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Techniques of X-ray and ultraviolet photoelectron spectroscopy are performed to investigate
the energy band discontinuity of pulsed-laser-deposited SrTiO; (STO)/GaAs heterostructure.
The valence band offset is determined to be 2.6eV, while the conduction band offset is
deduced to be 0.7e¢V. As a consequence, an energy band diagram of STO/GaAs with a type II
band alignment forming at the interface is precisely constructed. The chemical states across the
STO/GaAs interface are investigated by sputter-depth profile, and there are no detectable
interfacial reaction and intermediate layer occurring between the epitaxial STO film and GaAs
substrate. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816356]

GaAs metal-oxide-semiconductor field-effect transistors
(MOSFETs) with high-mobility have shown promising per-
formance compared to Si-based devices. Much research has
been focused on the electrical properties of GaAs-MOSFET
with amorphous and polycrystalline dielectric oxide, includ-
ing HfO,, Ga,03, Gd,03, and so on.'”? Unfortunately, high
density of dangling bonds are usually found at the oxide/
GaAs interface.* GaAs MOS devices with epitaxial dielectric
layers should have a low interface trap density of states,
since a perfect epitaxial interface has stable interfacial chem-
ical bonds.” Also, contrary to polycrystalline oxides, a per-
fect epitaxial oxide contains no grain boundaries, which
preserves the desired features of the low leakage current and
uniformity.®

Among several types of gate oxides, perovskite-type
oxides, such as SrTiO3 (STO), and BaTiO5; (BTO) exhibiting
both high-k and ferroelectric properties are one of promising
dielectric oxides for high-performance GaAs-MOSFET.”®
However, epitaxial growth of these perovskite titanates
directly on GaAs is rather challenging, since GaAs is neither
chemically stable nor thermally stable at high temperature
needed for the epitaxial growth of perovskite titanates.’ In
order to obtain epitaxial perovskite titanates, a single and/or
multi-buffer layer is usually needed.'®'? Ferroelectric
properties in epitaxially grown BTO on GaAs via MgO
buffer by molecular beam epitaxy (MBE) are reported to be
greatly sensitive to the interface structure.'® In BTO/MgO/
AlO,/GaAs heterostructure, primary optical confinement in
the BTO thin film was also shown due to the interface chem-
ical state of the heterostructure.'' However, earlier study
shows that the very thin MgO on GaAs may suffer from the
high charge injection due to the trapped charge at interface.'?
In these epitaxial heterostructures, band alignment is a cen-
tral issue for the understanding of perovskite oxide/GaAs
interface, because it dictates many behaviors taking place in
a device made up of these heterojunctions. Fermi level at the
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interface of MBE grown STO/GaAs was found to be
unpinned at the interface.'® Very recently, the properties of
MBE grown BTO/GaAs have been reported, in which the Ba
and Ti atoms were fully oxidized in the films and the inter-
face showed an evidence of unexpected Ga-O chemical
bonding.'* Compared to the MBE deposition, pulsed laser
deposition (PLD) including laser MBE is much more com-
monly used, particularly suitable for the perovskite oxide
deposition. Obviously, different growth mechanism and thin-
film deposition conditions (temperature, growth rate, atmos-
phere, etc.) may vary chemical bonding and band alignment
at the interface.'” Therefore, it is interesting to investigate
interfacial phase and understand the exact band alignment of
the PLD grown perovskite titanate/GaAs. Unfortunately,
there is a lack of such data available on the PLD grown het-
erostructure. In this letter, we report X-ray and ultraviolet
photoelectron spectroscopy (XPS and UPS) studies on the
interfacial structure characteristics of PLD grown STO/GaAs
heterostructure, and subsequently the energy band diagram
with band alignment is precisely constructed. Similar to the
approach used for our earlier study on STO/Si,'® the interfa-
cial phase of the STO/GaAs heterostructure is also
investigated.

p-GaAs (001) wafers with size of 10 x 10 x 0.5 mm’®
were used as substrates. The STO films were prepared by
using laser MBE. The optimum conditions for epitaxial STO
thin film grown on GaAs substrates have been obtained in our
previous report.'”'® Briefly, the GaAs substrate was first in
situ heated up to 620°C in vacuum for 2min to remove the
native oxide layer. A single-crystal STO target was ablated
using a KrF excimer laser. To prevent the GaAs substrate
from oxidizing, the chamber was evacuated to a base pressure
of 1x 107 Pa during thin film deposition. The deposition
temperature was set around 600 °C for STO thin-film deposi-
tion. The crystallographic characterization was performed by
high-resolution X-ray diffractometer (HRXRD). The interfa-
cial microstructures were studied using high-resolution trans-
mission electron microscopy (HRTEM). The photoemission
measurements of the valence band discontinuity of the

© 2013 AIP Publishing LLC
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heterostructures were performed on the XPS and UPS sys-
tems with hemispherical electron energy analyzer, monochro-
matic Al Ko X-ray source and a He ultraviolet lamp. The
depth profile of STO/GaAs heterostructure was obtained from
XPS spectra as a function of sputtering time.

