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ABSTRACT: Mixed-anion, GaAs1−ySby metamorphic materials with tunable antimony (Sb)
compositions extending from 0 to 100%, grown by solid source molecular beam epitaxy (MBE),
were used to investigate the evolution of interfacial chemistry under different passivation
conditions. X-ray photoelectron spectroscopy (XPS) was used to determine the change in chemical
state progression as a function of surface preclean and passivation, as well as the valence band
offsets, conduction band offsets, energy band parameters, and bandgap of atomic layer deposited
Al2O3 on GaAs1−ySby for the first time, which is further corroborated by X-ray analysis and cross-
sectional transmission electron microscopy. Detailed XPS analysis revealed that the near midpoint
composition, GaAs0.45Sb0.55, passivation scheme exhibits a GaAs-like surface, and that precleaning
by HCl and (NH4)2S passivation are mandatory to remove native oxides from the surface of
GaAsSb. The valence band offsets, ΔEv, were determined from the difference in the core level to the
valence band maximum binding energy of GaAs1−ySby. A valence band offset of >2 eV for all Sb
compositions was found, indicating the potential of utilizing Al2O3 on GaAs1−ySby (0 ≤ y ≤ 1) for
p-type metal-oxide-semiconductor (MOS) applications. Moreover, Al2O3 showed conduction band
offset of ∼2 eV on GaAs1−ySby (0 ≤ y ≤ 1), suggesting Al2O3 dielectric can also be used for n-type MOS applications. The surface
passivation of GaAs0.45Sb0.55 materials and the detailed band alignment analysis of Al2O3 high-κ dielectrics on tunable Sb
composition, GaAs1−ySby materials, provides a pathway to utilize GaAsSb materials in future microelectronic and optoelectronic
applications.
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■ INTRODUCTION

Arsenide−antimonide (As−Sb)-based material systems have
been extensively investigated over several decades for mid-
infrared optoelectronics and night vision imaging, as well as
high-speed and ultralow power devices.1,2 Specifically, Sb-based
compound semiconductors (e.g., GaSb, AlSb, InSb) have been
used in p-channel quantum well field effect transistor
architectures, metal-oxide-semiconductor field effect transistors,
and heterojunction tunnel field effect transistors (TFETs).3,4

Recently, mixed-anion based GaAs1−ySby materials are being
considered as one of the most promising candidates for a
widespread of device applications ranging from electronics to
photonics.5−8 The variable Sb composition in GaAsSb materials
makes the system attractive for tunable bandgap lasers,9−11

absorption in different wavelength regions of the solar
spectrum,12,13 and infrared photodetectors14,15 applications.
Furthermore, mixed As−Sb based InxGa1−xAs/GaAs1−ySby n-
channel TFETs with adjustable band alignments, effective
tunnel barrier height (Ebeff), and bandgaps were achieved by
varying Sb alloy composition in GaAsSb, which is internally
lattice matched with InGaAs for a given alloy composition of Sb
and indium (In).16 However, for a complementary p-channel
TFETs, GaAs1−ySby material was used to serve as a channel
material in GaAsSb/InGaAs TFETs configuration. In this case,
integration of a superior high-κ gate dielectric on the GaAsSb

material system for any Sb composition remains elusive to date
due to the formation of complex native oxides on the GaAsSb
surface.17 Thus, there is a major challenge in achieving a low
interface density at the high-κ gate dielectric/GaAsSb
heterointerface that necessitates the surface passivation of
GaAs1−ySby dangling bonds for tunable Sb compositions (0 ≤ y
≤ 1). Besides, there are many fundamental challenges that arise
in attempting to achieve device-quality, compositional depend-
ent GaAs1−ySby materials due to the different surface sticking
coefficients of Sb2 and As2 species during growth. First and
foremost, there is a challenge to control the defects in GaAsSb
materials with higher Sb composition integrated on GaAs
substrates using metamorphic graded buffers due to the large
lattice mismatch between the film and the substrate. Second,
there is a challenge to demonstrate tunable Sb compositions
with well-controlled defects in the GaAsSb materials during
epitaxy. Third, the removal of native oxide with wet chemical
processes that simultaneously remove complex native ox-
ides18−20 and passivate the GaAsSb surface prior to deposition
of high-κ dielectric layer.
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In the past, Al2O3 high-κ dielectric was used on GaAs and
GaSb materials using atomic layer deposition (ALD) for
transistor applications.21−23 Unlike SiO2 grown on Si, the
native oxide of GaAs1−ySby is a complex mixture of GaOx, AsOx,
and SbOx, as investigated by several researchers.17,24−27

