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The passivation of In0.53Ga0.47As surfaces is highly desired for transistor performance. In this

study, the feasibility of a crystalline oxide passivation on In0.53Ga0.47As (100) is demonstrated

experimentally. The (3� 1) and (3� 2) crystalline oxide reconstructions are formed on the de-

capped In0.53Ga0.47As (100) surfaces through the control of the surface oxidation states. By moni-

toring the evolution of chemical states and associated structures of the In0.53Ga0.47As (100) surfaces

upon O2 and subsequent atomic hydrogen exposure, we find that the control of the Ga oxide states

is critical to the formation of the crystalline oxide reconstructions. The stability of the crystalline

oxide layers upon the atomic layer deposition of HfO2 is investigated as well. Furthermore, the

capacitance voltage behavior of metal oxide semiconductor capacitors with an HfO2 dielectric layer

reveals that the crystalline oxide reconstructions result in a decrease in the density of interface traps

(Dit) from �1� 1013 cm�2 eV�1 to �1� 1012 cm�2 eV�1 compared with the de-capped surface.

The crystalline oxide passivation offers a platform to develop In0.53Ga0.47As devices with a low

density of interface states. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979202]

I. INTRODUCTION

III-Arsenide semiconductors have significant potential

as the channel materials for future advanced metal-oxide-

semiconductor field effect transistors (MOSFETs).1,2 Among

the III-As family, In0.53Ga0.47As is a leading candidate as a

channel material because of its high electron mobility and

suitable bandgap. One key issue that is limiting its develop-

ment is the high density of interface traps (Dit and oxide

dielectric border traps) between the In0.53Ga0.47As and the

amorphous high k dielectric layer, such as disorder-induced

gap states.3–8

Introducing an ordered interface is expected to decrease

the density of the defect states at and near the interface

region. Recently, for example, it has been demonstrated that

a crystalline oxide reconstruction can reduce the Dit effec-

tively on InAs (100).9–11 Priyantha et al. reported monolayer

Ga2O crystalline oxide deposition on GaAs using molecular

beam epitaxy.12 A crystalline oxide with a (3� 1) recon-

struction is predicted to be possible on InGaAs (100) as

well;13 however, the experimental realization of the crystal-

line reconstruction has not been reported. This is because

manipulating the oxidation of the ternary InGaAs compound

is much more challenging than that of InAs due to the differ-

ent oxidation activities of indium and gallium. The (3� 1)-O

reconstruction on InAs (100) is produced by exposure to

O2 gas at specific pressures and temperatures.14 To satisfy the

same bonding configuration, systematic experiments are

employed for In0.53Ga0.47As (100) in this work. The feasibility

of (3� 1)-O reconstruction on In0.53Ga0.47As (100) is demon-

strated. Moreover, another distinctive (3� 2)-O reconstruction,

through tailoring the oxidized In0.53Ga0.47As (100) surface

using an atomic hydrogen (AH) exposure, is reported in this

work. The capacitance voltage behavior of metal oxide semi-

conductor capacitors with an HfO2 dielectric layer reveals

that these two types of oxygen reconstructions offer a passiv-

ation scheme for In0.53Ga0.47As (100) surfaces, reducing the

density of the interface traps with subsequent atomic layer

deposition (ALD) of high-k oxides.

II. EXPERIMENTAL DETAILS

In0.53Ga0.47As samples with a �50 nm thick As2 cap

layer were grown via molecular beam epitaxy on heavily

doped n-type InP (100) wafers with a carrier concentration

of 1018 cm�3, purchased from Wafer Technology Ltd. The

As2 capping layer prevented the oxidation of the underlying

In0.53Ga0.47As surfaces when these wafers were exposed to

air after growth. A �1 cm� 1 cm sample cleaved from the

As2-capped wafers was mounted at the center of a circular

Mo plate and then loaded into an ultra-high vacuum (UHV)