Figure 1(a) shows a typical 0-20 XRD pattern from a
150 nm thick STO film epitaxial grown on GaAs (001) meas-
ured at room temperature. It indicates that the STO thin films
have a cubic perovskite structure and are highly oriented
along c-axis. Patterns shown in Figure 1(b) are the off-axis @
scans of the STO film and GaAs substrates. The measured
results suggest that the STO unit is epitaxially grown on
GaAs with a 45° in-plane rotation to get a comfortable lattice
match due to a large mismatch between STO(a=3.905 A)
and GaAs(a=5.65 10\), as shown in the schematic diagram
(Fig. 1(c)), and thus the lattice mismatch after the rotation
would be calculated to be (|v/2us70 — dGaas|/%Gans) X 100%
= 2.2%. Additionally, Figure 1(d) presents a cross-sectional
HRTEM image of the epitaxial STO thin film on GaAs. The
sharp interface transition is indicative of no obvious inter-
diffusion and reaction between the STO film and the semi-
conductor GaAs substrate. The corresponding selected area
electron diffraction (SAED) pattern shown in Figure 1(d)
suggests the small lattice mismatch after a 45° in-plane rota-
tion between STO and GaAs, which is consistent with the
previous report.'”'® The result confirms a highly epitaxial
STO film grown directly on the GaAs substrate. However,
periodic array of misfit dislocations can be observed in the
interface area as marked with arrow heads in the TEM
image, revealing that there is still lattice strain remained at
the interface due to the lattice mismatch between STO film
and GaAs substrate. In principle, the misfit location depends
on the deposited film thickness. Prior to the complete relaxa-
tion of strain, it is believed that more dislocations could be
generated to relieve the misfit strain when the film becomes
thick.' The dislocation is not induced by self-energy but by
reduction of the strain energy at the interface.”® On the other
hand, interfacial phase and chemical state between STO and
GaAs could not be verified from the TEM analysis. Hence,
XPS depth profiling will be carried out in later section to
determine whether any interfacial compound is formed or
not at the interface of STO/GaAs.

Figure 2 shows the core level (CL) spectra including Ti
2ps) and As 2p3 recorded on STO/GaAs samples with two
different thickness (2 and 150 nm), as well as valence band
(VB) spectra recorded on STO and GaAs. The CL spectra
were fitted to Voigt (mixed Lorentzian-Gaussian) line shape
by employing a Shirley background. As seen in Figure 2(a),
the Ti atoms have been fully oxidized in the 4% oxidation
state, and there is no peak at higher energy observed in ear-
lier report.'® A classic method was introduced to determine
the band offsets of the STO/GaAs heterostructure.?! The val-
ance bands and CL of the clean GaAs surface and the STO/
GaAs (001) are measured in the successive photoemission
measurements. The valence band offset (VBO) AE, can be
calculated from the formula,

AEV _ (ECGlaAS _EgaAS)S o (EEZTO _ELETO)f 4 (EEZTO _ECGlaAs)int7
(1)
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FIG. 1. (a) XRD pattern of 0-20 scan of STO/GaAs (001) heterostructure
measured at room temperature. (b) Phi scan of (110) reflections of the STO
thin film and GaAs (220) substrate. (c) Schematic diagram of the STO/GaAs
atomic interface structure. (d) Cross-sectional HRTEM image of STO/
GaAs. The inset figure is the SAED pattern at the interface.

where (EGe4s — EGaAs)® and (ESTO — ESTOY are the differ-
ence of the CLs and the valence band maximums (VBMs) of
clean high-resistivity GaAs substrate and 150 nm thick STO
film, and (ESTO — EGeAs)™ s the difference of CLs between
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the 2nm thick STO thin film and GaAs substrate, respec-
tively. In general, two steps were used to determine the VBO
of the heterostructure in our study. First, the energy differ-
ence between the VBMs and CLs for both GaAs substrate
and thick STO film was evaluated. VBMs and CLs were
measured by UPS and XPS techniques, respectively. Second,
the energy difference of CLs between STO film and GaAs
substrate of STO/GaAs heterostructure was determined.
Linear extrapolation of the XPS valence band edge was
performed to calculate the VBM. As shown in Fig. 2, the
CL position and VBM for the 150 nm thick STO film grown
on GaAs are 457.7*+0.03eV (Ti 2p;3,) (Fig. 2(a)) and
2.1 =0.1eV (Fig. 2(b)), respectively. Furthermore, the CL
position and VBM for the clean high resistivity GaAs sub-
strate are 1325.5*=0.03eV (As 2p3,) (Fig. 2(c)) and
1.3 *+0.1eV (Fig. 2(d)), respectively. For the 2nm thick
STO film grown on GaAs substrate, the CL positions are
455.5*+0.03eV for STO (Ti 2p;3,) (Fig. 2(e)) and
1321.5 = 0.03 eV for GaAs (As 2p;3,;) (Fig. 2(f)). The meas-
ured and fitting results are summarized as shown in Table 1.

