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Abstract 
The innovation and scaling of complementary metal oxide semiconductor 

field effect transistor (CMOS) at the heart of integrated circuits has been on-

going for the last four decades. The materials themselves now become the 

limit to further reduction of device dimensions. For instance, the scaling of 

the conventional Si/SiO2 metal-oxide-semiconductor field effect transistor 

(MOSFET) has come to its limit as the ultra-thin SiO2 layer introduces 

unacceptably large leakage current via electron direct tunnelling. Thus 

incorporation of new materials into semiconductor processes is needed for 

devices with smaller dimensions and higher performance. High mobility 

materials (e.g. In0.53Ga0.47As) and high dielectric constant (high-k) gate 

materials are potential candidates being researched to replace Si/SiO2 

structure to achieve lower leakage, lower power dissipation and higher speed 

of device operation. 

 

In order to realize high performance high-k/In0.53Ga0.47As MOS devices, 

there are a few problems that must be resolved, one of which is the high 

density of electrically active defects that exist near/at the high-

k/In0.53Ga0.47As interface, which can induce device instability. In this thesis, 

investigation into border traps (or charge trapping) and interface states in 

HfO2/In0.53Ga0.47As and Al2O3/In0.53Ga0.47As MOS capacitor structures was 

carried out with an emphasis on the characterization of border traps using 

capacitance-voltage (C-V) hysteresis measurement. 

 

The charge trapping behavior is observed to be predominantly a reversible 

process and the density of trapped charge (Qtrapped) estimated from C-V 

hysteresis can be comparable to, or even greater than the typical high-

k/In0.53Ga0.47As interface state density, highlighting that the C-V hysteresis is 

a serious problem to resolve. It is observed that MOS systems with removed 

high-k/In0.53Ga0.47As interface layer exhibit a significant reduction in C-V 

hysteresis and charge trapping when compared to samples which have an 

interface layer between high-k oxide and In0.53Ga0.47As. Moreover, based on 

an oxide thickness series for both HfO2 and Al2O3, it is demonstrated that the 
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C-V hysteresis increases linearly with the increasing high-k oxide thickness 

and the corresponding Qtrapped is a constant value over all the oxide 

thicknesses. These experimental observations indicate that the trapped charge 

is predominately localized as a sheet charge (in cm-2) near/at the interfacial 

transition region between the high-k oxide and the In0.53Ga0.47As substrate, 

which can contain native oxides of In, Ga and As. The engineering of the 

high-k/In0.53Ga0.47As interface is therefore the key to reducing C-V hysteresis 

and improving device reliability. In this work, a systematic study of the 

effect of forming gas annealing (5% H2 / 95% N2) at a series of temperatures 

(2500C~4500C for 30min) on the electrical characteristics of 

HfO2/In0.53Ga0.47As and Al2O3/In0.53Ga0.47As MOS systems was carried out, 

demonstrating the ability to reduce border trap density values with anneals in 

(5% H2 / 95% N2) for Al2O3/In0.53Ga0.47As and HfO2/In0.53Ga0.47As MOS 

structures under certain conditions. 

 

C-V hysteresis was also studied with a varying stress time in accumulation 

for high-k/In0.53Ga0.47As MOS system. It is observed that C-V hysteresis 

increases with a power law dependence with the increasing stress time at the 

initial stage of stressing and tends to reach a plateau at sufficiently long stress 

times due to the filling of almost all the pre-existing charge trapping states. It 

is also demonstrated for high-k/In0.53Ga0.47As MOS system that a significant 

portion of trapped charge can be removed from the trapping sites within ~4s 

after the stress voltage is removed. 

 

Finally, a combined C-V and hard x-ray photoelectron spectroscopy 

(HAXPES) study was performed on Al2O3/In0.53Ga0.47As MOS capacitors 

using both high (Ni) and low (Al) work function metal gates. The HAXPES 

analysis reveals the presence of band bending prior to metal deposition due 

to a combination of fixed oxide charges and possible donor-type interface 

states. The Fermi level movement following metal deposition reveals a 

partially pinned Al2O3/In0.53Ga0.47As interface. The Fermi level position at 

zero gate bias was calculated using both C-V and HAXPES analysis, and a 

reasonable agreement was achieved between the two techniques. This 

combined study thus provides more certainty on the interface state profile 
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(Dit(E)) extractions and also helps to bridge the gap between interface 

chemistry and electrical properties at a buried interface. 
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reducing the gate leakage current and the overall power dissipation while 

ensuring a high drive current. There are some important requirements and 

issues when high-k materials are considered as a replacement of SiO2 on Si 

based MOSFET listed below. 

 

(1) For the high-k oxide to be a good insulator, it must possess a sufficient 

band offset with the semiconductor band edges to minimize the Schottky 

emission and direct tunnelling effect [4, 5]. A high-k on Si transistor review 

paper by John Robertson [4] has summarized the k-value of a selection of 

high-k candidates and their corresponding bandgap as well as the band offset 

with Si conduction band (CB) edge (see Table 1.1), showing that there is a 

trade-off between the k-value and the band offset. A compromise must be 

made when choosing the suitable high-k gate material. 

 

Table 1.1 Static dielectric constant (k), experimental bandgap and 
(consensus) CB offset on Si of the candidate gate dielectrics (Source of 
Table 1.1: J. Robertson [4]) 

 
 

(2) Unlike SiO2, which is the Si native oxide and can be thermally grown on 

Si substrate, high-k oxides must be deposited. Atomic layer deposition 

(ALD) is one of the leading deposition methods for high-k oxides in which 

two or more precursors are introduced to a vacuum deposition chamber in a 

sequential manner. The first precursor being introduced carries the metal 

reactant needed for the high-k oxide (e.g. Al(CH3)3 (TMA) for the deposition 
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of Al2O3 and Hf[N(CH3)C2H5]4 (TEMAH) for the deposition of HfO2) and 

the second precursor is oxidant (e.g. H2O vapor). After each precursor pulse, 

saturation in chemisorption on the film growing surface can be achieved, 

followed by a purge phase which pumps away the excess precursors and any 

reaction by-products. These terminate the reaction to one atomic layer after 

each precursor pulse phase and complete an ALD cycle, allowing excellent 

uniformity of ALD. The ALD cycle is then repeated in order to grow the 

targeting oxide thickness. Figure 1.3 shows schematically a complete cycle 

of ALD of Al2O3 using TMA and H2O as precursors [6]. Due to the ability to 

grow controllable thin films, as the thickness can just be determined simply 

by the number of ALD cycles, ALD is preferably adopted as the high-k oxide 

deposition method for research purposes. Other deposition methods include 

chemical vapor deposition (CVD) (also preferred in industry), electron beam 

evaporation plus oxidation and sputter oxidation. A comparison of the 

mentioned deposition methods in terms of coverage, purity, defects, etc is 

given by [4]. 

 

 
Figure 1.3: A complete ALD cycle in the deposition of Al2O3 using TMA and 

H2O as precursors, from the review of R. M. Wallace et al [6]. 

 

(3) As high-k materials are introduced to replace SiO2 in MOSFET, 

polysilicon is no longer suitable to be the gate material because polysilicon 

reacts with the high-k oxide, adding an unwanted capacitance to the gate 

stack and causing Fermi level pinning at the high-k/polysilicon interface thus 
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giving rise to a very high threshold voltage and reduced drive current. Metal 

gates are thus chosen to replace polysilicon gate to prevent the reaction with 

high-k dielectric. In addition to the incompatibility between high-k oxide and 

polysilicon, phonon scattering in high-k oxide is a problematic issue that 

causes mobility degradation. Metal gates have been reported to effectively 

screen the phonon scattering from coupling with the channel carriers and 

resolve the mobility degradation [7]. However, challenge in using metal gate 

remains as the chosen metal has to have a suitable work function for both n-

MOS and p-MOS to achieve high performance. In late 2007, INTEL 

introduced a HfO2 based high-k material and metal gate into the gate stack of 

45nm MOSFETs (see Figure 1.4) [8]. This is a significant innovation in the 

development of CMOS technology and the first time high-k/metal gate stack 

was put into commercial manufacturing process.  

 

 
Figure 1.4: High-k/metal gate into the gate stack of 45nm MOSFETs 

(Source: K. Misty et al., IEDM 2007). 

 

(4) In high-k/Si MOS structures, a thin SiO2 layer is formed between high-k 

layer and Si substrate. The SiO2 interfacial layer, which has a low k-value 

and introduces an extra capacitance in series with the high-k oxide 

capacitance, reduces the overall capacitance of the gate stack. However, this 

interfacial SiO2 layer is needed as experiments have shown that when the 

high-k oxide is in direct contact with the silicon channel, the carrier mobility 
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in the channel region is reduced thus slowing the switching speed of 

MOSFETs [9, 10].  

 

One potential solution to further enhance MOSFET performance is to replace 

Si channel with high mobility channel materials, such as III-V materials for 

the n-channel device and Ge for the p-channel device, and to integrate the 

alternative channel materials with high-k oxides, which is discussed further 

in section 1.4. 

 

1.4 High Mobility Channel Materials 

III-V compound semiconductors, comprising elements from group III and 

group V of the periodic table, are being explored as new channel materials 

for MOS devices. The main reason for III-V to be used to replace Si is that 

III-V materials have very high electron mobility. For instance, GaAs has an 

electron mobility of 8500cm2/Vs and In0.53Ga0.47As has an even higher 

electron mobility of 14000cm2/Vs compared to 1400cm2/Vs for Si (see Table 

1.2). 

 

Table 1.2 Comparison of carrier mobility 

Material Si Ge GaAs In0.53Ga0.47As InAs InSb 

Electron 

Mobility 

(cm2/Vs) 
1400 3900 8500 14000 40000 78000 

Hole Mobility 

(cm2/Vs) 450 1900 400 300 500 850 

 

By employing such high mobility materials in MOSFETs, the drive current 

can be increased (see equation (1.1)) and thus a higher speed of switching 

can be achieved. Due to the high electron mobility III-V materials possess, 

III-V materials are commonly used as the channel materials for n-channel 

MOSFETs. It is notable from Table 1.2 that the hole mobility of both Si and 

In0.53Ga0.47As are small, therefore high hole mobility materials such as Ge are 

now considered as a channel material option for p-channel MOSFET. An 
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an electron from excess oxygen centres near the SiO2/Si interface. Recent 

work demonstrated that fixed charge in the ALD deposited Al2O3 in 

Al2O3/In0.53Ga0.47As MOS systems is comprised of negative interface fixed 

charge near the Al2O3/In0.53Ga0.47As interface and positive fixed charge 

distributed through the bulk of Al2O3 film [11]. The origin of fixed charges 

in ALD deposited Al2O3 is suggested to be oxygen and aluminium dangling 

bonds and post-metal forming gas anneal (FGA, 5 % H2/ 95% N2) is reported 

to efficiently reduce the fixed oxide charge density as shown in Figure 1.6 

[11, 12]. 

 

 
Figure 1.6: Fixed oxide charge in ALD-deposited Al2O3 is comprised of 

positive bulk fixed charge and negative interface fixed charge, both of which 

are reduced after FGA [11]. 

 

(2) Interface States 

Interface states between the oxide and semiconductor in MOS devices can 

introduce extra energy levels within the semiconductor bandgap which 

restrict efficient Fermi level movement thus slowing down the device 

switching speed. For very high interface state density values (typically > 

1x1013cm-2), the interface state density is so high that the semiconductor 

surface Fermi level is pinned preventing the inversion channel from being 

formed. 

 

The interface state density (Dit) for high-k/III-V MOS structures can be one 

or even two orders of magnitude higher than that of SiO2/Si structures. The 

Si dangling bonds (known as Pb0 and Pb1 centers) are suggested to be the 

origin of the interface states for SiO2/Si MOS systems [13-15]. However, the 
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interface between high-k oxide and III-V substrate can be very complicated. 

For example, high-k/In0.53Ga0.47As interface can contain In0.53Ga0.47As native 

oxides of In, Ga and As, which are presented in a variety of bonding 

configurations [16]. The physical origin of interface states can be dangling 

bonds, dimmers (e.g. As-As [17]) and anti-site defects (e.g. AsGa) at that very 

interface. Figure 1.7 illustrates a typical interface state density profile (i.e. Dit 

as a function of the energy level E with respect to the valence band edge Ev) 

for an Al2O3/In0.53Ga0.47As structure, showing a donor-type Dit profile that 

increases towards the valance band edge with a peak Dit near the midgap and 

an acceptor-type Dit profile that increases into the conduction band [18]. An 

alternative way in which the native oxides can affect the device performance 

is that these oxides in direct contact with the In0.53Ga0.47As surface have a 

smaller energy gap (e.g. In2O3=3.75eV, Ga2O3=4.8eV [19]) than the high-k 

oxide thus leading to increased leakage. Moreover, an electron trapping well 

can be formed at the interface between the interfacial native oxide and the 

In0.53Ga0.47As substrate causing device instability. Therefore the research into 

the high-k/InxGa1-xAs interface states is complex and has received 

considerable research attention in the literature [5, 11, 16-18, 20-24]. 

 

 
Figure 1.7: Typical interface state density profile in Al2O3/In0.53Ga0.47As 

MOS device. Source of Figure 1.7: V. Djara et al [18]. 

 

For the study of interface states, the primary task is to quantify the interface 

state as a function of energy level correctly. Electrical characterization such 
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trapped charge and its primary physical location in the oxide and how the 

trapped charge increases with the increasing stress bias. Chapter 4 studies 

how the trapped charge evolves with time for fixed stress bias and models the 

response based on charge trapping theories developed for high-k MOS 

systems on silicon. Chapter 5 reports on the effect of post-metal forming gas 

annealing (250oC to 450oC) on both the C-V hysteresis and interface states. 

The final experimental chapter, Chapter 6, introduces a combined study of C-

V and hard x-ray photoelectron spectroscopy (HAXPES) on high-

k/In0.53Ga0.47As MOS structures for the accurate determination of Fermi level 

position at the oxide/semiconductor interface. Finally, the main findings of 

the PhD thesis are summarized in Chapter 7, along with some suggestions on 

how to extend the research work in this thesis. 

  



http://dx.doi.org/10.1109/LED.2004.828570
http://dx.doi.org/10.1109/LED.2004.828570
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Figure 2.1: MOS capacitor structure. 

 

In capacitance-voltage (C-V) and conductance-voltage (G-V) measurements, 

a slowly varying DC voltage is applied to the gate of the MOS capacitor and 

a small ac voltage is superposed on the gate bias in order to measure the 

capacitance and the conductance of the MOS capacitor as a function gate 

bias (Vg). 

 

Mobile carriers in the semiconductor can be attracted to or repelled from the 

semiconductor surface by varying the DC gate voltage, thus the MOS 

capacitor is defined operating in different regions (i.e. accumulation, 

depletion and inversion) as shown in Figure 2.2 using a p-type MOS 

capacitor as an example. 

 

 
(a)                               (b)                                  (c) 

Figure 2.2: A p-type MOS capacitor operating in (a) accumulation (b) 

depletion and (c) inversion. 
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In accumulation and depletion, the capacitance arises from the majority 

carriers that flow towards or away from the semiconductor surface following 

the applied ac voltage. Majority carriers respond immediately to the ac 

frequency used in our experiments (typically from 1kHz to 1MHz). Minority 

carriers, which play an important role and govern the C-V characteristic 

when the MOS capacitor is in inversion region, however, can only respond to 

low ac frequencies. 