system described elsewhere.15 To ensure the consistency

among the experiments, all In0.53Ga0.47As samples described

in this work were loaded on the same Mo plate. In order to

remove the As2 cap layer, these samples were radiatively

heated at 350 �C for 1 h under UHV conditions to get a

(4� 2) surface reconstruction with no evidence of carbon or

oxygen confirmed by x-ray photoelectron spectroscopy

(XPS) and low energy electron diffraction (LEED) in the

analysis chamber, where the base pressure was maintained at

Pbase¼ 3� 10�9 mbar. As Kummel et al. reported, this

de-capping method could contribute to a flat In0.53Ga0.47As

surface with a root mean square (rms) roughness of

�0.1 nm.16–19 All O2 and atomic hydrogen (AH) exposure

experiments were carried out in a process chamber with the
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bass pressure of 1� 10�9 mbar. After every treatment in the

UHV process chamber, samples were transferred through a

UHV transfer tube (Pbase¼ 3� 10�11 mbar) to an analysis

chamber, in which XPS and LEED were carried out. In O2

exposure treatments, the partial pressure of high purity O2

gas (99.999%) was adjusted to be in the range from 1� 10�7

to 1� 10�3 mbar through a precision leak value. The AH

was generated using a hydrogen gas thermal cracking source

consisting of a fine capillary tube, through which high purity

H2 (99.9999%) was admitted, surrounded by a tungsten fila-

ment heated to �1400 �C by direct current heating (HABS-

40, MBE Kommponenten, Germany). The total background

pressure of H2 in the chamber during the exposure could be

adjusted among 1� 10�7 to 1� 10�5 mbar. The substrate

temperature can be set from room temperature to 700 �C.

A commercial ALD system (Picosun PR-200 PEALD

reactor (Masala, Finland)) integrated to the system by a buffer

chamber and the transfer tube was employed to grow the

HfO2 film. The ALD system can operate under thermal and

plasma enhanced modes. In this work, the thermal ALD mode

was employed, and one full thermal ALD HfO2 sequence was

0.1s tetrakis (dimethylamino) hafnium (TDMA-Hf)þ 10 s Ar

purgeþ 0.1 s deionized H2Oþ 10 s Ar purge. The substrate in

the ALD reactor could be heated from room temperature to

550 �C. The TDMA-Hf precursor (SIGMA-ALDRICH)

temperature was set at 85 �C, and the water was kept at room

temperature. High purity (99.9999%) Ar was used as the pre-

cursor carrier and purging gas. The base pressure and working

pressure of the reactor were 0.01 and 5 mbar, respectively.

XPS and LEED located in the interconnected analysis

chamber were utilized to establish the chemical states and

structures of surfaces, respectively, where the pressure was

maintained at 7� 10�10 mbar. Monochromatic XPS using Al

Ka (h� ¼ 1486.7 eV) with a 7 channel analyzer, using a pass

energy of 15 eV for all scans taken of the In 3d5/2, Ga 2p3/2,

As 2p3/2, Hf 4f, O 1s, and C 1s core level regions were col-

lected. These regions were carefully chosen as they exhibit

the most sensitivity as well as the best signal/noise ratio for

the spectral peaks of the corresponding elements. Because the

Hf 4f core level overlaps with the In 4d core level, the alterna-

tive Hf 4d core level spectra were recorded as well, and used

in tracking the growth of HfO2. XPS peak deconvolution was

carried out using an AAnalyzer software with a detailed peak

fitting procedure described elsewhere.20 In order to provide a

consistent fit for the core level peaks, reference spectra were

acquired from the de-capped InGaAs sample with no evidence

of carbon or oxygen present within the detection limits. Using

the spectra from this sample, Gaussian and Lorentzian bulk

peak parameters were determined for the In 3d5/2, Ga 2p3/2,

and As 2p3/2 peaks which were fixed in all subsequent peak

fits. LEED patterns were acquired at an energy of 60 eV.

The metal oxide semiconductor capacitors were also

fabricated for capacitance–voltage (C-V) measurements.

First, de-capped and crystalline oxide In0.53G0.47As samples

were prepared in the process chamber and verified by XPS

and LEED, followed by 50 cycles of ALD HfO2 grown at

120 �C, which was thick enough to avoid spurious interface

oxidation in air.21 Then, these samples were taken out from

the system for ex-situ metal depositions and post annealing

in the clean room facility. The e-beam evaporated Ni gate

metal was 80 nm thick with different diameter (50, 100, 200,

300, and 500 lm) circular electrodes using a shadow mask.

