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The passivation of interface states remains an important problem for III-V based semiconductor
devices. The role of the most stable bound native oxides GaOx �0.5�x�1.5� is of particular
interest. Using monochromatic x-ray photoelectron spectroscopy in conjunction with controlled
GaAs�100� and InGaAs�100� surfaces, a stable suboxide �Ga2O� bond is detected at the interface but
does not appear to be detrimental to device characteristics. In contrast, the removal of the Ga 3+
oxidation state �Ga2O3� is shown to result in the reduction of frequency dispersion in capacitors and
greatly improved performance in III-V based devices. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3120546�

The viability of field effect electronic devices made of
III-V compound semiconductors has long been hindered by
the presence of defects at the interface between the semicon-
ductor and gate insulator. Despite having been studied in
great detail for more than 35 years, this interface and the
identification of the bonding configurations that cause the
defects has remained challenging.1–4 Problems with metal-
oxide-semiconductor �MOS� devices on GaAs and InGaAs,
including frequency dispersion of capacitance and subopti-
mal electron mobility, have been attributed to a number of
different surface species including Ga–O bonds, As–O
bonds, elemental As, and As and Ga antisites.5 Recent stud-
ies have shown that Ga–O �Ref. 6� may be the most impor-
tant of these species to control, and previous research has
suggested that the deposition of a specific Ga suboxide may
be necessary for a low defect density.7,8 The determination of
the specific bonding configurations that give rise to these
interfacial trap defects has great implications for the elec-
tronics industry in the move away from Si-channel devices to
those with higher mobility, such as GaAs and InGaAs.

The accurate identification of the oxidation states of Ga
is often thought to be limited to high photon intensity
synchrotron x-ray photoelectron spectroscopy �XPS� data
and is usually only applied to the Ga 3d spectrum. The study
of this spectrum with typical laboratory-based x-ray sources
results in energetic photoelectrons �kinetic energy �KE�
�1465 eV for an Al K� x-ray source� resulting in a signifi-
cant decrease in sensitivity to photoelectrons originating
from the near surface region. In contrast, the Ga 2p spectrum
�KE�369 eV� exhibits considerable surface sensitivity but
is notoriously difficult to deconvolve into individual oxida-
tion states due to the broad Gaussian widths of the peaks in
conjunction with the proximity of the chemical state peak
positions. Moreover, the Ga 2p extreme surface sensitivity
makes ex situ studies difficult due to the ultrathin films nec-

essary for photoelectron transparency and the susceptibility
of the film to spurious contamination and oxidation. How-
ever, the identification of these bonding states is crucial in
terms of the relation to potential defects at the interface with
the III-V semiconductor.

By using numerous surface cleans, treatments, and in
situ deposition and analysis techniques to carefully control
the interfacial chemical bonding, we have conclusively iden-
tified three Ga oxidation states as well as a Ga–Si bond bind-
ing energy �BE�. The control, afforded by utilizing an in situ
ultrahigh vacuum environment, in this work avoids exposure
to spurious contaminants such as C, O2, or H2O and from
exposure to the atmosphere, and therefore an accurate peak
position and width for the Ga–O and Ga–Si bonding arrange-
ments are obtained. Four reference surfaces �controls� were
produced with these surface treatments in order to manipu-
late the elemental species at the interface and have allowed
for an extremely accurate investigation of the peak binding
energy positions and intensities corresponding to specific
bonds. A correlation of these specific oxidation states to the
interfacial defects has been determined by electrical charac-
terization and improved device characteristics are demon-
strated through the control of specific oxidation states.

The first control sample studied was a commercially
grown, As-capped, molecular beam epitaxy �MBE� deposited
InGaAs substrate. After removing the As capping layer with
a thermal desorption technique,9 an atomically ordered As-
rich c�2�4� surface reconstruction with surface O and C
below detection limits was obtained. With a surface that con-
tains only known elements associated with the substrate it-
self, this reference surface gives an accurate bulk Ga–As
peak fit of the spectra using a single peak �Fig. 1�a��. The
fitting values for this peak �BE and width� are used as the
bulk parameters in the subsequent deconvolution of the Ga
2p spectra from more complex interfaces originating from
multiple treatments and depositions. Any deviation of the
spectra from the peak values determined from this decapped
sample is therefore assumed to be indicative of additional
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bonding species other than that originating from the III-V
substrate.

