. Over the gate bias 

range of 0V to +4V, corresponding to what is expected to be the nominal 

accumulation region for n-type devices, it is apparent that very significant frequency 
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Figure 3.2 Multi-frequency (20 Hz to 1 MHz) C-V responses measured at room temperature (295K) 

for: (a) Pd/HfO2/In0.53Ga0.47As/InP, (b) Pd/HfO2/In0.30Ga0.70As/GaAs, (c) Pd/HfO2/In0.15Ga0.85As/GaAs 

and (d) Pd/HfO2/GaAs MOS. 

 

dispersion of capacitance is observed for these In0.30Ga0.70As, In0.15Ga0.85As, and 

GaAs MOS samples.  Similar behaviour has been reported extensively in the 

literature for GaAs MOS samples and in general represents one of the primary 

difficulties associated with the use of GaAs semiconductor layers in devices. 2, 13 In 

Figure 3.2 (a) it is noticeable that the capacitance dispersion at positive gate bias for 

the highest In content, In0.53Ga0.47As device, is markedly reduced in comparison with 

the lower In % devices in Figure 3.2 (b)-(d). Figure 3.3 compares the average 

frequency dispersion per decade (100 Hz to 1 MHz) at a gate bias of 4 V to illustrate 

this point. The average percentage capacitance dispersion per decade of frequency at 

a gate voltage (Vgate) = 4 V is ~ 31 %, 19 %, and 20 %, for GaAs, In0.15Ga0.85As, and 

In0.30Ga0.70As respectively. This is reduced to ~ 4 % for In0.53Ga0.47As devices. It 
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electrical characteristics is to vary the measurement temperature while fixing the 

frequency. As a first step in examining the temperature dependence of the CV 

response the InxGa1-xAs samples were measured in the conventional Cascade probe 

station microchamber, with the lowest possible measurement temperature in this set-

up being ~ -50oC.  Figures 3.4 (a-d) present CV responses at fixed a.c. signal 

frequency (10 kHz) with varying measurement temperatures (-50oC to 75oC) for the 

InxGa1-xAs devices. 

 

 
 

Figure 3.4 10 kHz CV response with varying temperature (-50oC to 75oC) of (a) Pd/9.5nm ALD 

HfO2/n-In0.53Ga0.47As/InP, (b) Pd/9.2nm ALD HfO2/n-In0.30Ga0.70As, (c) Pd/14.0nm ALD HfO2/n- 

In0.15Ga0.85As , and (d) Pd/11.4nm ALD HfO2/n-GaAs. The average percentage capacitance dispersion 

(-50oC to 75oC) per 25oC step of the temperature at Vgate = 4 V is: 1.7% (In0.53Ga0.47As); 8.5% 

(In0.30Ga0.70As); 6.9% (In0.15Ga0.85As); 16.7% (GaAs). The leakage current densities for unpassivated 

devices at Vgate = 3V are: 4.0x10-7 A/cm2 (In0.53Ga0.47As); 6.6x10-7 A/cm2 (In0.30Ga0.70As); 6.2x10-7 

A/cm2 (In0.15Ga0.85As); 9.0x10-7 A/cm2 (GaAs).  
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The CVs display characteristics analogous to those observed with varying frequency 

at fixed temperature in Figure 3.2 (a-d). There is a pronounced increase in the 

dispersion of accumulation capacitance (0 to 4V) for the In0.30Ga0.70As, In0.15Ga0.85As, 

and GaAs samples. This is reduced considerably for the highest indium content,   

In0.53Ga0.470As case. The average percentage capacitance dispersion (-50oC to 75oC) 

per 25oC step of the temperature at Vgate = 4 V is: 1.7% (In0.53Ga0.47As); 8.5% 

(In0.30Ga0.70As); 6.9% (In0.15Ga0.85As); 16.7% (GaAs). Again it is noticeable that the 

In0.30Ga0.70As sample very slightly falls outside the trend of decreasing dispersion 

with increasing In content. As stated earlier it is possible that as it exceeds the critical 

thickness the stacking faults observed in the TEM in Figure 3.1 may contribute an 

additional defect source. It is important to point out however that structural defects in 

the In0.30Ga0.70As epitaxial layer extending to the interface cannot be the sole 

contributor to interface defects. In fact, the GaAs sample, which exhibited excellent 

epitaxial structure with no evidence of defects in the TEM analysis displays the 

highest dispersion in accumulation with both temperature and frequency by quite 

some margin. 

 

3.5.2. Variable Temperature CV: 77 K to 295 K 

 

This temperature dependence over the range -50oC to 75oC indicated the potential 

value in extending the analysis by cooling the samples down to 77K in a cryogenic 

probe station. These measurements were carried out during a research visit to the 

University of Texas at Dallas. The multi-frequency CV responses (1 kHz to 1 MHz) 

at 295K and 77K for the 53% In, 30% In, 15%In, and GaAs MOS structures are 

shown in Figures 3.5 (a-d) respectively. These 295K results were also recorded in the 

cryogenic probe station prior to cooling in order to eliminate any contributing factors 

other than temperature reduction in comparing the CVs. 
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Figure 3.5 Multi-frequency (1 kHz to 1 MHz) C-V responses measured at room temperature (295K, 

black curves) and liquid nitrogen (77K, blue curves) for: (a) Pd/HfO2/In0.53Ga0.47As/InP: inset is the 

295K data, (b) Pd/HfO2/In0.30Ga0.70As/GaAs, (c) Pd/HfO2/In0.15Ga0.85As/GaAs and (d) Pd/HfO2/GaAs 

MOS. 

 

For the Pd/HfO2/In0.53Ga0.47As/InP device in Figure 3.5 (a), there is no 

significant difference in the capacitance measured in the accumulation region (4V) at 

77K and 295K, indicating that the devices are most likely in accumulation and that it 

is possible to move the Fermi level (Ef) at the In0.53Ga0.47As/HfO2 interface to the 

conduction band edge (Ec). In addition, the minimum measured capacitance (-4V) at 

both 77K and 295K is close to the expected theoretical minimum capacitance, ~ 

0.002 F/m2, for the 4x1017cm-3 n type doping level in the In0.53Ga0.47As layer, and an 

oxide capacitance of 0.011 F/m2. This is another indicator of free Fermi level 

movement at the HfO2/In0.53Ga0.47As interface with changes in applied gate bias.  

However, for the case of the 30% In, 15% In, and GaAs MOS devices, the 

curves in Figure 3.5 (b-d) show that a very different CV response is measured at 77K 

compared to 295K. At 77K the capacitance practically becomes independent of the ac 
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measurement frequency and is observed to settle at an approximately constant value 

over the gate bias range examined. This behaviour is consistent with the filling of an 

interface defect with the slowly varying DC gate bias and provides confirmation that 

the frequency dependent increase of capacitance at 295K is due to an interface trap 

capacitance response. The almost constant capacitance at 77K implies that the Fermi 

Level at the HfO2/InxGa1-xAs (x: 0, 0.15, 0.30) interface is pinned at a fixed energy, 

and all additional gate charge is compensated by charging on the HfO2/InxGa1-xAs 

interface defects, preventing the formation of an electron surface accumulation layer.  