Developing a proper technique for the replacement of native
oxide and passivation of oxide-semiconductor interface would
make it possible to achieve a precise band alignment
determination of Al2O3 on Sb compositionally dependent
GaAs1−ySby. Although, sulfur (S) passivation and the band
alignment of either Al2O3/GaAs or Al2O3/GaSb were
reported,28,29 the surface passivation and the energy band
alignment of Al2O3 on GaAs1−ySby with tunable Sb composition
is sparse and remains unknown. This study focuses on the
properties of sulfur passivated GaAsSb surfaces with higher Sb
compositions as well as Sb compositional dependent valence
band and conduction band offsets of Al2O3/GaAs1−ySby
interfaces. The Sb and As composition in GaAsSb materials
were determined by X-ray diffraction (XRD) measurement. X-
ray photoelectron spectroscopy (XPS) measurements were
carried out to determine the band alignment at the Al2O3/
GaAs1−ySby interface for varying Sb compositions. Moreover,
cross-sectional transmission electron microscopy (TEM)
measurements were performed to investigate the defect and
structural properties of selected GaAsSb samples. The
compositional dependent band alignment and detailed surface
passivation schemes on the GaAs1−ySby films are a significant
step toward the development of InxGa1−xAs/GaAs1−ySby-based
transistor and multifunctional device applications.

■ RESULTS AND DISCUSSION

Material Characterization. X-ray Analysis. Figure 1a
shows the X-ray rocking curve of the GaAs0.66Sb0.34 sample
grown on (100)/2° GaAs using a 2-step metamorphic graded
buffer. The step-graded buffer was used to mitigate lattice

mismatch induced defects and dislocations. The peak position
of the targeted GaAsSb composition is located on the left side
of the GaAs substrate indicating a larger lattice constant
material. The Sb composition of each layer structure is
indicated in Figure 1a. The layer compositions and the
relaxation states were determined utilizing X-ray reciprocal
space maps (RSMs). The symmetric (004) and asymmetric
(115) RSMs shown in Figure 1b,c, were recorded to determine
the perpendicular and parallel lattice constants of each layer and
hence the layer composition and the degree of relaxation.30 The
out-of-plane lattice constant, c (taken from the symmetric 004
reflection) and the lattice constant in the growth plane, a
(taken from the asymmetric 115 reflection) were determined
from the measured RSMs. The relaxed lattice constant, ar, and
strain relaxation values were extracted from each RSM using the
methods introduced in refs 30−32. The determination of strain
relaxation values was performed as a sequence from the bottom
layer to the top layer, and all relaxation values were determined
with respect to the GaAs substrate. The uppermost
composition of the GaAs0.66Sb0.34 layer of interest was ∼90%
relaxed. One can also find in Figure 1b that the reciprocal
lattice point (RLP) for each layer was not aligned vertically with
the substrate RLP, indicating a minor amount of lattice tilt with
respect to the substrate. From Figure 1a, the values of tilts were
determined to be −816, −562, and −430 arcsec for
GaAs0.85Sb0.15, GaAs0.76Sb0.24, and GaAs0.66Sb0.34, respectively.
The detailed X-ray analysis of additional Sb compositions were
reported elsewhere.32 The X-ray analysis of the GaAs0.49Sb0.51
sample was further corroborated by cross-sectional TEM
measurement and analysis below to gain further insight into
the defect properties and structural quality of the mixed-anion
GaAs1−ySby material system.

TEM Analysis. Cross-sectional TEM micrographs were taken
from a GaAs1−ySby sample having 51% Sb composition, shown
in Figure 2a. As shown in Figure 2a, a large fraction of misfit-
induced defects resulting from the lattice mismatch between
the first Sb composition layer, GaAs0.51Sb0.49 and the GaAs
substrate, were confined within a thickness of about 0.5 μm.
One can also find from Figure 2a that sharp heterointerfaces
were observed at each GaAs1−ySby interface, labeled as L1 and
L2 in Figure 2b, which is essential in minimizing the interface
and surface-related charge carrier scattering in the GaAs1−ySby
active layer and for the integration of high-κ dielectrics for
multifunctional device applications.
Figure 2c shows the high-resolution cross-sectional TEM

