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A B S T R A C T

The study investigates the Al2O3/GaAs interface formed by in situ atomic layer deposition (ALD) of Al2O3 on 
pristine (0 0 1)-oriented GaAs substrate, using X-ray photoelectron spectroscopy (XPS) and room-temperature 
photoluminescence (PL). The Al2O3/GaAs interface is free of high-valence arsenic (As2O3 and As2O5) and gal
lium (Ga2O3) oxides when the Al2O3 layer thickness exceeds 3 nm. The Al2O3 deposition on an As-terminated 
GaAs substrate leads to the presence of low-valence arsenic oxides (As2O and AsO) and As–As bonds related 
to As–As dimers at the interface. These dimers restrict the PL enhancement to approximately twice that of 
unpassivated GaAs. In contrast, Ga-terminated GaAs exhibits a reduction of roughly an order of magnitude in 
these interfacial species, as well as a PL intensity that is significantly (x20) higher than that of unpassivated GaAs. 
When the Al2O3 layer thickness is less than 3 nm, both the low- and high-valence oxides, as well as elemental As, 
are detected in the near-interface region of Ga- and As-terminated GaAs samples. The PL intensity of GaAs 
capped with an Al2O3 layer thinner than 3 nm is still considerably (x8) higher than that of unpassivated GaAs and 
is mainly limited by elemental arsenic. According to XPS data, oxide deposition reduces band bending in GaAs at 
the Al2O3/GaAs interface by 0.2–0.4 eV, indicating a decrease in interface state density, i.e. the unpinned state of 
the Fermi level at the interface. The study delivers criteria for the high-quality passivation of (0 0 1) GaAs 
surface.

1. Introduction

The use of III-V compound semiconductors has become inevitable for 
the future development of high frequency devices offering low noise and 
low thermal sensitivity as well as of optoelectronic devices for applica
tions in solid-state electronics, wireless communication, artificial intel
ligence, clean energy generation and others [1]. These devices take 
advantage of the higher electron mobility, higher breakdown voltage, 
and larger direct band gap of GaAs compared to Si. However, the 
presence of an unstable intrinsic oxide at the high-k/GaAs interface re
sults in numerous defects that would cause charge carriers to recombine 
before being directed to provide the required current or radiation. 

Additionally, in electronic devices the defects can trap charge carriers, 
thus degrading the channel carrier mobility. A high density of interface 
states fixes the Fermi level position at the interface (Fermi level pinning) 
preventing its modulation by the external electric field and thus 
degrading the gate control of the channel charge [2–5].

Typically, the high density of defects at the GaAs/oxide interface is 
considered to be the main reason for Fermi level pinning. The defects 
can be caused by the presence of atoms at the interface that do not have 
their normal chemical valence or are misbonded [5]. The surface of 
atomically clean GaAs can generally contain As and Ga dangling bonds 
as well as As–As and Ga-Ga bonds. The density-functional theory cal
culations have shown that the Ga dangling bond gives rise to a state 

* Corresponding author.
E-mail address: n.demarina@fz-juelich.de (N. Demarina). 

Contents lists available at ScienceDirect

Applied Surface Science

journal homepage: www.elsevier.com/locate/apsusc

https://doi.org/10.1016/j.apsusc.2025.165114
Received 18 September 2025; Received in revised form 28 October 2025; Accepted 2 November 2025  

Applied Surface Science 720 (2026) 165114 

Available online 6 November 2025 
0169-4332/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0000-0003-0594-5591
https://orcid.org/0000-0003-0594-5591
https://orcid.org/0000-0003-4071-019X
https://orcid.org/0000-0003-4071-019X
https://orcid.org/0000-0001-7094-7126
https://orcid.org/0000-0001-7094-7126
mailto:n.demarina@fz-juelich.de
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2025.165114
https://doi.org/10.1016/j.apsusc.2025.165114
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2025.165114&domain=pdf
http://creativecommons.org/licenses/by/4.0/


close, to the conduction band edge, the As dangling bond – to a state 
close to the valence band edge, and the As–As dimer – to a state just 
above the middle of the bandgap [5–8]. In contrast, the oxidized As or 
Ga itself do not appear to introduce defect levels directly in the semi
conductor band gap [9]. However, GaAs oxidation is accompanied by an 
increase in volume. This causes strain at the interface, which can lead to 
oxygen-induced structural disorder and subsequent formation of the 
defects states in the gap. Therefore, reducing the defect density at the 
GaAs surface is critical for controlling the interface states that form in 
the semiconductor gap [10].

It is generally believed that the density of states at the GaAs surface 
can be reduced by surface passivation. Passivation should provide both, 
chemical and electronic protection of the semiconductor surface from 
the outside world [3]. The surface passivation material must thus be 
chemically stable and adhere to the semiconductor surface with suffi
ciently strong chemical bonds. In addition, it should have a larger 
bandgap than the semiconductor and terminate the dangling bonds at 
the semiconductor surface without forming the states in the semi
conductor bandgap. Al2O3, as a passivation high-k dielectric for GaAs 
surface largely meets the above criteria. Moreover, Al2O3 layer synthe
sized by atomic layer deposition (ALD) conformally coats extremely 
complex shapes with a material layer of high quality at low temperatures 
(below 400 ◦C). ALD grown Al2O3 is suitable for a wide range of ap
plications aimed at scaling down electronic devices [11]. In situ depo
sition of Al2O3 is considered when a dielectric oxide is deposited on the 
clean GaAs surface, which has not been exposed to air and thus does not 
contain unwanted impurities. In contrast, in the case of ex situ deposi
tion, the air-exposed GaAs surface has defects introduced by oxidation 
and must be subjected to chemical treatment or annealing prior to Al2O3 
deposition. However, due to the ‘self-cleaning’ effect of atomic layer 
deposited Al2O3, the intrinsic oxides on a GaAs surface can be removed 
already within the first few cycles of oxide deposition [11]. Numerous 
experimental [12–25] and theoretical [26,27] studies have investigated 
the origin of the self-cleaning effect and the Al2O3/GaAs interface 
properties after ex situ Al2O3 deposition. In general, the ex situ studies 
significantly outnumber the in situ studies [28–35], which is not sur
prising considering the difficulties in maintaining an intrinsically clean 
semiconductor surface prior to coating it with a high-k dielectric film. 
However, previous studies on in situ passivation of As-rich GaAs (0 0 1) 
surface exhibiting a 2×4 reconstruction, Ga-rich GaAs (0 0 1) surface 
having a 4×6 reconstruction and 2×2 reconstructed GaAs (1 1 1)A [31] 
surface showed clear advantages of the in situ compared to ex situ 
passivation. The capacitance–voltage (CV) measurements of metal- 
oxide-semiconductor capacitors of ALD-Al2O3 on GaAs surfaces 
revealed a significant decrease in a number of surface states in the 
semiconductor bandgap at the high-k dielectric/GaAs interface. Unfor
tunately, the measured CV characteristics still demonstrated pro
nounced frequency dispersion in the accumulation regime [29,32–35]. 
This fact led to the conclusion that the in situ approach used for ALD 
Al2O3 may not be sufficient to passivate the GaAs surface [28,29,32,35].

