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Atomic layer deposition (ALD) is one of the backbones for today’s electronic device

fabrication. A critical property of ALD is the layer-by-layer growth, which gives rise to

the atomic-scale accuracy. However, the growth rate – or growth per cycle – can

differ significantly depending on the type of system, molecules used, and several other

experimental parameters. Typically, ALD growth rates are constant in subsequent ALD

cycles, making ALD an outstanding deposition technique. However, contrary to this

steady-state – when the ALD process can be entirely decoupled from the substrate on

which the material is grown – the deposition’s early stage does not appear to follow the

same kinetics, chemistry, and growth rate. Instead, it is to a large extent determined by

the surface composition of the substrate. Here, we present evidence of oxygen

relocation from the substrate-based oxide, either the thermal or native oxide of InAs, to

the overlayer of HfO2 in the initial ALD phase. This phenomenon enables control of the

thickness of the initial ALD layer by controlling the surface conditions of the substrate

prior to ALD. On the other hand, we observe a complete removal of the native oxide

from InAs already during the first ALD half-cycle, even if the thickness of the oxide layer

exceeds one monolayer, together with a self-limiting thickness of the ALD layer of

a maximum of one monolayer of HfO2. These observations not only highlight several

limitations of the widely used ligand exchange model, but they also give promise for

a better control of the industrially important self-cleaning effect of III–V

semiconductors, which is crucial for future generation high-speed MOS.
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Introduction

The future development of semiconductor technology is intimately connected to
the development of faster and smaller devices, with a reduced power consump-
tion. The research efforts towards this goal are intensive, not least in relationship
to the metal oxide semiconductor eld-effect transistor (MOSFET). One of the
most signicant limitations of present MOSFET technology is the use of silicon,
which, although cheap and easy to produce, can hardly reach the required speed
of device operation needed to achieve the development goals dened by the
International Technology Roadmap for Semiconductors.1 A rst step towards the
replacement of Si materials has been made by replacing the native silicon oxide
with a high-k oxide such as HfO2, allowing drastically smaller gate sizes.2–4

Substituting the silicon channel material with a III–V semiconductor has oen
been suggested as another promising step towards faster MOSFET devices.2,5

Among the III–V semiconductors, InAs plays a particularly important role, since it
has a narrow band gap compared to that of silicon and an electronmobility that is
around 20 times higher than that of silicon;6 these properties make InAs partic-
ularly suitable for use in new-generation high-speed metal oxide semiconductor
transistors, especially in radio frequency applications.2,3,7

One of the challenges that must be overcome before InAs/HfO2 MOSFET
devices can enter a broad market is to obtain a clean interface between the two
materials. The quality of this interface plays an essential role, since defects related
to the oxide of the substrate InAs hinder the overall device performance. Atomic
layer deposition (ALD) is a deposition technique that potentially can provide
a defect-free and conformal layer of HfO2 over the entire surface of InAs; espe-
cially as it comes along with the so-called “self-cleaning” effect, which comprises
the removal of the unwanted native oxide from InAs together with the deposition
of the desired HfO2. This “self-cleaning” or “clean-up” effect has been reported for
native oxides of typical III–V surfaces including InAs, GaAs, GaSb, and mixed
alloys of these materials8–13 upon the ALD of Al2O3 and HfO2, performed with
trimethylaluminum (TMA) and tetrakis(DMA�)hafnium (TDMAHf, where DMA�

stands for the dimethylamido ligands), respectively. However, many questions
about the efficiency of the self-cleaning and the surface chemical reactions during
the ALD process behind this are still unsolved, leaving substantial room for
improvement of the resulting III–V/high-k interface.