micrograph of the Pt/Al2O3/GaAs0.49Sb0.51 MOS structure. The
relative uniformity of the Al2O3/GaAs0.49Sb0.51 interface is
clearly visible in the high-resolution TEM micrograph. This
micrograph also demonstrates the abrupt nature of the
heterointerface. Further, the TEM results demonstrate the
high degree of coherency of the ALD deposited 6.8 nm thick
amorphous Al2O3 layer on GaAs0.49Sb0.51 layer. The observed
uniformity at the interface between the amorphous Al2O3 and
the GaAs0.49Sb0.51 layer is indispensable in minimizing interface
scattering for carrier transport in future GaAsSb based MOS
devices. Utilizing this Al2O3/GaAs0.49Sb0.51 heterointerface, one
can achieve superior transport characteristics such as lower
interface states, reduced frequency dispersion, lower capaci-
tance−voltage hysteresis, and targeted equivalent oxide layer
thickness, all needed for ultralow power tunnel transistors
based on GaAsSb/InGaAs system.

XPS Analysis. Surface Passivation. The Sb compositional
dependent valence band and conductance band offsets of

Figure 1. (a) X-ray rocking curve and (b) symmetric and (c)
asymmetric reciprocal space maps of GaAs0.66Sb0.34 layer grown (100)/
2° GaAs substrate using two-step graded buffer.
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GaAsSb with high-κ dielectrics, such as Al2O3, has great
significance for tunable tunnel barrier height InGaAs/GaAsSb
based heterojunction TFETs. The formation of complex native
oxides on the GaAsSb surface (i.e., Sb2O3, As2O3, Ga2O3,
etc.)25,33 makes the GaAsSb material system difficult to control
the interface defect density especially for p-channel TFETs
application. Various wet chemical processes to passivate the
surface of either GaAs or GaSb materials have been prescribed
by several studies.27−29,34,35 However, the surface passivation
study on the GaAsSb material system is unclear or remains
unknown. Here, we have systematically studied the surface
passivation schemes of GaAs0.45Sb0.55 layers by XPS. This Sb
composition was selected since it is almost the midpoint
composition of the GaAs-GaSb material system. Different
combinations of cleaning processes were developed and
implemented on the selected composition of epitaxial
GaAs0.45Sb0.55, GaAs, and GaSb surfaces for this study. In this
particular work, four samples were selected to investigate the
effect of preclean and surface passivation prior to the deposition
of Al2O3 layer on GaAs0.45Sb0.55: (1) as-received GaAs0.45Sb0.55
layer, (2) HCl-treated GaAs0.45Sb0.55 epi-layer, (3) (NH4)2S-
treated GaAs0.45Sb0.55 epi-layer, and (4) HCl plus (NH4)2S-
treated GaAs0.45Sb0.55 epi-layer.
Figure 3 shows the Ga 3d and O 2s as well as As 3d and Sb

4d spectra recorded from the surface of each sample,
respectively. The peak positions of each sample were shifted

as well as aligned vertically to observe the peak evolution due to
the surface cleaning and passivation methods. The Ga−O (21.0
eV), As−O (44.7 eV), and Sb−O (34.2 eV) peaks were found
from the as-grown GaAs0.45Sb0.55 layer, as expected, due to the
lack of surface precleaning prior to the XPS measurement. The
as-grown GaAs0.45Sb0.55 sample was precleaned using HCl and
the subsequent XPS measurement demonstrated minimal
amount of Ga−O and As−O peaks, as shown in Figure 3,
indicating the effectiveness of HCl to remove the native oxides
of Ga−O and As−O from the surface of GaAs0.45Sb0.55. On the
other hand, the HCl has limited effect for the removal of the
Sb−O native oxide peak. The as-grown GaAs0.45Sb0.55 sample
was then passivated using (NH4)2S without precleaning by HCl
and the corresponding peaks are also shown in Figure 3. One
can find that the native oxides (i.e., a mixture of Ga−O, As−O,
and Sb−O) were effectively removed from the surface of as-
grown GaAs0.45Sb0.55 by (NH4)2S. Furthermore, the Ga−O and
Sb−O peaks unable to be removed by HCl were successfully
removed by (NH4)2S passivation. It is interesting to note that
the Ga and Sb remain bound to S via (NH4)2S processing even
after a 30 min window between the initial passivation and when
the samples were loaded and the XPS spectra recorded. This
indicates that the Ga−S and Sb−S bonds are stable for at least
30 min in atmosphere, which is important where a long pause
between the surface passivation and the deposition of high-κ
dielectric could not be avoided. Finally, the as-grown
GaAs0.45Sb0.55 sample was precleaned by HCl and subsequently
passivated using (NH4)2S and the corresponding XPS spectra
are shown in Figure 3. As shown in Figure 3, the Ga and Sb
were bound to S and the As−O peak was eliminated by this
combined wet chemical process. Therefore, one can conclude
that either (NH4)2S or the combination of HCl and (NH4)2S
processes on mixed As−Sb based GaAsSb materials are
essential to clean and passivate the surface prior to the
deposition of high-κ dielectrics.