 

There are three mechanisms for getting the minority carriers including (1) 

generation of minority carriers from back contact, followed by diffusion 

through the quasi-neutral region of the semiconductor and then drift through 

the depletion layer to the inversion layer, (2) generation and recombination 

of minority carriers in the depletion layer and (3) supply from an inversion 

layer beyond the gate area [2]. In strong inversion, charge neutrality to the 

DC gate bias is satisfied by the increasing minority carriers near the 

semiconductor surface, and the depletion region width reaches a maximum. 

The inversion capacitance arises from the minority carriers that flow in and 

out of the inversion layer following the ac gate voltage. Once the supply of 

minority carriers that are controlled by any of the three mechanisms cannot 

keep up with the ac frequency, i.e. at very high frequencies, minority carriers 

will contribute no capacitance to the total capacitance of the MOS capacitor. 

Under this condition, majority carriers will flow into and away from the 

depletion layer edge as majority carriers respond immediately to the ac 

frequency. The depletion layer edge will move following the ac signal, and 

hence the measured capacitance is the depletion layer capacitance in series 

with the oxide capacitance. As the depletion layer width hardly changes in 

strong inversion, this results in a depletion layer capacitance that is an 

approximately constant value. Thus the measured capacitance at high 

frequency to which the minority cannot respond at all is a constant value that 

is independent of gate bias and is the lowest of the entire C-V in strong 

inversion region. At intermediate frequencies, the minority carrier can 

respond to the ac frequency to some extent, and the capacitance measured at 

such frequencies is intermediate between the low and high frequency 

capacitances. The lower the ac frequency is, the higher the capacitance 
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contributed by minority carrier is measured. Therefore, the measured C-V 

will exhibit a frequency dispersion behavior.  

 

Figure 2.7 is an example showing the frequency dispersion in inversion. It 

has to highlight that for an ideal MOS system measured at all frequencies, 

the capacitance should be a constant value and independent of gate bias in 

strong inversion. In addition to the dependence of minority carriers on 

frequency, measurement temperature and bandgap of the semiconductor can 

also affect the minority carrier response thus further affect the C-V in 

inversion region. Either a lower temperature or a larger bandgap can make 

the minority carrier response time longer thus suppresses the minority carrier 

response and reduces the measured inversion capacitance.  

 

-4 -3 -2 -1 0 1 2 3 4

0.000

0.001

0.002

0.003

0.004

0.005

C
ap

ac
ita

nc
e 

D
en

si
ty

 (
F

/m
2 )

Gate Voltage (V)

C
ox

~0.0043F/m2

LF

HF (a)
-3 -2 -1 0 1 2 3 4 5

0.000

0.001

0.002

0.003

0.004

0.005

HF

C
ap

ac
ita

nc
e 

D
en

si
ty

 (
F

/m
2 )

Gate Voltage (V)

C
ox

~0.0043F/m2

(b)

LF

 
Figure 2.7: Simulated multi-frequency C-V responses for ideal (a) 

Ni/SiO2(8nm)/n-Si and (b) Ni/SiO2(8nm)/p-Si MOS capacitors that exhibit 

frequency dispersion in inversion region because minority carriers cannot 

respond to the increasing ac frequency. The simulation is performed using 

Silvaco Device Simulator. Doping used for Si is 1x1015cm-3. Work function 

used for Ni is 5.37eV. 

 

For In0.53Ga0.47As MOS capacitor, an asymmetry in the C-V is obtained due 

to the low density of states in the conduction band (Nc=2.1x1017cm-3) 

compared to the valance band density of states (Nv= 7.7x1018cm-3) [3]. A 

simulated C-V for an ideal high-k/n-In0.53Ga0.47As MOS capacitor is 

illustrated in Figure 2.8, showing that the capacitance in accumulation is 

noticeably lower than that in inversion, resulting from the low value of Nc. 

However, this asymmetry is usually not observed in experiments due to the 
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interface states located inside the In0.53Ga0.47As conduction band [4, 5], 

which will be discussed in the next section. 
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Figure 2.8: Simulated C-V responses at a low frequency of 20Hz for an ideal 

Ni/Al2O3(8nm)/n-In0.53Ga0.47As MOS capacitor that exhibits an asymmetry in 

the capacitance in the inversion and accumulation region. The simulation is 

performed using Silvaco Device Simulator. Doping used for In0.53Ga0.47As is 

4x1017cm-3. Work function used for Ni is 5.37eV. 

 

2.3 Non-ideal MOS Capacitor and the Characterization of 

Defects 

Fixed oxide charge 

Fixed oxide charge (Qf) that exists in the bulk oxide or near the 

oxide/semiconductor interface can affect C-V response by shifting the C-V in 

a parallel direction along the gate voltage axis as shown in Figure 2.9. 

Positive Qf shifts C-V negatively and negative Qf shifts C-V positively. 

 

 
Figure 2.9: Parallel C-V shift due to fixed oxide charges [1]. 
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In addition to the frequency dependence, interface state response is also 

temperature dependent. For the case of In0.53Ga0.47As MOS system, if the C-

V measurements are carried out at very low temperatures (typically -500C), 

the response of interface states will be suppressed, thus Cit term becomes 

approximately to zero. The equivalent circuit of a MOS capacitor at high 

frequency and/or low temperature where no interface states respond at all 

(Cit=0) is the same to the equivalent circuit of an ideal MOS capacitor (see 

Figure 2.5) if CIL is not accounted for. However, the gate voltage for each 

surface potential is changed due to the charging of interfaces states, which 

will stretch out the C-V along the gate voltage axis as discussed earlier (see 

Figure 2.13). 

 

Border traps 

Border traps can be located in the oxide near the oxide/semiconductor 

interface. Using an n-type MOS capacitor as an example in Figure 2.15, the 

electrons can tunnel into the charge trapping sites when the n-type MOS 

capacitor is in accumulation with its Fermi level close to the conduction band 

edge and aligned with the border trap energy levels. The electrons will tunnel 

into or be emitted from the border traps following the ac movement of the 

semiconductor Fermi level. The time constant associated charge exchange 

between border traps and conduction band increases exponentially with the 

depth into the oxide. Therefore, for the case of border traps distributed into 

the oxide, this will induce a frequency dependent capacitance in 

accumulation, where the dispersion has been observed to extend over a very 

wide range of frequencies (from 20Hz to above 1GHz). 
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Figure 2.15: Band diagram for an n-type MOS capacitor with oxide border 

traps near the oxide/semiconductor interface which exchange charges with 

the semiconductor conduction band via a direct tunnelling process. 

 

Border traps have been examined using the accumulation frequency 

dispersion for Al2O3/In0.53Ga0.47As MOS system as reported in [7], showing 

that this frequency dispersion is independent of temperature which is 

consistent with a tunnelling process and not attributed to the temperature 

dependent interface states. However, for a MOS system with a much higher 

Dit such as HfO2/In0.53Ga0.47As structure, the accumulation frequency 

dispersion is not purely contributed by border traps. Figure 2.16 illustrates 

the measured multi-frequency C-V responses for 

Pd/HfO2(10nm)/In0.53Ga0.47As MOS capacitor, which is one of the MOS 

structures in the PhD studies, showing the level of frequency dispersion in 

accumulation has a dependence on temperature, consistent with the interface 

states response near the In0.53Ga0.47As band edges. For HfO2/p-In0.53Ga0.47As, 

the variation of accumulation frequency dispersion with temperature is wider 

than the case of n-In0.53Ga0.47As, indicating a very high Dit distribution in the 

In0.53Ga0.47As lower bandgap or near the valence band edge that causes the 

frequency dispersion in addition to the effect of border traps.  
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For SiO2/Si MOS systems, the defect density is small therefore the C-V 

responses are very similar to the theoretical behavior, which is not the case 

for high-k/III-V MOS systems. Figure 2.18 illustrates measured multi-

frequency (1k-1MHz) C-V responses for a Pd/HfO2(10nm)/n-In0.53Ga0.47As 

MOS capacitor. The measured C-V behavior represents the electrically active 

defects in a range of ways listed below based on the discussions from earlier. 
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Figure 2.18: Experimental multi-frequency (1kHz-1MHz) C-V responses at 

room temperature for a Pd/HfO2(10nm)/n-In0.53Ga0.47As MOS capacitor. 

Inset is the measured C-V hysteresis at 1MHz. 

 

(1) An interfacial oxide layer with a much lower k-value between HfO2 and 

In0.53Ga0.47As can be formed. This will result in an extra capacitance (CIL) in 

series with the oxide capacitance from HfO2 alone (~0.0186F/m2 using a k-

value of 21 [8]), thus reducing the overall capacitance. 

(2)The asymmetry (i.e. lower capacitance in accumulation than that in 

inversion for n-In0.53Ga0.47As) in the C-V is not observed due to the interface 

states inside the conduction band which add Cit component to the total 

capacitance. 

(3) The C-V responses are stretched out due to the addition of Cit to the 

measured capacitance and the DC filling and emptying of the interface states 

when the Fermi level is going through the bandgap. 

(4) There is a frequency dispersion in accumulation attributed to border traps 

with energy levels near the conduction band edge. The border traps also 

induce C-V hysteresis shown in inset. 

























http://www.ioffe.rssi.ru/SVA/NSM/Semicond/GaInAs/bandstr.html
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this chapter is to investigate C-V hysteresis in the high-k/In0.53Ga0.47As MOS 

system for different metal gate electrodes and varying experimental bias 

conditions in order to quantify the level of electron and hole trapping, and to 

gain a more complete understanding of the primary location of the charge 

trapping sites. The experimental results also provide insight into the approach 

that is required to reduce the density of charge trapping sites responsible for 

the C-V hysteresis in the In0.53Ga0.47As MOS system. 

 

Section 3.2 will detail the experimental samples used for the C-V hysteresis 

studies along with the measurement details. The primary investigation into 

C-V hysteresis behavior will be discussed in section 3.3. Section 3.4 will 

give further insight into to the origin of the C-V hysteresis and section 3.5 

will analyze the distribution of the trapped charge in the high-k oxide based 

on an oxide thickness series. Section 3.6 will conclude the whole chapter.  

 

3.2 Experimental Details 

Both n-doped and p-doped In0.53Ga0.47As epitaxial layers were used as the 

channel substrate in order to investigate both electron and hole trapping using 

MOS samples biased towards accumulation. The In0.53Ga0.47As surfaces were 

treated using the optimised 10% (NH4)2S solution prior to ALD plus a 

minimum transfer time to the ALD chamber [9]. Either HfO2 or Al2O3 were 

deposited on the In0.53Ga0.47As by ALD. The HfO2 dielectric has a nominal 

thickness of 5nm by ALD using Hf[N(CH3)C2H5]4 (TEMAH) and H2O as 

precursors at 2500C. The Al2O3 dielectric has a nominal thickness of 8nm 

and was deposited by ALD at 3000C using trimethylaluminum (TMA) 

Al(CH3)3 and H2O. For the Al2O3 thickness series results presented in this 

work, the Al2O3 dielectric with nominal thicknesses of 5, 10, 15, 20nm were 

deposited by ALD at 2500C using TMA and H2O. For the HfO2 thickness 

series investigated, the HfO2 with nominal thicknesses of 10, 15, 20, 25, 

30nm were deposited by ALD at 2500C using the TEMAH and H2O. In this 

work, we examined samples with several metal gates representing low and 

high work functions, which included Al, Pt, Pd, and Ni/Au. Gate contacts 

were formed by electron beam evaporation and a lift-off process. Pt(115nm) 
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Figure 3.2 illustrates the effect of the maximum bias in accumulation on the 

level of C-V hysteresis. For these measurements, the same starting DC bias 

point in inversion is used, with an increasing maximum DC bias point in 

accumulation (Vmax) for the Pt/HfO2(5nm)/n-In0.53Ga0.47As (Figure 3.2(a)) 

and Pt/HfO2(5nm)/p-In0.53Ga0.47As (Figure 3.2(b)) MOS capacitors. As 

shown in the insets of the figures, the C-V hysteresis window increases 

linearly with Vmax. Note that all the C-V hysteresis measurements (with 

increasing Vmax)  for both n- and p-type sample were performed on the same 

device on each wafer therefore the upward C-V shift can also play a role in 

the C-V hysteresis window shown in Figure 3.2 (especially in the case of p-

type sample). The C-V hysteresis is also found to increase with Vmax for the 

Al2O3(8nm)/In0.53Ga0.47As MOS structures, but the level of increase is less 

than observed for the HfO2 structures (results not shown).  
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Figure 3.2: C-V hysteresis at 1MHz and 295K for (a) Pt/HfO2(5nm)/n-

In0.53Ga0.47As and (b) Pt/HfO2(5nm)/p-In0.53Ga0.47As MOS capacitors using 

the same start DC bias in inversion and increasing DC bias (Vmax) in 

accumulation. Inset is the C-V hysteresis as a function of Vmax. 

 

It has recently been demonstrated that SiO2 doped HfO2 [16] and ZrHfO2 

thin films on silicon [17] exhibit a ferroelectric behavior. The direction of the 

C-V hysteresis loops in Figures 3.2(a) and 3.2(b) obtained for the undoped 

HfO2 are not consistent with a ferroelectric response, suggesting electron and 

hole trapping as the source of the C-V hysteresis. 

  

As C-V hysteresis has a dependence on the maximum bias values in 

accumulation, it is crucial to keep the oxide field the same (i.e. the same 
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Figure 3.3: Band diagrams for (a) HfO2/n-In0.53Ga0.47As and (b) HfO2/p-

In0.53Ga0.47As structures [18]. The energy levels shown in red are the border 

trap energy levels which are aligned with the conduction band edge (Ec) for 

the n-type sample and aligned with the valance band edge (Ev) for the p-type 

sample. 

 

3.4 Impact of Gate Metal on C-V Hysteresis 

The study of the C-V hysteresis also included an examination of the impact 

of the metal gate based on low (i.e. aluminium) and high (i.e. platinum) work 

function metals, as detailed in Table 3.1. Figure 3.4 shows the C-V hysteresis 

for the Pt/HfO2(5nm)/n-In0.53Ga0.47As and Al/HfO2(5nm)/n-In0.53Ga0.47As 

MOS capacitors. The Al gate sample is driven into strong accumulation as 

the measured capacitance is plateauing at 1.5V, and the value of |Vmax-Vfb| is 

higher for the Al gate samples than the Pt gate sample. Under this condition, 

the C-V responses exhibit three features of importance. First, the maximum 

capacitance in accumulation (Cmax) for the Al gate sample is almost half of 

that obtained for the Pt gate sample. Second, the level of charge trapping 

determined from the C-V hysteresis at the flat-band capacitance for the Al 

gate sample, of 6.8x1011cm-2, is significantly lower when compared to 

4.7x1012cm-2 for the Pt gate sample. In addition, the reduced charge trapping 

for the Al gate sample occurs even with a higher value of |Vmax-Vfb|. Finally, 

the samples exhibit a low level of frequency dispersion in the region 

corresponding to nominal accumulation as shown in Figure 3.5 for (a) Pt and 

(b) Al gate samples. In addition, the capacitance in this bias region does not 

significantly change when reducing the temperature to -500C. These results 

suggest the samples exhibit genuine surface accumulation [19]. 
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Figure 3.4: C-V hysteresis at 1MHz and 295K for Pt/HfO2(5nm)/n-

In0.53Ga0.47As and Al/HfO2(5nm)/n-In0.53Ga0.47As MOS capacitors. There is a 

significant reduction in the maximum capacitance for the Al gate sample in 

accumulation and a considerable reduction in Qtrapped and C-V hysteresis in 

comparison to the Pt gate sample. 
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Figure 3.5: Multi-frequency (1kHz to 1MHz) at 295K for (a) 

Pt/HfO2(5nm)/n-In0.53Ga0.47As and (b) Al/HfO2(5nm)/n-In0.53Ga0.47As MOS 

capacitors. 