The observation that we can achieve accumulation for In0.53Ga0.47As, but not 

for In0.30Ga0.70As, In0.15Ga0.85As, and GaAs, suggests the presence of interface defects 

which move from energies aligned within the energy gap to energy levels in the 

conduction band as the energy gap of the semiconductor is changed from GaAs (~ 

1.42 eV) to In0.53Ga0.47As (~ 0.75 eV). There is some other evidence in the literature 

to support this argument. Theeten et al. observed a similar effect where a defect 

response, which is dominant in the case of lower In content (< 0.35) devices, becomes 

insignificant for higher In content devices.14   

Internal photoemission (IPE) measurements were performed on the 

HfO2/InxGa1-xAs samples, with the IPE samples being cleaved directly from the same 

wafers used for fabrication of the MOS devices. IPE measurements were carried out 

by a collaborator, Prof. Valeri Afanasiev of K. U. Leuven. The IPE results indicate 

that the increase in the energy gap moving from In0.53Ga0.47As (0.75eV) to GaAs 

(1.42eV) occurs due to a decrease in the electron affinity.15 The values of the (energy 

gap, and electron affinity) are; In0.53Ga0.47As (0.75 eV, 4.5 eV), In0.30Ga0.70As (1.01 

eV, 4.31 eV), In0.15Ga0.85As (1.21eV, 4.19 eV), GaAs (1.43 eV, 4.07 eV).16, 17  The 

IPE analysis in combination with the CV results indicate that the defect states 

responsible for the observed frequency dispersion at positive gate bias for GaAs and 

InxGa1-xAs (x=0.15, 0.30) devices are located at an energy in the range 4.07 to 4.5 eV 

from the vacuum level. This is summarized the schematic in Figure 3.6. 
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Figure 3.6 Schematic of position of Ec relative to the vacuum level for varying indium content devices, 

and the likely energy range for the interface defect responsible for the observed dispersion of 

accumulation capacitance for lower In content (x: 0, 0.15. 0.30) InxGa1-xAs devices. 

 

Therefore for the case of In0.53Ga0.47As devices this defect enters the 

conduction band, but still has the potential to have a detrimental effect on device 

performance. The defect energy with respect to the In0.53Ga0.47As valence band 

permits inversion mode In0.53Ga0.47As MOSFET operation. However, the defect 

density, now in the conduction band, is comparable to the inversion charge density. 

When the Fermi level reaches the defect energy level it will be pinned, and any 

additional gate charge will be compensated by charging of the interface defect level 

over the voltage range where the defect is occupied (> 4 volts from the results in 

Figures 3.5 (b) - (d)). Consequently there will be a rapid decrease in transconductance 

with gate bias, with an apparent decrease in the inversion layer mobility. Literature 

reports have observed such behavior for In0.53Ga0.47As MOSFETS.18,  19 
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is evident while for (A) the Dit is estimated to be 1.0 x 1013 cm-2 eV-1
, representing an 

approximately 40% Dit reduction for (A) compared to the unpassivated sample. 

Similarly broad peak profiles have been reported by Mui et al. for 

Si3N4/In0.53Ga0.47As interfaces.23 There is slight reduction in Dit at lower angular 

frequency for (A) post forming gas anneal, while it significantly reduces the 

contribution of (B) to the extent where it is below detectable limits in the conductance 

analysis. This effect of the FGA suggests that the defect response at higher angular 

frequency, (B), may be related to a dangling bond orbital of Ga, As, or In. However, 

precise atomic identification of the defects is beyond the scope of this work, and 

remains a challenging topic in the field of high-k systems on III-V semiconductors. 

Other characterization methods such as electron spin resonance (ESR), which have 

proved highly successful for Si based systems, eg. in detection of Pb dangling bond 

defects, could be explored in an effort to garner more information regarding the 

physical origin of interface states for In0.53Ga0.47As. 

 

3.7. Conclusions 

 

In summary, it is found that the large temperature and frequency dispersion in CV 

responses at positive gate bias in devices using n-type GaAs and low In content (x= 

0.30, 0.15) InxGa1-xAs epitaxial layers is significantly reduced using high In content 

(x=0.53) epitaxial layers, suggesting that it is only possible to achieve true 

accumulation for the In0.53Ga0.47As devices using the surface preparations and ALD 

HfO2 layers examined in this work. However, the CV responses at negative gate bias 

still indicate a significant contribution from defect states at the HfO2/In0.53Ga0.47As 

interface. An estimation of Dit using the conductance technique indicates that 

densities for the HfO2/In0.53Ga0.47As devices examined in this work (~ 1.0 x 1013 cm-2 

eV-1  to 1.7 x 1013 cm-2 eV-1)  remain too high for practical device applications, but it 

has been shown that a three-stage In0.53Ga0.47As surface passivation and post-

metallization FGA at 325oC can provide a significant reduction in interface state 

defect densities. 
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characteristics of MOS devices to understand the effects of varying the (NH4)2S 

concentration in the passivation of n-type and p-type In0.53Ga0.47As surfaces prior to 

atomic layer deposition (ALD) of Al2O3. A secondary objective of this study is to 

utilize the electrical results from the MOS device exhibiting the best electrical 

characteristics, to perform a comparison of the extracted Dit across the In0.53Ga0.47As 

energy gap at the Al2O3/In0.53Ga0.47-As interface using two different methods, the 

temperature modified High-Low frequency CV method and the more traditional 

approximation to the Conductance method. 

 

4.2. Experimental Details 

 

The In0.53Ga0.47As epitaxial layers used in this work were either (1) ~2µm n-type 

In0.53Ga0.47As (S at ~4x1017cm-3) grown by MOVPE on heavily (S at ~2x1018 cm-3) n-

doped InP(100) wafers, or (2) ~2µm p-type In0.53Ga0.47As (Zn at ~4x1017cm-3) grown 

by MOVPE on heavily p-doped (Zn at ~2x1018 cm-3) InP(100) wafers. Identical 

epitaxial layers and substrates were used previously in the chemical and physical 

study by Brennan et al.13 Prior to immersion in aqueous (NH4)2S solutions, all 

In0.53Ga0.47As surfaces were initially degreased by sequentially rinsing for 1 minute 

each in acetone, methanol, and isopropanol. (NH4)2S concentrations of 22%, 10%, 

5%, and 1% in deionised H2O were used, and the In0.53Ga0.47As surfaces were 

subjected to the dilute (NH4)2S for 20 minutes, with the solution at room temperature 

(~ 295K). 

One of the conclusions of the physical study performed by Brennan et al.,13 

was that increasing the temperature of the (NH4)2S solution significantly increased 

the In0.53Ga0.47As surface roughness. This is illustrated in Figure 4.1 (a-c) where the 

root mean square (RMS) roughness is seen to rise from 0.20 nm at room temperature, 

to 0.33 nm at 40oC and 60oC. As it is known that surface roughening is detrimental to 

device electrical properties in terms of carrier mobility, it was decided to compare the 

(NH4)2S concentration while maintaining the solution at room temperature. 
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Figure 4.2. Cross-sectional TEM micrographs of (a) 10% (NH4)2S treated, Au/Ni/ 7.8nm Al2O3/n-

In0.53Ga0.47As/InP, and (b) 10% (NH4)2S treated, Au/Ni/ 7.5nm Al2O3/p-In0.53Ga0.47As/InP device 

structures. This TEM was performed by Dr. Simon Newcomb of Glebe Scientific Ltd. 