ALD Al2O3 (1.5 nm) with HCl and (NH4)2S Surface
Passivation of GaAs and GaSb Surfaces. The combined
HCl and (NH4)2S scheme was used to passivate the
GaAs0.45Sb0.55 sample prior to the deposition of Al2O3. Besides
passivated GaAs0.45Sb0.55, an as-grown GaAs0.45Sb0.55 sample
was used along with GaAs and GaSb samples. The GaAs and
GaSb samples were cleaned and passivated (HCl and
(NH4)2S), and placed in the ALD chamber for the deposition
of the 1.5 nm Al2O3 layer. The combination of an HCl
preclean, sulfur passivation and ALD deposited 1.5 nm Al2O3
were considered as a prescribed solution for the removal of
native oxides on GaAs and GaSb samples.36,19 Here, we have

Figure 2. (a) Cross-sectional TEM micrograph of GaAs0.49As0.51 grown on a (100)/2° GaAs substrate using metamorphic graded GaAs1−ySby buffer
layer. The boundary of two are difficult to define because of low magnification. (b) The Sb composition of the uppermost GaAsSb layer is close to
that of the two-step metamorphic graded buffer layers, where metamorphic buffer layers L1 and L2 also exhibited similar Sb compositions relative to
each other; yellow dashed line shows two GaAsSb layers of close Sb compositions (49% Sb and 51% Sb). (c) High-resolution TEM micrograph of
the Pt/Al2O3/GaAs0.49As0.51 interface, demonstrating a sharp heterointerface between Al2O3 and GaAs0.49As0.51.

Figure 3. (a) Ga 3d and O 2s and (b) As 3d and Sb 4d XPS spectra,
showing the chemical state evolution as a function of surface preclean
and passivation on GaAs0.45Sb0.55. The peak positions of each sample
were shifted and aligned vertically to observe the peak development
due to the surface cleaning and passivation.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b10176
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

C

http://dx.doi.org/10.1021/acsami.5b10176


utilized these steps on the GaAs and GaSb samples to observe
the effect of passivation. All four samples (as-grown
GaAs0.45Sb0.55, passivated GaAs0.45Sb0.55, GaAs and GaSb)
were loaded together into the XPS chamber for measurement.
Figure 4 shows the Ga 3d and O 2s, as well as As 3d and Sb

4d, spectra recorded from the surface of each sample for

different passivation conditions, respectively. In these figures,
peak positions of each sample were shifted vertically to make all
binding energies for of main element are aligned to the same
position. From the XPS spectrum of GaAs and GaSb samples
shown in Figure 4b, the As−O (44.7 eV) and Sb−O (34.2 eV)
bond peaks were eliminated due to the combined effect of
preclean, sulfur passivation, and ALD deposited Al2O3 layer by
trimethylaluminum (TMA) precursor.27,34 It has been reported
that the self-cleaning mechanism requires lower Gibbs free
energy of material.34 Indeed, the Al2O3 material has lower
Gibbs free energy (−377.9 kcal/mol) than the energies of
native oxides, which are Ga2O, Ga2O3, As2O3, As2O5, and
Sb2O3 (−75.3, −238.6, −137.7, −187.0, and −151.5 kcal/mol,
respectively).25,37 Therefore, the Al2O3 layer is more stable
during the formation of Al2O3 oxide by ALD, and further, it
assisted in the removal of surface native oxides.34 The TMA
used in ALD for the Al2O3 deposition has an energetic
preference to the native oxides on GaAs. In this case, the Gibbs
free energy of As−O bonds were higher than Ga−O bonds,
indicating that Ga−O bonds were more stable than As−O
bonds during Al2O3 deposition, which has been shown in
Figure 4a. The peak position of the Ga−O bond (∼21 eV) in
the GaAs sample after sulfur passivation and Al2O3 layer
deposition, is replaced by the presence of the Ga−S bond (dark
orange color), indicating the strong surface passivation of the
GaAs layer with the combined effect of preclean, sulfur
passivation and Al2O3 layer deposition. On the other hand, the
mixture of Ga−S and Ga−O bond peaks both at ∼21 eV were
observed from the GaSb sample, where the integrated peak area
(orange color) with respect to the background is significantly
higher than on the GaAs sample with the same cleaning