ALD, with enormous potential in a large variety of material-dependent tech-
nologies,14–17 is based on the self-limiting reaction of gaseous precursors with the
surface of a substrate. The ALD of transition metal oxides, such as HfO2, uses two
precursors, a metal and an oxygen one. Aer one cycle of ALD, dened by self-
limiting reactions of the two precursors with the surface in two separate half-
cycles, ideally one monolayer of the chosen material is obtained. The self-
limiting deposition step, which is the basis of the layer-by-layer growth in ALD
and which ensures control and uniformity of the ALD layers, is oen described by
an ideal reaction mechanism. In reality, typically more or less severe deviations
from the ideal mechanism occur.18,19 For example, the standard model of the ALD
of high-k oxide is based on a ligand exchange reaction mechanism, which does
not consider the surface as an active element. This assumption is in contrast to
the experimentally observed and strongly appreciated self-cleaning effect.
72 | Faraday Discuss., 2022, 236, 71–85 This journal is © The Royal Society of Chemistry 2022
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One should expect the inuence of the substrate to decrease with an increasing
number of ALD cycles. This is also reected by the thickness of the ALD layer
which, according to the ideal ALD mechanism, should grow linearly with
increasing numbers of ALD cycles. Numerous studies already show that this
linearity only exists from a certain number of cycles onward, while the initial ALD
cycles behave differently and can be characterized by either higher or lower
growth rates. For more details, we suggest the review by Sønsteby et al.20 The
number of cycles aer which the overlayer growth is completely decoupled from
the surface can vary strongly, depending on experimental parameters and espe-
cially the precursor pulse length. Importantly, the surface chemistry that denes
the nal interface between the substrate and the ALD-grown overlayer typically
occurs during the initial half-cycles of ALD,8,12,13 i.e. before the decoupling and,
thus, before the ideal ALD models gain validity. Hence, it is important to obtain
better insight into the details of the initial ALD process, where the inuence of the
surface plays a signicant role.

Here, we investigate eight InAs samples prepared with varying oxide thick-
nesses, ranging from a few Å to a few nanometres, by ambient pressure X-ray
photoelectron spectroscopy (AP-XPS), a method which allows the real-time
monitoring of the deposition process.8,21,22 We evaluate the inuence of the
surface on the composition and thickness of the overlayer of HfO2 already formed
during the rst half cycle of ALD performed with TDMAHf. We nd evidence that
the interaction with the TDMAHf molecules guarantees perfect self-cleaning, i.e.
the removal of almost all InAs oxide irrespective of the initial oxide thickness. The
interface is sharp and defect-free and characterized by the presence of a thin In–
O–Hf layer. The oxygen contained in the original InAs oxide is used to form HfO2

already in the rst ALD half-cycle. We nd that the thickness of the thus formed
HfO2 layer appears to be self-limited to one monolayer. Interestingly, we also nd
that TDMAHf does not interact with the clean InAs surface, but only with its oxide.

The results show that the ligand exchange model becomes valid only aer the
initial ALD half-cycle, and they provide answers to previously open questions
about the role of oxygen atoms during the self-cleaning effect. Furthermore, the
observation of a sharp, defect-free InAs/high-k interface is of high relevance for
future MOSFET applications. Our ndings suggest that the quality of the interface
will depend strongly on the ALD parameters, especially a sufficiently long rst half
cycle, rather than the exact thickness and chemical composition of the initial InAs
oxide.

Experimental

The experiments were performed at the AP-XPS end stations of the SPECIES
beamline23 of the MAX IV Laboratory in Lund, Sweden, and of the I511/SPECIES
beamlines at the previous MAX-lab24–26 synchrotron radiation facility. Eight
samples of InAs were treated equally in the cleaning process as follows (cf. Table
1): the samples were etched in 37% HCl : H2O 1 : 1 for 30 s to remove the original
native oxide and other contamination and then rinsed in ultrapure water for 60 s.
The result of this rst treatment step is a clean InAs (100) surface, which aer the
water rinse and subsequent contact to air is covered with a thin native oxide
again. Aer that, the samples were mounted onto a stainless-steel sample holder
and transferred to the ultrahigh vacuum (UHV) preparation chamber of the
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 71–85 | 73
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Table 1 Cleaning treatments performed on each sample. A, B, C and D are referred to as
“thermal oxide InAs” in this paper. E, F, G and H are referred to as “native oxide InAs”

A B C D
E, F, G
and H

Hydrogen
cleaned

Hydrogen cleaned +
0.05 L O2

Hydrogen cleaned +
6.00 L O2

Hydrogen cleaned +
10.00 L O2

Water
bath
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beamline. Samples E, F, G and H did not receive any other treatment, while
samples A, B, C and D were heated up to around 360 �C and exposed to atomic
hydrogen for 20 minutes, obtained using a thermal cracker (from MBE Kompo-
nenten) operated at about 1700 �C and a H2 pressure of 2 � 10�6 mbar. This
process produced four clean InAs surfaces without the presence of oxygen or
carbon (as inspected by XPS). A more detailed study of the atomic hydrogen
cleaning procedure can be found in ref. 27. No other treatment was done for one
of the samples (here called sample A). For the other three samples, exposure to
oxygen was performed in the preparation chamber at a sample temperature of
320 �C: 0.05 L (sample B), 6 L (sample C) and 10 L (sample D). The cleaning
treatments performed on each sample are summarised in Table 1.