 

it is crucial to have as smooth an interface as possible because roughness at the oxide-

semiconductor interface can result in surface scattering effects leading to reduced 

mobility.17 It is noted that there appears to be a band of lighter image contrast running 

through the centre of the Al2O3 layer in both samples. In addition, this band was not 

observed in TEM micrographs taken from an area of the n-type sample with no gate 

metal (not shown), which may suggest that mechanical stress from the gate metal 

could be a contributing factor. However, the authors of this work have observed 

similar bands running through Al2O3 layers which were deposited in three 

independent ALD reactors. A detailed analysis of this effect is beyond the scope of 

the current work, and further physical characterization would be required to precisely 

identify the physical origin of this observation. 
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4.4. Electrical Analysis: CV and GV characteristics 

 

The C-V curves at room temperature (295K) with ac signal frequencies from 200 Hz 

to 100 kHz for the 22%, 10%, 5%, and 1% (NH4)2S passivated n-type In0.53Ga0.47As 

devices are shown in Figures 4.3 (a), (b), (c), and (d) respectively. With regard to the 

22%, 5%, and 1% devices, the frequency dispersion, with a broad peak response 

observed for Vgate in the range of -0.25 V to -2 V, is typical of that commonly 

observed in the literature for n-type In0.53Ga0.47As.2, 5, 7, 18 , 19 , 20  As mentioned in 

Chapter 2, for the case of interface defects having a peak density at a specific energy 

in the semiconductor bandgap, the capacitance will move through a peak and then 

reduce with increasing bias (as discussed in Chapter 2). Additionally, the peak 

capacitance will occur at a bias closer to the accumulation region with increasing ac 

signal frequency.21 Such behaviour has been observed for Si based devices where the 

CV is affected by unpassivated Pb centers.21 Clearly, from Figure 4.3, the CV profiles 

are consistent with that expected for a defect with a specific energy in the 

In0.53Ga0.47As bandgap. The conductance data (not shown) also exhibits peaks moving 

towards accumulation with increasing frequency, reflecting the capacitance behaviour.  

It can also be stated that this is not representative of true inversion at the 

Al2O3/n-In0.53Ga0.47As interface.18 Inversion at the Al2O3/In0.53Ga0.47As interface 

would result in a constant capacitance as a function of Vgate, where the magnitude of 

this constant capacitance region increases with increasing temperature or decreasing 

measurement frequency up to a maximum value set by the oxide capacitance (Cox) as 

described in Chapter 2. 22  This has been observed in numerous works for MOS 

devices incorporating Ge and Si as a semiconductor.22, 23 For arguments sake, were it 

the case that the Al2O3/In0.53Ga0.47As samples in the current study were inverted, but 

excessive gate leakage resulted in a situation where the devices could not sustain the 

inversion charge, then this would manifest in the CV curve as an abrupt collapse in 

the capacitance in inversion, and would occur at a bias independent of ac signal 

frequency. Clearly this is also not the case here as evident from the peak responses in 

Figure 4.3. 
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(d). This suggests a reduction in the interface state density for the 10% (NH4)2S 

surface treatment. It is also necessary here to stress the importance of measuring 

down to very low frequencies (200Hz) in order to capture as much of the interface 

defect related response as possible. This allows for a more accurate determination of 

the interface state density as will be discussed later. It appears to be a common 

practice in much of the literature on this topic to only measure the CV down to 1 kHz. 

While this may give some useful information, and provide indications of device 

performance, it will also result in an underestimation of the extracted magnitude of 

the interface state defect density. In Figures 4.3 (a-d), the 1 kHz CV curves have been 

highlighted in red to illustrate that a more accurate representation of the interface 

defect response is obtained by measuring down to 200Hz (blue curves). It should be 

noted that although all devices experienced a 30 second, 623 K RTA in N2, for back 

contact formation, there has been no attempt as yet to anneal the samples in forming 

gas, an approach which has been shown to reduce interface defect concentrations on 

n-type In0.53Ga0.47As MOS capacitor devices.18, 24 , 25  Therefore, potential exists to 

further improve the CV response of the 10% device. 

Another means to gauge the efficacy of the passivation treatment on the n-

type In0.53Ga0.47As devices is to compare the deviation of the measured accumulation 

capacitance from the expected theoretical capacitance. It has been reported for n-type 

In0.53Ga0.47As that the theoretical CV response is asymmetrical in shape, with a 

reduction in accumulation capacitance expected on n-type due to both the fact that the 

density of states in the In0.53Ga0.47As conduction band (1.7x1017 cm-3) is over one 

order of magnitude lower compared to the In0.53Ga0.47As valence band (2.6x1018 cm-3), 

and also due to charge quantization effects.12, 26, 27 Brammertz et al,28 have reported 

that the inclusion of a large interface state distribution in the In0.53Ga0.47As conduction 

band leads to an increase in the modeled theoretical accumulation capacitance, due to 

the capacitance contribution from these interface states. This is in agreement with CV 

responses typically measured on p-type and n-type In0.53Ga0.47As MOS structures 

which do not exhibit the asymmetry between the maximum accumulation 

capacitances. With regard to the samples in this work the theoretical capacitance has 

been calculated using a one dimensional self-consistent Poisson-Schrödinger CV 
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curves shown in Figure 4.4 that over the whole bias range investigated (Vgate -2 to 1.5 

V) the 10% treated p-type device clearly exhibits the best characteristics in terms of 

having both the lowest frequency dispersion and the steepest transition from depletion 

to accumulation. It is particularly important in the case of these p-type devices to 

measure down to very low frequencies (200Hz) in order to capture as much of the 

interface defect related response as possible. This is necessary in order to obtain a 

more accurate determination of the extracted interface state density as will be 

discussed later. In Figures 4.4 (a-d), the 1 kHz curves have been highlighted in red to 

illustrate that a significantly better representation of the interface defect response is 

obtained by measuring down to 200Hz (blue curves). It is also the case that the 

hysteresis measured around the flatband capacitance, Cfb at 100 kHz on p-type 

devices is approximately 15% higher for the other (NH4)2S concentrations compared 

to the 10% passivated p-type device, which has a hysteresis of ~ 300 mV, as shown in 

Figure 4.5. The hysteresis for all n-type devices is practically constant at ~ 80 mV for 

the different (NH4)2S concentrations. Clockwise hysteresis was observed on n-type  

 

 

 
Figure 4.5 Hysteresis measured around Cfb at 100 kHz for all the (NH4)2S passivated n-type and p-type 

samples examined in this study. The green diamond symbols the p-type devices and the star symbols 

represent n-type devices. The dotted lines are guides for comparative purposes. The hysteresis 

measurements were performed by sweeping at 100 kHz from negative to positive gate bias for n-type 

devices (-2.0V to 1.5V), and from positive to negative gate bias for p-type devices (1.5V to -2.0V). 

There was no hold time in accumulation, and two consecutive sweeps were performed, with hysteresis 

values obtained from the second sweep. 
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Figure 4.7. The As 2p core level x-ray photoelectron spectra of the (a) 7 minute and (b) 30 minute 

ambient exposed 10% (NH4)2S n-In0.53Ga0.47As samples. The in-situ XPS was performed prior to ALD 

deposition. The XPS was performed by Dr. Barry Brennan (formerly of DCU and UT Dallas). 