process, exhibiting the less pronounced passivation as well as
self-cleaning effect on the GaSb sample. Due to the presence of
the Ga−O (or Ga−S) peak at ∼21 eV (which is difficult to
decouple due to the similar binding energies of Ga−O and Ga−
S)34 even after sulfur passivation and Al2O3 deposition, one can
find it difficul to achieve superior quality metal-oxide-semi-
conductor (MOS) capacitor characteristics for future low
power electronic devices. Thus, the surface passivation of the
GaSb is more challenging than the GaAs under the same HCl
preclean and sulfur passivation conditions. It is interesting to
investigate the detailed surface passivation of the mixed
GaAs0.45Sb0.55 sample with different passivation conditions
and the self-cleaning (if any) by Al2O3 deposition. This
passivation study will provide information as to whether this
material would exhibit either GaAs-like or GaSb-like passivation
behavior because it is not well-understood in the literature.

ALD Al2O3 (1.5 nm) with HCl and (NH4)2S Surface
Passivation of GaAsSb Surface. Figure 4 also shows the Ga
3d and O 2s, as well as As 3d and Sb 4d, spectra, recorded from
the surface of GaAs0.45Sb0.55 samples: (1) 1.5 nm Al2O3 on an
as-grown sample and (2) 1.5 nm Al2O3 on the HCl precleaned
and sulfur passivated sample. One can find from Figure 4a that
the as-grown sample exhibits a strong Ga−O peak around 21
eV (cyan color), even after the atomic layer deposited 1.5 nm
Al2O3, which indicates that the GaAs0.45Sb0.55 surface is not self-
cleaned by TMA during the Al2O3 deposition. It is interesting
to note that the Sb−O related peak (∼34.2 eV) was not
observed from the as-grown sample after Al2O3 deposition.
Also, the As−O related peak (∼44.7 eV) was not observed
from the as-grown sample. These indicate that both As−O and
Sb−O bonds can easily be removed during Al2O3 deposition
from as-grown GaAs0.45Sb0.55 sample. The absence of As−O
and Sb−O peaks from the surface of GaAs0.45Sb0.55 layer by
ALD deposited Al2O3 is believed to be caused by the effect of
the “self-cleaning” process observed for the first time to our
knowledge. The measures must be taken to remove or passivate
the Ga−O peak from the GaAs0.45Sb0.55 surface. The as-grown
GaAs0.45Sb0.55 film was precleaned with HCl and passivated
with sulfur prior to the deposition of 1.5 nm Al2O3 to
investigate the effect of precleaning and sulfur passivation on
the Ga−O bond. One can find from Figure 4a that the Ga−O
peak which was observed in the as-grown sample, was
eliminated by the above passivation scheme. The Ga−S and
Sb−S peaks were observed around 20.5 and 34.2 eV,
respectively. In the passivated GaAs0.45Sb0.55, the S passivation
suppressed the formation of Ga−O bonds and contributed to
Ga−S and Sb−S bonds, shown in Figure 4 (the existence of S
2s peak not shown here confirmed the S related bonds). The S
atom replaced the surface positon of oxygen atoms that were
previously bonded with Ga and Sb atoms, thus preventing the
formation of GaOx and SbOx native oxides. The Ga−O peak
from the as-grown GaAs0.45Sb0.55 with Al2O3, and the mixture of
Ga−O and Ga−S peaks from GaSb sample after the HCl
preclean, sulfur passivation and 1.5 nm Al2O3 layer, shows the
difficulty to demonstrate GaSb-based MOS devices. These
peaks were eliminated after the HCl preclean, sulfur passivation
and 1.5 nm Al2O3 layer deposition. Therefore, the surface
passivation effect on GaAs0.45Sb0.55 has a close resemblance with
the GaAs surface, which is beneficial for the electrical transport
characteristics of GaAsSb-based MOS devices.