The rst HfO2 ALD half-cycle on all InAs(100) samples was performed with
TDMAHf in the reaction cell of the AP-XPS chamber with the sample heated to
200–220 �C. The TDMAHf container (acquired from Strem Chemicals, Inc.) was
attached to the gas system of the setup and heated to about 80 �C in order to
increase the vapour pressure. The reaction cell was operated in constant ow
mode, so that the TDMAHf was delivered at a constant pressure of about 10�3

mbar, measured by a gauge installed on the outlet of the gas line system. No
carrier gases were used.

The InAs surfaces were rst characterized in UHV with XPS. Then, time-
resolved AP-XPS experiments were performed during the TDMAHf deposition;
nally, another characterization data set was measured aer the precursor gases
were evacuated at a pressure of around 10�6 mbar. The spectra acquired before
and aer each half cycle were collected at 675 eV and 350 eV photon energy with
a total instrumental broadening of around 0.35 eV for samples A, B, C and D. For
the other samples (E, F, G and H), photon energies of 300 eV, 330 eV and 900 eV
were used for the In 4d/Hf 4f and As 3d core levels and overview spectra,
respectively, with a total instrumental broadening of around 0.50 eV. The
sequences of In 4d, Hf 4f, and As 3d core-level spectra recorded during TDMAHf
exposure at �10�3 mbar were measured with a photon energy of 675 eV. The time
resolved spectra were measured in the xed mode of the electron energy analyser
in a sequence that took around six seconds to complete. The X-ray photoelectron
(XP) spectra were curve-tted using the IGOR Pro soware by Wavemetrics, Inc.
The binding energies were calibrated to the As 3d5/2 bulk component set to
41.0 eV.28–31 Shirley backgrounds were removed before the t. The intensities were
normalized to that of the As 3d bulk component.

The thickness evaluation of the thermal oxide was carried out using an over-
layer model explained elsewhere.8 The cross sections, inelastic mean free paths,
and atom densities were estimated from literature values.8
74 | Faraday Discuss., 2022, 236, 71–85 This journal is © The Royal Society of Chemistry 2022
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Results

In this section, we will rst present the results on InAs samples covered by a thin
thermal oxide layer and then on those with a slightly thicker native oxide layer.
Finally, we will discuss the role of the oxide layers during the rst half-cycle of
ALD. The thermal and native oxides have a similar chemical composition and
differ mainly in their thickness. The growth rate and stoichiometry of the thermal
oxides can be controlled rather well, which is not the case for the native oxides.
Moreover, as previously shown by our group,21 the interface between the InAs
surface and the high-k oxide deposited by ALD is improved in terms of the
interfacial defect densities, Fermi level unpinning and lower capacitance
frequency dispersion when the ALD is carried out on an InAs surface covered by
a thermal oxide layer in comparison to a native oxide-covered surface. In the
present experiment, we have investigated both types of oxide for a practical
reason: growing a thick thermal oxide layer is difficult, as is achieving thin native
oxide layers. Since the goal of the current experiment is to compare thin and thick
oxide layers, we adopt thermal oxidation of InAs to achieve submonolayer oxides
and native oxidation to achieve thick oxide layers.
Thermal and native oxides of InAs, before TDMAHf deposition

We start by describing the state of the InAs surface and the effect of the treat-
ments on the composition and thickness of the grown oxide layer. The surfaces do
not exhibit any considerable C or N contamination, as can be seen from the survey
spectra of samples A, C and G, shown in Fig. 1. High-resolution spectra of the As
3d and In 4d core levels before TDMAHf deposition are reported in Fig. 2. The As
3d XP spectrum of sample A, acquired at a photon energy of 350 eV, is shown in
Fig. 2a. The As 3d spectrum is characterized by a doublet centred at 41.0 eV, and
no component due to As oxide is visible. The corresponding In 4d core level (cf.
Fig. 1 Survey spectra collected on three of the InAs samples using photon energies of
675 eV (samples A and C) and 900 eV (sample G).

