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The air-gap capacitance-voltage characteristics of InGaAs surfaces were measured after 1-, 2-, 6-, 9-, and

17-cycle atomic layer deposition (ALD) Al2O3 processing. A high density of mid-gap states was

found to be generated and increased during these ALD process steps, while the native oxide component

was reduced. On the other hand, the mid-gap state density was drastically reduced after the usual

annealing process. The generation of the mid-gap states seemed to be relevant to a non-stoichiometric

Al-oxide component associated with a deficit in oxygen atoms, which became re-oxidized during the

annealing process. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4753927]

Control of the III-V/high-k interface is a critical issue for

the realization and stable operation of high-electron-mobility

metal-insulator-semiconductor field-effect transistors (MIS-

FETs).1–11 Recent progress in the atomic layer deposition

(ALD) technique has allowed for the formation of high-k

films on III-V materials with an abrupt and high quality inter-

face. However, a high density of interface states (Dit) still

exists, which causes problems such as Fermi level pinning,

large hysteresis, instability, mobility deterioration, and an

increase in threshold voltage. The most attractive method to

reduce Dit is to remove the native oxide present on the semi-

conductor surfaces. Various chemical treatments, including

HF-, NH4(OH)-,12,13 and (NH4)2S-14–17 treatments, have

been examined to form a clean surface with less native oxide,

with the intent of forming a well behaved interface. Native-

oxide-free processes have also been reported, by introducing

an arsenic capping layer to prevent surface oxidation18 and

using an ultrahigh vacuum (UHV) process to examine the

effect of the surface reconstruction and cation- and anion-

rich structures.19,20 These studies did improve the interface

quality. However, the generation mechanism of the interface

states is not yet clear, since the direct characterization of the

effects of a native oxide in generating interface states is diffi-

cult to determine. Thus, it is necessary to understand and con-

trol the III-V/high-k interface in order to characterize the

variation in Dit in the initial ALD stage.

In this study, a unique air-gap capacitance-voltage (air-gap

C-V) technique21,22 was used to determine the Dit distribution

in the initial ALD stage of Al2O3 on an InGaAs surface, along

with an x-ray photoelectron spectroscopy (XPS) analysis. In the

air-gap C-V technique, C-V measurements are carried out using

a field electrode separated from the sample surface by a thin

air-gap (�300 nm), as shown in Fig. 1, providing a conven-

tional metal-insulator-semiconductor (MIS) assessment of

“insulator-free” or “ultrathin-insulator-covered” surfaces with-

out current leakage or damage due to the metal deposition proc-

esses. The authors have previously carried out analyses of the

passivation characteristics of Si,23–27 GaAs,28 and InP29–32

surfaces using the air-gap C-V method. It is clear that this

method can contribute to the investigation of the interface for-

mation mechanism of Al2O3/InGaAs interfaces by conducting a

layer-by layer analysis in the initial stage of the ALD process.

The samples used in this study were n-In0.53Ga0.47As

epitaxial layers with a thickness of about 3 lm and a doping

density of 1� 1015 cm�3, grown on nþ-InP (>1018 cm�3)

substrates. The samples were placed in air for a few days,

causing them to be covered with a native oxide (referred to

as the “as-received” surface). The ALD process was carried

out using the “as-received” surfaces (i.e., without any surface

treatment using chemical or dry processes) to determine the

interface formation mechanism involving the residual native

surface oxide. For the ALD-Al2O3 process, trimethyl-

aluminum (TMA) and H2O were used as the Al and O pre-

cursors, respectively. The substrate temperature was set to

250 �C. Pure nitrogen was used as the purging and carrying

gas. In this study, 1-cycle included 0.015 s H2O, 7 s purging,

0.015 s TMA, and 7 s purging, corresponding to a 0.11-nm

Al2O3 deposition.

Figure 2(a) shows the air-gap C-V characteristics for n-

In0.53Ga0.47As surfaces after 1-, 2-, 6-, 9-, and 17-cycle ALD

Al2O3 processes. The measurement frequency and sweep

rate were 500 kHz and 1.0 V/s, respectively. The dashed line

shows the calculated ideal C-V curve in the absence of inter-

face traps. Since it is difficult to obtain an identical air-gap

thickness in each measurement, there is some variation. In

this figure, the range was from 245 to 305 nm. Thus, each

measured curve has a corresponding ideal curve. However,

as reference, only one ideal curve is shown for a bare surface

FIG. 1. Schematic of air-gap C-V method and its ability to measure C-V

characteristics during surface/interface formation process.
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with a 256.0-nm air-gap with ND¼ 1� 1015 cm�3. Addition-

ally, since the capacitance value is mainly determined by the

capacitance of the air-gap, the effect of the thickness varia-

tions of the Al2O3 is extremely small, within a few nano-

meters, as seen in this figure. Thus, the difference between

the ideal C-V curve for the bare surface and the surface after

the 17-cycle ALD process (covered with about a 2-nm Al2O3

layer) is quite small.