The next control sample was produced by directly de-
positing Ga2O �Ref. 10� onto a decapped InGaAs surface.
This deposition occurs through the decomposition of a
Ga2O3 source that sublimates into Ga2O and O2.9 The O2 has
an extremely low sticking coefficient and does not partici-
pate in surface reactions while the Ga2O is deposited onto
the III-V surface. The Ga 2p spectrum after this deposition
reveals the BE position of a bulk Ga2O film �seen as a shoul-
der on the Ga–As peak� to be at 0.55 eV above the bulk peak
�Fig. 1�b��. The Ga2O bonding arrangement corresponds to
the Ga 1+ oxidation state. The utilization of a Ga2O3 powder
to deposit Ga2O �rather than polycrystalline Ga2O3� results
in the creation of Ga–Ga bonds as well �Fig. 1�b��,11 making
this source unacceptable for device fabrication but well
suited for the spectroscopic determination of these bond peak
parameters.

Higher oxidation states are seen on InxGa�1−x�As surfaces
exposed to chemical treatments or atomic layer depositions
�ALDs�. Ga–O bonds are known to exist in chemical states
that manifest themselves with binding energies around 1–2
eV above the bulk Ga–As peak.12–14 Treating a native oxide
with NH4OH leaves a surface oxide that exhibits a large
shoulder on the high binding energy side of the bulk peak.15

The accurate analysis of this spectrum requires two oxidation
states of Ga, the Ga 1+ oxidation state �Ga2O� and the Ga 3+
oxidation state �Ga2O3�, as shown in Fig. 2�a�. Using the
previously determined parameters for the bulk peak and
the Ga2O surface oxide, the precise peak position for the
Ga 3+ oxidation state is determined and is found to be 1.2
eV above the bulk peak, precisely where photoelectron stud-

ies of Ga2O3 powders place it. There is also a higher binding
energy state that is sometimes seen in the Ga 2p spectra,
which arise at 1.6 eV above the bulk peak and is seen only
on samples with relatively thick oxides. Possible identities
for this oxidation state �which was not studied here� include
Ga�AsO3�3 �Ref. 12� as well as Ga�OH�3. This state is re-
moved easily with chemical treatment. In contrast to previ-
ous studies, we do not detect the presence of GaO �Ga 2+�
nor is it necessary to gradually broaden the width of the
sequential oxidation states.16

A Si “passivation layer” is often used to improve the
electrical characteristics of III-V MOS devices.17 It is there-
fore necessary to determine the presence and parameters of
Ga–Si bonds to ensure accurate analysis of the Ga 2p spec-
trum. Hence, a control sample was made by e-beam evapo-
ration of amorphous Si in situ onto the decapped InGaAs
surface.9 The Ga 2p spectrum for this sample �Fig. 2�b�� is
shown to have a shoulder at binding energies below that of
the bulk Ga–As peak. This spectrum can be deconvolved into
two peaks: the bulk Ga–As �with parameters used from the
earlier decapped reference sample� and a peak 0.69 eV below
the Ga–As bulk peak attributed to Ga–Si bonding. Using the
peak positions of the Ga–Si bond as well as the three oxida-
tion states accurately fits all the spectra from more than the
15 different surface treatments studied here.

Examination of the Ga 1+ oxidation state that arises af-
ter chemical treatments or depositions reveals that it is an
interfacial bond of 1 ML or less coverage and its presence is
always detected any time there is detectable surface oxygen.
This surface concentration makes this oxidation state of ut-
most importance for MOS devices since any defects related
to it will have direct consequences to electron transport. It
has previously been suggested that Ga2O deposition at the
interface is necessary for a low defect density.7,8 This is di-
rect spectroscopic evidence of its presence at the III-V inter-
face.