This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 71–85 | 75
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Fig. 2 Core-level spectra before and after TDMAHf deposition. (a) As 3d spectra of
samples A, B, C and G acquired before TDMAHf deposition. The green doublet is asso-
ciated with As bonded to In, while the broad purple doublet is associated with As bonded
to O. (b) In 4d spectra of samples A, B, C and G before TDMAHf deposition. The green
doublet is associated with In bonded to As, while the broad purple doublet is associated
with In bonded to O. For samples B and C, the fit is not shown since the line shape is
identical to that of sample A. (c) As 3d spectrum of sample C after the first ALD half-cycle.
Since the spectra of all other samples look the same as that of sample C, only this particular
spectrum is shown. (d) In 4d and Hf 4f spectra acquired after TDMAHf deposition. Green
fits indicate the In 4d bulk component of InAs (In bonded to As), purple (small) its oxide,
and orange (large) the HfOx component. The vertical dotted line highlights the binding
energy shift of the Hf 4f core level. (a–d) The photon energy used for measuring the
spectra on samples A, B and C was 350 eV, while 330 and 300 eV were used for sample G.
The spectra of sample G-Hwere collected at MAX-labwith a lower energy resolution (0.50
eV) in comparison to the spectra of samples A, B, C and D acquired at the MAX IV Labo-
ratory (0.35 eV).

Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
0 

ge
nn

ai
o 

20
22

. D
ow

nl
oa

de
d 

on
 2

4/
10

/2
02

5 
23

:2
9:

56
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 2b), measured at a photon energy of 350 eV, is characterized by a dominant
doublet at 17.6 eV, corresponding to In bonded to As, and a small shoulder
towards high binding energy associated with In oxide (found at 18.1 eV; +0.5 eV
from the bulk component); these values are in line with values found elsewhere in
the literature.8,12,32 The hydrogen cleaning process should result in an InAs surface
without any oxide;21 however, clearly this is not the case, but a thin In oxide layer
remains. This unexpected behaviour conrms the high stability of the In oxide, as
was already observed in our previous studies.8,21 The In 4d core level acquired at
a photon energy of 675 eV, i.e. in a somewhat more bulk-sensitive mode, shown in
Fig. 1, shows a less intensive oxide peak (8% of the total In 4d intensity compared
to 13% at hn ¼ 350 eV). This implies that the In oxide is located at the surface.

In contrast to sample A, sample B – an InAs surface that had been exposed to
0.05 L of oxygen gas – shows a small As oxide component in the As 3d spectrum (cf.
Fig. 2a). The component is located at 44.2 eV, i.e. at +3.2 eV higher binding energy
76 | Faraday Discuss., 2022, 236, 71–85 This journal is © The Royal Society of Chemistry 2022
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than the InAs bulk component, in agreement with literature values.8,10,29,33–34 The
lineshape of the In 4d line is identical to that of sample A (see Fig. 2b).

Sample C – an InAs surface exposed to 6 L O2 – differs from samples A and B,
not only in terms of the expected more intense As oxide component due to the
higher exposure to oxygen gas, but also by a small component at 42.0 eV, +1.0 eV
above the bulk component (Fig. 2a). We assign this component to arsenic in the
zero oxidation state, i.e. to As antisite defects or elemental As. This component is
unexpected, since all samples were cut from the same InAs wafer, and sample C is
the only one with an As0 component. Its contribution to the overall As intensity is
less than 5%, and its origin is likely associated with a non-perfect homogeneity of
the wafer. The line shape of the In 4d spectrum of sample C is identical to the one
of sample A (cf. Fig. 2b).

Lastly, the As 3d and In 4d core levels of the sample exposed to 10 L of oxygen
(sample D) exhibit the main As 3d component centred at 41.0 eV and its oxide at
44.0 eV, +3.0 eV above the bulk component. As for the other samples, the In 4d
bulk component is found at 17.6 eV and its oxide at 18.1 eV, +0.5 eV from the bulk
component; however, sample D is the only InAs sample with a thin layer of
thermal oxide that shows slightly higher intensity (with respect to the bulk) of the
In oxide.