In our study, we revisit the in situ approach for passivation of (0 0 1) 
oriented GaAs surface with ALD Al2O3. This allows us to take advantage 
of the contamination-free GaAs surface at the beginning of the deposi
tion process. However, we go beyond the scope of previous studies and 
investigate the in situ Al2O3 ALD process in detail, namely varying the 
sequence and number of precursor pulses at the deposition beginning, 
the deposition temperature and the thickness of the deposited Al2O3 
layer. We use ex situ X-ray photoelectron spectroscopy analysis to 
characterize the surface reactions associated with the in situ atomic layer 
deposition of Al2O3 on GaAs. The optical method, based on the room 
temperature photoluminescence measurements of the passivated GaAs 
samples is used to get insight into the impact of defects at the Al2O3/ 
GaAs interface on the radiative recombination of electron-hole pairs.

2. Experimental section

2.1. Fabrication of the GaAs samples in situ passivated with Al2O3

The GaAs samples are fabricated in a multi-chamber growth system 
consisting of a Scienta Omicron molecular beam epitaxy (MBE) chamber 
and a FlexAL®II ALD reactor developed by Oxford Instrument Plasma 
Technology, connected by transfer modules maintaining ultra-high 
vacuum of 10− 9 Torr. MBE is employed to grow a GaAs layer on a 
GaAs (1 0 0) wafer at a temperature of 610 ◦C. The grown layers are 
unintentionally p-doped with a doping level below 1014 cm− 3. The 
freshly grown GaAs samples have As-rich atomically ordered surface 
with (2 × 4) reconstruction (α-phase), which is verified by reflection 
high-energy electron diffraction (RHEED) in the MBE growth chamber. 
This type of the reconstruction is stable and most commonly obtained 
during MBE growth at substrate temperatures above 550 ◦C [36]. To 
maintain the As-terminated surface in the (2 × 4) reconstruction, we 
cool down the epitaxially grown GaAs sample with the As4 flux still on. 
The Ga-rich (1 × 1) surface is prepared after the MBE growth of the GaAs 
layer by cooling the sample down to 400 ◦C with As4 decreasing flux in 
the MBE chamber and then unloading the wafer. Prior to Al2O3 depo
sition, the Ga-terminated samples are additionally annealed at 500 ◦C 
for 10 min in the preparation chamber (the vacuum level of low 10− 9 

Torr). Fig. S1 of the Supplementary Information (SI) shows RHEED 
patterns of the MBE grown As- and Ga-terminated surfaces of a GaAs 
substrate before its transfer to the ALD chamber.

Within the in situ passivation approach, Al2O3 is deposited on the 
clean and atomically ordered surface of the selected GaAs samples in the 
ALD reactor at the substrate temperature of 250 and 300 ◦C. The tri
methylaluminum (Al(CH3)3, TMA) is used as the metal–organic pre
cursor and the oxygen source in the oxide is deionized water (H2O). Ar is 
employed as the carrier and purge gas. Table 1 summarizes the samples 
prepared for this study.

2.2. Characterisation methods

The analysis of the Al2O3/GaAs interface is performed ex situ by 
monochromatic X-ray photoelectron spectroscopy using an Al K α 
(1486.6 eV) X-ray source. High resolution spectra are taken for several 
core levels, namely arsenic (As 3d and As 2p3/2), gallium (Ga 3d and Ga 
2p3/2), aluminum (Al 2p) and oxygen (O 1s) using a step size of 0.1 eV 

Table 1 
Studied samples.

Name GaAs surface 
termination

Additional step prior 
to the deposition

Al2O3 thickness 
(nm) (XRR)

O/Al 
ratio

As-10-st As − 10.4 ± 0.1 1.5 ±
0.1

As-10- 
4TMA

As 4 TMA pulses 10.3 ± 0.1 1.7 ±
0.2

As-10- 
5H2O

As 5 H2O pulses 10.3 ± 0.1 1.5 ±
0.1

As-10- 
st-250

As − 9.9 ± 0.1 1.4 ±
0.1

As-5-st As − 5.9 ± 0.1 1.8 ±
0.2

As-2-st As − 2.8 ± 0.1 −

As-2- 
5H2O

As 5 H2O pulses 2.8 ± 0.1 1.5 ±
0.1

Ga-12- 
5H2O

Ga 5 H2O pulses 12.2 ± 0.1 1.4 ±
0.1

Ga-12-st Ga − 12.2 ± 0.1 1.4 ±
0.1

Ga-12- 
4TMA

Ga 4 TMA pulses 11.6 ± 0.1 1.4 ±
0.1

Ga-3- 
5H2O

Ga 5 H2O pulses 3.2 ± 0.1 1.7 ±
0.2

Ga-2- 
5H2O

Ga 5 H2O pulses 2.2 ± 0.1 1.7 ±
0.2

N. Demarina et al.                                                                                                                                                                                                                              Applied Surface Science 720 (2026) 165114 

