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Abstract 

 The development of high-k/III-V gate stack 

technology that is compatible with non-planar device 

geometries is critical to enable next generation low power 

and high performance logic devices, such as tunneling 

transistors or MOSFETs using high mobility low band 

gap III-V semiconductors as channel material. The 

resurging interest and recent advances integrating high 

permittivity thin films on III-Vs using atomic layer 

deposition (ALD) are being reflected in the large number 

of recent publications addressing the challenges 

associated. Research efforts towards demonstrating 

aggressively scaled dielectric films with a low trap 

density at the high-k/semiconductor interface have been 

plagued by the difficulties associated with the correct 

extraction of interface trap density contribution to the 

admittance response of MOSCAP devices.  

   This paper reviews different methods to determine 

the interface trap density and its applicability towards 

correct Dit extraction in high-k/III-V MOSCAPs. InGaAs 

and GaSb are used to exemplify the potential pitfalls and  

guidelines are formulated to unambiguously identify 

Fermi level unpinning. 

 

INTRODUCTION 

 Over the past decades the continuous scaling of silicon 

based MOSFETs has pushed the channel material to its 

intrinsic limits. To date, strain-engineering is utilized to 

reduce the effective mass of carriers in the channel. High-

k/metal gate technology has been successfully implemented 

into the Si-CMOS manufacturing process to maintain 

electrostatic control in highly scaled device. Advanced non-

planar device architectures, such as FinFET structures, are 

currently being actively pursuit to enable high performance 

computing at lower operation voltages, addressing the power 

constraints in existing CMOS technology. 

 Alternative channel materials with high mobility and 

small band gap are becoming attractive to replace Si. 

InGaAs and Ge have been proposed as potential candidates 

for n and p-MOS devices offering higher carrier velocities 

and mobilities than Si [1] and antimonide based compound 

semiconductors are being pursued for p-channel transistors 

[2]. However, developing MOSFET and TFET technology 

using III-Vs is accompanied by a set of challenges. One 

main roadblock is to identify a process that allows 

integrating high-k dielectric in non-planar device structures 

that can be aggressively scaled and have a sufficiently small 

interface trap density.  

 A mandatory requirement towards an understanding of 

interface trap formation and surface passivation schemes is 

to unambiguously and quantitatively extract interface trap 

densities. However, interface trap densities (Dit) of high-

k/III-V MOSCAPs that differed by orders of magnitude 

were extracted from similar admittance responses [3]. Even 

the application of different Dit extraction techniques to the 

same device can give markedly different results suggesting 

that the interpretation is not straight forward. 

 In the following we will review recent efforts towards 

high quality high-k/III-V interfaces exemplified on n-

InGaAs and p-GaSb. Emphasis is placed identifying the 

potential pitfalls of the different commonly applied 

extraction techniques. Simple guidelines are presented that 

allows identifying if the Fermi level unpinning is achieved. 

 

ADMITTANCE RESPONSE OF NON-IDEAL AND IDEAL 

MOSCAPS 

 The main problem to correctly extract interface trap 

density is twofold: the non-ideality of the device under study 

and insufficient information of the parameters relevant to 

correctly model the admittance response. 

 

 
FIGURE 1 

SCHEMATIC OF THE NON-IDEALITIES POTENTIALLY PRESENT IN HIGH-K/III-V 

MOSCAPS THAT CAN PLAGUE THE CORRECT INTERPRETATION OF 

ADMITTANCE RESPONSE AND EXTRACTION OF INTERFACE TRAP DENSITY.   
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 The dissimilar bonding characteristics of semiconductor 

and the high-k dielectric, their poor thermodynamic stability 

and avoiding the native oxide formation of the III-V impose 

constraints to the gate stack fabrication process and the 

thermal budget, thus limiting the deposition temperature and 

the effectiveness of post deposition treatments. Figure 1 

shows a schematic of non-idealities present in the material 

that can contribute to the admittance response. Their correct 

representation using equivalent circuit modeling is 

sometimes not straight forward. Relevant parameters are 

largely unknown to date, for example the energy levels of 

the traps in the dielectric and their distribution in the depth 

of the films. Furthermore, for parameters necessary to model 

the admittance response of the semiconductor, such as 

capture cross section, markedly different values have been 

reported. Besides, various approximation schemes of the 

band structure can have a profound effect on the CV 

characteristics of the ideal MOSCAP response [3,4]. Figure 

2 shows ideal CV characteristics of the quasistatic and high 

frequency response for n-In0.53Ga0.47As and p-GaSb at room 

temperature assuming an equivalent oxide thickness (EOT) 

of 3 nm and dopant concentrations of ND=1∙10
17

 cm
-3

 and 

NA=2∙10
17

 cm
-3

, respectively.  