From a comparison of all the examined thermal oxide samples, it is clear that
the exposure time to O2 changes only the relative intensities of the As oxide and
bulk components without changing the oxidation states of the surface. Indeed, we
found that all As 3d oxide components are found at (+3.1 � 0.1) eV from the InAs
bulk component and the In 4d oxide ones at (+0.5 � 0.1) eV above the bulk
component. We also note that the relative binding energies of the oxide peak with
respect to the bulk suggest that the As and In oxidation states are As3+ and In+, as
in As2O3 and In2O. Interestingly, it appears as if exposure to O2 doses below 10 L
mainly leads to oxidation of the As atoms, while the surface In atoms are le
unchanged, including a bulk InAs component and a small amount of In oxide.
Finally, the thickness of the thermal oxide layers can be evaluated from the
intensity ratio between the oxide and bulk components.8 This is reported in Fig. 5
(rst four points of the graph).

Turning to the samples with a thick, uniform native oxide layer, we nd
a common oxide stoichiometry for all of them; they only differ in the thickness of
the oxide layer (see the Discussion section). The binding energies of the bulk and
oxide components are found at values in excellent agreement with those found for
samples A–D, except for the As 3d oxide. As is seen in Fig. 2a, the As oxide
component of sample G is slightly shied towards a higher binding energy with
respect to the As oxide component of sample C. InAs oxides can contain As atoms
in two different oxidation states, As3+ and As5+. The As 3d component of As5+ is
found at a 1–2 eV higher binding energy12,33 than that of As3+. The shi of the As
oxide peak of sample G towards a higher binding energy amounts to aroun-
d +0.3 eV, and we attribute it to the presence of a small amount of As5+ suboxides,
not observed for the other samples. For simplicity, we tted the data with a single
doublet only that includes the contribution of both the As3+ and As5+ oxidation
states. The presence of an As5+ suboxide in the native oxide of sample G is not
completely unexpected; we have observed it previously,21 and it is due to the lower
homogeneity of the native oxide as compared to that of the thermal oxide layer.
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 71–85 | 77
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To conclude this section, we nd that the main difference between the analysed
samples is the relative intensity of the oxide component with respect to the bulk
peak, which has to be attributed to a different thickness of the oxide layer. More-
over, only the amount of As oxide differs for the samples with a thermal oxide.
Thermal and native oxides of InAs, during and aer TDMAHf deposition

The core-level spectra collected aer exposure of sample C to TDMAHf are shown
in Fig. 2c and d. Additionally, in Fig. 4 we show the As 3d, In 4d and Hf 4f core
level spectra acquired during the exposure, at a pressure of around 10�3 mbar.
From Fig. 2C, it is seen that the As oxide of sample C gets fully removed by the
interaction with TDMAHf. The observation is the same for all eight samples (not
shown for the other seven samples), independent of the original quantity of the As
oxide and its nature. The In 4d region (Fig. 2d) is more difficult to interpret. Here,
a broad peak – the Hf 4f component – appears and overlaps with the In 4d peak.
From a curve t of this component we nd the following Hf 4f binding energies:
17.1, 17.2, 17.4 and 17.5 eV for samples A, B, C and D, respectively, while it is
17.6 eV for all the other samples (E, F, G and H). Moreover, a small component of
In oxide is visible in the In 4d/Hf 4f region for all examined samples. This is
associated with an interface oxide, with the In oxide acting as As–In–O–Hf
bridging bonds between bulk InAs and the HfOx

8. It is important to highlight that
all remaining In oxides get fully removed during the rst TDMAHf deposition,
independent of the original amount, similar to the behaviour of the As oxide.
Thus, we can conrm here a perfect self-cleaning of all investigated samples
already during the rst ALD half-cycle, since the only remaining O atoms found
aerwards are those needed to form the InAs–HfO2 interface.

The time evolution of the exposure can be evaluated from time-resolved As 3d,
In 4d, and Hf 4f ambient pressure XP spectra taken during TDMAHf exposure.
They are shown for sample C in Fig. 4. Here, the origin of the timescale (0 min) is
dened as the beginning of the data acquisition; the green dotted line, around 3
minutes, denes the moment when the TDMAHf exposure starts. The higher
photon energy of 675 eV used in the acquisition of the time-resolved spectra, as
compared to the As 3d and In 4d/Hf 4f spectra shown in Fig. 2, makes the
measurements somewhat more bulk-sensitive and therefore less sensitive to the
As oxide signal. The time-resolved data show clearly that the removal of the As
oxide is rapid and that it coincides with the growth of HfOx in the Hf 4f signal.
Hence, the spectra serve as a conrmation for the incorporation of the oxygen
from the oxide of the InAs surface in the HfO2 layer.