 

Further insight into the differences between the Al and Pt gate HfO2(5nm)/n-

In0.53Ga0.47As MOS C-V responses can be obtained from the microstructure 

of the samples as indicated by TEM images for both samples, as shown in 

Figures 3.6(a) ~ 3.6(d). 
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Figure 3.6: TEM micrographs for Pt/HfO2(5nm)/n-In0.53Ga0.47As MOS 

capacitor in the area (a) under the Pt gate and (b) outside the Pt gate, and 

for Al/HfO2(5nm)/n-In0.53Ga0.47As MOS capacitor in the area (c) under the Al 

gate and (d) outside the Al gate. Note in (c) the thick interface layer (IL) 

formed between Al and HfO2 and the removal of the HfO2/In0.53Ga0.47As 

interface oxide. 

 

The Pt gate sample exhibits an interface oxide of 1nm between HfO2 and the 

In0.53Ga0.47As. Previous analysis has indicated that this layer is the native 

oxide of In0.53Ga0.47As and predominantly comprised of a Ga oxide [20]. In 

Figure 3.4, the maximum capacitance of the Pt gate sample at +1.5V is 

0.0146F/m2. The oxide capacitance associated with 5nm of HfO2 (k=21) is 

Cox=0.037F/m2. Even if the Pt gate HfO2/n-In0.53Ga0.47As MOS sample is 

driven further into accumulation, it is clear that the experimental capacitance 

will not acquire the Cox value associated with a 5nm HfO2 layer alone. This 

observation also points to a formation of interface oxide with a much lower 

k-value that is responsible for the reduction in Cox. As observed from Figures 

3.6(a) and 3.6(b), this interface oxide layer is present both in the areas under 

the Pt gate and in the areas outside the Pt gate.  
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reduced Al2O3/In0.53Ga0.47As interface layer, using either high (Ni/Au) or low 

(Al) work function gates is of a level which is around one order of magnitude 

lower than the typical interface state density in high-k/In0.53Ga0.47As MOS 

system. 

-3 -2 -1 0 1 2

0.002

0.003

0.004

0.005

0.006

0.007

0.008  Au/Ni/Al
2
O

3
/n-In

0.53
Ga

0.47
As

 Al/Al
2
O

3
/n-In

0.53
Ga

0.47
As

 

 

C
ap

ac
ita

nc
e 

D
en

si
ty

 (
F

/m
2 )

Gate Voltage (V)  
Figure 3.7: C-V hysteresis at 1MHz and 295K for Au/Ni/Al2O3(8nm)/n-

In0.53Ga0.47As and Al/Al2O3(8nm)/n-In0.53Ga0.47As MOS capacitors measured 

under the same electric field across the Al2O3. The charge trapping level of 

these two samples is relatively low and comparable to the Al/HfO2/n-

In0.53Ga0.47As sample where the interlayer oxide is scavenged by the Al gate. 

The difference between the two Cmax values indicates an Al2O3 oxide 

thickness difference of no more than 1.7nm, probably a result of a reactive 

Al/Al2O3 interface compared to a non-reactive Ni/Al2O3 interface. 

 

Table 3.2 summaries the charge trapping levels calculated from the C-V 

hysteresis at flat-band capacitance in Figures 3.4 and 3.7 for the case of 

samples with different high-k/In0.53Ga0.47As interface conditions. This 

provides further evidence that the charge trapping phenomenon originates 

from the high-k/In0.53Ga0.47As interfacial transition layer, indicating that 

engineering of the interface transition region is the key to reducing C-V 

hysteresis in metal/high-k/In0.53Ga0.47As MOS systems. In addition, the 

maximum capacitance for Al/Al2O3/In0.53Ga0.47As MOS capacitors is slightly 

lower than the Au/Ni/Al2O3/In0.53Ga0.47As MOS capacitors. This is possibly 

due to the formation of a thin, self-limiting interface layer of Al2O3 between 

the Al gate and Al2O3, which is similar to what is observed in Al/HfO2/n-
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Figure 3.9: C-V hysteresis at 1MHz and 295K as a function of oxide 

thickness (10, 15, 20, 25, 30nm) for (a) Pd/HfO2/n-In0.53Ga0.47As and (b) 

Pd/HfO2/p-In0.53Ga0.47As MOS capacitors. The maximum electric field across 

the oxide, as determined by the maximum voltage in accumulation, is kept at 

the same value for all thicknesses for both n-type and p-type sample. 

 

3.6 Conclusions 

In this chapter, charge trapping behavior in metal/high-k/In0.53Ga0.47As/InP 

MOS structures with either HfO2 or Al2O3 ALD deposited high-k oxides was 

studied using C-V hysteresis measurements in combination with TEM 

microscopy analysis. The samples studied employed both high work function 

metal gates (Pt, Pd, Ni/Au) and a low work function metal gate (Al). The 

high-k/In0.53Ga0.47As MOS system exhibits both electron and hole trapping, 

which is predominantly a reversible process. The charge trapping levels, that 

can be as high as 1013cm-2, were recorded from the C-V hysteresis which is 

of the same magnitude as, or even greater than the high-k/In0.53Ga0.47As 

interface state density, indicating the importance of C-V hysteresis in the 

high-k/In0.53Ga0.47As MOS system. As the border traps are located in the 

high-k/In0.53Ga0.47As interface layer, which extends approximately 1nm into 

the high-k oxide, the surface density of 1013cm-2 corresponds to a volume 

density of 1020cm-3.  C-V hysteresis is found to increase with the increasing 

bias in accumulation, and the p-type In0.53Ga0.47As MOS samples exhibit a 

larger C-V hysteresis and permanent charge trapping than their n-type 

In0.53Ga0.47As counterparts.  

 

Based on TEM analysis, it is observed that the use of an Al gate in 

HfO2/In0.53Ga0.47As samples results in the formation of an Al2O3 layer at the 
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using Hf[N(CH3)C2H5]4 (TEMAH) and H2O as precursors. The Al2O3 

dielectric has a nominal thickness of 8nm deposited by ALD at 3000C using 

trimethylaluminum (TMA) Al(CH3)3 and H2O as precursors. Pd(160nm) was 

used as the metal contacts for the HfO2 on In0.53Ga0.47As MOS structure. 

Al(160nm) was used as the metal gate for the Al2O3/In0.53Ga0.47As structure. 

Pd and Al gates were formed by electron beam evaporation and a lift-off 

process. Table 4.1 gives the sample details used in this chapter. The 

measurements discussed in this chapter were recorded using an E4980 LCR 

meter controlled through labview which is capable of measuring C-V from 

inversion to accumulation at a gate voltage (Vg) equals to Vmax and holding 

MOS capacitor at Vmax for a period of hold time (or stress time, tstress) before 

sweeping the C-V back towards inversion. 

 

Table 4.1 Sample details: SP stands for Surface Preparation in 10% 

(NH4)2S solution  

Sample Oxide Gate metal SP 
Al2O3/n- & p- In0.53Ga0.47As Al2O3(8nm) Al (160nm) Yes 
HfO2/n- & p- In0.53Ga0.47As HfO2(15nm) Pd (160nm) Yes 

 

4.3 C-V Hysteresis as a Function of Stress Time 

4.3 a) Al2O3/In0.53Ga0.47As MOS Structures 

C-V hysteresis with a hold in accumulation (at Vmax) will be discussed in this 

section. Figure 4.1 shows the C-V hysteresis responses with an increasing 

stress time in accumulation (at Vmax) for the Al gate Al2O3(8nm) sample over 

(a) n-In0.53Ga0.47Asand (b) p-In0.53Ga0.47As MOS capacitors. The values of 

Vmax were chosen to be a gate voltage at which the gate current is measured 

above the noise level and in the meantime much smaller than the breakdown 

voltage in order to avoid breakdown during the stress.  
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to the stress measurements. In addition, a thicker oxide, HfO2 of 15nm, was 

chosen in order that the capacitor could sustain after a stress time up to 

100,000s, without experiencing irreversible electrical breakdown. 

 

Figure 4.5 and Figure 4.6 show the evolution of the C-V hysteresis with 

increasing stress time (0s to 100ks) in accumulation for Pd gate/HfO2(15nm) 

over n-In0.53Ga0.47As and p-In0.53Ga0.47As MOS capacitors with different 

values of Vmax.  

 

Figure 4.5: C-V hysteresis responses with an increasing stress time (0s to 

100ks) in accumulation for (a) Pd/HfO2(15nm)/n-In0.53Ga0.47As (Vmax=2.5V), 

(b) Pd/HfO2(15nm)/n-In0.53Ga0.47As (Vmax=5V). Note that the red curve is C-

V hysteresis with no hold time at Vmax. 
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Figure 4.6: C-V hysteresis responses with an increasing stress time (0s to 

100ks) in accumulation for (a) Pd/HfO2(15nm)/p-In0.53Ga0.47As (Vmax=-4V), 

and (b) Pd/HfO2(15nm)/p-In0.53Ga0.47As (Vmax=-6V). Note that the red curve 

is C-V hysteresis with no hold time at Vmax. 

 

It is evident from both the n- and p-type HfO2 MOS samples that the C-V 

responses on the downward sweep is not parallel shifted with respect to the 
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high-k/In0.53Ga0.47As interface (Figure 4.8) [5-7]. Firstly, using a larger Vmax 

pushes the Fermi level further into the In0.53Ga0.47As conduction/valence 

bands during the stress time at Vmax, thus accessing border traps over a wider 

energy range resulting in a larger C-V hysteresis. Secondly, a larger Vmax 

increases the electric field across the oxide (Eox), which can result in 

additional oxide traps being aligned with the Fermi level at the high-

k/In0.53Ga0.47As interface during the stress (see Figure 4.8), and consequently 

being available for interaction via a tunnelling process. 

 

 
Figure 4.8: Simplified band diagrams of HfO2/n-In0.53Ga0.47As MOS 

capacitor which have (a) smaller Vmax (or Eox) and (b) larger Vmax (or Eox). 

The border traps that are involved in the trapping process leading to C-V 

hysteresis are circled. Using a larger Vmax thus a larger Eox allows more 

border traps to be accessed, resulting in a larger maximum C-V hysteresis 

and charge trapping. 

 

4.4 Study of Charge Trapping Relaxation in HfO2/In0.53Ga0.47As 

MOS structures 

It is noted that for most of the measured C-V hysteresis on high-

k/In0.53Ga0.47As MOS structures, the C-V hysteresis is not an exact parallel 

loop, as illustrated in an example in Figure 4.9 where the experimental 

downward C-V sweep is not perfectly parallel to the upward C-V. This is 

because a portion of trapped charges (electrons in Figure 4.9) are being 

removed (or de-trapped) from the trapping sites during the downward C-V 

where the Fermi level is pushed away from the conduction band edge even  
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Figure 4.10: Sketches of the stress-relaxation measurements. During both 

stress phase and relaxation phase, capacitance was measured as a function 

of time. During the relaxation phase, capacitance was measured at a 

sampling rate which covered logarithmic time scale. 

 

An example of capacitance as a function of time is illustrated in Figure 4.11 

for Pd/HfO2(15nm)/n-In0.53Ga0.47As MOS capacitor and Vov=1.2V was used 

during the stress phase. During the stress phase, the capacitance is decreasing 

with the increasing stress time, consistent with C-V progressively shifting 

positively along the gate voltage axis due to more charges (electrons) being 

trapped with increasing tstress. When the measurement is switched from stress 

phase (at Vov+Vfb0) to relaxation phase (at Vfb0), there is a very large drop in 

capacitance (from ~3.75x1011F down to ~2.05x1011F), and during the 

relaxation phase, the capacitance increases as a function of trelax and this 

results from the C-V shifting negatively towards the initial C-V before the 

stress due to the electron de-trapping (or Vfb shift recovery). Finally, a C-V 

response with a full bias range was measured on the device in order to check 

the device was not broken down after the stress measurements.  
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Figure 5.1: J-V characteristics at room temperature for Au/Ni/HfO2(8nm)/n-

In0.53Ga0.47As MOS capacitors treated with (a) no FGA and (b) FGA at 

4500C . A significant increase in gate leakage is observed after FGA 4500C. 

 

 
Figure 5.2: (a) Gate current density estimated at Vg=3V, (b) gate current 

density at Vg=-3V, (c) breakdown oxide field at positive Vg and (d) 

breakdown oxide field at negative Vg for Au/Ni/HfO2(8nm)/n-In0.53Ga0.47As 

MOS capacitors. All presented data is extracted from the average of the 

results on a variety of sites on each sample. 

 

J-V characteristics for the Au/Ni/HfO2(8nm)/p-In0.53Ga0.47As MOS structures 

treated with (a) no FGA and (b) FGA at 4500C are shown in Figure 5.3, also 

showing that FGA 4500C results in a significant increase in gate current 

density. Gate current density at Vg=±3V and the breakdown Eox are plotted in 







93 
 

 
Figure 5.6: (a) Gate current density estimated at Vg=3V, (b) gate current 

density estimated at Vg=-3V, (c) breakdown oxide field at positive Vg and (d) 

breakdown oxide field at negative Vg for Au/Ni/Al2O3(8nm)/n-In0.53Ga0.47As 

MOS capacitors. All presented data is extracted from the average of the 

results on a variety of sites on each sample. 

 

For Au/Ni/Al2O3(8nm)/p-In0.53Ga0.47As MOS structures (Figure 5.7 and 

Figure 5.8), the J-V characteristics for FGA at all temperatures have very 

similar behaviors (current density and breakdown Eox) except for FGA 4000C 

which exhibits increased leakage compared to other samples. It has been 

noted in the measurements that FGA 4000C on Al2O3 samples (both n- and p-

type In0.53Ga0.47As) have shown non-regular behavior. This is will be 

discussed in the next section. 
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is only observed in FGA 4000C sample but not the FGA 4500C sample. The 

C-V characteristics, which will be discussed in the following sections, were 

measured within the bias range avoiding getting close to the breakdown 

voltages observed in the J-V measurements.  

 

5.3.2 Effect of FGA on C-V characteristics and Dit 

a) HfO2/In0.53Ga0.47As 

The multi-frequency (20Hz~1MHz) C-V characteristics measured at room 

temperature for Au/Ni/HfO2(8nm)/n-In0.53Ga0.47As MOS structure treated 

with different FGA conditions are illustrated in Figure 5.9. Firstly, it is 

observed that the maximum capacitance (Cmax) measured at the maximum 

voltage (Vmax) in accumulation is increased after FGA at all the temperatures 

under study compared to the sample with no FGA. Secondly, the C-V 

responses exhibit a sharper transition from inversion to accumulation after 

FGA at all the temperatures under investigation, indicating that FGA at these 

temperatures is effective in reducing the interface states which result in less 

stretch-out in the C-V characteristics.  