 

be evidence of the growth mechanism of the oxide, with As2O forming initially, 

which then over time converts to form the other oxidation states, consistent with the 

growth of the As2O5 peak.  

It is also observed from the XPS spectra that there is marked increase in the As 

surface state related spectral feature for the sample exposed for 30 minutes as 

compared to the sample exposed for 7 minutes. This is potentially significant as a 

recent study by Robertson34 identified As dimers as a possible source of interface 

defects at the oxide/III-V interface as detected previously using in-situ XPS studies 
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by Milojevic et al. 35 These again could be formed as a result of the oxide growth, 

with the formation of the As2O causing a disruption of the interface.36 In the case of 

the n-type XPS samples analysed here, the corresponding electrical characteristics 

after ALD and gate MOS device formation are seen in Figures 4.3(b) for the 7 minute 

exposure sample and 4.6(a) for the 30 minute exposure sample. As discussed earlier, 

there is a noticeable increase in the interface defect CV response at negative gate bias 

for the longer exposed device. It is possible that the increase in As surface states, as 

observed by XPS, could be a contributory factor to this. It must be pointed out that 

correlation of XPS and electrical results is difficult and while these results may 

provide a suggestion as to the origin of some interface defects responsible for the CV 

response, a definitive statement cannot be made as to the real significance of the role 

of As surface states. The presence of Ga and In surface states are also much more 

difficult to identify with XPS due to a smaller binding energy separation between the 

peaks, as well as reduced surface sensitivity due to the lower binding energies 

involved. As stated previously it is the case that physical identification of interface 

defects at the oxide/III-V interface remains one of the most challenging topics in this 

field. 

 

4.6. Dit extraction using High-Low CV and Conductance Techniques 

 

It has been seen thus far that in terms of overall device electrical performance the 

10% (NH4)2S passivation is superior on both n-type and p-type In0.53Ga0.47As to that 

of the other (NH4)2S concentrations (1%, 5%, 22%) examined. This is in agreement 

with the results of the chemical and physical investigations performed by Brennan et 

al.13 One possible explanation for this is that the lower (NH4)2S concentrations (1%, 

5%) provide insufficient protection to the In0.53Ga0.47As surface to prevent significant 

re-oxidation during the 7 minutes ambient exposure, while the much higher 22% 

concentration leads to increased surface roughness and consequently a degradation in 

device performance. It is possible that there is a transition point at a (NH4)2S 

concentration of ~10%, where the passivation is effective in suppressing significant 
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from the temperature modified High-Low method and the approximation to the 

Conductance Method. The magnitude of the Dit is higher in the case of the 

conductance-based technique, while the position and profile of the peaks are similar. 

In the case of the p-type devices in Figure 4.8 (b), there is again close agreement in 

terms of the peak profile while the magnitude is also a little higher for the 

conductance-based technique. This provides strong evidence that both of these 

methods are valid routes to extracting Dit for structures incorporating a high-k oxide 

layer on In0.53Ga0.47As, provided appropriate caution is used in their application. The 

fact that both methods employed here make minimal assumptions regarding material 

properties (only assumption being k=9 for Al2O3 to calculate Cox) and the profiles are 

 

 
 

Figure 4.8 Dit profiles versus gate bias extracted from the High-Low frequency CV method, and the 

Conductance method, for 10% (NH4)2S passivated devices on (a) n-type and (b) p-type In0.53Ga0.47As 

devices. It is seen that there is good agreement between the Conductance and High-Low methods in 

determining the peak profile and magnitude. 
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simply extracted from actual electrical measurements gives further confidence that 

the profiles presented are representative of the device behaviour. It is also a 

significant result that the peak magnitude and position of the extracted Dit using the 

Conductance Method, which utilizes both measured capacitance and extracted 

parallel conductance data, yields very similar results to the Dit extracted using the 

High-Low frequency CV method, which uses only measured capacitance data. This 

provides evidence to support that the extraction of Dit using the Conductance Method 

is valid for high-k on In0.53Ga0.47As. 

Given that Dit profiles versus gate bias have thus far been obtained using two 

independent approaches, the High-Low frequency CV method and the Conductance 

method, it follows that a natural extension of this analysis is obtain the Dit profile 

versus the In0.53Ga0.47As energy gap. Recent studies in the literature employed 

alternative methods to those used in the present work in order to determine Dit versus 

energy profiles for high-k/In0.53Ga0.47As system. Brammertz et al.12 used an 

admittance spectroscopy technique, while Ali et al.39 employed an equivalent circuit 

model. In the case of Ali et al. the peak Dit was estimated at an energy of 

approximately Ev+0.4 eV, while in both works the reported peak Dit magnitudes were 

in the range 7x1012 cm-2
 to 5x1013 cm-2. In the case of the samples in the present 

work, if we consider that at high frequency (1 MHz) and low temperature (~ 220 K) 

that the interface state contribution is negligible, then it follows that the measured 

capacitance is comprised of the semiconductor capacitance, Cs, in series with the 

oxide capacitance, Cox. Therefore it is possible to calculate the semiconductor 

depletion width and hence the semiconductor potential. This in turn allows the 

calculation of a corresponding energy position for the Dit profiles plotted versus gate 

bias in Figures 4.8(a) and (b).37 Using the procedure described above the Dit profiles 

versus In0.53Ga0.47As bandgap energy are plotted in Figures 4.9 (a) and 4.9 (b). It is 

noted that the method used to translate the Dit profiles from gate bias to an energy 

position in the bandgap, is sensitive to the doping concentration. It has been reported 

that in estimating the energy position for defects even on Si-based devices that the  
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Figure 4.9. Interface state density profiles for 10% (NH4)2S passivated n-type and p-type devices 

extracted using (a) the conductance method, and (b) the high-low method, and plotted versus 

In0.53Ga0.47As bandgap energy.  The energy is plotted with reference to the In0.53Ga0.47As valence band 

edge. 

 

error in the peak position can be of the order of ± 0.05eV.40 Therefore some caution 

must be exercised in quoting peak energy positions for the Dit response. Table 1 

summarizes the energy positions of the peak Dit with respect to the valence band 

edge, and the integrated Dit values were obtained by integrating over the range Ev + 

~0.2 eV to Ev + ~0.65 eV for n-type and p-type devices. It is seen in comparing 

Figures 4.9 (a) and (b) that there is good agreement between the Conductance method 

and High-Low frequency CV method in terms of the extracted peak profiles and 

magnitudes. This may be expected given their similarity with gate bias as seen in 

Figure 4.8. The Conductance method and High-Low method yield identical values for 

the peak Dit energy position over n-type (Ev+0.34 eV), and over p-type (Ev+0.40 

eV). The analysis gives an indication of the Dit for these particular samples over 

In0.53Ga0.47As bandgap from Ev + ~0.2 eV to Ev + ~0.65 eV with integrated Dit values 

ranging from 1.6x1012 to 3.4x1012 cm-2.  
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Table 1. Summary of the integrated Dit values (italics) obtained by integrating over the range Ev + ~0.2 

eV to Ev + ~0.65 eV, and also the energy positions of peak Dit with respect to the valence band edge, 

for n-type and  p-type In0.53Ga0.47As devices. 