In Fig. 2(a), one notable feature is that the capacitance

variation range for the measured curve after a 1-cycle ALD

process is comparable to that for the ideal curve, indicating

the presence of a low density of fast interface states. It is

estimated that the InGaAs surface was covered with a large

amount of residual native oxide after only one cycle of the

ALD process even if a self-cleaning effect3–6 occurred. Gen-

erally, an interface between a III-V semiconductor and a

native oxide is considered to lead to a high interface state

density, causing strong Fermi level pinning and less capaci-

tance variation. A notable possibility is shown when using

the air-gap C-V technique, in that the density of the fast

interface states is unexpectedly low at the InGaAs/native-ox-

ide interface. However, there is a large hysteresis in the

measured C-V curve (not shown here) suggesting the exis-

tence of a high density of slow states. Further investigation

is required.

With the increasing number of ALD process cycles, the

minimum capacitance value increases and is increasingly

different to the ideal one. C-V curve fittings using the one-

dimensional Poisson’s equation including fast interface

states33 were performed. The resulting Dit distributions after

each ALD cycle are shown in Fig. 2(b). The Dit distribution

after 170 cycles (about 20-nm Al2O3) is also shown. It is

widely accepted that the surface state density should be

reduced within a few ALD cycles because of the self-

cleaning effect. However, from a layer-by-layer characteri-

zation using the air-gap C-V technique, the generation of

mid-gap states was clearly observed in the initial few ALD

cycles. In the following, a possible reason for mid-gap state

generation is discussed.

Figure 3 shows the XPS As 3d spectra for (a) the as-

received surface, and (b) the surfaces after 4 and (c) 17 ALD

cycles. The escape angle was 15� and the intensity was nor-

malized by that of the bulk signals. From Figs. 3(a) and 3(c),

a reduction of the native oxide (self-cleaning effect) is

observed, and a small amount of oxide was seen on the sur-

face after the 17-cycle ALD process, indicating that the

native oxide was removed mainly within the initial 17

cycles. From Fig. 3(a), the dominant arsenic oxide compo-

nent in the native oxide was As2O5, and after the 4-cycle

ALD process (Fig. 3(b)), some of the As2O5 was converted

to As2O3 by the strong deoxidization effect of aluminum.34

The self-cleaning effect is usually explained in terms of the

chemical reaction between the native oxide and TMA.

Recent computational results35 on the thermodynamic Gibbs

free energy indicate that Al2O3 can be formed by As2O3 and

TMA producing reaction products such as As4, As(CH3)3,

C-H groups, H2O, and CO2.

A notable point is that oxygen-related reaction products

are predicted to be produced, which are H2O and CO2 in this

case, meaning that oxygen atoms in the native oxide are used

up to form not only Al oxide but also H2O and/or CO2. This

results in an oxygen atoms deficiency in the Al oxide (i.e.,

AlOx, x< 1.5) formed in the initial stage of the ALD

FIG. 3. XPS As 3d spectra for (a) as-received surface, (b) surface after 4-

cycle ALD process, and (c) surface after 17-cycle ALD process. (d) Varia-

tions of ratio for As3þ and As5þ components.

FIG. 2. (a) Air-gap C-V curves of InGaAs surfaces after 1-, 2-, 6-, 9-, and

17-cycle ALD Al2O3 processes. (b) Obtained Dit distribution in each ALD

process cycle.
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process. Recent simulations18,36 for the Al2O3/InGaAs inter-

face based on the density functional theory indicate the pos-

sibility of obtaining an interface without mid-gap states.

However, in the actual ALD process, the oxygen atoms defi-

ciency yields a non-stoichiometric Al-oxide component.

Also, there is general process damage forming dangling

bonds and/or strained bonding states,36 which are the possi-

ble origins of Dit, as shown in Fig. 2(b).

Another notable point in Fig. 2(b) is the rapid increase

in initial two ALD cycles. From this figure, the Dit after 2

ALD cycles became more than twice that after a one ALD

cycle. The As5þ and As3þ component ratios as a function of

Al2O3 ALD cycle number were plotted in Fig. 3(d) in order

to consider the possible reasons for this. The As5þ and As3þ

ratios become nearly equal after two ALD Al2O3 process

cycles. This also indicates that TMA reacted with the native

As-oxide in the initial ALD stage and that such an initial

reaction impedes the formation of a stoichiometric Al2O3

layer. In the actual ALD process, it is unlikely that a mono-

layer Al2O3 would perfectly cover the InGaAs surface during

the first ALD cycle, owing to the non-uniform distributions

of the native oxide and the chemical residues on the InGaAs

surface. This is a possible reason for the change in the oxide

component ratio and the generation of high-density interface

states after two Al2O3 ALD cycles.