2 



and a bandpass energy of 23.5 eV. The spectra are collected at a 
photoelectron emission angle of 45̊ with respect to the sample surface. 
Charge correction is performed by setting the GaAs component of the As 
3d5/2 peak to 40.7 eV. The samples with Al2O3 layer thicker than 3 nm 
require thinning of the oxide layer below the typical XPS probe depth 
(about 3–9 nm) determined by the inelastic mean free path of photo
electrons [37]. The Al2O3 layer of these samples is partially etched with 
the Ar+ ions inside the XPS tool prior to XPS data collection. The details 
of the etching are discussed in Section 2 of SI. The deconvolution of the 
XPS spectra is performed using Shirley-type background subtraction and 
Voigt functions for peak fitting. Similar to the study by Hinkle et al. on 
the detection of different Ga and As components in the XPS spectra of 
GaAs [12–16], we fit the measured XPS spectra with the minimum 
number of the peaks and additional peaks are added only when the 
correct fit is not feasible without their inclusion.

The thickness of the deposited Al2O3 layer is controlled by X-ray 
reflectivity measurements (XRR). PL measurements of the GaAs samples 
are performed with an inVia Raman microscope in PL mode at room 
temperature (300 K) using 532 nm excitation with a laser power of 0.05 
and 0.1 % from the maximum (0.08 and 0.14 mW, correspondingly).

3. Results

3.1. Native oxides composition on the GaAs surface subject to ambient air 
at room temperature

At the beginning of our study, we briefly focus on the oxides 
composition formed on the freshly MBE grown GaAs layer exposed to 
ambient air. In this experiment, XPS measurements are performed on the 
sample after 1 day and 6 months of exposure to air at room temperature. 
This investigation allows us to reveal the difference between the 
chemical compositions of native oxides/GaAs and Al2O3/GaAs 
interfaces.

We study the distribution of different chemical bonds, i.e. com
pounds near the surface, by comparing 2p and 3d photoelectron spectra. 
The analysis is based on the fact that the core-level electrons of the As 3d 

and Ga 3d photoelectron spectra have low binding energies (about 40 
and 20 eV, respectively), hence, high kinetic energies (1446 and 1468 
eV, respectively). The photoelectrons with the high kinetic energy have 
the inelastic mean free path about λe = 3.1 nm [37] and can escape from 
relatively deep in the GaAs semiconductor, i.e. allowing us to get insight 
into the bulk of the GaAs layer. The 3d electrons represent a weighted 
average of the entire surface layer and also the GaAs bulk. In contrast, As 
2p and Ga 2p photoelectrons (the binding energy (BE) of 1323 and 1117 
eV, respectively) have a kinetic energy of about 164 and 370 eV, 
resulting in inelastic mean free paths of λe = 0.7 and 1.1 nm, respec
tively. Therefore, the information provided by the 2p photoelectrons 
refers roughly to the top few atomic layers of the GaAs surface layer.

We analyze the native oxides on the GaAs surface by first focusing on 
the As 3d and Ga 3d and then on the more surface sensitive As 2p3/2 and 
Ga 2p3/2 photoelectron spectra [38]. After subtraction of the back
ground signal, the As 3d and Ga 3d photoelectron spectra of the native 
oxide covered GaAs sample are shown in Fig. 1 (a). Deconvolution of the 
As 3d spectrum allows the resolution of two spin–orbit split doublets. 
The intensity ratio for the Ga 3d and As 3d doublets is fixed at 3:2 and the 
spin–orbit splitting is at 0.44 and 0.7 eV, respectively. The strongest 
doublet is related to As in the GaAs bulk with peaks corresponding to the 
As 3d5/2 (40.7 eV) and As 3d3/2 (41.4 eV) states (fitted blue lines). This 
doublet is accompanied by a weak doublet (41.2 and 41.9 eV) positively 
shifted in energy by ΔBE=+0.5 eV with respect to the GaAs bulk signal 
(fitted green lines). In accordance with previous studies [31,39], the 
doublet originates from As–As bonding from AsGa antisites or As in
terstitials [40]. Fitted peaks at 44.0 and 45.2 eV (shifted by ΔBE=+3.3 
and +4.5 eV with respect to the As–Ga peak) are assigned to the As–O 
bond in As2O3 and As2O5 oxides, correspondingly. The Ga 3d spectrum 
was fitted with two peaks (at 18.9 and 19.3 eV) representing the 
contribution of Ga 3d5/2 and Ga 3d3/2 in the bulk GaAs. The peak shifted 
by ΔBE =+1.2 eV from the bulk (at 20.3 eV) is caused by photoemission 
from Ga-O bonds in the Ga2O3.

Fig. 1(b) displays the As 2p3/2 and Ga 2p3/2 photoelectron spectra of 
this sample. The As 2p spectrum shows five peaks attributed to the 
As–Ga bond (in bulk GaAs at 1322.6 eV), the As–As bond (elemental As 

Fig. 1. Photoelectron spectra for (a): the As 3d (left) and Ga 3d (right) and (b): the As 2p (left) and Ga 2p (right) core-level features after MBE-grown GaAs layer has 
been 1 day exposed to ambient air at room temperature.
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and shifted with ΔBE = +0.5 eV with respect to the bulk As–Ga peak) 
and the arsenic oxidation states As2+ (ΔBE = +2.55 eV, AsO), As3+

(ΔBE =+3.3 eV, As2O3), and As5+ (ΔBE =+4.4 eV, As2O5) [41]. The Ga 
2p3/2 plot shows chemical states attributed to the Ga–As bond (in bulk 
GaAs at 1116.9 eV) and Ga–O bond (in Ga2O3 at 1118.1 eV and ΔBE =
+1.2 eV with respect to the bulk Ga–As peak).