The back side contact consisted of a blanket e-beam evapo-

rated Ti (20 nm) followed by Au (80 nm). All samples were

exposed to a 1 min 350 �C forming gas anneal (FGA, 5% H2,

and 95% N2) after the metal depositions. C-V curves were

measured (1 kHz to 1 MHz) using an Agilent 4284 LCR

meter at a step of 0.01 V in the dark at room temperature. At

least five C-V measurements were performed on different

gates on each capacitor sample to examine the uniformity

across the capacitors.

III. RESULTS AND DISCUSSION

A. (3 3 1)-O reconstruction on In0.53Ga0.47As (100)

In our previous study, the (3� 1)-O reconstruction on InAs

(100) was obtained by exposing the de-capped InAs with an ini-

tial (4� 2) reconstruction to O2 gas (3 6 0.1� 10�6 mbar) in a

temperature range of 290–330 �C for 20 min.14 The in situ XPS

of that InAs surface reveals the coexistence of In2O (In1þ) and

As2O3 (As3þ) in the (3� 1)-O layer. At the onset of this study,

we have repeated the same process recipe on the In0.53Ga0.47As

(100) surface using the same experimental tools; however, no

ordered LEED pattern is detected from this treatment (see Fig.

1(a)). The corresponding XPS spectra are shown in Figs.

2(a)–2(e). Compared with the surface chemical states detected

on the (3� 1)-O reconstructed surface of InAs (100), the In1þ/

Ga1þ state is detected whereas the As3þ state is absent (prior

in situ XPS studies of carefully controlled Ga2O deposition on

the de-capped In0.53Ga0.47As surface have built a good XPS ref-

erence and enabled the deconvolution of the Ga1þ and In1þ oxi-

dation states with high confidence.22–24). If the integration of

In1þ/Ga1þ and As3þ states is the necessary condition of the

(3� 1)-O reconstruction on the In0.53Ga0.47As (100), the

absence of the As3þ state should be responsible for the failure

of the reconstruction formation. Another noticeable difference

is the appearance of the Ga3þ state that is another possible rea-

son to destroy the ordered structure. As a result of the growth of

the native oxides, a small peak attributed to As dimer (As0) for-

mation is detected, leaving the interface locally arsenic-

rich.25–27 In contrast, a longer O2 gas exposure time at the same

temperature triggers the formation of the As3þ chemical state;

however, there is still no ordered LEED pattern from an ordered

surface oxide reconstruction detected (see Fig. 1(b) where only

a faint (1� 1) pattern is detected and associated with the under-

lying substrate). It is noted that an ordered oxide layer is not

obtained even with a dramatic increase in In/Ga oxide

FIG. 1. LEED images after exposing the de-capped In0.53Ga0.47As samples

to 3� 10–6 mbar O2 gas at 310 �C for (a) 20 and (b) 60 min.
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formation, especially the Ga3þ chemical state (Figs. 2(a) and

2(b)). This amorphous oxide formation is consistent with the

increase of the O 1s peak intensity (Fig. 2(d)).

Interestingly, the As0 dimer chemical state decreases in

intensity with increasing In/Ga oxide concentration for the

60 min O2 exposure, in contrast to the intensity of the As0

state after the 20 min O2 exposure as an accompaniment of

the In/Ga oxides. This is due to the prolonged O2 exposure

time and the resultant conversion of the As dimer to the

As3þ state, and is confirmed by the higher intensity ratio

(25%) of the As3þ to As-InGa (substrate) on In0.53Ga0.47As

compared with that detected (�20%) on InAs,9 based upon

the ratios extracted from the As 2p3/2 region. It has been

demonstrated that the In3þ state on InAs contributes to the

amorphous interface;14 therefore, the high intensity of the

Ga3þ state likely plays the same role in disordering the sur-

face and inhibiting the occurrence of the (3� 1)-O recon-

struction. In summary, avoiding the Ga3þ state and keeping

the As3þ state must be considered simultaneously in regard

to the formation of an ordered oxide interface.