 

Moreover, the capacitance measured in the bias range Vg = -2.5V to -1V for 

the no FGA sample and FGA 2500C sample is not representative of true 

inversion. True inversion at the high-k/In0.53Ga0.47As interface would result in 

a constant capacitance as a function of gate voltage for all measurement ac 

frequencies; however, it is observed in the C-V responses for no FGA and 

FGA 2500C samples that the capacitance keeps increasing with the 

negatively increasing gate voltage, which can be a result of C-V stretch-out 

from a wide interface state distribution. For the samples treated with FGA 

3000C to 4500C, the capacitance measured at intermediate frequencies clearly 

go through a peak and then decrease and is very likely reaching a constant 

value if the gate voltage keeps increasing negatively. Finally, the frequency 

dispersion estimated at Vmax is investigated. Frequency dispersion is based on 

the dispersion (% per decade) between high frequency of 1MHz and low 

frequency of 40Hz instead of 20Hz as the measured capacitance at 20Hz is 

noisy. The frequency dispersion (at Vmax) is a result of the combination of 
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interface states near and/or inside the bands and border traps with energy 

levels near the band edges [6-8]. It is observed that the frequency dispersion 

is improved after FGA at all temperatures and the frequency dispersion is the 

smallest for FGA at 3500C and increases towards both lower and higher FGA 

temperatures for HfO2/n-In0.53Ga0.47As MOS structure (see Figure 5.10). 

 

 
Figure 5.9: Multi-frequency (20Hz-1MHz) C-V characteristics at room 

temperature for Au/Ni/HfO2(8nm)/n-In0.53Ga0.47As MOS capacitors treated 

by different FGA conditions. 
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Figure 5.10: Frequency dispersion estimated at Vmax in accumulation as a 

function of FGA condition for Au/Ni/HfO2(8nm)/n-In0.53Ga0.47As MOS 

capacitors. 

 

For Au/Ni/HfO2(8nm)/p-In0.53Ga0.47As MOS structure illustrated in Figure 

5.11, the multi-frequency C-V characteristics are all degraded when 

compared to the case of HfO2/n-In0.53Ga0.47As (see Figure 5.9), this is the 

most noticeable in the nominal accumulation region at negative gate voltage 

for p-In0.53Ga0.47As. This is consistent with an increase in interface state 

density (Dit) towards the valance band edge as previously published [9, 10]. 

As shown in Figure 5.12, an improvement in frequency dispersion at Vmax is 

observed at FGA 2500C, 3000C and 3500C. FGA at high temperatures (i.e. 

4000C and 4500C) increase the frequency dispersion. For no FGA, FGA 

4000C and 4500C samples at their corresponding Vmax and 1MHz, the 

flatband capacitance is not reached, suggesting that the Fermi level 

movement in the In0.53Ga0.47As lower bandgap is strongly restricted and thus 

the Fermi level cannot move into the valence band edge to accumulate holes. 

The accumulation-like capacitance measured at low frequencies is a 

consequence of a capacitance contribution of an interface state capacitance 

(Cit) in parallel with the differential capacitance (Cs) of the In0.53Ga0.47As. As 

Cit is large compared to Cs and Cox, according to the equivalent circuit of a 

MOS capacitor with the presence of interface states which were discussed in 

chapter 2 (see Figure 2.11 and equation (2.11)), measured capacitance at low 

frequency can approach Cox but this does not indicate that accumulation is 
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Figure 5.11: Multi-frequency (20Hz-1MHz) C-V characteristics at room 

temperature for Au/Ni/HfO2(8nm)/p-In0.53Ga0.47As MOS capacitors treated 

by different FGA conditions. 

 

 
Figure 5.12: Frequency dispersion estimated at Vmax in accumulation as a 

function of FGA condition for Au/Ni/HfO2(8nm)/p-In0.53Ga0.47As MOS 

capacitors. 
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Figure 5.13: Multi-frequency (20Hz-1MHz) C-V characteristics at room 

temperature for Au/Ni/Al2O3(8nm)/n-In0.53Ga0.47As MOS capacitors treated 

by different FGA conditions. 

 

 
Figure 5.14: Frequency dispersion estimated at Vmax in accumulation as a 

function of FGA condition for Au/Ni/Al2O3(8nm)/n-In0.53Ga0.47As MOS 

capacitors. Note that the FGA 4000C sample is an outlier. 
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The multi-frequency (20Hz~1MHz) C-V characteristics measured at room 

temperature for Au/Ni/Al2O3(8nm)/p-In0.53Ga0.47As are illustrated in Figure 

5.15. The corresponding frequency dispersion (at Vmax) in accumulation is 

shown in Figure 5.16. For Al2O3/p-In0.53Ga0.47As MOS systems, the 

frequency dispersion at Vmax is larger than the case of Al2O3/n-In0.53Ga0.47As, 

as expected due to the high Dit in the lower bandgap than that in the upper 

bandgap in high-k/In0.53Ga0.47As MOS systems. It is also observed that there 

is no significant improvement in the accumulation frequency dispersion nor 

the C-V stretch-out following the FGA for Al2O3/p-In0.53Ga0.47As MOS 

structure. Similar to the case of Al2O3/n-In0.53Ga0.47As, FGA at 4000C 

increases the accumulation frequency dispersion and degraded the inversion 

behavior for Al2O3/p-In0.53Ga0.47As MOS structure. 

 

 
Figure 5.15: Multi-frequency (20Hz-1MHz) C-V characteristics at room 

temperature for Au/Ni/Al2O3(8nm)/p-In0.53Ga0.47As MOS capacitors treated 

by different FGA conditions. 
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Figure 5.16: Frequency dispersion estimated at Vmax in accumulation as a 

function of FGA condition for Au/Ni/Al2O3(8nm)/p-In0.53Ga0.47As MOS 

capacitors. Note that the FGA 4000C sample is an outlier. 

 

The high-low frequency capacitance method is also applied to 

Al2O3/In0.53Ga0.47As MOS systems and Dit for the samples under each FGA 

condition is summarized in Table 5.4. FGA at 4500C on Al2O3 n-type sample 

results in a very low value of Dit of only 2.19x1011cm-2eV-1, which is one 

order of magnitude lower than the n-type sample with no FGA and this is 

consistent with the best multi-frequency C-V characteristics shown in Figure 

5.13(f) compared to other FGA conditions. For Al2O3 p-type sample, 

according to Dit values, there is no significant improvement after FGA at all 

temperatures. 

 

Table 5.4 Interface state density (cm-2eV-1) for 

Au/Ni/Al2O3(8nm)/In0.53Ga0.47As MOS systems using high-low frequency 

capacitance method. Dit values were estimated at gate voltages where the 

effect of majority and minority carriers are minimum. 

Sample No FGA 
FGA 

2500C 

FGA 

3000C 

FGA 

3500C 

FGA 

4000C 

FGA 

4500C 

Al2O3 

/ n 

2.20x1012 

(Vg=0.1V) 

2.21x1012 

(Vg=0.1V) 

1.73x1012 

(Vg=0.2V) 

9.47x1011 

(Vg=0.5V) 

1.43x1012 

(Vg=0.3V) 

2.19x1011 

(Vg=0.7V) 

Al2O3 

/ p 

4.12x1012 

(Vg=0.1V) 

3.06x1012 

(Vg=0V) 

2.38x1012 

(Vg=0.1V) 

2.56x1012 

(Vg=0.3V) 

3.71x1012 

(Vg=0.3V) 

2.83x1012 

(Vg=0.4V) 
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Figure 5.18: Voltage acceleration factor for Au/Ni/HfO2(8nm)/n-

In0.53Ga0.47As MOS capacitors. 

 

 
Figure 5.19: C-V hysteresis for Au/Ni/HfO2(8nm)/n-In0.53Ga0.47As MOS 

capacitors at Vov =1V, 2V and 3V. 

 

 
Figure 5.20: Wide (red) and narrow (blue) normal distribution of border 

trap density. It is noted that reduced spread of the defect distribution (blue) 

results in reduced trap density accessed at low Eox, which is an indication of 

reduced device instability.  
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FGA temperatures for Al2O3/n-In0.53Ga0.47As MOS structure. These 

observations suggest that the annealing is reducing the total density of border 

traps while the distribution of defect energy levels remains the same. 

 

 
Figure 5.24: (a) C-V hysteresis and (b) the corresponding charge trapping 

density as a function of overdrive voltage for Au/Ni/Al2O3(8nm)/n-

In0.53Ga0.47As MOS capacitors. 

 
Figure 5.25: Voltage acceleration factor for Au/Ni/Al2O3(8nm)/n-

In0.53Ga0.47As MOS capacitors. 

 

 
Figure 5.26: C-V hysteresis for Au/Ni/Al2O3(8nm)/n-In0.53Ga0.47As MOS 

capacitors at Vov =1V, 2V and 3V. 
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Another study based on the effect of both FGA (at 4000C for 5min) and the 

optimized 10% (NH4)2S surface passivation on C-V hysteresis for 

TiN/Al2O3(4nm)/n-In0.53Ga0.47As MOS capacitor is also performed. It has 

been shown that the (NH4)2S surface passivation has very limited effect on 

the C-V hysteresis and the FGA (4000C, 5min) reduces the C-V hysteresis 

significantly. The most reduced C-V hysteresis is observed in the sample 

treated with both FGA (4000C, 5min) and the 10% (NH4)2S surface 

passivation.  
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extractions and also bridge the gap between interface chemistry and electrical 

properties at a buried interface. 

 

In this chapter, a combined C-V and hard x-ray photoelectron spectroscopy 

(HAXPES) study in MOS capacitors fabricated using both high (Ni 5.01eV) 

and low (Al 4.08eV) work function metal gates [6] on ALD deposited Al2O3 

on In0.53Ga0.47As is investigated. The main objective of this study is to 

compare the surface Fermi level positions (at room temperature) analyzed by 

C-V characteristics at zero gate bias (Vg=0V) and HAXPES measurements 

without applying a gate bias, and furthermore, to investigate the Fermi level 

movement at the Al2O3/In0.53Ga0.47As interface and the change in potential 

drop across the dielectric layer, resulting from the deposition of metals with 

different work functions. Experimental details and theories of determination 

of Ef-Ev using C-V and HAXPES techniques will be discussed in section 6.2. 

Results and analysis will be presented in section 6.3 and conclusion of this 

work is in section 6.4. 

 

As the use of combined C-V and HAXPES measurements to determine 

surface potentials is a new area of research, the initial study was performed 

on MOS structures formed on thermally oxidized silicon, to provide a 

baseline for a system which is relatively well understood. Following this 

initial study, the combined technique was applied to the case of the GaAs 

MOS system, which is known to exhibit very high densities of interface 

states, and for oxides formed by ALD, the surface Fermi Level is typically 

pinned [7]. These two system represented cases of low (SiO2/Si) and high 

(Al2O3/GaAs) interface state density values and were the basis for the study 

of the In0.53Ga0.47As MOS structures reported in this chapter. These results 

were published in [8] for the SiO2 MOS system and [9] for the Al2O3/GaAs 

system, and the papers are included in Appendix VI. 
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Figure 6.1: Illustration of HAXPES concept. The difference between core 

level energy and valence band edge is a constant. Therefore the shift in BE 

equals to the movement of Fermi level position near the oxide/semiconductor 

interface. 

 

6.3 Determination of Fermi Level Position Based on Combined 

C-V and HAXPES Analysis 

The C-V characteristics at 1MHz and 295K for Al(160nm) or 

Au(90nm)/Ni(70nm) metal gate MOS capacitors are shown in Figures 6.2(a) 

and 6.2(b) for Al2O3/n-In0.53Ga047As and Al2O3/p-In0.53Ga047As, respectively. 

If interface states can respond at these measurement conditions, the measured 

capacitance (Cm) will have a contribution from interface states (Cit), which is 

frequency and temperature dependent, and can be suppressed at a higher 

frequency and/or lower temperature [16-18]. This will especially affect the 

C-V responses in terms of frequency dispersion in the accumulation region at 

different temperatures. Therefore, a significantly lower level of accumulation 

frequency dispersion and a decrease in the 1MHz Cm are expected at a lower 

temperature when compared to the measurements at room temperature. It is 

believed that a true high frequency C-V is achieved at 1MHz and room 

temperature as the multi-frequency (1kHz to 1MHz) and 1MHz C-V 

measured at room temperature have very similar characteristics when 

compared to the C-V measured at -500C for the Al2O3/In0.53Ga0.47As MOS 

capacitors under investigation. Based on this observation we take the 1MHz 
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room temperature response to be an accurate representation of a high 

frequency C-V for the In0.53Ga0.47As structures examined in this study. 

 

 
Figure 6.2: C-V responses at 1MHz and 295K for Al gate and Au/Ni gate 

over (a) Al2O3/n-In0.53Ga0.47As and (b) Al2O3/p-In0.53Ga0.47As MOS 

capacitors. 

 

As observed in the TEM images in Figure 6.3, a thicker Al2O3 film is formed 

under the Al gate due to a more reactive Al/Al2O3 interface compared to a 

non-reactive Ni/Al2O3 interface. This is consistent with the lower oxide 

capacitance and thus the lower measured capacitance in accumulation for the 

Al gate samples as observed in Figures 6.2(a) and 6.2(b). Using the oxide 

thickness measured by HR-TEM in Figure 6.3, the oxide capacitance (Cox) is 

calculated and used to determine the flatband capacitance (Cfb). Furthermore, 

the calculated Cfb can be used to determine the region of operation of the 

MOS capacitor and to establish if at Vg=0V, the surface Fermi level position 

can be determined using the depletion capacitance. From the C-V for n-

In0.53Ga0.47As in Figure 6.2(a), the measured capacitance for the Ni gate 

sample is below the calculated Cfb (~0.00734F/m2) and is thus operating in 

depletion at Vg=0V. The corresponding In0.53Ga0.47As depletion capacitance 

(Cs) can be calculated using the measured capacitance Cm (Cit=0) and an 

oxide capacitance value of 1.27x10-6F/cm2. The Cs value can be used to 

calculate the surface Fermi level position with respect to valence band 

maximum (VBM) energy level (see section 6.2) and for Ni gate n-

In0.53Ga0.47As yielding a value of ~0.71eV above VBM.  
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sample Fermi level residing closer to the VBM. The difference is however 

less than the expected difference of 0.68eV, which is calculated from the 

difference in Fermi level position for n- and p-In0.53Ga0.47As for a doping 

level of 4x1017cm-3 [16, 17], indicating that there is band bending present at 

the Al2O3/In0.53Ga0.47As interface prior to metal contact. 

 

 
Figure 6.4: Normalised and fitted As 2p core level spectra acquired at a 

photon energy of 4150eV for the uncapped Al2O3/In0.53Ga0.47As (black), 

Ni(5nm) capped (red), and Al(5nm) capped (blue) Al2O3/In0.53Ga0.47As 

samples, showing the shifts in the core level BE after metal for (a) n-

In0.53Ga0.47As, and (b) p-In0.53Ga0.47As  substrates. The energy separation 

between the n- and p-In0.53Ga0.47As without metal gates is 0.28eV. The 

biggest BE shift occurs in the p-In0.53Ga0.47As sample with an Al gate. This is 

consistent with lower Dit distribution in the upper bandgap which allows for 

a more efficient Fermi level movement. 

 

In order to establish the absolute position of the Fermi level in the bandgap 

with respect to the valence band edge, valence band spectra were acquired at 

the same photon energy for the unmetallized Al2O3/n-In0.53Ga0.47As sample. 

An extrapolation of the In0.53Ga0.47As valence band to a zero signal intensity 

yields the approximate position of the valence band edge [21]. Although 

more accurate methods have been recently employed [9, 22], this method is 
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sufficient to provide an accuracy of approximately 0.1eV in these studies. 