 

  Integrated Dit (cm-2)  Defect Energy (eV) 

  n-type p-type  n-type p-type 

High-low  2.4x1012 1.6x1012  Ev+0.34 Ev+0.40 

Conductance  3.4x1012 1.6x1012  Ev+0.34 Ev+0.40 

 

It is worth mentioning that a third method was used in order to estimate Dit for the 

10% (NH4)2S devices. This is a charge separation and quantification technique 

developed by Hurley et al., and is described in detail in those publications.21, 41 Using 

this method the Dit was estimated at 2.9x1012 cm-2, which is within the range obtained 

using the High-Low and Conductance techniques. Therefore this gives an additional 

degree of confidence in the extracted values given that three independent techniques 

yield very similar integrated Dit [cm-2] values for these devices. 

Finally, some examples of work by other research groups provide supporting 

evidence for the conclusions of the passivation study described in this chapter. Ye et 

al. referenced this work as the motivation for investigating the effect of (NH4)2S 

concentration in the fabrication of buried channel 3-dimensional In0.52Ga0.48As 

MOSFET devices. 42  They compared a 20%, 10%, and 5% (NH4)2S solution 

concentration. The results of that independent study also concluded that the MOSFET 

devices treated with a 10% (NH4)2S passivation displayed superior interface 

properties and device behavior with improved subthreshold swing and drain induced 

barrier lowering.42 More recently Dai et al. used the 10% (NH4)2S passivation 

technique described in this chapter in the fabrication of their InGaAs FINFETs with 

integration of III-V layers on Si.43 These also provide real examples of the value of 

fundamental work looking at III-V interfaces via characterization of MOS devices, 

which are relatively simple structures, in that the findings are relevant and can be 



78 
 

applied to far more complicated device structures,42 and incorporated in more 

extensive processing flows.43 

 

4.7. Conclusions 

 

In this investigation into the effectiveness of varying ammonium sulphide (NH4)2S 

concentrations (from 1% to 22%) in the passivation of n-type and p-type 

In0.53Ga0.47As, multi-frequency capacitance-voltage results indicated that the lowest 

frequency dispersion over the bias range examined occurs for n-type and p-type 

devices treated in 10% (NH4)2S solution. It has also been shown that there is a 

deleterious effect on device behaviour for increased ambient exposure time after 

removal from 10% (NH4)2S solution and that XPS analysis has detected changes in 

the composition of the re-grown oxide on this timescale. Estimations of interface state 

density, Dit, extracted from an approximation to the Conductance Method, and 

independently from the temperature-modified High-Low frequency CV method, show 

very good agreement both in terms of magnitude and characteristic peak profile for 

the optimum 10% (NH4)2S passivated In0.53Ga0.47As devices. This indicates that the 

Conductance Method can be applied to devices incorporating high-k oxides on 

In0.53Ga0.47As. The results suggest that these n-type and p-type devices have an 

integrated Dit of ~ 2.5x1012 cm-2 (±1x1012 cm-2), with the peak density value 

occurring at approximately 0.37eV (±0.03 eV) from the valence band edge 
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Chapter 5 
 

5. The Al2O3/In0.53Ga0.47As system: Interface state reduction, surface 

inversion, and analysis of the minority carrier response  

 

5.1. Introduction 

 

To date, few studies in the literature have demonstrated true minority carrier 

behaviour in the capacitance voltage (CV) response of MOS capacitors on either n-

type or p-type In0.53Ga0.47As. A true minority carrier response (as shown in Chapter 

2), would be achieved when the interface state density is reduced sufficiently to allow 

the Fermi level to be moved throughout the energy gap. To achieve genuine surface 

inversion has been one of the main challenges of high-k/III-V research over the last 

40 years. 

 In the case of n-type In0.53Ga0.47As, a CV response at negative gate bias 

consistent with mid-gap interface states is typically observed, regardless of the gate 

oxide or passivation method employed.1, 2, 3, 4, 5, 6, 7 In the case of p-type In0.53Ga0.47As, 

at positive gate bias CV characteristics consistent with a mid-gap interface state 

response have been observed. 8, 9 , 10 , 11. Recently Trinh et al.12 , 13  and Lin et al.7 

presented CV responses consistent with true minority carrier behaviour for n-

In0.53Ga0.47As and p-In0.53Ga0.47As respectively. In this chapter we report on a study of 

the minority carrier response of both n-type and p-type In0.53Ga0.47As metal-oxide-

semiconductor (MOS) devices formed using an optimized 10% ammonium sulfide 

((NH4)2S) treatment.11, 14 Dit is sufficiently reduced such that a clear minority carrier 

response is observed for both n-type and p-type devices following this optimized 

(NH4)2S passivation. The temperature dependent CV and GV responses are analyzed 

using an Arrhenius relationship, allowing an extraction of activation energies in order 

to discriminate the mechanisms responsible for the minority carrier response, be it 

generation-recombination through mid-gap defects or diffusion from the 
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semiconductor bulk. The analysis performed on these n-In0.53Ga0.47As and p-

In0.53Ga0.47As devices is based on the procedure described by Nicollian and Brews for 

SiO2/Si devices,15, 16 who in turn developed their work based on the theory derived by 

Hofstein and Warfield.17  

In order to provide further evidence for whether the In0.53Ga0.47As surface is truly 

inverted, MOS capacitors were fabricated on n- and p-In0.53Ga0.47As with 

semiconductor doping concentrations ranging over two orders of magnitude from 

~1x1016cm-3 to ~2x1018cm-3. This was in order to examine if the minimum 

capacitance scaled correctly with doping, following an approach reported by 

Callegari et al.18 Utilizing different doping concentrations the measured minimum 

capacitance (Cmin-meas) at high frequency can be compared with the theoretical 

minimum capacitance (Cmin-theor) calculated by assuming the semiconductor surface is 

inverted.  

 

5.2. Experimental Details 

 

5.2.1. Samples for analysis of Minority Carrier Response 

 

The In0.53Ga0.47As epitaxial layers used in this work were either, (1) ~2µm n-type 

In0.53Ga0.47As (S at ~4x1017cm-3) grown by metalorganic-vapour-phase-epitaxy 

(MOVPE) on n-doped (S at ~2x1018 cm-3) InP(100) wafers, or (2) ~2µm p-type 

In0.53Ga0.47As (Zn at ~4x1017cm-3) also grown by MOVPE on p-doped (Zn at ~2x1018 

cm-3) InP(100) wafers. These wafers were supplied by IQE Wales, who performed the 

MOVPE growth according to specifications we requested. The actual doping 

concentrations of the epitaxial layers were measured on sacrificial test pieces by the 

supplier IQE, and the specifications varied slightly from the nominal and were found 

to be 4.4x1017cm-3 for the n-In0.53Ga0.47As and 3.3x1017cm-3 for the p-In0.53Ga0.47As. 