Analysis of the 2p and 3d data (SI, Section 4) shows that a mixture of 
the Ga and As oxides is mostly present in the upper part of the GaAs layer 
with Ga2O3 as the dominant oxide. The relative fraction of As atoms 
forming As–As bonds calculated from the 2p spectrum (Fig. S3 (a, b), SI) 
is much lower than that from the 3d spectra. This indicates that the As 
atoms are mostly present at the interface between GaAs and the native 
GaAs oxides. The formation of elemental As can be seen as a conse
quence of the much stronger affinity of Ga than As for binding to oxygen 
[42], leading to predominant Ga2O3 formation and As enrichment near 
the oxide-GaAs interface [42,43] (e.g. As2O3 + 2 GaAs → Ga2O3 + 4As). 
The elemental arsenic remains in the deepest oxide layer where it cannot 
diffuse away or oxidize again due to the low oxygen diffusivity through 
the finally formed oxide layer. Note, that an excess of unoxidized As 
atoms can diffuse into GaAs to form As interstitials or AsGa antisites, 
causing the formation of the states deep in the bandgap [8].

3.2. In situ passivation of GaAs surface with 10 nm thick layer of Al2O3

3.2.1. Analysis of Al2O3/GaAs interface formed after in situ deposition of 
10 nm Al2O3 on the as-terminated GaAs surface

First, we focus on the passivation of the freshly grown As-terminated 
polar (0 0 1) GaAs surface, a surface which has the α-phase (2 × 4) 
reconstruction (Fig. S1 (a), SI). The atomic structure of the α-phase can 
be described by the so called β2 (2 × 4) model with the ideal unit cell 
containing two As–As dimers in the outermost atomic layer and one 
As–As dimer in the third atomic layer below the surface, located within a 
trench formed by missing dimers in the outermost layer [36,44].

The 10 nm thick Al2O3 layer was deposited in situ at 300◦ C (sample 
As-10-st in the Table 1). In addition to protecting the GaAs surface from 
further formation of the native oxides, we aim to decompose the As–As 
dimers present at the surface and causing states in the bandgap. 
Following Ref. [8], we begin the deposition of Al2O3 on the As- 
terminated GaAs surface with a TMA pulse, expecting that the small 
TMA molecules will insert into the As–As bonds and break them. We 
perform the ‘standard’ deposition of Al2O3 with a cycle consisting of 
TMA pulse, purge pulse of high purity Ar, pulse of deionized water, 
purge pulse of Ar. The deposition of 10 nm thick Al2O3 film takes about 
100 cycles.

Fig. 2 (a) shows the cross-sectional TEM image of the Al2O3/GaAs 
specimen, indicating the formation of a uniform continuous amorphous 
Al2O3 film. However, the presence of some interface region between the 
Al2O3 and GaAs layers is observed in Fig. 2 (b).

The chemical properties of Al2O3/GaAs structures are studied by 
XPS. The inset of Fig. 3 (a) shows the Al 2p spectrum with only one peak 
assigned to the Al-O bond in Al2O3 and this, together with the TEM 
micrograph (Fig. 2), confirms the successful growth of Al2O3 on the 
GaAs surface. The O/Al ratio calculated from the measured Al 2p and O 
1s spectra for all investigated samples is in the range of 1.4 ± 0.1 to 1.7 
± 0.2 (Table 1), which is close to the ideal value of 1.5, indicating a high 
stoichiometry of the grown oxide. The spectra of As 3d core-levels of 
GaAs substrate with in situ deposited Al2O3 layer (Fig. 3(a)) can be 
decomposed into only two doublet components. Besides the main 
component caused by photoelectrons with participation of bulk crystal 
As–Ga bonds (at 40.7 and 41.4 eV), an additional component can be 
distinguished at 41.1 and 41.8 eV (ΔBE = +0.4 eV). We attribute this 
feature to the contribution of As–As bonds. The spectrum of Ga 3d core 
levels is fitted with a doublet component (at 18.9 and 19.3 eV) and is 
assigned to the Ga–As bond of bulk GaAs.

Fig. 3(b) displays the As 2p3/2 and Ga 2p3/2 core-level spectra of the 
As-terminated GaAs films with in situ deposited 10 nm Al2O3. The Ga 

2p3/2 spectra (Fig. 3(b)) consists of only one peak at 1116.9 eV, which 
we attribute to the Ga–As bond. The As core signal requires three 
components for a proper fit. One of them corresponds to the As–Ga bond 
in bulk GaAs (at 1322.4 eV). This component is red-shifted by about 0.2 
eV with respect to the similar As–Ga bond peak in the native oxides/ 
GaAs sample. The As–As component, present in the As 2p3/2 spectrum of 
the GaAs with native oxides (Fig. 1(b)) has been replaced by the new As−

component. It is red-shifted by about 0.4 eV from the As–Ga peak (ΔBE 
= − 0.4 eV) and is often attributed to As–As dimers or dangling bonds at 
the GaAs surface [45–47]. The two other peaks, i.e. As1+, As2+, we 
assign to the oxidation states As1+ (ΔBE = +1.3 eV) and As2+ in the 
oxides As2O and AsO, respectively.

The origin of these As–As dimers and oxidation states is discussed in 
the detailed in situ XPS analysis of the Ga/As core-level 3d spectra 
measured during the deposition of Al2O3 on the atomically clean As-rich 
GaAs (0 0 1)-2 × 4 surface [28,31]. The study shows that the GaAs 
surface reacts with TMA through the surface As. After one cycle of TMA 
and water, only the As–As dimers of the first surface layer are affected by 
the precursors in such a way that they can bond to oxygen, which in turn 
bonds to Al in Al(CH3)2. Thus, the As–O–Al -(CH3)2 configuration is 
formed. The same study states that after already 10 ALD cycles, some of 
the As–O–Al bonds break into As–O bonds, implying the formation of an 
arsenic oxide with As atoms in the 1+/2 + charge state at the GaAs/ 
Al2O3 interface. Some of the As–O–Al bonds that have not been trans
formed into As–O bonds may evolve into As–Al bonds some time after 
Al2O3 deposition [31]. The latter is also confirmed by our measurements 
of Al 2p spectra performed 6 months after Al2O3 deposition (Fig. 3, a 
(inset)). In addition to the Al–O bond, there is a distinct peak that we 
attribute to the Al-As bond. The same study shows that the As–As dimers 
located in the third surface layer are not affected by the TMA and water 
pulses, and could be the origin of the As− -component in the As 2p3/2 
spectrum.