Through optimizing parameters in a wide range of sub-

strate temperature (250�400 �C), O2 pressure (10�7�10�3

mbar), and O2 exposure time (1�60 min), a sharp (4� 2)

reconstruction of de-capped In0.53Ga0.47As was successfully

converted to a (3� 1)-O reconstruction, after exposure to

5� 10�5 mbar O2 gas at 350 �C for 5 min (see Fig. 3). The

deconvoluted In 3d5/2, Ga 2p3/2, and As 2p3/2 spectra are

shown in Figs. 4(a)�4(c). The In1þ/Ga1þ and As3þ oxidation

states are detected on this ordered surface with a low concen-

tration of the Ga3þ state, consistent with the assumption

above on the chemical states required for the ordered oxide

reconstruction on this surface. The low concentration of the

As0 state (see Fig. 4(c)) is a promising sign, indicative of a

reduction of Dit, since the As0 state is well known as a source

of gap states at InGaAs surface.3,25

It is thus reasonable to assume that the (3� 1)-O on

In0.53Ga0.47As has the same reconstruction and bonding con-

figuration as that detected on InAs. It should be noted that,

even though this set of parameters has been optimized

through numerous experiments, the LEED pattern diffraction

spots are less sharp than that observed on the (3� 1)-O on

InAs, because of the rapid appearance of the persistent Ga3þ

state at the surface. The formation of this oxidation state

apparently disrupts the ordered (3� 1) surface periodicity.

Regardless, this result establishes the pathway towards the

formation of a (3� 1)-O crystalline oxide on In0.53Ga0.47As.

B. An alternative (3 3 2)-O reconstruction on
In0.53Ga0.47As (100)

As discussed in the section on the formation of the

(3� 1)-O reconstruction on In0.53Ga0.47As, it is difficult to

avoid the generation of the Ga3þ state by manipulating the

conditions of the O2 gas exposures (temperature, time, and

pressure). Ide and Yamada previously reported that an AH

exposure could attack the Ga3þ state prior to the Ga1þ state

on GaAs, and the remnant of the Ga1þ state can survive

FIG. 3. LEED images from (a) the de-capped In0.53Ga0.47As surface and (b)

after exposure to 1� 10�5 mbar O2 gas at 350 �C for 5 min.

FIG. 2. XPS spectra of (a) In 3d5/2, (b) Ga 2p3/2, (c) As 2p3/2, (d) O 1s, and

(e) C 1s after exposing the de-capped In0.53Ga0.47As samples to 3� 10–6

mbar O2 gas at 310 �C for 20 and 60 min.

FIG. 4. XPS spectra of (a) In 3d5/2, (b) Ga 2p3/2, (c) As 2p3/2, and (d) O 1s
from the de-capped In0.53Ga0.47As surface and after exposure to 1� 10�5

mbar O2 gas at 350 �C for 5 min.
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during the AH exposure in a suitable temperature range.28

This behavior suggests that the Ga3þ state may be controlled

by exposing the oxidized In0.53Ga0.47As to AH. Although

oxide states such as In1þ and As3þ states might also be

reduced or even removed after the AH exposure,29 this

“reversible” oxide decomposition process opens another

window to observing the properties of these ordered oxides.

The oxidized sample surface was prepared through

exposing the de-capped In0.53Ga0.47As to 1� 10�4 mbar O2

gas at 320 �C for 2 min, resulting in an amorphous surface

(see Fig. 5(a)). The In1þ, Ga1þ, Ga3þ, and As3þ states are all

detected (see Figs. 6(a)–6(c)). Interestingly, the surface

presents a distinctive and sharp (3� 2) reconstruction after

the 5 min AH exposure (1� 10�6 mbar) at 350 �C (see Fig.