In0.53Ga0.47As surfaces were initially rinsed for 1 minute each in acetone, methanol, 

and isopropanol. (NH4)2S concentrations of 10% in deionised H2O were used (20 

minutes, ~ 295K). These optimized passivation parameters were determined from 
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charge results in depletion of the semiconductor surface and the density of the 

residual charge is higher than the semiconductor charge associated with the maximum 

depletion width (~ 8x1010 cm-2 for 1x1015 cm-3 doping concentration), then peripheral 

inversion will be present outside the area defined by the gate electrode.29 

Capacitance-voltage measurements performed at multiple frequencies and on 

varying capacitor areas on both n-type and p-type devices can be used to determine if 

such peripheral inversion is responsible for the low frequency behaviour, as the low 

frequency behaviour provided through peripheral inversion would exhibit specific CV 

behaviour in the following ways: 

(i) For a given device area, the inversion response will reduce with increasing 

ac measurement frequency. 

(ii) At a given ac signal frequency the inversion response will be reduced as 

the device area increases, due to the increasing diffusion distance from the periphery 

to the centre of the gate electrode.  

(iii) The low frequency inversion like behaviour will be observed for either n 

or p doped semiconductor substrates, and not for both, as a given oxide charge will 

only invert the oxide/semiconductor surface for one dopant type. 

While the observations described in (i) will be observed for minority carriers 

supplied either from under the gate area (by generation/recombination or diffusion 

from the quasi-neutral bulk), or via a peripheral inversion charge, the observations 

described in (ii) and (iii) are not consistent with minority carrier supply from the 

depletion region under the gate electrode. The supply of minority carriers by 

generation/recombination in the depletion region or by diffusion from the quasi-

neutral bulk, should not exhibit a dependence on the electrode area, and should also 

be present for both n and p type semiconductor substrates. 

A more extensive discussion of peripheral inversion and illustrative examples 

of this behavior for Si and GaAs based devices is included in Appendix 2 and in the 

associated publication.29 However, for the In0.53Ga0.47As samples under investigation 

in the current study, it was critical to eliminate the possibility of an a.c. inversion  
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5.6. Temperature Response 

 

In order to investigate further the origin of the minority carrier response, the CV and 

GV as a function of variable temperature were analyzed. This is following the 

approach used by Nicollian and Brews, 
15

 who based their work on the theory derived 

by Hofstein and Warfield.17 The measurements were carried out in a microchamber 

probe station (Cascade, Summit 12971B), with the lowest temperature possible using 

this set-up being -50oC. The 30 kHz CV and GV responses as a function of 

temperature (T) for the n-type Au/Ni/Al2O3/In0.53Ga0.47As device are plotted in the 

right column of Figure 5.6. For the sake of comparison the left column of Figure 5.6 

shows the results obtained by Nicollian and Brews for a SiO2/n-Si device. 15 The CV 

for the n- In0.53Ga0.47As device in Figure 5.6 exhibits a similar behaviour to the multi-

frequency plots in Fig. 5.2 (a). The capacitance goes through a small peak associated 

with a mid-gap interface state response ~ -0.6 Vgate before rising to a plateau over the 

remaining bias range. The conductance mirrors this behaviour, exhibiting a peak due 

to interface states in the gate bias range ~ -0.4 V to -0.8 V before rising and 

plateauing over the gate bias range -1.5 V to -4 V. Furthermore, this is the same 

characteristic behavior as the CV and GV temperature dependence for the SiO2/n-Si 

MOSCAP in inversion in Figure 5.6 (a).15 The conductance response of the minority 

carriers in inversion for an MOS capacitor exhibits a specific temperature dependent 

behaviour, where at a fixed ac signal frequency, the conductance increases to a 

maximum value and then subsequently decreases with any further increase in 

temperature.15 This characteristic is observed for the n-In0.53Ga0.47As device in Figure 

5.6, over the bias range -1.5 V to -4 V Vgate, where open symbols are used to highlight 

the decrease in conductance for temperatures in excess of 20oC. Also, the peak 

conductance occurs at the temperature where the capacitance in inversion is mid-way 

between the maximum and minimum recorded values. This is analogous to the multi-

frequency behavior, described earlier, see Figure 5.2, where the conductance in 

inversion peaks at the transition frequency, that also being the frequency of the mid-

capacitance. 
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Figure 5.6 Left Column: 6 kHz CV and GV versus temperature (30oC to 170oC), for a SiO2/n-Si device 

as published by Nicollian and Brews. 15 The peak conductance occurs around 120oC, decreasing with 

further temperature increases. 120oC is also the temperature where the mid-capacitance in inversion is 

recorded. Right Column: 30 kHz CV and GV responses as a function of temperature (T) (-50oC to 

110oC), for an n-type Au/Ni/Al2O3/In0.53Ga0.47As device (optimum 10% (NH4)2S treatment, ~ 3 minute 

ALD transfer). Open symbols are used in the GV to highlight the decrease in Gm for T > 20oC.21 

 

The 10 kHz CV and GV responses as a function of temperature (T) for the 

optimized 10% (NH4)2S passivated (~ 3 minute ALD transfer) p-type 

Au/Ni/Al2O3/In0.53Ga0.47As device, are plotted in Figure 5.7. The same characteristic 

behavior is seen in inversion as for the n-type samples, and in this case the 

conductance peaks at a temperature of ~90oC. 
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Figure 5.7 10 kHz CV and GV responses as a function of temperature (T) (-50oC to 110oC), for a p-

type Au/Ni/Al2O3/In0.53Ga0.47As device (optimum 10% (NH4)2S treatment, ~ 3 minute ALD transfer). 

Open symbols are used in the GV to highlight the decrease in Gm for T > 90oC. 

 

5.7. Arrhenius Extraction of Activation Energies 

 

It is possible to differentiate between the mechanisms responsible for the minority 

carrier response over a given temperature range. The activation energy (EA) of the 

minority carrier response will be approximately half the bandgap energy (EG) for a 

generation recombination process through mid-gap traps, and will be equal to EG for a 

diffusion controlled regime of minority carriers from the substrate.  It is expected that 

generation-recombination through mid-gap traps in the depletion region will 

dominate at lower temperature, while diffusion from the bulk will become dominant 

at higher temperature. By calculating the parallel inversion conductance (GI), 
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Figure 5.8 Arrhenius plots of the inversion parallel conductance (GI), plotted versus 1/T for a SiO2/n-Si 

device as published by Niccolian and Brews in MOS Physics and Technology.15 

 

 
 

Figure 5.9 Arrhenius plots of the inversion parallel conductance (GI), plotted versus 1/T for (a) n-type 

and (b) p-type Au/Ni/Al2O3/In0.53Ga0.47As devices. Tt is the transition temperature.  GI was extracted at 

1 MHz for the n-type and 60 kHz for the p-type device respectively. The insets plot the measured 

conductance (Gm) in inversion versus T, showing that at a given frequency the temperature where Gm 

peaks is approximately equal to Tt.21 
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earlier GaAs substrates present serious problems due to their typically high defect 

densities. The authors used two different GaAs doping concentrations, ~2x1017cm-3 

and ~2x1018cm-3, and compared the high-frequency CV repsonses. As shown in 

Figure 5.10 below this demonstrated good agreement between the measured and 

theoretical minumum capacitances over this doping range, indicating free Fermi level 

movement over the bias range examined.  