Turning back to Fig. 2, we note that the H4 4f binding energies vary between
the samples. The variation can be understood from the dependency of the
binding energy on the chemical environment of the Hf ions. Recently, we found
that the rst reaction step during the early stage of HfO2 ALD by TDMAHf is
a physisorption event, aer which the Hf ion is still bound to all four ligands,8,35

indicated by a lower binding energy. The interaction with the surface is mediated
by a lone pair of the nitrogen atoms. Later in the deposition, the Hf ion is partially
bound to oxygen atoms (from the surface) and to some of its DMA� ligands,
coming along with a shi to a higher binding energy. However, the binding
energy of the Hf 4f line in stoichiometric HfO2 is found to be even higher.36–38

Therefore, we suppose that the Hf 4f binding energy observed here is a function of
78 | Faraday Discuss., 2022, 236, 71–85 This journal is © The Royal Society of Chemistry 2022
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the average number of retained ligands: the larger the number of ligands, the
lower the Hf 4f binding energy. This implies that with the increasing thickness of
the original thermal oxide (samples A to D), a decreasing average number of
ligands of the Hf precursor molecule is still retained aer the rst deposition.

It is also of interest to consider the molecular adsorbate species that appear on
the surface upon interaction with TDMAHf. These species are easily identied
Fig. 3 (a) O 1s core level spectra of sample G acquired at 660 eV photon energy before
(bottom) and after (top) the first half ALD half cycle. (b) N 1s spectrum acquired before
(bottom) and after (top) the first ALD half-cycle on sample B. The photon energy was
675 eV. The three fitted components are assigned to different ligands, as indicated by their
sketched structures, where blue (black, grey, orange) circles correspond to N (C, H, Hf)
atoms, respectively.

Fig. 4 Series of (a) As 3d and (b) In 4d/Hf 4f ambient pressure XP spectra measured during
the first half-cycle of ALD using a photon energy of 675 eV. The x axes represent the
binding energy scale and the y axes show the acquisition time. The green dotted line
indicates when the valve to the TDMAHf precursor was opened. The pressure after
exposure start was approximately 10�3 mbar. The intensity is represented by a colour
gradient fromwhite (minimum) to blue (maximum). The colour scale is logarithmic in (a) so
that the less intense As 3d oxide peak at around 44 eV binding energy is enhanced. It is
linear in (b).
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Fig. 5 Correlation graph between the oxide thickness of InAs prior to the deposition and
the thickness of the HfOx layer after the first half cycle. The samples are named alpha-
betically following their oxide thickness starting from the left (sample A).
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from the N 1s core level spectra, shown for sample B in Fig. 3b. The spectrum
shows a broad peak with two shoulders, one towards high and the other towards
low binding energies. It is therefore deconvoluted with three identical Voigt
proles. For all samples, we nd the main component at (399.0 � 0.1) eV. This is
due to photoemission from DMA� ligands. The shoulders at 400.8 eV (+1.8 eV
from themain peak) and 397.3 eV (�1.7 eV) are assigned to dimethylamine (DMA)
and methyl methylene imine (MMI).35,39,40 The relative intensities of the DMA�,
DMA and MMI components vary somewhat between the samples, but in all cases
the DMA� component is dominant with around 70% of the overall intensity, while
the MMI and DMA peaks account for approximately 25% and 5% of the total N 1s
intensity, respectively.

From a consideration of the In and As core levels, we nd that the surface-
adsorbed DMA� is most likely bound to Hf: no shi or extra components are
visible in these core levels. MMI, together with an equal amount of DMA, is
formed in elimination reactions of DMA� b-hydrides.39,41 However, the areas
subtended by the peaks of MMI and DMA are dissimilar, and this suggests
a partial desorption of DMA, justied by the high temperature used during
deposition. Alternatively, DMA could, in principle, also be formed in a ligand
exchange reaction. This latter reaction would, however, require the presence of
surface hydroxyls.35,39

A careful analysis of the O 1s core level before and aer the deposition of
TDMAHf, as shown for sample G in Fig. 3a, results in one symmetric peak. Oxygen
bonded to As, In, or Hf (in HfO2) cannot be distinguished since it results in the
same binding energy. However, we can exclude the presence of any relevant
amount of –OH groups, which would be visible as a separate O 1s component at
a higher binding energy.10
Discussion