 
FIGURE 2 

QUASISTATIC CAPACITANCE VOLTAGE CURVES OF N-IN0.53GA0.47AS (TOP, 

TAKEN FROM [3]) AND P-GASB (BOTTOM) USING VARIOUS APPROXIMATION 

OF THE BAND STRUCTURE: CLASSIC: BOLTZMANN DISTRIBUTION; : -

VALLEY (PARABOLIC); : -VALLEY (NONPARABOLIC); +X+L: ALL 

VALLEYS. THE HIGH FREQUENCY (HF) BRANCH IS INDICATED AS WELL.  

 The parameters used for the calculation are summarized 

in Table 1; a schematic of the band structure and population 

of conduction band valleys and valence bands as a function 

of Fermi level position is shown in Figure 3. 

 
FIGURE 3 

TOP (MODIFIED FROM [3]): SCHEMATIC OF THE BAND STRUCTURE. BELOW: 

ELECTRON AND HOLE CONCENTRATION N AND P AS A FUNCTION OF FERMI 

LEVEL POSITION  WITH RESPECT TO THE UPPER VALENCE BAND EDGE. 

IN0.53GA0.47AS IS SHOWN IN THE MIDDLE, GASB IS SHOWN BELOW. 

  

 Inspecting the calculated ideal CV curve of high-k/n-

In0.53Ga0.47As and taking different band structure details into 

account it is apparent that even fairly subtle details, such as 

nonparabolicity  of the  valley and the consideration of 

higher lying valleys in the conduction band have a 

noticeable effect. Approximating the electron distribution 

using Boltzmann statistics is an inappropriate simplification 

(gray curve in Figure 2) that does not reflect the asymmetry 

of the conduction and valence band density of states. For 

high-k/III-V MOSCAPs and in particular for aggressively 

scaled oxide thicknesses the Fermi level can potentially 

move deep into the conduction band due to its small density 
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of states. Thus the population of satellite valleys has to be 

considered. Two additional problems are being identified: 

The oxide capacitance Cox has to be determined from an 

independent measurement because accumulation capacitance 

does not match the oxide capacitance. Considerable Fermi 

level movement in the conduction band aggravates correct 

determination of flat band voltage because straight forward 

approaches such as Berglund integral [5] are not applicable. 

 For GaSb the situation is different. Although  valley 

density of states is similar to In0.53Ga0.47As large deviation in 

the ideal CV characteristics are obtained if satellite valleys 

are ignored. The heavy mass of the L valley and the small 

energy difference between the bottom of the  and the L 

valley alleviates the asymmetry in the CV curve, see Fig. 2 

bottom. Therefore the semiconductor band structure has to 

be considered in full to calculate relevant ideal CV curves. 

TABLE  I 

BAND PARAMETERS [6] USED TO CALCULATE IDEAL CV CURVES FOR N-

IN0.53GA0.47AS AND P-GASB AT ROOM TEMPERATURE SHOWN IN FIGURE 2. 
DENSITY OF STATES MASSES GIVEN IN UNITS OF FREE ELECTRON MASS.  

band parameter In0.53Ga0.47As GaSb 

EeV 0.74 0.73 

EL eV 1.29 0.75 

EXeV 1.27 1.03 

Eso eV -0.25 -0.76 

m 0.038 0.031 

mL 0.42 0.59 

mX 0.35 0.87 

mhh 0.35 0.71 

mlh 0.057 0.044 

mso 0.16 0.12 

eV-1 1.26 1.46 

 

GUIDELINES TO ESTABLISH FERMI LEVEL UNPINNING OF 

HIGH-K/N-INGAAS INTERFACE 

 The analysis of the CV characteristics to unambiguously 

determine if the Fermi level is unpinned is not straight 

forward. It is plagued by the fact that two different 

scenarios, namely 1) small overall Dit and absence of a 

midgap trap and 2) large overall Dit and Fermi level pinning 

around midgap, give rise to a similar response.  A typical 

example of HfO2/n-In0.53Ga0.47As is shown in Figure 4. 

Saturation is reached at positive gate bias in accumulation. 

The curves are fairly stretched out and show frequency 

dispersion in accumulation and depletion indicating the 

presence of interface traps. Furthermore, an enhanced 

capacitance upturn at negative gate bias and lower 

frequencies is found. This upturn can be interpreted as onset 

of inversion assuming that a smaller minority carrier 

response time and a higher intrinsic carrier concentration 

compared to Si causes an inversion response in 

In0.53Ga0.47As already at kHz frequencies. Fitting the 

minimum capacitance at negative gate bias to determine the 

carrier concentration will result in scenario 1 with a Dit 

profile schematically shown in Fig. 4. On the contrary, the 

combination of an even higher Dit that results in a larger 

stretch-out in combination with a pronounced midgap trap 

that pins the Fermi level and therefore giving rise to the 

capacitance upturn at small frequencies will result in a 

similar response. Being able to identify which of the two 

scenarios is at play is important. The two cases can be 

discriminated based on the following guidelines: 

• The oxide capacitance and dopant concentration have to 

be determined independently and should not be 

extracted from the CV measurements.  

• High frequency capacitance has to be independent of 

gate bias in inversion. A slope in the CV curve indicates 

incomplete depletion and thus Fermi level pinning 

around midgap.   