5(b)). In terms of the XPS from this ordered surface, the In-

oxides, Ga3þ, As3þ, and As0 are all below the XPS detection

limits, while the Ga1þ state survives. Similar to the behavior

reported on GaAs, the atomic hydrogen exposure reduces the

Ga3þ state below the limit of detection, and leaving the Ga1þ

state.28 Consequently, the remnant of the Ga1þ state detected

consists of the (3� 2)-O reconstruction on In0.53Ga0.47As.

Although the reconstructions of III-As have been studied for

decades,13,17,18,30,31 the (3� 2)-O reconstruction has not yet

been reported. In particular, Hale et al. reported a monolayer

of Ga2O with a (2� 2) surface structure on c(2� 8)/(2� 4)

GaAs (As terminated), by evaporating pure Ga2O3 from an

effusion cell.31 The Ga2O inserts into As-As bonds to restore

the surface to bulk-like termination.31 However, this configu-

ration could not be repeated on the (4� 2) In0.53Ga0.47As

surface (terminated by In/Ga), where the Ga2O (Ga1þ) forms

disordered structures with the large flat terraces.17 The struc-

tural model of the (3� 2)-O reconstruction is still uncertain;

however, it should be closely related to the stoichiometry of

In/Ga since the (3� 2)-O reconstruction has not been found

on InAs (100) or GaAs (100). The (3� 2)-O reconstruction

may be a specific type of reconstruction on In0.53Ga0.47As

(100) with the single Ga2O state. Additionally, the reason for

exposing the sample to 1� 10�4 mbar O2 is driven here by

the desire to obtain a suitable Ga3þ state concentration,

which is critical for the subsequent formation of the (3� 2)-

O reconstruction. A higher concentration of Ga3þ state will

result in the complete amorphous oxide at and near the sur-

face while a lower Ga3þ state could not prevent the rapid

decomposition of the Ga1þ state after the atomic hydrogen

exposure. Apparently, either a lower or higher concentration

of the Ga3þ state makes the reconstruction formation process

more difficult, and perhaps practically impossible.

C. ALD of HfO2 on de-capped In0.53Ga0.47As

Many studies have been done to reduce native oxides as

low as possible prior to subsequent atomic layer deposition

(ALD) of high-k dielectrics, as native oxides, especially the

Ga3þ state, are considered as a potential source of defects.27,32–36

However, a clean surface could not ensure the absence of

native oxides due to the regrowth after exposure to ALD of

oxides. The de-capped In0.53Ga0.47As samples with the car-

bon and oxygen free surfaces (see Figs. 7(b) and 7(c)) were

FIG. 5. LEED images after exposure to 1� 10�4 mbar O2 for (a) 2 min at

320 �C and (b) 1� 10�6 mbar AH at 350 �C for 5 min.

FIG. 6. XPS spectra of (a) In 3d5/2, (b) Ga 2p3/2, (c) As 2p3/2, and (d) O 1s
after exposure to 1� 10�4 mbar O2 for 2 min at 320 �C and 1� 10�6 mbar

AH at 350 �C for 5 min.

FIG. 7. XPS spectra of (a) Hf 4d, (b) O 1s, and (c) C 1s from the de-capped

In0.53Ga0.47As surface, after 5 cycles, and after 10 cycles of HfO2 grown at

120 and 200 �C.
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prepared to investigate the interaction with subsequent ALD

of HfO2. Two substrate temperatures during deposition, 120

and 200 �C, were used. The Hf 4d, O 1s, and C 1s core levels

(see Figs. 7(a)–7(c)) from the de-capped surface, after 5

cycles of HfO2, and after a total of 10 cycles of HfO2 exhibit

the growth and quality (low carbon and OH- residues) of the

HfO2 film. The appearance and increase of the Hf 4d peak

after 5 and 10 cycles of HfO2, respectively, indicate that the

growth of HfO2 is detected. Regarding the O 1s and C 1s
peak intensity levels, the Hf-O is detected accompanying

some -OH bond incorporation into the film consistent with

our previous work,37 and the carbon concentration is near

the XPS detection limit. Overall, the reaction between the

TDMA-Hf and H2O appears to be complete.