Band Alignment. High-resolution XPS was performed to
determine the valence band offset (ΔEv) of Al2O3/ GaAs1−ySby
with tunable Sb composition (0 ≤ y ≤ 1). The band alignments

Figure 4. (a) Ga 3d and O 2s and (b) As 3d and Sb 4d XPS spectra,
respectively, showing the existence of bonds as a function of surface
preclean, passivation, and atomic layer deposited Al2O3. Peak positions
of each sample were shifted vertically to align main element binding
energies to the same position. The Ga−O peak from the as-grown
GaAs0.45Sb0.55 with Al2O3, and the mixture of the Ga−O and Ga−S
peaks from the GaSb sample after the HCl preclean, sulfur passivation
and 1.5 nm Al2O3 layer shows the difficulty to make GaSb-based MOS
devices. These peaks were eliminated from the GaAs and the
GaAs0.45Sb0.55 layers after the HCl preclean, sulfur passivation and 1.5
nm Al2O3 layer, which can significantly affect the device performance.
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were determined by the energy difference between the core
levels (CLs) and the valence band maxima (VBM) spectra
recorded from each Al2O3 and GaAs1−ySby surface. Kraut’s
method38 was used to calculate ΔEv by using the following
equations:

Δ = − − − − −

Δ = − − − − −

E E E E E E E

E E E E E E E

( ) ( ) ( )

( ) ( ) ( )

v,Sb Sb4d
GaAsSb

VBM
GaAsSb

Al2p
Al O

VBM
Al O

Sb4d
GaAsSb

Al2p
Al O

v,As As3d
GaAsSb

VBM
GaAsSb

Al2p
Al O

VBM
Al O

As3d
GaAsSb

Al2p
Al O

5/2
2 3 2 3

5/2
2 3

5/2
2 3 2 3

5/2
2 3

(1)

where, ΔEv,Sb and ΔEv,As are the valence band offset based on
the VBM and CL of Sb and As, respectively. This will provide
the difference in band offset value (if any) for a given Sb
composition using either As or Sb CL spectrum. To determine
the band offset, we recorded the following spectra: (1) the
binding energy difference between the Sb 4d5/2 (As 3d5/2) CL
and VBM of GaAsSb, (ESb 4d5/2

GaAsSb − EVBM
GaAsSb) (EAs 3d5/2

GaAsSb − EVBM
GaAsSb)

from the bulk GaAs1−ySby surface; (2) the binding energy
difference between the Al 2p CL and the VBM of Al2O3, (EAl 2p

Al2O3

− EVBM
Al2O3), from 10 nm thick Al2O3; and (3) the binding energy

difference between the Al2O3 and Sb (As) (ESb 4d5/2
GaAsSb − EAl 2p

Al2O3)

(EAs 3d5/2
GaAsSb − EAl 2p

Al2O3) CLs from the interface of 1.5 nm Al2O3/
GaAs1−ySby, respectively, and the results of such spectra are
shown in Figure 5. As shown in Figure 4, the passivated sample
showed the suppression of oxygen bonds and enhanced
passivation of dangling bonds by sulfur. Since the Ga peak
has a stronger coupling between Ga−O and Ga−S bonds and
the Ga CL, the Sb and As CL peak references would allow for
the independent confirmation of the band alignment results.
Utilizing eq 1 and the measured XPS spectra, ΔEv,Sb (ΔEv,As)
for GaAs1−ySby samples with tunable Sb compositions were
determined. For the GaAs and GaSb samples, the correspond-
ing spectra were recorded.
The band gap (Eg) value of ALD deposited Al2O3 for each Sb

composition was determined by using the energy-loss peak of
O 1s spectrum.39,40 The binding energy was calculated from the
difference in the total photoelectron energy minus the kinetic
energy due to the loss in photoelectron energy by inelastic
collision processes within the sample. The minimum inelastic
loss is equal to the bandgap energy. The intersection of the

linear extrapolation of the loss energy spectra and “zero level”
shows the onset of inelastic losses. Thus, the bandgap energy is
the energy difference between the O 1s peak and the onset of
inelastic spectra. The results shown in Figure 5f for 10 nm ALD
Al2O3 is approximately 6.70 eV. All parameters and energies
acquired from XPS measurements are listed in Table 1.
On the basis of the experimental data of ΔEv, Eg, and

theoretical bandgap of GaAs1−ySby (y = 0, 0.21, 0.34, 0.51, 1)41

shaded white in Figure 6a, the conduction band offset, ΔEc as a
function of tunable Sb composition can be expressed as