• High frequency capacitance has to match ideal 

minimum depletion capacitance, which has to be 

calculated from dopant concentration and oxide 

capacitance determined independently. 

• Ideal CV curves have to be modeled taking the non-

parabolicity of the  valley and the population of the 

satellite valleys X and L into account.  

• If true inversion is claimed sufficient band bending has 

to be extracted from the measured admittance response 

and low frequency CV curve should resemble the 

density of states asymmetry of conduction and valence 

band. 

   
FIGURE 4 

TOP (TAKEN FROM [7]): TYPICAL CV CHARACTERISTIC MEASURED OF 

HFO2/N-IN0.53GA0.47AS MOSCAP AT ROOM TEMPERATURE. BELOW: 

SCHEMATIC OF THE INTERFACE TRAP DENSITY DISTRIBUTION OF BOTH 

SCENARIOS DISCUSSED WITH SIMILAR CV CHARACTERISTICS. 

 Secondly, the quantitative determination of the interface 

quality, namely the interface trap density, band bending or 

efficiency of Fermi level movement [8] the different 

methods and techniques have to be performed within the 

validity of their respective approximation: 

• The conductance method underestimates interface trap 

density if Cox< q∙Dit [8]. 

• Extracting Dit from frequency dispersion of the 

capacitance requires the true high frequency (no trap 
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response) and true low frequency (all traps respond). 

Conservative estimation of the band gap energy interval 

for which this approximation is recommended is 

needed. For most CV measurements done at room 

temperature in a frequency range between 10 Hz to 1 

MHz the interval is fairly narrow. 

• Extraction of the band bending requires application of 

realistic high frequency CV curves. Berglund integral 

approach is not appropriate since Fermi level can be 

pushed into the conduction band. Thus relating band 

bending and gate voltage is difficult. 

• Terman method provides reliable values for trap levels 

around midgap. These should correspond to Dit values 

extracted by the conductance method if Cox< q∙Dit. 

 Following these guidelines and being able to identify 

admittance responses of unpinned high-k/In0.53Ga0.47As 

interfaces, surface preparation, deposition conditions and 

post deposition treatments could be further optimized. State-

of-the-art HfO2/n-In0.53Ga0.47As that have been aggressively 

scaled down to EOT below  1 nm were demonstrated and a 

midgap Dit around 2×10
12

 cm
-2

eV
-1

 was extracted using 

Terman method [9]. The CV characteristics is shown in Fig. 

5. Note that in contrast to the CV characteristics shown in 

Fig. 4 the large accumulation capacitance, the steep slope in 

depletion, a strongly suppressed interface trap response at 

midgap and the absence of a capacitance upturn at negative 

gate bias even at 1 kHz is found. The high frequency 

capacitance is independent of gate voltage at negative gate 

bias and minimum capacitance matches the ideal minimum 

depletion capacitance. All features are indicative that Fermi 

level unpinning at midgap was achieved. 

 

 
FIGURE 5 

 FROM [9]: CV CHARACTERISTICS OF A HIGHLY SCALED  HFO2/N-
IN0.53GA0.47AS MOSCAP AT ROOM TEMPERATURE.  

 

HIGH-K/P-GASB MOSCAPS 

 Recent advances in the development of a fabrication 

process to integrate high-k dielectrics on p-GaSb have 

shown that carrier concentration in the semiconductor can be 

modulated if appropriate surface cleaning techniques are 

employed [10,11]. However, achieving Fermi level 

depinning does not mean that Fermi level unpinning is 

achieved. In fact, similar to the early experiments on high-

k/In0.53Ga0.47As a similar situation can be expected, where 

midgap trap response is mistakenly considered as fingerprint 

of inversion and thus Fermi level unpinning. Figure 6 shows 

the comparison of the high frequency CV curve of p-GaSb 

and the ideal CV curve shown in Figure 2. MOSCAP 

capacitance of CFB=0.48 F/cm
2
 at flat band condition was 

calculated. Terman method reveals that a total band bending 

of  0.35eV was achieved and the Fermi level was pinned 

close to the flat band condition. 

 

 
FIGURE 6 

COMPARISON OF IDEAL CV CURVE AND 1MHZ CV CURVE OF AL2O3/P-
GASB AT ROOM TEMPERATURE. MEASURED DATA IS FROM [11]. 

 

CONCLUSIONS 

 Recent progress in scaling the EOT while reducing the 

trap density at high-k/InGaAs interfaces holds promise that 

similar progress can be made for high-k/GaSb as well. These 

advances will have tremendous impact towards realization of 

III-V based high performance and low power logic devices. 
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ACRONYMS 

MOSFET: Metal Oxide Semiconductor Field Effect 

Transistor 

MOSCAP: Metal Oxide Semiconductor Capacitor 

TFET: Tunnel Field Effect Transistor 

Dit: Interface Trap Density 

Cox: oxide capacitance 

CV: capacitance voltage 

EOT: equivalent oxide thickness

188 CS MANTECH Conference, May 13th - 16th, 2013, New Orleans, Louisiana, USA