We should note that first-principle calculations have shown that the 
existence of the As–O–Al bond as well as low-valence As oxides at the 
Al2O3/GaAs interface is not accompanied by the formation of additional 
states in the GaAs bandgap [9,48].

The As 3d, Ga 3d, As 2p and Ga 2p spectra measured on the same 
sample after 6 months (Fig. S5 in SI) do not show the appearance of the 
high valence oxides at the GaAs/Al2O3 interface. However, the As–As 
dimers and As1+/2+ oxidation states are still present at the interface and 
their amount has hardly changed. The latter is a clear indication that the 

Fig. 2. TEM micrograph of the Al2O3 layer in situ deposited at 300 ◦C on the 
MBE grown GaAs layer: (a) Overview image of the Al2O3/GaAs structure; (b) 
Crystal structure at the Al2O3/GaAs interface.
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in situ deposited Al2O3 layer of 10 nm thickness reliably protects the 
GaAs surface from post-deposition oxidation.

It is intuitively clear that the first ALD cycle may be central in 
determining the properties of the GaAs/Al2O3 interface. To reduce the 
amount of As–As dimers and As1+ and As2+ oxidation states, we vary the 
sequence of precursor pulses at the beginning of the standard Al2O3 
deposition. Namely, we perform additional experiments and expose the 
surface of the freshly grown GaAs to 4 TMA pulses (sample As-10-4TMA) 
or 5 H2O pulses (sample As-10-5H2O). A purge pulse of Ar follows every 
single additional TMA or H2O pulse. The initial pulses are followed by 
complete TMA/H2O cycles of ‘standard’ deposition. The deposition 
temperature remains at 300 ◦C and the targeted thickness of the 
deposited Al2O3 layer is about 10 nm. We expect that increasing the 
number of TMA pulses prior to the standard deposition procedure will 
improve the coverage of the GaAs surface with TMA molecules and thus 
intensify the corresponding chemical reactions. On the other hand, 
replacing one TMA pulse with a water pulse at the beginning of the 
deposition might change the character of the chemical bonds at the 
interface. In both cases, the measured XPS spectra (Fig. S6 and S7, SI) are 
qualitatively similar to those presented in Fig. 3(a) and (b), indicating 
that the GaAs/Al2O3 interface was free of the As2O3, As2O5 and Ga2O3 
species. The As–As dimers and As+1/+2 oxidation states remain present 
at the GaAs/Al2O3 interface. However, their amount varies slightly 
depending on whether the deposition starts with a TMA or a water pulse 
(Fig. S9, SI).

We have performed an additional experiment by reducing the Al2O3 
deposition temperature to 250 ◦C. Both 3d and 2p XPS spectra (Fig. S8, 
SI) show peaks, which are completely identical to those presented in 
Fig. 3 (a) and (b) with only slightly changed contribution of the As–As 
dimers and As1+/As2+ oxidation states (Fig. S9, SI).

3.2.2. Analysis of the Al2O3/GaAs interface formed after in situ deposition 
of 10 nm Al2O3 on the Ga-terminated GaAs surface

The evidence that the in situ deposition of Al2O3 on the As-terminated 
GaAs surface buries some of the As–As surface dimers and also leads to 
the formation of the low-valence As oxides at the oxide/GaAs interface 
suggests that the use of the Ga- instead of the As-terminated surface 

might be a possible way to obtain the desired defect-free interface. 
Furthermore, previous experiments [49,50] have shown that the in situ 
molecular beam deposition of Al2O3 on the Ga-rich reconstructed GaAs 
surfaces results in a significant reduction of the surface state density and 
improves the device performance. Following the suggestion of Refs. 
[8,48] that according to the electron counting rule [51] the Ga termi
nation on the GaAs side should be matched by the O termination of 
Al2O3, we start the oxide deposition with 5 water pulses followed by the 
‘standard’ procedure of TMA and water pulses. Deposition is performed 
at 300 ◦C. According to Ref. [52], H2O preferentially interacts with Ga 
atoms, and only a small effect is observed on the minor surface As atoms, 
which act as “neighbors” and may eventually assist in water dissociation 
into OH and H at the GaAs surface. The OH dissociation product in
teracts with Ga atoms to form hydroxide species, while the H interacts 
with an As atom. When the first TMA pulse arrives at an OH– or H- 
terminated surface, its methyl ligands can react with surface hydrogen, 
releasing CH4 and leading to the formation of Ga–O–Al and As–Al bonds. 
The subsequent water pulse then removes the remaining methyl groups, 
again releasing CH4, as the “ligand exchange” is the main growth 
mechanism.