Moreover, there are some detectable In and Ga oxida-

tion states (see Figs. 8(a) and 8(c)), suggesting the detection

of oxidation at the de-capped In0.53Ga0.47As surface after 5

cycles of HfO2. The additional 5 cycles of HfO2 (corre-

sponding to a total exposure of 10 cycles) contributes to an

increase of oxide formation, as detected by the In1þ state. If

more than 15 cycles of HfO2 are deposited, an accurate fit-

ting of the XPS spectra is challenging because of the low sig-

nal-to-noise ratio of attenuated substrate peaks. The ratios of

the In and Ga oxide states to substrate signals are plotted in

Figs. 8(b) and 8(d), showing the evolution of the oxidation

after exposure to ALD of HfO2. The As0 state forms as a

result of the growth of native oxides on the In0.53Ga0.47As.

Thus, a carbon and oxide free In0.53Ga0.47As surface cannot

avoid the regrowth of the interfacial oxide layer with As

dimer formation (see Figs. 8(e) and 8(f)). Considering that

the low pressure (1� 10�6–1� 10�4 mbar) of the O2 expo-

sure can contribute to the rapid oxidation of the de-capped

In0.53Ga0.47As surface, this conclusion is not a surprise. In

ALD, the H2O vapor pressure at room temperature is �28

mbar and the base pressure is 10�2 mbar; both are much

higher than the O2 pressure in the resultant O2 exposure

experiments above.

D. ALD of HfO2 on (3 3 1)-O and (3 3 2)-O In0.53Ga0.47As

The interfaces between ALD HfO2 and In0.53Ga0.47As

with (3� 1)-O and (3� 2)-O reconstructions are investigated

using in situ XPS. According to our previous work, the As3þ

state in (3� 1)-O layer on InAs can survive only at a rela-

tively low temperature because the TDMA-Hf precursor

could reduce and even remove the As3þ state quickly at high

temperature.14 This phenomenon, the so-called “clean up”

effect, has already been reported and discussed in various

III–V semiconductors (InAs,27 InGaAs,27 InP,38 GaP,39 etc.).

A substrate temperature of 120 �C was chosen during the

deposition, without reactions with the As3þ state at the

(3� 1)-O layer, as Fig. 9(c) shows. After 5 cycles of HfO2,

FIG. 8. XPS spectra of (a) In 3d5/2, (c) Ga 2p3/2, and (e) As 2p3/2 from the de-capped In0.53Ga0.47As surface, after 5 cycles, and after 10 cycles of HfO2 grown

at 120 and 200 �C. Ratios of (b) In1þ to In-As, (d) Ga1þ/Ga3þ to Ga-As, and (f) As0 to As-InGa are shown as well.
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the In1þ and Ga1þ states remain unchanged while the unsatu-

rated Ga3þ state increases slightly (see Figs. 9(a) and 9(b)).

The ALD HfO2 oxidizes the gallium at the (3� 2)-O

reconstructed surface as well, with evidence of increasing

the Ga1þ state and the detection of the Ga3þ state in Fig.

10(b). The As0 dimer state also appears as a result of the for-

mation of oxides (see Figs. 9(c) and 10(c)).14,27 Overall,

these changes are similar to the interaction between the de-

capped surfaces and ALD HfO2. Instead of the “clean-up”

effect, the oxidation reaction with the water precursor

changes the surface slightly. As indicators of HfO2 growth,

the presence of Hf 4d5/2 (see Figs. 9(d) and 10(d)) and the

increase of the O 1s peak intensity (see Figs. 9(e) and 10(e))

reflect the normal growth of HfO2 with a low concentration

of carbon contamination (see Figs. 9(f) and 10(f)). It is also

noted that the ALD process employed here for HfO2 on the

ordered interfacial oxide layer formed on In0.53Ga0.47As is

significantly different than that observed for Al2O3 forma-

tion, where a more aggressive chemical reaction takes place

resulting in the removal of the crystalline oxides.24,40 The

thicknesses of 5 cycles of HfO2 film at 120 �C on de-capped,

(3� 1)-O, or (3� 2)-O In0.53Ga0.47As is �0.5 6 0.1 nm

based on the attenuation of Ga 2p3/2. There is no obvious

nucleation difference on these three substrates, which is

likely due to the low nucleation temperature and the weak

reaction between the precursors and the substrates.