The functioning of ALD is based on the self-limiting interaction of gas-phase
precursors with the surface onto which a thin layer of material should be
deposited. Typically, the ALD of transition metal oxides is explained by invoking
a ligand exchange reaction between the surface and the precursor molecules. The
80 | Faraday Discuss., 2022, 236, 71–85 This journal is © The Royal Society of Chemistry 2022
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surface provides the active sites for this reaction in the form of surface hydroxyl
groups, while the InAs substrate itself does not get involved. However, none of the
examined InAs samples accommodate any hydroxyls. This is exemplied in
Fig. 2a, which shows the O 1s core level spectrum of sample G. Clearly, the
symmetric peak of O 1s does not exhibit any presence of –OH groups, which
would lead to the appearance of a high-binding energy feature. Hence, we nd
that the standard ligand exchange reaction mechanism is not applicable to the
initial ALD on the oxides of InAs.

Instead, the role of the surface oxide needs to be taken into account. It is seen
in Fig. 1 and 2c, d that the surface oxide has almost completely vanished aer the
deposition of TDMAHf; actually, from the time-resolved data in Fig. 4 it is
apparent that the removal took place during the rst few moments of TDMAHf
exposure. At the same time, the O 1s peak does not change drastically in intensity:
for example, the O 1s line of sample G, displayed in Fig. 3a, loses only around (18
� 5)% of its intensity. The trend is the same for all investigated samples with
a native oxide layer. This evidence suggests strongly that the oxygen atoms are
transferred from the InAs oxide to the chemisorption layer: HfO2 is formed
already in the rst half-cycle of ALD.

As shown in Fig. 4, it is clearly possible to see how the component associated
with arsenic oxide decreases aer about 10 minutes from the exposure of the
surface to the molecules and, with a slightly lower rate, the component associated
with Hf 4f increases. The same behaviour is also observed for the time evolution
APXPSmeasurement on sample D35 (not shown here), moreover, for that sample we
observe a rate of reduction for the In 4d oxide peak similar to the one of the Hf 4f.

The phenomenon of oxygen transport and oxide formation without an external
source is not included in any of the standard ALD models; instead, these models
assume a static surface with O (or rather hydroxyl) sites to which the TDMAHf
precursor binds aer splitting off a ligand. Only the subsequent water deposition
half-cycle provides additional O sites in the shape of hydroxyl groups, according
to the models. Since the oxide thicknesses in our study vary strongly between the
thermal and native oxide samples, we now consider the details of the oxygen
transfer separately for the two types of oxides.
InAs with a thermal oxide: samples A, B, C and D

A model structure containing two different overlayers was used to estimate the
thickness of the interface and HfOx layers on the InAs samples aer TDMAHf
deposition: the bulk InAs sample was assumed to be covered by an In2O interface
layer, which in turn is capped by the HfOx layer. This model neglects the presence
of molecular nitrogen and carbon materials on top of the surface. However, we
consider that the DMA, DMA�, and MMI surface species containing N and C are
always located at the outermost surface. Their inuence on the attenuation of the
Hf 4f, As 3d, and In 4d signals from different layers underneath is then identical,
and can, therefore, be ignored in the layer thickness calculation. In the same way,
the thickness of the thermal oxide layer on the InAs substrates prior to TDMAHf
deposition was calculated. The calculations deliver an average thickness of 1.1,
1.4, 2.1 and 2.3 Å for samples A, B, C and D, respectively. Hence, the thermal oxide
does not continuously cover the entire InAs surface, but rather consists of islands.
Assuming that a monolayer of the oxide has a thickness of around 5 Å, estimated
This journal is © The Royal Society of Chemistry 2022 Faraday Discuss., 2022, 236, 71–85 | 81
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by an average of In2O and As3O5 oxides,42,43 this translates into surface coverages
of 22%, 28%, 42% and 46%, respectively. Since the XP spectra were collected in
several spots of the sample and no differences between the different spots were
detected, we conclude that the oxide islands are signicantly smaller than the size
of the beam spot on the sample (100 � 100 mm2) and that they are distributed
homogeneously on the sample surface.

As is shown in Fig. 5 (dark red points at low oxide thickness) we nd an
excellent one-to-one correlation between the thickness of the nal HfOx layer and
that of the initial thermal oxide layer. A linear t of the form THfOx

¼ aTInAsOx
was

performed and a coefficient a ¼ 0.95 � 0.10 is found. In the formula, T is the
thickness of the HfOx and the one of the oxide layer on InAs. Clearly, the amount
of TDMAHf precursor material that interacts with the surface depends strictly on
the quantity of thermal oxide prior to the deposition. The gure also shows that
TDMAHf will interact only with the thermal oxide, but not with the clean InAs –
otherwise, no correlation should be visible between the thickness of the initial
InAs oxide layer and that of the nal HfO2 layer, and we would expect to see
thicker HfO2 layers also for samples with very thin thermal oxide layers.