The Al 2p spectrum shown in Fig. 4, inset, indicates successful 
growth of the Al2O3 layer with an O/Al ratio of 1.4 ± 0.1 (Table 1). The 
spectra of As 3d core-levels (Fig. 4(a)) can be decomposed this time into 
two doublet components. Along with the main component caused by the 
photoelectrons participating in As–Ga bonds of a bulk crystal (at 40.7 
and 41.4 eV), an additional component can be distinguished at 41.3 and 
42.0 eV (ΔBE =+0.5 eV), which is assigned to the contribution of As–As 
bonds. The spectrum of the Ga 3d core levels is fitted with a doublet 
component (at 18.8 and 19.3 eV) and is assigned to the Ga–As bond of 
bulk GaAs. Fig. 4(b) displays the As 2p3/2 and Ga 2p3/2 core-level spectra 
of the Ga-terminated GaAs. Both As 2p3/2 and Ga 2p3/2 photoelectron 
signals consist of only one dominant peak at 1322.3 eV and 1116.7 eV, 
respectively, which we attribute to the As–Ga (Ga–As) bond. The As 2p3/ 

2 spectrum also contains a weak peak at 1323.6 eV, which we assign to 
the As2O oxide. In contrast to the As-terminated GaAs substrate, the 
intensity of the peak corresponding to As–As dimers is reduced by an 
order of magnitude and is not seen in the As 2p3/2 spectrum. Considering 

Fig. 3. Photoelectron spectra (sample As-10-st) for (a): the As 3d (left) and Ga 3d (right) and (b): the As 2p3/2 (left) and Ga 2p3/2 (right) core-level features. Inset: 
Photoelectron spectra for the Al 2p measured 1 day (left) and 6 months (right) after the deposition of 10 nm of Al2O3.

N. Demarina et al.                                                                                                                                                                                                                              Applied Surface Science 720 (2026) 165114 

5 



the idea that the onset of oxide growth might affect the interface quality, 
we perform two additional experiments using the ‘standard’ Al2O3 
deposition procedure (sample Ga-12-st) and exposing the surface of the 
freshly grown GaAs to 4 TMA pulses before the ‘standard’ deposition 
(sample Ga-12-4TMA). In addition to the Ga–As species corresponding 
to bulk GaAs, the measured As 3d, Ga 3d, As 2p3/2 and Ga 2p3/2 spectra 
show the presence of only low amount of As1+ oxidation states and very 
tiny fraction of As–As dimers at the interface (Fig. S9-S11, SI).

3.3. In situ passivation of GaAs surface with thinner (below 10 nm) layer 
of Al2O3: Oxide re-growth at the Al2O3/GaAs interface

For high efficiency operation of modern nanometer devices, the 
desirable thickness of the deposited high-k dielectric should be reduced. 
Therefore, as a next step, we perform in situ deposition of Al2O3 with a 
thickness below 10 nm on the As- and Ga-terminated GaAs substrate. 
The deposition temperature is 300 ◦C. For the As-terminated surface we 
follow the ‘standard’ deposition procedure. The Al2O3 growth on the Ga- 
terminated surface begins with 5 H2O pulses. The thickness of the grown 

Fig. 4. Photoelectron spectra (sample Ga-12-5H2O) for (a): the As 3d (left) and Ga 3d (right) and (b): the As 2p3/2 (left) and Ga 2p3/2 (right) core-level features. Inset: 
Photoelectron spectra for the Al 2p measured 1 day after Al2O3 deposition.

Fig. 5. Photoelectron spectra for the As 2p3/2 (left) and Ga 2p3/2 (right) core-level features after in situ deposition of 5.8 nm (a) and 2.8 nm (b) Al2O3 on the As- 
terminated GaAs substrate.
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Al2O3 layer is 5.9 and 2.8 nm for the As-terminated and 3.2 and 2.2 nm 
for the Ga-terminated GaAs samples.

In Figs. 5 and 6 we compare the As 2p3/2 and Ga 2p3/2 core-level 
spectra obtained for the As- and Ga-terminated GaAs samples with 
Al2O3 of different thickness. It can be seen that the Al2O3/GaAs interface 
formed after the deposition of 3 or 5 nm thick Al2O3 layer possesses As1+

oxidation state. This is similar to the main feature of the samples 
passivated with Al2O3 thicker than 10 nm (Figs. 3 and 4). However, the 
persistent As–As dimer peak (As− ) typical of the As-terminated GaAs 
samples (Fig. 3 and S5-S8 of the SI) is no longer detected.

In contrast, after 2 nm Al2O3 deposition, the As 2p3/2 and Ga 2p3/2 
spectra resemble those measured for GaAs with native oxides (Fig. 1). 
Namely, the Ga–As (As–Ga) feature corresponding to bulk GaAs is 
greatly reduced, while the Ga and As oxide peaks become strongly 
pronounced. The As–O feature in the both cases, i.e. As- and Ga- 
terminated GaAs (Figs. 5 and 6), has four oxidation states, As1+, As2+, 
As3+, As5+, corresponding to As2O, AsO, As2O3 and As2O5. The Ga-O 
feature includes one oxidation state, Ga3+, assigned to Ga2O3. We 
attribute the presence of Ga and As oxides to interfacial oxide regrowth 
after the GaAs samples with thin (below 3 nm) Al2O3 oxide layer were 
exposed to ambient air [41]. The oxidation of the interface occurs due to 
oxygen diffusion through the thin amorphous Al2O3 film [53,54]. XPS 
measurements performed on the same samples six months later showed 
that the post-oxidation process continues in time and the amount of the 
gallium and arsenic oxides gradually increases. Next, it is important to 
note that persistent As–As dimers are not detected at the interface. 
However, in the As 2p3/2 spectrum, a new feature (As-As), blue shifted 
by 0.5 eV with respect to the As–Ga peak, is detected for both initially 
Ga- and As-terminated GaAs samples. We assign this peak to the As–As 
bonds of elemental As, which could be formed by the transformation of 
the surface As oxide reacting with the GaAs substrate (Section 3.1). It is 
important to note that the Ga- and As-terminated samples that have 
undergone the post-oxidation now show qualitatively similar interface 
sensitive As 2p3/2 spectra, i.e. both do not show the presence of As–As 
dimers. We suggest that this is due to the diffusion of oxygen through the 
Al2O3 layer. Oxygen interacts with remaining As–As dimers on the As- 
terminated surface, decomposing them and reducing their concentra
tion below the detection limit.