Δ = − − ΔE E E Ec g,Al O g,GaAsSb v2 3 (2)

The band alignment parameters are summarized in Figure 6a
and listed in Table 1. Figure 6a also visualizes the detailed band
alignment parameters of Al2O3/GaAs1−ySby for different Sb
compositions. The electron affinity of GaAs and GaSb are 4.07
and 4.06 eV, respectively, so the electron affinities for different
Sb compositions in GaAsSb are very similar. It implies that the
major changes in band offset are contributed from the change
in valence band as a function of Sb composition. It is interesting
to note that the ΔEv determined by both Sb and As CL spectra
showed very similar results, shown in Table 1, thereby
reinforcing the ΔEv values for each As or Sb composition in
GaAs1−ySby acquired from XPS measurements. One can find
that the ΔEv and ΔEc values are both larger than 2 eV for
different Sb compositions. The higher band offset values are
needed to suppress the leakage current between the dielectric
and the GaAsSb channel material. The Anderson band
alignment model42 was used to validate the ΔEv trend as a
function of Sb composition. One can find that the Anderson
band alignment model is in agreement with the measured ΔEv
values. There is a discrepancy between the model and the
experimental results on GaSb compared with GaAsSb samples.
In Anderson’s model, the valence band offset between the
Al2O3 and epitaxial GaAsSb materials are determined by
considering (1) the electron affinity difference between those
materials and (2) the bandgap of each GaAsSb. Both the
measured XPS data and Anderson’s model predicted very
similar conduction band offset value for GaAsSb samples.
However, the presence of native oxides on GaSb sample, even

Figure 5. XPS spectra of (a) Al 2p from the 10 nm Al2O3, (b) from the interface of 1.5 nm Al2O3/ GaAs0.49Sb0.51 with Sb as a reference CL, (c) from
the interface of 1.5 nm Al2O3/ GaAs0.49Sb0.51 with As as a reference CL, (d) Sb CL and valence band maximum, (e) As CL and valence band
maximum, and (f) O 1s spectrum.
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after sulfur passivation and Al2O3 layer deposition, affects the
valence band offset and the resulting conduction band offset
due to the differences in GaSb bandgap and the measured
valence band offset. Thus, we believe that due to difficulty in
cleaning and passivation of GaSb surface, there is a difference in
conduction band offset between Al2O3 and GaSb sample.
Combining the benefits of the nature of the band alignments
between GaAsSb/InGaAs and the higher energy barrier of
Al2O3/GaAsSb, Al2O3 has been found to be a promising high-κ
gate dielectric on mixed As−Sb based GaAsSb materials.

■ CONCLUSIONS
GaAs1−ySby (0 ≤ y ≤ 1) metamorphic materials with tunable Sb
compositions grown by solid source MBE were used to
investigate the evolution of interfacial chemistry under different
passivation conditions. X-ray photoelectron spectroscopy was
used to determine the chemical state evolution as a function of
surface preclean and passivation, as well as valence band and
conduction band offsets, energy band parameters, and bandgap
of atomic layer deposited Al2O3 on GaAs1−ySby for the first
time, which is further corroborated by X-ray analysis and cross-
sectional TEM. Detailed XPS analysis revealed that the near
midpoint composition GaAs0.45Sb0.55 passivation scheme
exhibits a GaAs-like surface and that precleaning by HCl and
(NH4)2S passivation are mandatory to remove the native oxides
from the surface of GaAsSb. A valence band offset >2 eV for all
Sb compositions indicates the potential of utilizing Al2O3 on
GaAs1−ySby (0 ≤ y ≤ 1) for p-type metal-oxide-semiconductor
device applications. Moreover, Al2O3 showed a conduction
band offset of ∼2 eV on GaAs1−ySby, suggesting Al2O3 dielectric
can also be used for n-type MOS device applications. Therefore,
the surface passivation and the detailed band alignment analysis
of Al2O3 on tunable Sb composition, GaAs1−ySby, provides a
pathway to utilize GaAs1−ySby materials in multifunctional
device applications.T
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Figure 6. (a) Energy band parameters for A2O3 on GaAs1−ySby with
tunable Sb composition and (b) the measured valence band offset as a
function of Sb composition along with the modeled band alignment
results obtained using Anderson’s rule.
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■ MATERIALS AND METHODS
Material Synthesis. The GaAs1−ySby layers with tunable Sb