 

 

Figure 5.10 CV curves @1 MHz of MOS devices with plasma deposited Ga oxide films on GaAs 

substrates with differing doping concentrations, 2x1016cm-3 and 2x1017cm-3, as published by Callegari 

et al. 32 

We adapted this approach to investigate n and p-In0.53Ga0.47As MOS devices 

where the range in the semiconductor doping concentration was extended even 

further to over two orders of magnitude, from ~1x1016cm-3 to 2x1018cm-3. This 

provides another manner in which to investigate inversion behavior in In0.53Ga0.47As 

MOS devices. Comparing the measured minimum capacitance with the theoretical 

capacitance calculated assuming the surface is inverted, it is possible to examine if 

the device minimum capacitance scales correctly with semiconductor doping. 
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5.9. Cmin as a function of In0.53Ga0.47As doping concentration 

 

 

 

Figure 5.11. Cross-sectional TEM micrographs of Au/Ni/Al2O3/In0.53Ga0.47As/InP, devices. The TEM 
indicates that the Al2O3 layer thicknesses are approximately 7nm and 5nm in the case of the p and n-
type samples respectively. The TEM imaging and sample preparation was performed by Dr. Patrick 
Carolan of Tyndall National Institute. 

 The TEM images in Figure 5.11 above show the gate stack for one each of the p-type 

and n-type Au/Ni/Al2O3/In0.53Ga0.47As/InP doping series samples (with doping 

concentrations of 2.7x1017 cm-3
 and 6.0x1017 cm-3 respectively). Thus the Al2O3 layer 

thicknesses are ~7nm in the case of the p-type samples and closer to ~ 5nm in the 

case of the n-type samples.   

Figure 5.12 exhibits the 1MHz CV responses for the p-type In0.53Ga0.47As 

MOS devices with dopant (Zn) concentrations of (cm-3): 1.4x1016, 3.3x1016, 1.8x1017, 

2.7x1017, and 2.0x1018. 33 The 1 MHz CV curves were chosen in order to minimize 

any contribution of interface states to the measured capacitance in inversion. The 

open symbols represent the theoretical minimum capacitance, Cmin-theor, for each 

doping concentration and calculated using a Cox value in this case of 0.0075 F/m2, 

taken from the measured capacitance at low frequency (20Hz). It is clear from the 

figure that there is excellent agreement between the measured and theoretical 

capacitance values. This is particularly notable considering that the change in doping 

concentration is over two orders of magnitude. When plotting the measured (@ 1.75 

Vgate) capacitance versus the theoretical value, Figure 5.13 demonstrates that there is 

close to a linear relationship. 
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Figure 5.12 1MHz CV responses for the Au/Ni/ 7nm Al2O3/p-In0.53Ga0.47As MOS devices with dopant 
(Zn) concentrations of (cm-3): 1.4x1016, 3.3x1016, 1.8x1017, 2.7x1017, and 1.2x1018. The theoretical 
values were estimated using a Cox value of 0.0075 F/m2. 

 

Figure 5.13 Plot of measured versus theoretical minimum capacitance for the different p-type doping 
concentrations. The measured values are those at a gate bias of 1.75 V in Figure 5.12. The symbols 
corresponding to each doping concentration are the same as those in Figure 5.12. 

 

Figure 5.14 exhibits the 1MHz CV responses for the n-type In0.53Ga0.47As MOS 

devices with the following epitaxial layer dopant (Si) concentrations (cm-3): 7.8x1015, 

3.0x1016, 2.0x1017, 6.0x1017, and 2.0x1018. As in the case of the p-type samples, there 

is excellent agreement between the measured and theoretical capacitance values. 

Again, open symbols represent the theoretical minimum capacitance, Cmin-theor, for 
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each doping concentration and calculated using a Cox value in this case of 0.0093 

F/m2, taken from the measured capacitance at low frequency (20Hz). 

 

Figure 5.14 1MHz CV responses for the Au/Ni/5 nm Al2O3/n-In0.53Ga0.47As MOS devices with dopant 
(Si) concentrations(cm-3): 7.8x1015, 3.0x1016, 2.0x1017, 6.0x1017, and 2.0x1018. The theoretical values 
were estimated using a Cox value of 0.0093 F/m2. 

  

Figure 5.15 Plot of measured versus theoretical minimum capacitance for the different n-type doping 

concentrations. The measured values are those at a gate bias of -3.75 V in Figure 5.14. The symbols 

corresponding to each doping concentration are the same as those in Figure 5.14. 
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writing simulations to fit minority carrier generation lifetimes to these transition 

frequencies are being undertaken. To further illustrate this behaviour, 1 kHz CV 

curves on the p-type doping samples are plotted in Figure 5.17. It is clear from the 

increasing capacitance observed in the inversion region that at a given frequency it is 

easier to invert the surface for higher epitaxial doping levels; in effect there is a 

greater supply of minority carriers. This may be expected as increasing the doping 

concentration introduces more impurities in the In0.53Ga0.47As epitaxial layer, thus 

generating more bulk defects for supply of minority carriers. It is noted that the same 

behavior seen in Figure 5.17 is observed over n-type for a given frequency (not 

shown). 

 

Figure 5.17 Comparison of 1kHz CV profiles as a function of p- In0.53Ga0.47As doping concentration. 

 

5.11. Conclusions 

 

In summary, a clear minority carrier response was observed for both n-type and p-

type Au/Ni/Al2O3/In0.53Ga0.47As MOS devices following an optimized (NH4)2S 

treatment with minimal ambient exposure pre-ALD. An extraction of activation 

energies for the minority carrier response indicated a transition from a generation-

recombination regime to a diffusion controlled response, for both n-type and p-type 
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devices. These observations are consistent with a Dit which is sufficiently reduced for 

these n-type and p-type devices to permit the Fermi level to be swept across the 

In0.53Ga0.47As band gap. Also, for MOS capacitors fabricated on n and p-

In0.53Ga0.47As with semiconductor doping concentrations ranging over two orders of 

magnitude from ~1x1016cm-3 to ~2x1018cm-3 it was clearly observed that the 

measured Cmin increases as doping concentration increases, and that the measured 

Cmin is in very good agreement with the theoretical value, providing further 

confirmation for an inverted In0.53Ga0.47As surface.  
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Chapter 6 
 

6. Experimental method for extraction of Cox for In0.53Ga0.47As MOS 

capacitors, and the effect of FGA on minority carrier response 

 

6.1. Introduction 

 

In Chapter 5, results were demonstrated consistent with a reduction in Dit sufficient to 

allow inversion of the Al2O3/In0.53Ga0.47As surface and the observation of a minority 

carrier response over both n and p-In0.53Ga0.47As. 1  To extend this analysis, this 

chapter describes a methodology where the capacitance and conductance in strong 

inversion can be used to estimate Cox. Given Cox is an important parameter, eg. in 

common Dit extraction methods, a reliable method to provide an accurate Cox is 

highly desirable, particularly for high-k/III-V systems. Experimental observations 

indicate there is a unique relationship between the capacitance and conductance in 

strong inversion, facilitating an experimental avenue to determine Cox. This is also 

analysed using physics based simulations. By utilizing an equivalent circuit model a 

mathematical derivation to extract an expression for this relationship is performed. 