The As 3d and Ga 3d spectra (Figs. S12 and S13, SI) illustrate that the 

amount of As2+ (AsO), As3+ (As2O3), As5+ (As2O5), Ga3+ (Ga2O3) 
oxidation states is below the detection limit of the XPS measurements for 
the samples with the Al2O3 thickness around 2.8 nm. While strongly 
reduced, the As3+ and Ga3+ oxidation states are detected in the near 
surface region when the Al2O3 thickness is further reduced to 2.2 nm 
(Fig. S13 (b), SI). This is due to the post-oxidation processes mediated by 
oxygen diffusion through the thinner Al2O3 layer. In conclusion, a reli
able protection of the GaAs surface from oxidation in ambient air re
quires that the thickness of the in situ deposited Al2O3 layer exceeds 3 
nm. This is in agreement with previous studies [21,22,41].

3.4. Reduced bend bending at the Al2O3/GaAs interface formed via in situ 
Al2O3-ALD on GaAs

The important question remains whether the in situ deposition of the 
Al2O3 layer reduces the amount of defect states at the GaAs surface, thus 
freeing the Fermi level at the interface. To answer this question, we 
compare the binding energy of the As 2p3/2 and Ga 3p3/2 core levels 
without and after Al2O3 deposition. The diagram showing the conduc
tion and valence bands as well as the core levels is presented in Fig. 7 (a) 
for the GaAs sample without and with the Al2O3 passivation layer. The 
Fermi level is pinned at the surface covered with the native oxides about 
0.5 and 0.7 eV above the valence band edge in the case of p- and n-type 
doping of the GaAs [55–57]. We assume a non-intentional p-doping of 
GaAs with a doping concentration of about 1014 cm− 3, so we can expect 
that according to Ref. [58], the pinning position occurs near the center 
of the band gap, i.e. 0.6 eV above the valence band minimum. On the 
other hand, at room temperature, the Fermi level is located about 0.2 eV 
above the valence band edge in bulk GaAs far from the GaAs surface. 
Thus, the band bending (Ebb) at the surface of the air-oxidized GaAs 
sample is approximately 0.4 eV. The bands and core levels are bent 
downward (Fig. 7, a). The strength of the bending can be characterized 
by the binding energy of the As 2p3/2 (Ga 2p3/2) signal, which is deter
mined by the electrons originating from the GaAs/air (Fig. 7, a (left)) or 
GaAs/Al2O3 (Fig. 7, a (right)) interface. The stronger band bending 
corresponds to the higher value of Eb As 2p3/2 (Eb Ga 2p3/2). The relations 
ΔE1=(Eb As 2p3/2)air/GaAs- (Eb As 2p3/2)Al2O3/GaAs and ΔE2=(Eb Ga 2p3/2)air/ 

GaAs- (Eb Ga 2p3/2)Al2O3/GaAs describe the difference of the band bending at 
the native oxides/GaAs and Al2O3/GaAs interfaces. The negative value 

Fig. 6. Photoelectron spectra for the As 2p3/2 (left) and Ga 2p3/2 (right) core-level features after in situ deposition of 3.2 nm (a) and 2.2 nm (b) Al2O3 on the Ga- 
terminated GaAs substrate.
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of ΔE (Fig. 7, b), which we calculate as the average between the two 
values ΔE1 and ΔE2, indicates that the band bending in the sample with 
the top Al2O3 layer deposited decreases by (0.2–0.3) ± 0.1 eV after 
Al2O3 deposition on the As-terminated surface and by (0.25–0.45) ± 0.1 
eV for the Ga-terminated surface. This obviously implies that the Fermi 
level at the Ga-rich GaAs/Al2O3 interface has become unpinned and the 
GaAs/Al2O3 system has entered the flat band regime. The reduced band 
bending at the Al2O3/GaAs interface is also an indirect sign of a lower 
density of interface states. Finally, we would like to point out that the 
error in the position of the Fermi level is related to the 0.1 eV step that 
was used when recording the As 2p3/2 and Ga 2p3/2 photoelectron 
spectra.

3.5. Optical characterization of the states at in situ-ALD Al2O3/GaAs 
interface

We get insight into the surface recombination of the GaAs/Al2O3 
interface using the PL spectroscopy [59,60]. The principle of the method 
is shown schematically in Fig. 8 (inset). Photocarriers generated by 
illumination of the semiconductor recombine radiatively but also via 
various non-radiative recombination channels. The latter reduces the 
intensity of the photoluminescence. Surface recombination is the largest 
source of excitation loss in high quality, undoped GaAs. It is dependent 

on surface preparation, as it may change density of the interface states at 
the GaAs/Al2O3 interface. The increase in band-to band PL intensity due 
to surface passivation would be a clear indication of the decreased 
density of states at the oxide/GaAs interface.

The laser with a wavelength of 532 nm is used for the excitation of 
the GaAs substrate with the deposited Al2O3 layer. Since we only collect 
a fraction of PL that enters the objective lens, we compare the intensities 
of the PL with the intensity of the PL of the GaAs sample with the native 
oxides. The PL intensity, measured at different places on the sample 
surface varies by no more than 20 % from its average value. We also 
observe a decay of the PL intensity after irradiation of the samples with 
the excitation power above 0.1 mW [61]. To avoid this effect, PL spectra 
are measured at a low excitation power of 0.05 mW. Fig. 8(a, b) shows 
the PL intensity obtained from the GaAs/Al2O3 and native oxides/GaAs 
samples. The spectra exhibit a maximum at 1.42 eV, which is related to 
band-to-band recombination in GaAs at room temperature. Fig. 8(c) 
presents the corresponding integrated PL intensity. From Fig. 8 it can be 
seen, that the PL intensity of the As-terminated GaAs with 10 nm Al2O3 
layer (sample As-10-st) increases only by a factor of two compared to the 
non-passivated air-exposed GaAs substrate. The reason for this behav
iour can be found by analyzing the As 2p3/2 photoelectron spectrum 
(Fig. 3(b)), which shows the presence of the As–As dimers at the Al2O3/ 
GaAs interface. An earlier first-principles study of GaAs surfaces and 