Reference spectra of the nickel metallic edge were subsequently acquired in 

order to establish the Fermi level position. The value of Ef-Ev is thus 

determined for the Al2O3/n-In0.53Ga0.47As sample with no metal gate. On the 

same sample, the As 2p spectra are recorded (see Figure 6.4). These 

measurements provide the necessary reference for all the other samples to 

allow the value of Ef-Ev to be evaluated. The energy separation between the 

core level and the In0.53Ga0.47As valence band maxima is a constant; 

therefore, any changes in the As 2p spectra in Figure 6.4 are a consequence 

of changes in Ef-Ev. From the valence band spectra of the uncapped Al2O3/n-

In0.53Ga0.47As sample (not shown), the Fermi level is 0.67eV above the VBM 

and the equivalent measurement for the p-type Fermi level position is 0.39eV 

above the VBM. Therefore, the Fermi level is ~0.09eV below flatband 

position for n-In0.53Ga0.47As and is ~0.31eV above flatband position (i.e., 

near mid-gap) for the p-In0.53Ga0.47As, indicating that the n-In0.53Ga0.47As 

surface is slightly depleted and the p-In0.53Ga0.47As surface is strongly 

depleted. 

 

Figures 6.5(a) and 6.5(b) schematically illustrates the band bending occurring 

for the unmetallised samples and the respective Fermi level positions (Ef) 

determined by HAXPES. The depletion of both the n- and p-type surface 

cannot be explained by one net oxide charge type. Therefore, the band 

bending occurring at the In0.53Ga0.47As surface in the absence of metal gates 

is attributed to a combination of fixed charge in the Al2O3 layer and the 

interface states with energy levels within the In0.53Ga0.47As bandgap, which 

deplete both the n-type and p-type surface. Based on the work by Long et al 

[23] the fixed oxide charge in ALD deposited Al2O3 is comprised of negative 

interface fixed charge that exists near the Al2O3/In0.53Ga0.47As interface and 

positive fixed charge distributed through the bulk of Al2O3. For a relatively 

thin oxide of 8nm, the net fixed oxide charge (Qf) could be negative as 

discussed in [23]. In addition, Ref [1, 23, 24] have reported the evidence that 

the net interface states type for Al2O3 on In0.53Ga0.47As is donor type (+/0). If 

this is the case, for an n-type sample at flatband where the Ef is close to 

conduction band edge and the interface state energy levels in the bandgap are 
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occupied, the interface defects (Qit) are neutral. The combination of negative 

fixed charge Qf and neutral Qit is a negative charge, which slightly depletes 

the n-type surface as shown in Figure 6.5(a). For a p-type sample at flatband 

where Ef is close to valence band edge, the donor-type interface defects have 

a net associated positive charge as their energy levels in the bandgap are 

empty. The positively charged interface states plus the negatively charged Qf 

can result in the depletion of p-type surface as shown in Figure 6.5(b) if 

|Qit|>|Qf|. Confirming the sign of Qf and Qit requires an Al2O3 thickness series 

as described in [23], which is beyond the scope of this work. 

 

 
Figure 6.5: Band diagrams of (a) unmetallized Al2O3/n-In0.53Ga0.47As, (b) 

unmetallized Al2O3/p-In0.53Ga0.47As, (c) Al2O3/n-In0.53Ga0.47As following Al 

deposition, (d) Al2O3/p-In0.53Ga0.47As following Al deposition, (e) Al2O3/n-

In0.53Ga0.47As following Ni deposition, and (f) Al2O3/p-In0.53Ga0.47As 

following Ni deposition MOS capacitors. The band bending occurring in the 

absence of a metal contact shown in (a) and (b) is due to a combined effect of 

fixed oxide charges and interface states. Ef represents the Fermi level 

position, Ec represents the conduction band edge, Ev represents the valance 

band edge and Ei represents the In0.53Ga0.47As intrinsic Fermi level. The 

surface Ef-Ev values shown in this figure are determined from HAXPES. 
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In order to determine whether the band bending displayed at the interface 

reflects Fermi level pinning, both high (Ni) and low (Al) work function 

metals of 5nm in thickness were deposited on the dielectric. By ensuring 

electrical contact between the metal overlayer and the In0.53Ga0.47As 

substrate, Fermi level equalisation across the MOS structure resulting from 

the differences in work functions occurs. If the Fermi level at the 

Al2O3/In0.53Ga0.47As interface is free to move, it would be expected to align 

with the metal Fermi level, resulting in an increase in BE with the low work 

function Al contact and a reduction in BE with the high work function Ni 

contact for both the n- and p-In0.53Ga0.47As. HAXPES measurements in 

Figure 6.4 show that, for the p-In0.53Ga0.47As sample, the core level peaks 

shifts by 0.21eV, and for the n-In0.53Ga0.47As sample, the peaks shifts by 

0.02eV, both to higher BE, following the deposition of Al contact. Following 

the deposition of Ni contact, the peak positions shift 0.11eV for n-

In0.53Ga0.47As and 0.03eV for p-In0.53Ga0.47As to lower BE. The directions of 

all the BE shifts observed in the HAXPES spectra are consistent with the 

differences in the Fermi level positions for the In0.53Ga0.47As substrates and 

metals. It should be noted that the small shifts of 0.02eV and 0.03eV, 

measured for the Al on n-In0.53Ga0.47As and Ni on p-In0.53Ga0.47As 

respectively, are within the experimental error (±50meV) of this technique; 

therefore, these shifts are almost negligible. The changes in In0.53Ga0.47As 

surface Fermi level when the metal contacts are present can be visualized 

using the schematic band diagrams and the Fermi levels presented in Figures 

6.5(c)~(f). The corresponding Fermi level positions in the In0.53Ga0.47As 

bandgap following either Al or Ni deposition are calculated from the 

HAXPES to be 0.69eV above VBM for the Al gate, and 0.56eV above VBM 

for Ni gate, over n-In0.53Ga0.47As. Both of these Fermi level positions are in 

general agreement with the C-V measurements at Vg=0V shown in Figure 

6.2(a) where the sample is in the near flatband condition for the Al gate and 

in depletion for the Ni gate. For the HAXPES p-In0.53Ga0.47As samples, the 

Fermi levels are determined to be 0.6eV above VBM with the Al gate and 

0.36eV above VBM with the Ni gate, which are consistent with the C-V 

measurements at Vg=0V in Figure 6.2(b) where both the samples are in 
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Figure 6.6: Dit(E) for Al2O3/In0.53Ga0.47As MOS transistor. Source of Figure 

6.6:��V. Djara et al [5].  

  

Fermi level alignment between the metal and the In0.53Ga0.47As is achieved 

by not only the movement of In0.53Ga0.47As Fermi level but also a change in 

the potential drop across the oxide layer. The change in the oxide potential 

following metal deposition will result in a binding energy shift of the 

associated Al 1s dielectric core levels, and the total potential drop across the 

oxide will result in an energy broadening of the peak [8, 9, 12]. Note that the 

shift resulting from Fermi level movement in the bulk In0.53Ga0.47As is also 

present in the oxide core level, so any shift in the oxide peaks is a 

combination of the In0.53Ga0.47As Fermi level movement and the change in 

the potential difference across the oxide. Based on the difference in metal 

and In0.53Ga0.47As Fermi levels, the change in the Al 1s oxide binding 

energies would be expected to be more apparent in the p-type sample than in 

the n-type with Al as the metal gate, and more apparent in the n-type sample 

than in the p-type with Ni as metal gate. Figure 6.7 shows the changes in 

binding energy of the Al 1s oxide peak (at 1562eV) for the n- and p-

In0.53Ga0.47As substrate resulting from metal deposition.  
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Figure 6.7: Al 1s spectra showing BE shift due to the changes in the potential 

across the Al2O3 layer caused by different work function metals and also the 

Fermi level movement in the In0.53Ga0.47As for (a) n-In0.53Ga0.47As and (b) p-

In0.53Ga0.47As. The presence of a metallic Al 1s signal at ~1559.5eV binding 

energy originates from the metal cap. 

 

For n-In0.53Ga0.47As, the deposition of the low work function Al only results 

in a small increase in the Al 1s peak binding energy in the Al2O3 (~0.18eV), 

while for the p-In0.53Ga0.47As the deposition of Al results in a more 

significant increase in the binding energy (~0.36eV) reflecting the larger 

Fermi level difference between p-In0.53Ga0.47As and Al gate. For n-

In0.53Ga0.47As, the deposition of Ni results in a decrease in the Al 1s peak 

binding energy (~0.43eV), while for the p-In0.53Ga0.47As the deposition of 

high work function Ni results in a lower decrease in the binding energy 

(~0.3eV), consistent with the larger Fermi level difference between n-

In0.53Ga0.47As and Ni compared to the case of p-In0.53Ga0.47As. All of these 

changes are consistent with the expected shifts and polarity of the band 

bending in the dielectric layer caused by the low and high work function 

metals. 

 

The Al 1s peak widths for the metal capped samples broaden when compared 

to the samples without metal gates reflecting the gradient in the potential 
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across the dielectric layer. The change in the Al 1s binding energy of 0.18eV 

measured for the Al gate on n-type In0.53Ga0.47As sample results in 

broadening of 0.09eV (compared to the no metal gate sample) while a full 

width half maximum (FWHM) increase of 0.62eV is measured for Ni on n-

type In0.53Ga0.47As sample. This infers a larger potential drop across the 

Al2O3 layer for the Ni n-type compared to the Al n-type samples. In the case 

of the p-type sample, a negligible difference in FWHM was measured for the 

Al contact, but a 0.46eV FWHM increase was found for the Ni capped 

sample, indicating a larger potential drop across the Al2O3 layer for the Ni 

capped p-type sample. 

 

6.4 Conclusions 

In summary, C-V analysis and HAXPES measurements have been made on 

metal/Al2O3/In0.53Ga0.47As MOS capacitors with both high (Ni) and low (Al) 

work function metal gates. The HAXPES measurements reveal the presence 

of band bending prior to metal deposition, resulting from a combination of 

fixed oxide charges and possible donor-type interface states. Following the 

deposition of metal, the substrate core level BE shift in the expected 

directions. A reasonable agreement in Fermi level positions for the 

In0.53Ga0.47As MOS structures is obtained between C-V analysis and 

HAXPES measurements at zero gate bias. This combined C-V and HAXPES 

study provides more certainty on Dit(E) extractions and also helps to bridge 

the gap between interface chemistry and electrical properties at a buried 

interface. The results point to a restricted Fermi level movement due to 

Al2O3/In0.53Ga0.47As interface states and also suggest a higher interface state 

density in the lower half of the bandgap. There is a shift in binding energy of 

the oxide core levels following metal deposition, which is caused by the 

In0.53Ga0.47As surface Fermi level movement and a change in the potential 

drop across the Al2O3 layer, and the shifts are in the expected directions. The 

broadening of the oxide peak widths indicates a higher potential drop across 

the Al2O3 layer with Ni gate than that with Al gate. 
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Combined C-V and HAXPES analysis have been made on 

Al2O3/In0.53Ga0.47As MOS capacitors with both Ni and Al metal gates, which 

have high and low work functions, respectively. It is observed from 

HAXPES that there is a band bending prior to metal deposition due to a 

combination of fixed oxide charges and possible donor-type interface states. 

The substrate core level binding energy (BE) shifts in the expected directions 

following the deposition of both high and low work function metals. Fermi 

level positions at zero gate bias are calculated using both C-V and HAXPES 

analysis and a reasonable agreement has been achieved between the two 

techniques. This work links the electronic and chemical properties at a buried 

oxide/semiconductor interface in an MOS system, and is useful as it allows 

an independent method to calculate the surface Fermi level position in a III-

V MOS structure, which is needed to map the gate voltage to the surface 

Fermi level position for Dit extraction across the energy gap. There is also a 

shift in BE of the oxide core levels following metal deposition, which is 

caused by the In0.53Ga0.47As surface Fermi level movement and a change in 

the potential drop across the Al2O3, and the shifts are in the expected 

directions. The broadening of the oxide peak widths indicates a higher 

potential drop across the Al2O3 layer with Ni gate than that with Al gate. 

 

7.2 Future Outlook 

In chapter 4, C-V hysteresis as a function of stress time (up to 100,000s) has 

been investigated for HfO2(15nm)/In0.53Ga0.47As MOS systems. It is worth 

performing C-V hysteresis measurement for Al2O3/In0.53Ga0.47As MOS 

systems with sufficiently long stress time in accumulation and investigate the 

relation between C-V hysteresis and stress time and see if the power law 

dependence can be observed at the initial stage of stressing and a plateau 

region can be reached at sufficiently long stress times. Moreover, due to the 

high density of defect states in HfO2 film and at/near the HfO2/In0.53Ga0.47As 

interface, the current during stress exhibits high levels of noise and 

instability, and it is impossible to obtain the injected charge density using the 

measured gate current during the stress time at Vmax (i.e. the maximum gate 

voltage in accumulation in C-V hysteresis). The Al2O3/In0.53Ga0.47As 
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structures exhibit more stable current-time characteristics during stress, and 

therefore measuring gate current versus time (up to 100ks) and calculating 

Qinjected is possible. Combining the C-V hysteresis measurements with 

sufficiently long stress times in accumulation for Al2O3/In0.53Ga0.47As MOS 

systems, it should be possible to build a Qtrapped versus Qinjected model, where 

information such as trap cross section can be extracted. 

 

The FGA work presented in this thesis can be extended for further analysis 

into high-k/In0.53Ga0.47As MOS systems and finally to find the optimized 

surface treatment approach to minimize the density of interface states and C-

V hysteresis. Some suggested future work is listed below. 

 

1) Dit calculation using full conductance method for FGA temperature series 

In this work, Dit was calculated using high-low frequency capacitance 

method for the FGA temperature series (at 2500C~4500C for 30min) for both 

Al2O3/In0.53Ga0.47As and HfO2/In0.53Ga0.47As MOS systems. A full 

conductance method as mentioned in chapter 2 can be used in the future 

work to extract more accurate Dit values and the corresponding energy levels. 

Sweeping frequency at a series of Vg values in depletion in the full 

conductance method should be used as the C-V sweeps at multiple 

frequencies can result in charge trapping associated C-V shift and also stress 

induced interface states especially in the case of high defect states MOS 

systems such as HfO2/In0.53Ga0.47As MOS structures. 

 

The analysis could also be extended to extract both the interface state density 

and border trap density and profile into the conduction band from the multi-

frequency C-V results using the Sentaurus software [1]. This software 

package can input an interface state density throughout the energy gap, and 

into the conduction band, and can also vary the electron and hole capture 

cross sections.  In addition, the software can incorporate recently developed 

models to take into account the capacitance and conductance of associated 

with border traps in the oxide which communicate with electrons and holes 

in the conduction and valance bands. 
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2) Extending the analysis to bi-layer and tri-layer oxide systems on 

In0.53Ga0.47As 

The work in this thesis examined C-V hysteresis in either HfO2/In0.53Ga0.47As 

or Al2O3/In0.53Ga0.47As MOS capacitors. It could be extended to examine bi-

layer gate oxide systems such as HfO2/Al2O3/In0.53Ga0.47As, which have been 

demonstrated to achieve reduced interface state density values combined 

with scaled equivalent oxide thickness [2].  Another possibility is that while 

all experimental evidence points to charge trapping occurring near the 

oxide/In0.53Ga0.47As interface, it is possible that the initial charge injection 

occurs at the metal/oxide interface, with the trapping near the 

oxide/oxide/In0.53Ga0.47As interface. This could be of particular relevance for 

the case of a HfO2/Al2O3 gate stack, where the barrier to charge injection is 

lower at the metal/oxide contact. 

 

3) Extension on FGA temperature using millisecond annealing.  