Figure 4 shows the conventional MIS C-V curves for a

Ni/Al2O3 (20 nm)/InGaAs structure (a) before and (b) after

the post metallization annealing (PMA) process. The anneal-

ing was carried out at 400 �C for 15 min in pure nitrogen gas.

The measurement frequency was varied from 500 Hz to

500 kHz and the sweep rate was 0.1 V/s. The dashed lines

are the calculated ideal C-V curves obtained by solving the

one-dimensional Poisson’s equation without Dit. From Fig.

4(a) (500 kHz), the capacitance variation is suppressed com-

pared to the ideal curve, indicating the existence of a high

Dit around the mid-gap generated in the initial stage of the

ALD process. After the PMA process (Fig. 4(b), 500 kHz),

the capacitance variation significantly widened and corre-

sponded to that of the calculated ideal curve. The obtained

Dit distribution (not shown here) shows a wide U-shape and

a minimum value of 1� 1013 cm�2 eV�1 without a high den-

sity of mid-gap states, as shown in Fig. 2(b). Although this

Dit value is not sufficiently low, it is notable that the sample

without any surface treatment to remove the native oxide

before the ALD-Al2O3 process yielded a well behaved C-V

curve corresponding to that of the samples treated using HF

and/or (NH4)2S solutions.7 This may upset recent efforts to

make a pre-ALD surface by removing the native oxide. Con-

tinued research is needed to clarify the role of the native ox-

ide in the interface formation process.

Frequency dispersions were also observed. It is widely

believed that the frequency dispersion in the depletion and

inversion regions is caused by the minority carrier response

via mid-gap traps. However, the C-V frequency dispersion

for the sample before the PMA process (Fig. 4(a)) was appa-

rently smaller than that for the sample after the PMA process

(Fig. 4(b)), although a higher density of mid-gap traps exists

before the PMA process. This inconsistency can be

explained as follows. The sample before the PMA process

showed a very limited capacitance variation in the high mea-

surement frequency region (for example at 500 kHz) com-

pared with that for the sample after the PMA process, as

mentioned above, indicating that the band bending was sup-

pressed by Fermi level pinning. This probably impedes the

generation of minority carriers (holes) at the interface, and

the resulting minority carrier response via mid-gap traps at

low frequencies becomes weak. This is the main reason why

the frequency dispersion shown in Fig. 4(a) is apparently

smaller than that in Fig. 4(b).

Figure 5(a) shows the XPS As 3d spectra for the surfa-

ces after the 4-cycle ALD-Al2O3 process with and without

annealing. The annealing conditions are the same as those of

the PMA process described above. It is clearly seen that fur-

ther deoxidization of the residual As2O5 component occurred

by the annealing process, resulting in the almost complete

absence of this component. Correspondingly, the peak

energy of the Al 2p spectrum (Fig. 5(b)), which was shifted

from the stoichiometric state indicating AlOx (x< 1.5)

before annealing, became close to the peak energy of the

sapphire substrate (Al2O3) after annealing. Since 4-ALD

cycle is in the midst of the self-cleaning period in this study,

an oxygen deficiency occurred, as mentioned above, and

thus, a non-stoichiometric Al oxide was formed. The subse-

quent annealing process resulted in further oxidation of this

oxide due to the oxygen atoms in the As oxide. This is a case

when there is a sufficient amount of native oxide compared

to the Al oxide. However, by applying these results to the

thick ALD-Al2O3/InGaAs system, it can be considered that

the non-stoichiometric Al oxide near the interface will be re-

oxidized leading to the formation of stoichiometric Al2O3

and a low interface defect density when using the PMA

process.

In summary, a layer-by-layer characterization of an

ALD-Al2O3/InGaAs interface was carried out using the air-

gap C-V technique. For the first 17 ALD cycles, the density

of the mid-gap states increased with the cycle number, and

this was related to the removal of the native oxide compo-

nent due to the reaction with the TMA. In this region, an

FIG. 4. Conventional MIS C-V curves of InGaAs with 20-nm ALD-Al2O3

layer (a) before and (b) after PMA process. The measurement frequencies

range from 500 Hz to 500 kHz. The dashed lines are the calculated ideal

curves without interface traps.
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oxygen deficiency should occur, resulting in the formation of

a non-stoichiometric Al-oxide component. This mid-gap

state remained after 170 ALD cycles (20-nm Al2O3). How-

ever, after the usual PMA process, these mid-gap states were

drastically reduced and the C-V characteristics became nor-

mal, even if the surface was not subjected to a chemical

treatment before the ALD process. Re-oxidization of the

non-stoichiometric Al-oxide using the oxygen from the re-

sidual native oxide was confirmed, resulting in the formation

of stoichiometric Al2O3 by annealing, which can be effective

for obtaining a well behaved interface.
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