composition were grown by solid source MBE on semi-insulating
(100)/2° GaAs substrates. The Sb flux was provided by a low-
temperature 125 cm3 Sb effusion cell and arsenic valved cracker source
for As2 flux with the cracking zone held at 900 °C. Substrate oxide
desorption was performed at ∼735 °C thermocouple temperature
under a constant As2 flux and the surface was monitored by in situ
reflected high energy electron diffraction. A 0.5 μm/h growth rate was
used for all GaAsSb samples. For each structure, several layers of
GaAs1−ySby were grown using different As/Ga (5−15) and Sb/Ga (1−
6.16) ratios as well as different substrate temperatures (375−450 °C)
so as to yield a tunable Sb composition.43 To achieve the higher Sb
composition, we used a higher Sb/Ga ratio and lower growth
temperature during growth. Besides, to accommodate the lattice
mismatch between the top GaAs1−ySby layer of interest and the GaAs
substrate as well as to reduce the threading dislocation density in the
final GaAs1−ySby layer, a two-step graded GaAsSb layer with different
Sb compositions was incorporated in each run. The thickness of each
layer was fixed at 750 nm. The growth parameters used for the
different GaAs1−ySby layers and the detailed X-ray analysis were
reported earlier.32

Materials Characterization. The alloy composition and strain
relaxation properties of GaAs1−ySby layer were characterized by high-
resolution XRD. Both the X-ray rocking curve (ω/2θ scan) and the
reciprocal space maps for each sample were obtained using a
Panalytical X’pert Pro system with Cu Kα-1 as the X-ray source.
The interface quality between the atomic layer deposited Al2O3 and
the GaAsSb layer, as well as the defect properties of the GaAsSb, were
examined using high-resolution TEM analysis performed on a JEOL
2100 microscope. The electron-transparent foils of thin-film cross-
section of Al2O3/GaAs0.49Sb0.51/GaAs1−ySby/GaAs were prepared
using standard mechanical polishing techniques followed by dimpling
and low-temperature Ar+ ion milling. The band alignment of each
sample was investigated by using a PHI Quantera SXM XPS system
with a monochromated Al Kα (energy of 1486.7 eV) X-ray source with
0.05 eV energy-steps- resolutions. The Ga 3d, O 2s, Al 2p as well as Sb
4d and As 3d CL binding energy spectra and respective valence band
maximum were collected with a pass energy of 26 eV and an exit angle
of 45°. Both Sb and As CL reference spectra were used to determine
the valence band offset as a function of Sb composition, whereby this
analysis also provided the error involved in ΔEv. The binding energy
was corrected by adjusting the carbon (C) 1s CL peak position to
285.0 eV for each sample surface. Curve fitting was performed by the
CasaXPS 2.3.14 using a Lorentzian convolution with a Shirley-type
background. The CL energy position was defined to be the center of
the peak width at the half of the peak height. The VBM values were
determined by linear extrapolation of the leading edge to the baseline
of the valence band spectra. The VBM value is sensitive to the choice
of points on the leading edge used to obtain the regression line. The
uncertainty of ΔEv values was found to be in the range of ±0.05 eV in
the present work by the regressions analysis of selected data over the
linear region.
Sample Preparations. All samples were degreased using acetone,

isopropanol, and deionized (DI) water. After degreasing, samples were
treated under different surface passivation schemes prior to ALD
depositions and XPS measurements. The three different surface
treatments studied in this work include (1) HCl only, in which the
samples were dipped into HCl aqueous solutions for 10 min; (2)
(NH4)2S only, in which the samples were dipped into 20% (NH4)2S
aqueous solutions for 10 min; and (3) HCl + (NH4)2S treatments, in
which the samples were dipped into HCl for 10 min followed by 20%
(NH4)2S aqueous solutions for another 10 min. A 10 nm (95 cycles
and 1.06 Å/cycle) Al2O3 layer was deposited at 250 °C using a
Cambridge NanoTech ALD system with TMA and DI water as
precursors.
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