The maximum temperature used in the FGA temperature series in this work 

was 4500C. Going to higher values is problematic, as the annealing at 450oC 

results in a significant increase in gate leakage. This increase is most 

probably due to diffusion of the substrate elements (particularly Indium) into 

the gate oxide at temperatures above 400oC [3, 4]. One possible route to 

optimize the post deposition annealing, is to move to very rapid thermal 

anneals in the millisecond regime, which can be achieved by flash annealing. 

This allows the temperature to be increased, while minimizing the overall 

thermal budget which governs diffusion.  

 

4) C-V hysteresis and interface states analysis for FGA time series  

Based on the FGA temperature series (30min), selected FGA temperature can 

be extended to a time series (10min, 20min and 30min) sample set, on which 

interface states and C-V hysteresis analysis will be performed. The 

combination of FGA temperature series and time series will be useful to 

investigate the optimum FGA condition (time and temperature) to minimize 

interface states and border traps. 
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Finally, the thesis demonstrated how HAXPES can be combined with C-V 

analysis of MOS structures to investigate and quantify the Fermi level 

position at buried interfaces in MOS structures. This analysis was performed 

for HAXPES with no bias, where metals with differing work function values 

were used to modulate the surface Fermi level at zero bias.  In principle, the 

technique could be extended to biased HAXPES, allowing C-V and 

HAXPES to be compared over a range of surface potentials. This could be of 

interest to various high-k/III-V MOS systems (e.g., InGaAs, InAs and GaSb) 

as well as emerging studies on MOS systems formed on 2D semiconductors. 

  



https://post.tyndall.ie/owa/redir.aspx?C=48d72c0e242d4c85840209cf1d769f01&URL=http%3a%2f%2fnadin.miem.edu.ru%2fSentaurus_Training_2014%2findex.html
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HfO2/Si(111) interface that has a spin population of 4.5x1011. As the RTA 

significantly reduces the number of Si dangling bonds at the damaged sample 

edge, the EPR signal of the Pb centre becomes visible. 

 

EPR measurements were also carried out on high-k/In0.53Ga0.47As/semi-

insulating InP(100) structure (see Figure III-2). Either HfO2 or Al2O3 of 

10nm is deposited by ALD as the high-k oxide on the n-, p- or undoped 

In0.53Ga0.47As(0.5µm).  

 

 
Figure III-2: High-k/In0.53Ga0.47As sample structure for EPR measurements. 

 

All the samples exhibited similar EPR signals. An example is shown in 

Figure III-3. The signal around 3500G is the EPR signal from the cavity 

where the sample is placed, possibly due to contamination in the cavity as a 

similar signal is detected with no sample in the cavity. The two peaks on both 

sides of the centre signal are the EPR signals which are possibly originates 

from Fe3+ in the semi-insulating InP(100) substrate. Moreover, these two 

peaks are observed to be dependent on the direction of the external magnetic 

field, giving further proof of Fe3+ in the InP being the origin of the detected 

EPR signals. No EPR signals from the interface defects between the high-k 

oxide and In0.53Ga0.47As are detected. The EPR signal of the interface defects 

could be lost in the Fe3+ signal which has a large intensity. In addition, all the 

stable isotopes of In, Ga and As have a nuclear spin, which will broaden the 

EPR signal and reduce the signal height for a given signal intensity, the EPR 
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signal from the high-k/In0.53Ga0.47As interface defects is likely to be lost in 

the noise. 

 

 
Figure III-3: EPR of Al2O3/n-In0.53Ga0.47As/InP structure. 

 

In order to further verify that the two signals on both sides of the centre 

signal come from the InP(100) substrate, the samples were attached to the 

spin free quartz plates using spin free wax and were then placed in HCl to 

etch away the semi-insulating InP. The EPR measurements on the samples 

with InP removed have demonstrated that the two side signals are removed, 

as expected. However, the high-k/In0.53Ga0.47As interface signal is still not 

observed. 
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Figure V-3: J-V characteristics for Au/Ni/Al2O3(8nm)/n-In0.53Ga0.47As MOS 

capacitors treated by the FGA temperature series. 

 

 
Figure V-4: J-V characteristics for Au/Ni/Al2O3(8nm)/p-In0.53Ga0.47As MOS 

capacitors treated by the FGA temperature series. 
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Combined hard x-ray photoelectron spectroscopy (HAXPES) and electrical characterisation
measurements on identical Si based metal-oxide-semiconductor structures have been performed.
The results obtained indicate that surface potential changes at the Si/SiO2 interface due to the
presence of a thin Al or Ni gate layer can be detected with HAXPES. Changes in the Si/SiO2 band
bending at zero gate voltage and the ��at band voltage for the case of Al and Ni gate layers derived
from the silicon core levels shifts observed in the HAXPES spectra are in agreement with values
derived from capacitance-voltage measurements.VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4770380]

Hard x-ray photoelectron spectroscopy (HAXPES) is
emerging as a technique which has the capability of provid-
ing chemical and electronic information on much larger depth
scales than conventional x-ray photoelectron spectroscopy.1–3

This has potential application in the study of buried interfaces
as found at the oxide/semiconductor interface, particularly
if changes at this interface are of interest following the subse-
quent deposition of a metal capping layer in the fabrication of
metal-oxide-semiconductor (MOS) structures. Photoemission
sampling depths in excess of 10 nm (Ref.4) allow for direct
comparison between results obtained from electrical charac-
terisation techniques and photoemission experiments, as these
measurements can be made on identical structures thereby
bridging the gap between interface chemistry and electrical
properties at buried interfaces.

For this study exploring the combination of HAXPES
and electrical characterisation techniques, the experiments
were performed on Si(100)/SiO2 MOS structures. This
system was selected as the interpretation of the multi-
frequency capacitance-voltage (CV) response is well devel-
oped,5 the interface is representative of an unpinned surface
Fermi level, and the structure allows accurate determination
(650 meV (Ref. 6)) of surface potential for a given gate
voltage based on CV measurements. The samples were
formed over n and p-doped silicon substrates and were
capped with high (Ni) and low (Al) work function metals to
induce surface potential shifts at the Si(100)/SiO2 interface
for examination by the HAXPES and CV methods. Using a
photon energy of 4150 eV in these investigations allowed
for the simultaneous detection of photoemission signals
from metal, oxide, and substrate core levels. The band gap
of Si (1.1 eV) is wide enough to allow differences in the
binding energy (BE) of the n and p-doped substrate core
levels to be detected, which directly re��ect different Fermi
level positions in the band gap.7

In this paper, we illustrate the ability of HAXPES to
measure Fermi level movements in the semiconductor sub-
strate and potential differences across the oxide for MOS

structures, and explain how these results compare with CV
measurements on identical structures.

High quality thermally grown SiO2 layers, with a thick-
ness of 8 nm, were grown using a dry oxidation process in
a furnace at 850��C on both n (2–4 X cm, ��1 �� 1015cm��3 )
and p (10–20 X cm, ��1 �� 1015cm��3 ) doped silicon(100)
substrates following a standard silicon surface clean. The
samples for HAXPES analysis were capped with 5 nm Ni
or 5 nm Al blanket ��lms by electron beam evaporation.
For electrical characterisation, Ni/Au (90 nm/70 nm) and Al
(160 nm) gate electrodes were formed by electron beam
evaporation and a lift off lithography process. The Si/SiO2

samples did not receive a ��nal forming gas (H2/N2) anneal.
HAXPES work is usually performed at synchrotron

radiation sources due to the need for high brilliance to com-
pensate for the rapid decrease in subshell photo-ionization
cross-section with increasing excitation energy.8 HAXPES
measurements were carried out on the NIST beamline X24A
at the National Synchrotron Light Source (NSLS) at Broo-
khaven National laboratory (BNL). A double Si(111) crystal
monochromator allowed for photon energy selection in the
range of 2.1–5.0 keV. An electron energy analyser was
operated at a pass energy of 200 eV giving an overall instru-
mental energy resolution of ��0.35 eV at the chosen photon
energy of 4150 eV. Samples were ��xed on a grounded Al
sample holder with stainless steel clips, which connected the
front of the samples to the sample holder. In order to ensure
correct energy calibration throughout the experiment, metal-
lic Ni Fermi edge reference spectra were acquired immedi-
ately before and after the acquisition of the SiO2 and Si
substrate core level peaks. The resultant error associated
with this photon energy correction procedure is estimated to
be no more than 650 meV. The maximum depletion region
width for the 1 �� 1015cm��3 doped Si substrate is ��800 nm
and the total sampling depth of the HAXPES measurements
is estimated to be no more than 23 nm (Ref.9) for the sub-
strate Si 1 s which has a kinetic energy of ��2310.5 eV for
the 4150 eV photon energy used in these studies,10 where the
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total sampling depth includes the ability to detect the whole
of the 5 nm of metal, 8 nm of oxide, and no more than 10 nm
sampling depth into the Si. Therefore, the BE of the acquired
Si substrate core level peaks directly re��ect the position of
the Fermi level in the silicon at the Si/SiO2 interface, i.e., the
surface Fermi level position. However, it is noted that for
Si samples in inversion, which exhibit strong surface band
bending, the sampling depth of the HAXPES may cause the
peaks to shift by up to 0.1 eV to lower BE.11 The CV meas-
urements were recorded using a CV enabled meter following
open calibration. The measurements were performed on-
wafer at room temperature (22��C) in a probe station in a dry
air environment (dew point ����65��C).

Figure 1 shows the Si 1s core level spectra originating
from the substrate and the 8 nm SiO2 layer for both n and
p-doped Si, with and without the presence of a metal gate.
The BE positions of the core level peaks are measured and
the difference between the n and p type Si substrates is used
to estimate the Fermi level separation at the Si/SiO2 inter-
face. HAXPES measurements on the uncapped Si/SiO2 sam-
ples revealed that the BE position for the p-type Si peaks
was ��0.32 eV lower than the n-type substrate consistent with
the Fermi level residing closer to the valence band edge for
p type and closer to the conduction band edge for n type.
The difference is however less than the expected value of
0.57 eV, which is calculated from the theoretical Fermi level
position difference for n and p silicon with a doping concen-
tration of 1 �� 1015cm��3 .4

The reduction in measured difference in the Si 1 s core
level BE indicates that there is band bending present at the
SiO2/Si interface even in the absence of a metal overlayer. In
order to establish the approximate position of the Fermi level
in the band gap with respect to the valence band edge prior
to metal deposition, valence band spectra were acquired at
the same photon energy. An extrapolation of the Si valence
band to a zero signal intensity yields the approximate

position of the valence band edge.12 Although more accurate
methods have been recently employed,13 this method is suf��-
cient to provide the accuracy required here. Reference spec-
tra of a sample with a Ni gate were subsequently taken, and
the nickel metallic edge was used to establish the Fermi level
position at 0 eV BE on the x-axis. These measurements show
that the Fermi level of the n-type sample is ��0.95 eV above
the valence band edge, indicating an accumulated surface
with the surface Fermi level above its ��at band position
of 0.85 eV above the valence band. Similar measurements
for the p-type sample show the Fermi level is ��0.66 eV
above the valence band edge, above its ��at band position of
0.28 eV, indicating that the p-type surface is weakly inverted.
Both of these observations are consistent with ��xed positive
charge in the SiO2 which is expected based on the oxidation
temperature of 850��C and the absence of any post deposition
annealing.14

The effect of the deposition of high (Ni—5.15 eV
(Ref. 15)) and low (Al—4.1 eV (Ref.15)) work function
metals (5 nm) on the SiO2 surface on the Si 1 s binding
energy is also shown in Figure1. If the Fermi level at the
SiO2/Si interface is free to move, it would be expected to
align with the metal Fermi levels resulting in a slight
increase in band bending (increase in core level BE) for
the n-type substrate with the low work function Al contact,
given that the electron af��nity of Si is 4.05 eV. For the Ni
contact, a large increase in band bending (reduction in core
level BE) would occur as Ni has a high work function.
Alternatively, for the p-type substrate, an Al contact would
result in an increase in band bending (increase in core level
BE), while a Ni contact would result in a decrease in band
bending (decrease in core level BE). HAXPES measure-
ments in Figure1 for samples with Al gates show that the
Si 1 s signal originating from the silicon substrate, located
at a BE of 1839 eV, shifts 0.14 eV for the p-type, and
0.08 eV for the n-type to higher BE. While for the Ni gate,
the Si 1 s peak shifts ��0.12 eV for the p-type and ��0.22 eV
for the n-type to lower BE energy. The experimentally
observed shifts for the samples with metal gates are there-
fore consistent with the direction of expected surface
Fermi level movement, while not matching the expected
shift magnitudes.

The limited ability to move the Fermi level closer to the
valence band edge with the high work function Ni is consist-
ent with ��xed positive charge in the SiO2 which will tend to
accumulate electrons at the Si/SiO2 interface. In addition, as
the samples received no ��nal forming gas (H2/N2) anneal, it
is expected that interface defects originating from silicon
dangling bonds (Pb centres) will be present, which will also
restrict somewhat the movement of the surface Fermi level.
The Pb centres at the Si(100)/SiO2 interface have levels in
both the lower and upper energy gap regions.16–18

Work function differences between the metal and the
partially pinned Si Fermi level should also result in a poten-
tial difference across the oxide layer which should manifest
as a BE shift of the associated oxide core levels.3,7 These
changes would be expected to be most apparent between the
n-type Si and the Ni, or the p-type Si and the Al, as these
both represent the largest difference in work functions. The
spectra in Figure1 also show the changes in BE of the Si 1 s

FIG. 1. Normalised Si 1 s core level spectra acquired at a photon energy of
4150 eV for the uncapped Si/SiO2, Ni (5 nm) capped Si/SiO2 and Al (5 nm)
capped Si/SiO2 samples, showing the shifts in the core level after metal
deposition and the changes in the potential across the SiO2 layer cause by
different work function metals for (a) n-type, and (b) p-type Si substrates.
The dotted lines show the energy separation between n and p type samples
without metal gates.
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oxide peak (located at ��1844 eV) for both dopant types
resulting from metal deposition. For a p-type sample the dep-
osition of the low work function Al results in an increase
in the Si 1 s oxide peak BE of 0.31 eV re��ecting a potential
decrease consistent with the alignment of the Fermi levels.
For the Ni capped p-type sample, a decrease in the BE of
0.38 eV is measured re��ecting a potential increase across the
oxide caused by the high work function Ni contact after
Fermi level alignment. The corresponding BE shift for the
n-type sample was 0.09 eV to higher BE, and 0.67 eV to
lower BE for the Al and Ni cap, respectively. All of these
changes are consistent with the expected polarity of the
potential difference across the oxide layer caused by the low
and high work function metals. Figures2(a)and2(b) show a
schematic diagram illustrating the changes in BE due to
Fermi level movements and changes in the potential ��eld
across the oxide for a p-type Si substrate following the depo-
sition of Al and Ni contacts, respectively. The centre of the
Si 1 s oxide peak is located at a weighted average of the
photoemission signal intensity from the different depths into
the oxide.3 Note that the shift resulting from Fermi level
movement in the bulk Si is also present in the oxide peaks,
so any shift in the oxide peaks is a combination of the Fermi
level movement and a potential difference across the oxide.