The indium oxide component and the In 4d line shape, as shown in Fig. 2b,
turn out to be the same prior to ALD for samples A, B and C. The main difference
between them is the As oxide content. Interestingly, the amount of InOx is
reduced upon TDMAHf deposition by only 35% (from 12% to 8% of the overall In
4d signal), which shows that almost the entire indium oxide present before
deposition was needed to form the interface between the InAs and the HfOx. The
As oxide, on the other hand, gets removed by 100% upon the initial ALD half-
cycle.

For sample D, we also performed another half-cycle, executed with water
vapour at 10�1 mbar. Interestingly, the InAs bulk component does not get re-
oxidized during water deposition.35 This suggests that an initial Hf oxide
coverage of around 50% is enough to produce a clean and sharp interface between
HfO2 and InAs, which is uniform all along the surface and protected from re-
oxidation during the water half-cycle.

Furthermore, aer water deposition, a distinct hydroxyl peak was found in the
O 1s spectra of sample D.35 This is another strong indication for the validity of the
ligand exchange model aer the rst ALD cycle, even though we demonstrate here
the limitation of the model during the initial ALD cycle.
InAs with a native oxide: samples E, F, G and H

The thickness of the initial native oxide layer on samples E, F, G, and H is esti-
mated to be 6.3, 7.5, 9.9, and 11.2 Å, respectively. The thickness of the HfO2 layer
aer interaction with TDMAHf is also shown in Fig. 5 (blue data points). For these
samples, the initial oxide thickness amounts to more than a monolayer. In
contrast, the nal HfO2 thickness appears to be limited to one monolayer. This
behaviour contrasts with that of samples A to D. The fact that no As oxide is le
aer TDMAHf deposition requires that part of the oxygen atoms leave the surface
in a parallel reaction. However, the exact mechanism involved is not clear, since
our time-resolved in situ studies show that the rate of formation of HfOx and those
of removal of the arsenic and indium oxide species are the same,8 independently
on the thickness of the oxide layer on InAs. Further studies on the nature of the
82 | Faraday Discuss., 2022, 236, 71–85 This journal is © The Royal Society of Chemistry 2022
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oxide layer and the formed interface, as well as the exact mechanism of the oxygen
relocation, via structural characterization based e.g. on surface diffraction and
theoretical models, are needed here. Nevertheless, the experimental observation
that the thickness of the HfO2 layer aer TDMAHf deposition is limited to one
monolayer is important, as it conrms the self-limitation of ALD reactions, one of
the basic ALD principles, even for the initial half-cycle.

Conclusions

In conclusion, we report an oxygen transition from the oxide of InAs to the HfOx

deposited by ALD using TDMAHf. Eight InAs samples, prepared with different
oxide thicknesses, are analysed with in situ XPS. We nd a linear correlation
between the thickness of InAs oxide before deposition and the thickness of HfOx

at the end of the rst half cycle of ALD, self-limited though to a maximum of one
monolayer of HfOx. Moreover, we observe that a 50% surface coverage of HfOx

aer the rst half-cycle is enough to form a uniform interface which will, aer
further ALD cycles, result in a sharp and native oxide-free interface between the
InAs substrate and the HfO2 layer.

In contrast to the widely accepted ligand exchange model, we reveal that no
surface hydroxyl groups are needed to initiate the ALD reaction of HfO2 formation
on InAs.39 Instead, InAs oxide reacts readily with TDMAHf in the rst half-cycle,
irrespective of whether the oxide is native or thermal in nature, while pure InAs
is inert with respect to an interaction with the TDMAHf ALD precursor.

Even though the surface structure of the InAs substrate prior to ALD and
possible pre-treatments does inuence the thickness of the HfOx layer aer the
rst ALD half-cycle, which is not included in the ideal ALD models, we want to
highlight that we observe an apparently perfect self-cleaning upon the rst half-
cycle over a broad range of initial InAs substrate congurations, if the initial
deposition process is given sufficient time. This result is highly promising for the
further development of high-speed, InAs-based MOSFET devices with improved
III–V/high-k interface quality.
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