The GaAs C-V curves shown in Figs. 3 and 4 correspond
to capacitors with and without the Ga 3+ oxidation state as
seen in the XPS spectra associated with the devices. The

FIG. 1. �a� Ga 2p XPS spectrum for an As capped In0.53Ga0.47As substrate
following thermal desorption of the As cap. An oxygen and carbon free
surface is produced allowing precise measurement of the position �1116.7
eV� and FWHM of the bulk peak. All XPS fits included a Shirley back-
ground subtraction. �b� Ga 2p XPS spectrum of an In0.53Ga0.47As substrate
following decapping and Ga2O deposition.
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FIG. 2. �a� Ga 2p XPS spectrum for a NH4OH treated GaAs substrate
highlighting the location of the Ga 3+ �Ga2O3� oxidation state. A small in-
terfacial Ga2O surface oxide is also present. �b� Ga 2p core-level XPS
spectrum of an In0.53Ga0.47As substrate following decapping and e-beam
evaporation of amorphous Si.
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FIG. 3. �Color online� �a� Ga 2p XPS spectrum of �1.0 nm ALD Al2O3

deposited on a HF-last treated GaAs surface. The presence of Ga 3+ and
Ga 1+ oxidation states are both detected. �b� C-V curves from devices with
the same interface as the sample from �a�. �c� C-V measurements performed
at 150 °C �100 Hz curves were removed due to equipment-induced noise�.
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Ga 3+ oxidation state is present for the device with a 10 nm
Al2O3 directly deposited on a HF-treated GaAs�100� surface
�Fig. 3�a��. The resultant 25 °C C-V curve for a device with
this interface �Fig. 3�b�� shows a large amount of frequency
dispersion indicative of a high interfacial defect density and
Fermi-level pinning.18 C-V performed at 150 °C �Ref. 19�
�Fig. 3�c�� shows further evidence of this extremely high Dit
when Ga 3+ is present at the interface. The spectrum in Fig.
4�a� shows the removal of the Ga 3+ oxidation state via ex
situ deposited plasma enhanced chemical vapor deposition
�PECVD� amorphous Si. This Si layer getters oxygen from
the Ga 3+ species6 and also provides a barrier to further in-
terface oxidation from subsequent processing including
Al2O3 deposition. The 25 °C C-V curve for the correspond-
ing device �Fig. 4�b�� shows a substantial reduction of fre-
quency dispersion. The 150 °C C-V measurement of these
devices �Fig. 4�c�� confirms a drastic reduction in Dit via the
removal of the Ga 3+ oxidation state although this interface
is still not defect free. MOS transistors using these analogous
InGaAs interfaces reveal much higher drive current and
transconductance from the devices in which all detectable
Ga 3+ were removed.20 The extracted mobility further con-
firms the device performance increase via the removal of
Ga2O3 �Ref. 21�. We propose that the higher oxidation states
of Ga are related to the species that cause high Dit, and hence
Fermi-level pinning either from a direct removal of defect
states from Ga 3+ or from a resultant bonding reconfigura-
tion, such as the formation of undimerized As when Ga2O3 is
present.7 We again note that the Ga2O bonding arrangement
remains for all of these interfaces suggesting that it is not the

species primarily responsible for Fermi-level pinning. The
role of the Ga–Si bond detected in the device stack �Fig. 4�
and interface state redistribution remains to be investigated.22
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FIG. 4. �Color online� �a� Ga 2p XPS spectrum of HF-last GaAs with
�1.2 nm ex situ deposited PECVD amorphous Si followed by �1.0 nm
ALD Al2O3 deposition. The Si deposition removes the Ga 3+ oxidation state
while the Ga 1+ oxidation state remains. �b� C-V curves from devices with
the same interface as the sample from �a�. �c� C-V measurements performed
at 150 °C. The frequency dispersion has been greatly reduced, demonstrat-
ing the correlation between the Ga 3+ oxidation state and interface traps that
pin the Fermi level for these systems.
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