The CV responses recorded at an ac signal frequency
of 1 MHz for the corresponding Al (160 nm) and Ni/Au
(160 nm) gate Si/SiO2 MOS capacitors for the n and p-type
silicon are shown in Figures3(a)and3(b), respectively. The
multi-frequency CV responses from 1 kHz to 1 MHz (not
shown) exhibit the features associated with Pb defects at
the Si/SiO2 interface, consistent with previous publica-
tions.17 The presence of unpassivated silicon dangling bonds
(Pb defects) is expected as the samples did not receive a ��nal
forming gas anneal. The ac signal frequency of 1 MHz,
shown in Figures3(a) and 3(b), was selected to minimise
the effect of the silicon dangling bond defects on the CV
response. Considering ��rst the surface potential at 0 V, which
is the condition for the HAXPES measurements, the CV
observations match the expected results, and are consistent
with the HAXPES measurements, indicating: surface accu-
mulation for the Al gate over the n-type, inversion of the sur-
face for the Al gate over p-type, and depletion of the surface
for the Ni gate over both n and p-types. From the CV
responses, the surface potential at 0 V can also be calculated
by ��tting the CV with a Poisson CV solver.19,20 From the
resulting surface potentials (As), the values of Ef-Ev at 0 V
are shown in Figure3, and compared with the corresponding
HAXPES measurements in TableI. The shift in surface
potential for the Al with respect to the Ni gate samples on

FIG. 2. (a) Band diagram illustrating the BE shifts due to an electric ��eld
across the oxide caused by metal deposition, for p-type Si showing a poten-
tial difference across the oxide for a p-type sample with an Al gate. (b) Band
diagram showing a potential difference of the opposite polarity for a p-type
sample with a Ni gate.

FIG. 3. CV characteristics (1 MHz) for the metal/SiO2/Si samples with Al
and Ni gates for both (a) n-type, and (b) p-type substrates, displaying both
the ��at band shifts DVfb and the calculated surface Fermi level (Ef) position
at zero gate voltage. The Fermi level position is with respect to the valence
band (Ef-Ev).
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n-type silicon is 0.36 eV which compares to the value of
0.3 eV from HAXPES. For the p-type sample the surface
potential shift from the Al to the Ni gate is 0.28 eV which
compares to 0.26 eV from the HAXPES as shown in TableI.
When taking into account the errors in surface potential for
the two methods which are 650 meV for both the HAXPES
and CV ��tting, this is a good agreement between the
HAXPES and CV analysis. The increase in capacitance
observed in Figure3(b) for the p-type Al/SiO2/Si MOS struc-
ture at positive gate bias is attributed to peripheral inversion
effects.21

As well as providing information on the surface poten-
tial at zero gate voltage, the HAXPES method can also detect
the ��at band voltage difference between the Ni and Al gate
samples. The ��at band voltage in a MOS capacitor is the
gate voltage required to offset the built in potential, which is
across the oxide and the silicon substrate at 0 V, to achieve a
��at band condition. As a consequence, the difference in the
��at band voltage in the CV for the Ni and Al gate samples
should relate to the BE shifts measured in the HAXPES Si
1 s oxide signal, as these spectra include both the Fermi level
shifts in the substrate and the potential difference across the
oxide. The calculated ��at band capacitance (Cfb) is indicated
in Figures3(a)and3(b), and the ��at band voltage difference
for the Al and Ni gate samples is 0.7 V for the n-type and
0.66 V for the p-type. This is in very good agreement with
the combined Al-Ni shifts in the Si 1 s oxide spectra in
Figure1, which are 0.69 eV and 0.76 eV for the p and n-type
substrates, respectively. The agreement between the surface
potential differences and the ��at band voltage differences
for the two measurement techniques are shown in TableI.
There is very good agreement in the relative shifts between
samples with Al and Ni gates, however, there is a discrep-
ancy between the p-type Fermi level positions determined by
the two techniques. The results in Figure3 provide a possible
explanation. The p type samples are either at the onset of
strong inversion (Ni) or in strong inversion (Al) at 0 V and
consequently have larger surface band bending than the n
type samples which are in depletion (Ni) or slight accumula-
tion (Al). If we assume a maximum sampling depth into
the Si substrate of 10 nm, the band-bending will vary by
0.1–0.15 eV for a p type sample in inversion based on a
Poisson-Schrodinger simulation.11 This variation would be
apparent in the HAXPES measurement resulting in a lower
Ef-Ev than obtained from the CV analysis.

In conclusion, the large sampling depth of HAXPES has
been exploited to characterise band bending in metal/SiO2/Si

MOS structures fabricated with both high (Ni) and low (Al)
work function metals. The HAXPES measurements of the Si
1 s core level have been shown to be sensitive to changes in
band bending at the Si/SiO2 interface due to the presence of
high (Ni) and low (Al) work function metals. The Si 1 s core
level originating from the SiO2 layer indicates the presence
of a potential difference across the SiO2 layer. The changes
in the band bending at the Si/SiO2 interface and the potential
difference across the SiO2 are consistent with the difference
in metal work functions and are in agreement with the results
derived from CV measurements.
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0.95 eV 1.03 eV 0.73 eV 0.3 eV 0.76eV
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Hard x-ray photoelectron spectroscopy (HAXPES) has been used to study metal-oxide-semiconductor (MOS)
structures fabricated with both high (Ni) and low (Al) work-function metals on 8-nm thick Al2O3 dielectric
layers, deposited on sulfur passivatedn- andp-doped GaAs substrates. A binding energy difference of 0.6 eV
was measured between the GaAs core levels of then- andp-doped substrates in the absence of gate metals,
indicating different Fermi level positions in the band gap. Subsequent photoemission measurements made on the
MOS structures with the different work-function metals displayed very limited change in the GaAs core level
binding energies, indicating that the movement of the Fermi level at the Al2O3/GaAs interface is restricted. Using
a combination of HAXPES measurements and theoretical calculations, the Fermi level positions in the band gap
have been determined to be in the range of 0.4–0.75 eV and 0.8–1.11 eV above the valence band maximum for
p- andn-type GaAs, respectively. Analysis of capacitance voltage (C-V) measurements on identically prepared
samples yield very similar Fermi level positions at zero applied gate bias. The C-V analysis also indicates a
higher interface defect density (Dit ) in the upper half of the GaAs bandgap.

DOI: 10.1103/PhysRevB.88.045322 PACS number(s): 79.60.Ši, 84.37.+ q

I. INTRODUCTION

The recent increased interest in the nondestructive analysis
of buried interfaces, such as those in metal oxide semiconduc-
tor (MOS) structures, has been facilitated by the development
of a high energy variant of x-ray photoelectron spectroscopy
(XPS) known as hard-XPS (HAXPES). The increase in
the analysis depth, from 5–7 nm for conventional XPS up
to 15–30 nm for HAXPES,1–4 facilitates the measurement
of core level signals from all the relevant layers in MOS
structures which can also be electrically characterized by
capacitance-voltage (C-V) techniques. The ability of HAX-
PES measurements to provide information on band bending
at the semiconductor/dielectric interface and to detect the
presence of a potential difference across the dielectric provides
complementary information on the electronic structure of
the MOS to that deduced from C-V measurements.5 This
is of particular interest in cases where it is dif�cult to
extract de�nitive information from conventional C-V analysis
due to high interface state densities, as is the case with
GaAs.6

In this paper we report on a study exploring the application
of HAXPES analysis to determine the surface Fermi level
position inn- andp-doped GaAs MOS structures, where the
oxide is an Al2O3 (8-nm) thin �lm deposited by atomic layer
deposition (ALD). The samples studied included Al2O3/GaAs
structures with no metal gates and samples capped with 5-nm
thick high (Ni) and low (Al) work-function metals, to explore

if the low and high work-function metal layers modulate the
surface Fermi level position. Using a photon energy of 4150 eV
in these investigations allowed the detection of photoemission
signals from metal, oxide, and substrate core levels. The
relatively wide band gap of GaAs (1.42 eV) increases the
possibility of detecting differences in the binding energy (BE)
of the n- and p-doped substrate core levels which directly
re�ect different Fermi level positions in the band gap.7 The
surface Fermi level positions obtained from the HAXPES
analysis are compared to the reported location of the pinning
positions in the GaAs band gap forn- andp-doped substrates
from other studies.8–10

In conjunction with the HAXPES analysis, Al2O3/GaAs
MOS samples withn- andp-doped GaAs substrates and Ni
or Al gate contacts were examined using C-V analysis. The
GaAs/oxide interface is known to display capacitance-voltage
characteristics in MOS devices indicative of a high density
of interface states, which restricts the movement of the
Fermi level at the GaAs/oxide interface upon application of
a gate voltage. To fully characterize the interfacial electronic
properties in the high-� /GaAs MOS system it is necessary
to determine the energy distribution of the interface states.
In the case of an MOS system with a high interface state
density, such as GaAs, the conversion of the gate voltage
in the C-V response to the corresponding energy position
in the interface state analysis is an established problem.11

It would be highly bene�cial to the community working in
the electrical characterization of III-V MOS interface states
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to have an independent method of evaluating the surface
potential for a given gate voltage, as this would provide a
higher degree of certainty for energy mapping of the interface
states.

The results presented in this paper illustrate the ability of
HAXPES to detect Fermi level positions at the GaAs/dielectric
interface, and the presence of any potential differences across
the dielectric layers. The results from the HAXPES analysis
are also compared to the analysis of the C-V response, and a
good agreement is obtained for the surface Fermi level position
for the case of zero applied gate voltage (Vg).

II. EXPERIMENTAL

The n- (Si, 5× 1017 cmŠ3) and p- (Zn, 5× 1017 cmŠ3)
doped GaAs samples consisted of 400-nm thick GaAs layers
grown by metal organic vapor-phase epitaxy (MOVPE) on
epi-ready GaAs substrates. The samples received a surface
treatment using a 10% solution of (NH4)2S in deionized
water for 20 min at room temperature immediately prior to
being transferred into the ALD chamber with less than 3 min
air exposure.12 The 8-nm Al2O3 was deposited by ALD at
300 � C using alternating TMA (Al(CH3)3) and H2O pulses.
The samples were split into three groups: A, B, and C, each
containing onen- and onep-type GaAs sample. Group A was
left without a metal gate, group B was capped with a 5-nm
Ni blanket �lm, while group C was capped with a 5-nm Al
blanket �lm. All metal deposition was achieved by electron
beam evaporation. Additionally, two further groups, D and E
were produced for C-V analysis in an identical fashion to that
mentioned above, with group D samples capped with a 160-nm
Al �lm, while group E samples were capped with a 70/ 90 nm
Ni/Au �lm for electrical probing. The metal gate areas for the
C-V characterization were de�ned by a lithography and lift-off
process.

HAXPES measurements were carried out on the NIST
beamline X24A at the National Synchrotron Light Source
(NSLS) at Brookhaven National laboratory (BNL). A double
Si (111) crystal monochromator allowed for photon energy
selection in the range of 2.1–5.0 keV. An electron energy
analyzer was operated at a pass energy of 200 eV giving an
overall instrumental energy resolution of 0.52 eV at the chosen
photon energy of 4150 eV. In order to ensure correct energy
calibration throughout the experiment, metallic Ni Fermi edge
reference spectra were acquired immediately before and after
the acquisition of the Al2O3 and GaAs substrate core level
peaks. The resultant error associated with this photon energy
correction procedure is estimated to be no more than 50 meV.
The maximum depletion region width for the 5× 1017 cmŠ3

doped GaAs substrate is calculated to be 61 nm. The total
sampling depth of the HAXPES measurement using a photon
energy of 4150 eV is estimated to be 23 nm13 which ensures the
detection of photoemitted electrons from the 5-nm metal and
8-nm dielectric layers, as well as approximately 10 nm into the
GaAs, which is obtained from the inelastic mean free path of
the As 2p photoemitted electrons, which have kinetic energies
of 2827 eV.14 The XPS core level spectra were curve �tted,
using Voigt pro�les composed of Gaussian and Lorentzian
line shapes in a 3:1 ratio with a Shirley-type background, to
increase the accuracy of locating the peak centers.

FIG. 1. (Color online) Normalized As 2p core level spectra
acquired at a photon energy of 4150 eV for the uncapped Al2O3/GaAs,
Ni (5 nm) capped and Al (5 nm) capped Al2O3/GaAs samples,
showing the shifts in the core level after metal for (a)n-type, and
(b) p-type GaAs substrates. The dotted lines show the energy
separation betweenn- andp-type samples without metal gates.

III. RESULTS AND DISCUSSION

Figure1 shows the As 2p core levels acquired at 4150 eV
photon energy for bothn- andp-doped GaAs with the 8-nm
Al2O3 dielectric layer, with and without the presence of a metal
overlayer. Measurements on the uncapped samples reveal that
the binding energy position for thep-type GaAs peaks was
found to be 0.6 eV lower than then-type substrate consistent
with the Fermi level residing closer to the valence band
maximum. The difference is however less than the expected
value of 1.34 eV, which is based on the calculated Fermi
level position difference forn and p GaAs with a doping
concentration of 5× 1017 cmŠ3, indicating that there is band
bending at the Al2O3/GaAs interface for both dopant types,
even in the absence of a metal contact.15

In order to determine whether the band bending displayed
at the interface re�ected Fermi level pinning, both high (Ni
5.01 eV) and low (Al 4.08 eV) work-function metal �lms 5-nm
thick were deposited on the dielectric.16 By ensuring electrical
contact between the metal overlayer and the GaAs substrate,
Fermi level equalization across the MOS structure resulting
from the differences in work functions occurs. If the Fermi
level at the Al2O3/GaAs interface is free to move, it would
be expected to align with the metal work function resulting
in a reduction in band bending (increase in core level binding
energy) for then-type substrate with the low work-function Al
contact and an increase in the band-bending (reduction in core
level binding energy) for the high work-function Ni contact.
The same dependence of core level binding energy on metal
work function would be expected for thep-type substrate,
however, the magnitude of the shifts would differ, so for an Ni
gate a much larger core level binding energy shift should be
recorded forn type than forp type, while for an Al gate we
would expect a larger shift forp type than forn type.

HAXPES measurements for samples with an Al gate show
that the peaks shift 0.11 eV and 0.15 eV to higher BE, for
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n- andp-type samples, respectively, with no detectable change
for the Ni gate. The limited ability to move the Fermi level
of either dopant type suggests highDit at the Al2O3/GaAs
interface. The small shift in the GaAs core levels following
the deposition of the low work-function Al contact indicates
that there is a limited ability of the Fermi level to move towards
the conduction band. These combined results indicate that the
band bending observed at the Al2O3/GaAs interface for the
n- andp-doped substrates in the absence of a metal contact
broadly re�ects the position of the partially pinned Fermi level,
as no signi�cant Fermi level movements occurred following
the deposition of metals with different work functions. The
measurements also suggest that the partial Fermi level pinning
for n- andp-doped substrates at different positions in the band
gap are caused by different interface state defects consistent
with previous studies.9,17,18 This result is in agreement with the
recent work of Caymaxet al.9 for electrical measurements on
sulfur treated Al2O3/GaAs MOS capacitors onn- andp-doped
substrates which reported different defect state distributions in
the GaAs band gap and the limited ability of sulfur treatment
to passivate the mid-gap defect states. The reduction in signal
to noise apparent in the spectra for the GaAs substrate peaks
following the metal deposition re�ects an intensity attenuation
of 84% in the case of the Al contact and a 91% reduction
for the Ni contact which highlights the necessity for the large
sampling depth and high brilliance capabilities of HAXPES
measurements.

Following the work of Krautet al.,19 the position of the
VBM in relation to a reference metallic Fermi level was
determined by theoretically calculating the density of states
(DOS) from �rst principles. The theoretical DOS is then
weighted by the cross section of each atomic orbital, and
convolved with a Gaussian curve,� = 0.5 eV full width at half
maximum, in order to accurately model the VB as measured
by photoemission.20 Figure 2 shows the good agreement

FIG. 2. (Color online) Total theoretical DOS, convolved cross
section weighted DOS and experimental photoemission valence band
spectra ofn-type GaAs/Al2O3. A Gaussian of� = 0.5 eV was used
in convolution. The VBM position is indicated by the vertical line.
The Ni Fermi edge was used to determine zero binding energy on this
scale which re�ects the Fermi level position.