Fig. 7. (a): Schematic energy-band diagram for an abrupt p− -GaAs/air (left) and p− -GaAs/Al2O3 interface; shown are the valence (Ev) and conduction (Ec) band 
edges, the Fermi level (F) at the interface, As 2p3/2 and Ga 2p3/2 (EAs 2p3/2 and EGa 2p3/2) core levels and the corresponding binding energy (Eb As 2p3/2 and Eb Ga 2p3/2), 
the GaAs band bending (Ebb). (b) Averaged reduction of the band bending ((ΔE1+ΔE2)/2) at the GaAs surface after in situ deposition of Al2O3.
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interfaces [62] demonstrates that the transformation between an As–As 
dimer and two doubly occupied As dangling bonds is the dominant 
process responsible for charge trapping. In our particular case, this im
plies that the As–As dimers near the interface trap photogenerated 
charge carriers, leading to the low PL response of the As-10-st sample. 
The low-valence As oxides present at the interface do not contribute 
states to the band gap [9,48] and thus cannot affect the radiative 
recombination. In addition, we confirmed the inefficiency of the in situ 
passivation of the As-terminated GaAs substrate with an Al2O3 layer 
thicker than 10 nm by PL measurements of GaAs/AlGaAs multiple 
quantum well structures (Section 6 in the SI).

The As-terminated sample with a deposited 5 nm Al2O3 layer (As-5- 
st) demonstrates a much stronger PL signal. We suggest that oxygen, 
diffusing through the Al2O3 layer partially decomposes the As–As di
mers, causing the stronger PL response of the sample. However, further 
decrease in Al2O3 thickness results in degradation of the PL response. 
Indeed, oxygen from the ambient air can more easily diffuse through the 
thinner Al2O3 layer to reach the Al2O3/GaAs interface and oxidize the 
GaAs substrate. Elemental As, generated by the oxidation of the GaAs 
surface injects into GaAs as interstitials and AsGa antisites, and is pre
dicted by first-principles calculations to create bandgap defect states 
[5,45]. The formed defects mediate the non-radiative recombination 
leading to the degraded PL performance. The integrated intensity of the 
Ga-terminated GaAs samples with Al2O3 layer thickness above 3 nm 
increases by a factor of 20 compared to the GaAs sample with native 
oxides. The substantially better PL performance of the passivated Ga- 
terminated samples is not surprising considering the previous XPS 

data (Fig. 4). As–As dimers and elemental As free Al2O3/GaAs interface 
of Ga-12-5H2O and Ga-3-5H2O samples implies low density of band gap 
states which in turn leads to the high PL intensity. The lower PL intensity 
of Ga-2-5H2O sample compared to Ga-12-5H2O and Ga-3-5H2O is due to 
the formation of elemental As in the near interface region mediated by 
post-deposition oxidation.

We attribute the larger PL intensity of the As-2-st sample compared 
to the Ga-2-5H2O sample to the lower elemental As fraction at the 
Al2O3/GaAs interface (Figs. 5 and 6). This is due to the larger Al2O3 layer 
thickness (Table 1) of the As-2-st sample, thus weaker post-deposition 
interface oxidation in this case.

4. Conclusions

In conclusion, we have investigated the chemical composition of the 
interface formed during in situ atomic layer deposition of Al2O3 on an 
atomically clean (0 0 1) GaAs surface. Our results extend previous 
studies on GaAs surface passivation [12–35,63,64] by elucidating how 
the passivation properties of Al2O3 [65–68] can be effectively realized 
through in situ deposition. We reveal that the Al2O3 layer with a thick
ness exceeding 3 nm grown on the As-terminated (2 × 4) GaAs surface 
buries As–As bonds related to the As–As dimers and As dangling bonds. 
The low-valence As oxides, As2O and AsO, are also formed. Whether the 
deposition starts with a TMA or a water pulse does not qualitatively 
affect the chemical composition at the interface. It is important to note 
that the remaining As–As dimers contribute states within the band gap 
and this eliminates effective passivation. Indeed, the room temperature 

Fig. 8. PL intensity (a) and (b) integrated PL intensity (c) of the native oxides/GaAs (Ref) and Al2O3/GaAs samples. Inset: Illustration of the PL method for char
acterization of the Al2O3/GaAs interface states. Here Ec is the conduction band minimum, Ev is the valence band maximum, Et is the interface defect state, I0 is the 
excitation light intensity, and IPL is the PL intensity.
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PL measurements show that the PL intensity of these samples is only two 
times higher than the corresponding intensity of the non-passivated 
GaAs sample with native oxides. In contrast, the deposition of Al2O3 
on the Ga-terminated GaAs surface leads to the formation of an almost 
defect-free Al2O3/GaAs interface with only very small traces of As–As 
bonds and low-valence As oxides. These samples irradiated with a laser 
show a PL intensity that is significantly (about 20 times) stronger than 
the PL of the air-exposed non-passivated sample. This underlines the 
importance of the presence of As–As dimers in the formation of deep 
defects states at the interface. The reduction of the deposited Al2O3 layer 
thickness below 3 nm leads to a post-deposition oxidation of the GaAs 
surface due to oxygen diffusion through the oxide layer. We propose that 
the diffusing oxygen decomposes the As–As dimers remaining on the As- 
terminated GaAs, as the As 2p3/2 spectrum does no longer demonstrate 
their presence, which is surprising positive effect of the post-oxidation. 
However, due to the oxidation, we detect the formation of elemental As, 
which in turn induces states into the GaAs band gap. Despite the pres
ence of the Ga and As oxides, Ga2O3, As2O, AsO, As2O3, and As2O5, and 
elemental arsenic at the interface the PL intensity of the As- and Ga- 
terminated post-oxidized samples is still significantly (x10) higher 
than the PL intensity of the non-passivated samples and is determined by 
the density of elemental As formed. Analysis of As 2p3/2 and Ga 2p3/2 
spectra shows that after oxide deposition, the band bending in GaAs at 
the Al2O3/GaAs interface is reduced by 0.2-0.4 eV, indicating the 
reduction of the interface state density, i.e. the unpinned state of the 
Fermi level at the interface.
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