 Also, MOS capacitors were fabricated on n and p-In0.53Ga0.47As with varying 

Al2O3 thickness, 4nm, 8nm, and 12nm. It is beneficial both to assess if the minority 

carrier response is altered by annealing and whether it can be observed for a reduced 

Eot. In addition the effect of varying tox, and of post-metallization forming gas 

annealing, on the minority carrier generation lifetime is examined.  
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Figure 6.9 Multi-frequency CV responses of p-type Au/Ni/Al2O3/In0.53Ga0.47As/InP, devices, with 

Al2O3 thicknesses of 4nm, 8nm, and 12nm. The plots in the top row represent CVs for the devices pre-

anneal, and the plots in the bottom row are the CVs post-FGA (275oC, 30 mins). Note that some 

frequencies have been omitted from each plot for clarity. Also, given that it was necessary to measure 

different intermediate frequencies were selected owing to a change in transition frequency(discussed in 

a subsequent section) the colour of the curves for each sample do not correspond to the same frequency. 
 

 

6.9. Fixed Oxide Charge: Effect of FGA and varying Al2O3 thickness 

 

It is worth briefly mentioning that a shift in the CVs associated with a change 

in the fixed charge in the Al2O3 oxide layer is observed. To this end the 1MHz CV 

curves measured before and after FGA are plotted in Figure 6.10. The red curves 

correspond to the post-FGA responses. For the 4nm Al2O3 samples on both n-

In0.53Ga0.47As and p-In0.53Ga0.47As, the pre-FGA curves are positively shifted 

compared to the post-FGA curves, indicating the removal of negative fixed charge 

during the anneal. For the two thicker Al2O3 layers, 8nm and 12nm on both n-

In0.53Ga0.47As and p-In0.53Ga0.47As, different behavior is observed. In these cases the 

pre-FGA curves are negatively shifted compared to the post-FGA curves. This 

implies the removal of fixed positive charge during the anneal of the thicker Al2O3  
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capacitance. This provides an experimental avenue for more accurate determination 

of Cox for MOS devices. Also, a 275oC forming gas anneal was found to reduce 

minority carrier response generation lifetimes for n and p-In0.53Ga0.47As devices with 

a range of Al2O3 thicknesses. 
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negative gate bias. A post-gate metallization 325oC forming gas anneal was found to 

reduce Dit at the HfO2/In0.53Ga0.47As interface. 

In varying ammonium sulphide (NH4)2S concentrations (from 1% to 22%) in 

the passivation of n-type and p-type In0.53Ga0.47As, multi-frequency CV results 

indicated that the lowest frequency dispersion over the bias range examined occurred 

for devices treated in 10% (NH4)2S solution. It has also been shown that there is a 

deleterious effect on device behaviour for increased ambient exposure time after 

removal from 10% (NH4)2S solution and that XPS analysis detected changes in the 

composition of the re-grown oxide on this timescale. Estimations of interface state 

density, Dit, extracted using the Conductance Method, and the High-Low method, 

show very good agreement both in terms of magnitude and characteristic peak profile 

for the optimum 10% (NH4)2S passivated In0.53Ga0.47As devices. The results suggest 

that these n-type and p-type devices have an integrated Dit of ~ 2.5x1012 cm-2 

(±1x1012 cm-2), with the peak density approximately 0.37eV (±0.03 eV) from the 

valence band edge. 

Following an optimized 10% (NH4)2S treatment with minimal ambient 

exposure pre-ALD, a clear minority carrier response was observed for both n-type 

and p-type Au/Ni/Al2O3/In0.53Ga0.47As MOS devices. CV and GV characterization as 

a function of varying frequency, and varying temperature, indicated that the devices 

exhibited characteristics consistent with inversion of the In0.53Ga0.47As surface. 

Having eliminated any contribution from peripheral charge effects, the mechanisms 

for the minority carrier response were determined using Arrhenius plots to extract 

activation energies for the minority carrier response. This indicated a transition from 

a generation-recombination regime at lower temperature to a diffusion controlled 

response at elevated temperatures, for both n-type and p-type devices. Additionally, 

MOS capacitors were fabricated on n and p-In0.53Ga0.47As with semiconductor doping 

concentrations ranging over two orders of magnitude from ~1x1016cm-3 to 

~2x1018cm-3. It was clearly observed for both n and p-In0.53Ga0.47As devices that the 

measured Cmin increases as doping concentration increases, and that the measured 

Cmin is in very good agreement with the theoretical value calculated by assuming an 

inverted surface. These observations are consistent with a Dit which is sufficiently 
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be generated with a deliberately high Dit, and then compared to samples processed 

using the methodology whereby it is know that Dit is reduced sufficiently to observe a 

minority carrier response. A technique such as XPS or EELS may then be useful in 

analyzing any differences in the composition of oxide species at the interface which 

may go some way to explaining the improvement observed in the electrical 

behaviour. As mentioned already, correlation of structural properties with electrical 

characteristics, and specific atomic identification of the interface defects responsible, 

is an area which is still under-explored in the literature in general. This could also be 

related to first principles simulations to paint a more complete picture of what is 

occurring at the critical interface of high-k oxides on III-V semiconductors. These 

first principles  simulations could be used to determine the defect energies and charge 

transitions associated with a range of defects which are fundamental to the interface, 

such as dangling bonds, dimers and anti-sites associated with the As, In and Ga 

elements, and these defects levels and charge transitions could be related to what is 

measured experimentally. If successful this approach could provide insight into the 

atomic nature of the interface states which are detected in the CV and GV 

measurements of the high-k/ In0.53Ga0.47As MOS structures. 

 Another possible avenue for further progress would be to examine the 

influence of the InGaAs epitaxial growth conditions on device behavior. The growth 

conditions for n-type and p-type InGaAs are slightly different in terms of 

temperature, and obviously thermal budget can be critical in terms of the electrical 

properties of ensuing devices. The results in Chapters 5 and 6 indicate that the Dit 

moving towards the valence band in n-type devices can be reduced sufficiently to 

observe a minority carrier response, while some dispersion associated with defects is 

still observed in what would be the corresponding energy range over p-type samples. 

Indeed in much of the literature very significant dispersion is typically reported 

towards the valence band edge for p-type devices. Therefore it may be a useful 

exercise to examine the influence of changing the parameters for MOVPE growth of 

the p-type devices and subsequently to assess how this alters the surface 

reconstruction of the InGaAs and the resulting Dit profile. This could provide further 

insight into the asymmetry in the Dit profile over n-type and p-type InGaAs devices. 
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Finally, it would be of interest to explore further the ambient exposure during 

the transfer from the optimized 10% (NH4)2S solution to the atomic layer deposition 

chamber.  It could be a valuable extension of the studies in this thesis to perform the 

optimized 10% (NH4)2S in a nitrogen filled glove box, and be able to transfer the 

sample in a vacuum container to an ALD system which could load the sample from 

the vacuum vessel. While this would be quite difficult to achieve practically, it would 

allow a range of important experiments. One experiment would be to have no ambient 

exposure between the optimized 10% (NH4)2S surface passivation and the oxide ALD 

growth, and assess how much additional improvement can be achieved when 

compared to the 3 minutes transfer time in air, which was the minimum time air 

exposure in this thesis.  This would also allow the sample to be exposed to controlled 

environments between the optimized 10% (NH4)2S surface passivation and the ALD, 

such as O2 and CO2, and with and without light exposure. Based on these experiments 

it may be possible to determine what is causing the generation of interface states 

during ambient exposure. 
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