FIG. 3. (Color online) Simulation of the band bending in ap-type
GaAs MOS structure based on 0.4-eV band bending as measured by
HAXPES.

between the calculated DOS and the VB spectrum forn-type
Al2O3/GaAs as measured by photoemission. The VBM for
this n-doped substrate is determined to be approximately
1.0 ± 0.1 eV below the reference Fermi level, which would be
at zero binding energy on thex axis, while the corresponding
VBM for the p-type Al2O3/GaAs, determined using the same
method, was 0.4 ± 0.1 eV below the Fermi level.

In order to assess the magnitude of the error in determining
the Fermi level position from the HAXPES measurement,
a simulation of the band bending for 5× 1017 cmŠ3 doped
p-type GaAs resulting from a 0.4-eV surface potential was
performed by numerically solving Poissons equation. The
resulting band-bending diagram shown in Fig.3 indicates that
for a sampling depth into the GaAs substrate of 10 nm, the error
in determining the VBM position is a maximum of 0.15 eV.
However, due to the exponential fall off in the weighting of
the photoemitted electron contribution with depth, it would
be reasonable to assume that the actual error is likely to be
less than 0.1 eV. This analysis allows the determination of the
Fermi level position for thep-type sample without a metal
cap, or with an Ni cap, to be in the range of 0.4–0.5 eV above
the VBM, while for the sample with the Al cap the Fermi level
is 0.55–0.65 eV above the VBM. For the equivalentn-type
sample, assuming a similar band-bending derived error, the
Fermi level is in the range of 0.9–1.0 eV above the VBM for
uncapped and Ni capped samples, and 1.01–1.11 eV for Al
capped samples.

In order to quantify any surface photovoltage (SPV) related
effect,21 caused by the generation of electron hole pairs in
the GaAs by a high incident photon �ux, the following
analysis has been undertaken. SPV effects are characterized
by a rigid shift of both semiconductor substrate and metal
derived peaks towards the �at band positions.21 This has the
effect onp-type substrates of shifting the metallic Fermi edge
above the reference Fermi level by an amount equivalent
to the band �attening cause by SPV, but no such shift was
observed in this work. In addition, the relatively high doping
density (5× 1017 cmŠ3), and the fact that measurements were
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FIG. 4. (Color online) Multifrequency (1 kHz to 1 MHz) C-V response at room temperature (� 295 K) for (a) Al/Al2O3/n-GaAs,
(b) Al/Al 2O3/p-GaAs, (c) Ni/Al2O3/n-GaAs, and (d) Ni/Al2O3/p-GaAs MOS capacitors.

performed at room temperature both act to minimize any
SPV effect.22 Deriving similar Fermi level positions from
both metal capped and uncapped samples also indicates that
a signi�cant SPV effect is not occurring, as the presence of a
metal cap should act to reduce the SPV effect.22 In any case,
studies by Baueret al.22 would indicate that for the photon �ux
used in these measurements (maximum of 1011 photons/ s) and
the doping density of the GaAs substrates, an upper estimate
of the SPV effect would result in no more than a 0.1-eV shift
towards the �at band positions. Even taking these SPV-induced
shifts into account, and adding this to the error as a result of
the band bending, the results suggest that the Fermi level of
thep-type sample is in the range 0.4–0.6 eV above the valence
band maximum (VBM) for uncapped and Ni capped samples,
and 0.55–0.75 eV for Al capped samples, above its calculated
position of 0.04 eV above VBM. The corresponding analysis
for then-type Fermi level position is in the range 0.8–1.0 eV
from the VBM for uncapped and Ni capped samples, and
0.91–1.11 eV for Al capped samples, below its calculated
position of 1.38 eV above VBM, which agree with then-p
Fermi level separation of 0.6 eV as determined from the
core level peak shifts. These Fermi level positions are in
good agreement with those previously reported forp-type
GaAs, 0.4–0.6 eV,8 and 0.33 eV23 above the VBM. However
there is a greater discrepancy in then-type Fermi levels, with
previous values of 0.61 eV23 and 0.7 eV.24 The presence of two
pinning positions close to the midgap is, however, consistent
with the uni�ed defect model (UDM), which explains the two
pinning states as being related to acceptor (missing As atom)
or donorlike (missing Ga atom) states which are due to missing
atoms at the semiconductor/oxide interface.9,25

In order to fully characterize the presence of interface
states at the dielectric-semiconductor interface, both high and
low ac frequency C-V measurements are required. The C-V
responses recorded at a range of ac signal frequency (1 kHz
to 1 MHz) for the corresponding Al (160 nm) and Ni/Au
(70/ 90 nm) gate GaAs/Al2O3 MOS capacitors for then- and
p-type GaAs are shown in Figs.4(a)–4(d). A large frequency
dispersion at positive gate voltages is observed in the C-V for
the n-type GaAs, which is consistent with the high interface
state density in the upper half of the GaAs band gap. The
accumulation capacitance is not seen from the 1-MHz C-V,
suggesting that the Fermi level is pinned at a �xed energy
level at the Al2O3/GaAs interface forn type and cannot move
towards the conduction band to accumulate electrons. The
accumulationlike capacitance measured at 1 kHz is not only
due to the differential capacitance (Cs) of the n-type GaAs
but is a consequence of a capacitance contribution of an
interface state capacitance (Cit ) in parallel with Cs. As Cit
is large compared toCs andCox, according to the equivalent
circuit of a MOSCAP with the presence of interface states,15

a capacitance that approachesCox can be observed but does
not indicate that accumulation is achieved. Because the Fermi
level is pinned at the �xed energy level, all the additional
gate charge is compensated by charging Al2O3/GaAs interface
defects. A similar C-V response was also observed for a
HfO2/GaAs MOS capacitor at 295 K.26 The multifrequency
C-V response for thep-type GaAs MOS capacitors shows
much smaller frequency dispersion at negative gate voltages,
with a maximum capacitance that approachesCox at both 1 kHz
and 1 MHz, implying that the interface state density is reduced
in the lower half of the GaAs band gap in comparison to the
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FIG. 5. (Color online) Comparison of 1-MHz C-V between Al
and Ni gates for (a)p-GaAs and (b)n-GaAs.

upper half, thus thep type can more easily reach accumulation
than then type.

The work-function difference between Al and Ni on the
MOS structures under investigation is estimated from the
C-V at 1 MHz as shown in Figs.5(a) and 5(b) for p-
and n-type, respectively. In order to obtain the Fermi level
position, the GaAs surface potential is calculated based on
the measured capacitance at 1 MHz and zero gate voltage, as
the HAXPES measurement is carried out without applying
a gate voltage. It is crucial to do the calculation on the
premise that a true high frequency capacitance is obtained
at Vg = 0 V, otherwise the measured capacitance comprises
a Cit term which leads to an incorrect surface potential. A
model by Brammertzet al.6 that determines the interface
trap response at 295 K using a capture cross section of
1 × 10Š14 cm2 is shown in Fig.6. It is evident that only
the interface defects in the energy rangeEv to Ev + 0.31
eV andEcŠ0.27 eV toEc can respond to an ac frequency
of 1 MHz. All the interface states outside this energy range
will only affect the C-V though a stretch-out along the gate
voltage axis without the addition ofCit to the total capacitance
of the MOS capacitor. As discussed earlier, the HAXPES
measurements indicate that the Fermi level is located in the
range of 0.8–1.11 eV and 0.4–0.75 eV above the VBM for then
andp types, respectively. It is noted that these energy positions
are in the region where interface states cannot respond, giving
us con�dence in calculating the surface potential using the
1-MHz capacitance atVg = 0 V. In addition, it is worth
highlighting that for GaAs, the capture cross section can vary

FIG. 6. (Color online) Simulation of trap response using the
model by Brammertzet al.6 associated with the measurement at
295 K, assuming a capture cross section of 1× 10Š14 cmŠ2. The
horizontal dashed line corresponds to the high frequency of 1 MHz in
the C-V measurement and circled regions represent the energy levels
of interface states (Et ) in the GaAs band gap measured by HAXPES,
which are in the ranges 0.8–1.11 eV and 0.4–0.75 eV above VBM for
then andp type, respectively, in the absence of metal contacts and
approximately the same after the deposition of the Al or Ni gate. For
smaller values of capture cross section the region of the energy gap
over which the interface states can respond is reduced.

over orders of magnitude.27 The calculations for the model
have been performed for capture cross sections which span
3 orders of magnitude (1× 10Š17 to 1× 10Š14 cm2), which
all show that no interface states at those energy levels can
respond to 1 MHz atVg = 0 V. From the C-V at 1 MHz
the corresponding semiconductor depletion capacitance can be
calculated from the total measured capacitance (Cit = 0) and
an oxide capacitance valueCox = 9.5 × 10Š7 F/ cm2 assuming
an Al2O3 layer with nominal thickness of 8 nm is formed
during the ALD. This value can then be used to determine the
surface potential and hence the surface Fermi level position
with respect to the VBM. The C-V–based calculations indicate
that for then type the Fermi level is 0.86 eV and 0.78 eV above
the VBM with Al and Ni gates, respectively, and for thep-type,
it is 0.41 eV and 0.30 eV above the VBM with Al and Ni gates,
respectively, which are in good agreement with the HAXPES
measured Fermi level positions. The comparative HAXPES
and C-V results (Vg = 0) for the surface Fermi level position
are presented in TableI. The difference between the Fermi
level position of Al and Ni is thus 0.08 eV over then type and
0.11 eV over thep type, which is consistent with the Fermi
level shift between Al and Ni from HAXPES over both then

TABLE I. Comparison of Fermi level positions recorded by HAXPES and C-V measurements atVg = 0 V. Ef is the Fermi level energy;
Ev is the valence band energy.

Sample Ef -Ev (Al2O3/GaAs) Ef -Ev (Al/Al 2O3/GaAs) Ef -Ev (Ni/Al 2O3/GaAs) � Ef (Al-Ni shift)

n-type (C-V) n/a 0.86 eV 0.78 eV 0.08 eV
n-type (HAXPES) 0.8 – 1.0 eV 0.91 – 1.11 eV 0.8 – 1.0 eV 0.11 – 0.31 eV
p-type (C-V) n/a 0.41 eV 0.3 eV 0.11 eV
p-type (HAXPES) 0.4 – 0.6 eV 0.55 – 0.75 eV 0.4 – 0.6 eV 0.15 – 0.35 eV
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FIG. 7. (Color online) Al 1s spectra showing BE shift due to the
changes in the potential across the Al2O3 layer caused by different
work-function metals for (a)n-type and (b)p-type GaAs. The
presence of a metallic Al 1s signal at 1559.5 eV binding energy
originates from the metal cap.

type, of 0.11–0.31 eV, andp type, of 0.15–0.35 eV as shown
in TableI.

Work-function differences between the metal and the
pinned GaAs Fermi level should be re�ected in a potential
difference across the dielectric layer resulting in a binding
energy shift, and broadening of the associated dielectric core
levels.3 These changes would be expected to be most apparent
between then-type GaAs and the Ni, or thep-type GaAs and
the Al, as these both represent the largest potential difference,
given the electron af�nity of GaAs is 4.07 eV. Figure7 shows
the changes in binding energy of the Al 1s oxide peak (located
at 1562 eV) for then- and p-type GaAs substrate resulting
from metal deposition. For then-type sample the deposition
of the low work-function Al results in a small increase in the
Al 1s peak BE (0.09 eV), which is less than the work-function
difference in the range of 0.3–0.5 eV. It is thought that this
discrepancy is partly due to trapped charge in the Al2O3, which
has previously been measured in the case of Al2O3/InGaAs
systems.28,29 If there is positive charge already present in the
oxide then the potential �eld needed to equalize the metal
work-function and Fermi level in the semiconductor is less in
the case of an Al cap, and greater in the case of an Ni cap, which
is the case in our results as shown in TableII . The presence of
a metallic Al 1s signal at 1559.4 eV binding energy originates
from the gate metal. For the Ni cappedn-type sample, a

TABLE II. Comparison of the calculated and measured shifts in
the Al oxide peak due to the presence of a potential �eld across the
oxide layer.

Calculated Al2O3 Experimental Al2O3

Sample shift (eV) shift (eV)

Al/Al 2O3/n-GaAs 0.3 – 0.5 0.09
Ni/Al 2O3/n-GaAs Š0.52 –Š0.32 Š0.59
Al/Al 2O3/p-GaAs 0.66 – 0.86 0.54
Ni/Al 2O3/p-GaAs Š0.12 – 0.08 Š0.26

signi�cant decrease in the binding energy (Š0.59 eV) of the
Al 1s oxide peak re�ects a potential difference of the opposite
polarity across the dielectric caused by the high work-function
Ni contact, as previously explained by Walshet al.5 and this
shift agrees well with the theoretical work-function difference
in the range fromŠ0.52 to Š0.32 eV. The corresponding
binding energy shifts for thep-type sample were 0.54 eV to
higher BE with the Al cap andŠ0.26 eV for the Ni cap, which
agree well with the expected shifts of 0.66–0.86 eV andŠ0.12
to 0.08 eV, respectively.

All of these changes are consistent with the difference in
the polarity of the potential difference in the dielectric layer
caused by the low and high work-function metals and further
re�ect the restricted nature of the Fermi level movement in
the GaAs, as the work-function difference between GaAs
and metal caps is manifest as a potential difference across
the dielectric layer.3 The Al 1s peak widths for the metal
capped samples broaden when compared to the samples
without metal gates re�ecting the gradient in the potential
across the dielectric layer. The small potential difference of
0.09 eV measured across the Al2O3 layer for the Al on
n type results in negligible broadening while a full width
half maximum (FWHM) increase of 0.36 eV for Ni on
the n-type re�ects the larger potential difference across the
dielectric. In the case of thep-type sample, again negligible
differences in FWHM were measured for the Al contact, but a
0.18- eV FWHM increase was found for the Ni capped sample.
While these differences are smaller than would be expected,
this can be partially accounted for by the limited extent to
which these potential changes can be quanti�ed by measuring
photoemission peak line shapes.30

IV. CONCLUSIONS

In summary, the large sampling depth of HAXPES has
been used to characterize band bending in metal/Al2O3/GaAs
(MOS) structures fabricated with both high (Ni) and low (Al)
work-function metals. The results are consistent with different
Fermi level positions forn- and p-doped substrates which
are largely independent of metal work function. Valence band
measurements indicate that the Fermi level positions in the
band gap are in the range of 0.4–0.75 eV and 0.8–1.11 eV
above the valence band maximum forp-type andn-type GaAs,
respectively. C-V analysis of near identical samples yield very
similar surface Fermi level positions at zero gate voltage for the
n- andp-type GaAs samples. The C-V responses also indicate
an Al2O3/GaAs interface with a higherDit in the upper half
of the band gap. A potential difference across the Al2O3 layer
consistent with the difference in metal work functions was also
measured. The ability of HAXPES measurements to allow the
extraction of Fermi level positions at buried metal/dielectric
interfaces in the presence of metal capping layers facilitates
the study of MOS structures which are dif�cult to analyze
by C-V electrical characterization methods due to the limited
Fermi level movement. The fact that HAXPES measurements
can also provide information on chemical interactions makes
it a powerful analytical tool for the investigation of MOS
structures with layer thickness dimensions relevant to future
semiconductor device technology nodes.
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