E. Capacitance–voltage characterization

Multiple frequency C-V curves from 50 cycles of HfO2

on de-capped, (3� 1)-O, and (3� 2)-O In0.53Ga0.47As capaci-

tors are plotted in Fig. 11. The thicknesses of the HfO2 films

are �5 nm verified by ex situ ellipsometry. Multi-frequency

C-V measurement is an effective characterization method to

determine the trap density at the oxide/In0.53Ga0.47As inter-

face.8 As Fig. 11 shows, the capacitance dispersion with the

frequency is observed. As the gate bias is swept toward the

negative applied voltage, a bump is observed as a result of

charges being injected into electronic trap states at the inter-

face. Thus, the magnitude of the bump can be interpreted to

obtain a qualitative description of the interface state density

(Dit). When the C-V modeling is used, the bump can contrib-

ute to the quantification of Dit.

FIG. 9. XPS spectra of (a) In 3d5/2, (b) Ga 2p3/2, (c) As 2p3/2, (d) Hf 4d, (e) O

1s, and (f) C 1s before and after 5 cycles of HfO2 on (3� 1)-O In0.53Ga0.47As.

FIG. 10. XPS spectra of (a) In 3d5/2, (b) Ga 2p3/2, (c) As 2p3/2, (d) Hf 4d, (e) O

1s, and (f) C 1s before and after 5 cycles of HfO2 on (3� 2)-O In0.53Ga0.47As.

FIG. 11. C-V curves for (a) HfO2/De-capped In0.53Ga0.47As, (b) HfO2/

(3� 1)-O In0.53Ga0.47As, and (c) HfO2/(3� 2)-O In0.53Ga0.47As MOSCAPs

from 1 kHz to 1 MHz measured at room temperature.
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The extracted Dit is shown in Fig. 12(a) using a high-

low frequency method.41 Compared with the de-capped

In0.53Ga0.47As, either ordered (3� 1)-O or (3� 2)-O interfa-

ces reduce the defect response significantly. Fig. 12(b) shows

the “border traps” extracted from the C-V dispersion located

in the accumulation region according to the method

described by Yuan et al.42 Notably, the crystalline (3� 1)-O

and (3� 2)-O reconstructions reduce the density of the

response attributed to such border traps as well. Compared

with recent work of HfO2/InGaAs where the Dit is in the

range of 2–4� 1012 cm�2 eV�1,33,43,44 the extracted Dit

ffi 1� 1012 cm�2 eV�1 and the density of border traps (�7.7

� 1019 cm�3 eV�1) indicate that a substantial defect passiv-

ation is obtained at ALD HfO2/In0.53Ga0.47As interface.

Although different extraction techniques are used in the liter-

ature,33,43,44 the direct comparison of the degree of the dis-

persion suppression in the C-V curves still shows an obvious

enhancement, as a result of the formation of crystalline oxide

interfaces which prevent the appearance of As0 and reduce

the dangling bonds. Thus, the incorporation of a crystalline

layer is effective to improve the poor interface quality with

ALD HfO2.

IV. CONCLUSION

The (3� 1)-O crystalline oxide is formed on the de-

capped In0.53Ga0.47As (100) by exposure to O2 gas with a nar-

row process window due to the complexity of oxide formation

kinetics. Notably, a distinctive (3� 2)-O reconstruction is

also achieved on the de-capped In0.53Ga0.47As (100) using an

optimized two-step of O2 followed by an atomic hydrogen

exposure, which was not previously predicted. The (3� 1)-O

exhibits the same bonding configuration as the (3� 1)-O on

InAs with the integration of In1þ/Ga1þ and As3þ chemical

states, while the Ga1þ state results in the (3� 2)-O reconstruc-

tion solely. These two types of crystalline oxide interfacial

layers show a significant passivation effect resulting in a low

Dit and border trap density at the interface with the ALD

HfO2. Such crystalline oxide formation could be a useful plat-

form to develop InGaAs semiconductor field effect devices.
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