Hence, the separation between As 2p;,, and Ti 2p3,, for the
STO (2nm)/GaAs is about 866.0 eV. From the above values,
the VBO of STO/GaAs can be calculated to be 2.6eV,
Moreover, the conduction band offset (CBO) can be obtained
by using the formula,

AEC- _ (EgaAs _ EgTO) + AEV7 (2)

TABLE 1. XPS CL spectra fitting results and VBM positions obtained by
linear extrapolation of the leading edge to extended base line of the VB
spectra.

Sample State Binding energy (eV)
STO Ti 2p32 457.7%0.03 (Ti-O)
VBM 2.1%0.1
GaAs As 2p3 1325.5£0.03 (Ga-As)
VBM 1.3%0.1
STO/GaAs Ti 2ps2 455.5%0.03 (Ti-O)
AS 2p3)2 1321.5%0.03 (Ga-As)
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FIG. 3. Band alignment diagram of STO/GaAs heterojunction based on the
XPS experimental and fitting results.

where AE, represents CBO, Eg“AS represents the band gap of
GaAs, and E;'? represents the band gap of STO. By consider-
ing the values of band gap for STO and GaAs are 3.3 and
1.4 eV, respectively, we can find the CBO of the heterostruc-
ture to be 0.7¢eV. Our result is consistent with the VBO and
CBO values measured from STO/GaAs heterojunction fabri-
cated by MBE technique.'” Our samples were fabricated by
using laser deposition, in which a relatively higher growth tem-
perature is used compared to MBE. It suggests that the band
discontinuities are not greatly influenced by the growth method
and deposition conditions, such as substrate temperature.

As the above values of both VBO and CBO in STO/
GaAs are positive, the valence band and conduction band of
the STO film are lower than those of the GaAs substrate. It
suggests that STO/GaAs fabricated by laser MBE forms a
type II heterostructure. According to the band alignment

1000,
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from Fig. 2, the energy band diagram of the STO/GaAs can
be constructed as shown in Figure 3. Such a type of band
alignment across the interface is generally thought to be suit-
able for various applications in optoelectronic and high-
power devices, which could enable electrons confined in the
STO and holes in the GaAs transport across the interface
efficiently by selecting proper metals as electrodes.
However, according to the previous report,'? initial Ti prel-
ayer could react primarily with the surface As during film
growth by MBE. The Ti-As intermediate compound could
also be formed at the interface in BTO/GaAs heterstruc-
ture.'* These interfacial bonding states induced by interme-
diate compound could be acted as the origin of the Fermi
level pinning center at the interface in these covalently
bonded semiconductors,”> which may cause unexpected bar-
rier heights to hinder the charge transport.

In order to clarify the interfacial chemical state of the
STO/GaAs heterostructure prepared by laser deposition, the
XPS depth profile of the interface was investigated. Figure 4
shows the core level spectra of our STO/GaAs sample. As
shown in Fig. 4(a), the binding energies of Sr 3ds, and Sr
3d;,; lines corresponding to Sr*" are found to be 132.4 and
135.2eV, respectively. The line profile remains almost
unchanged except that the linewidth becomes larger.
Particularly, no obvious line shift is observed when the prob-
ing depth crosses the STO/GaAs interface. The clear As 3p;,,
line is seen with the disappearance of the Sr 3d lines when the
probing depth has crossed the interface and arrived in the
GaAs wafer (Fig. 4(d)). It indicates that there is little change
with the chemical state of Sr*™ throughout the STO/GaAs sys-
tem. This finding excludes the possibility of the existence of a
Sr metallic compound which would cause the Sr line shift
~2¢eV in some systems, such as our previously studied STO/
§j.16:23 Moreover, the chemical state of Ti was characterized.

g
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According to the Ti 2p spectra (Fig. 4(b)), the Ti 2p,, and Ti
2ps; lines indicative of Ti in 47 oxidation state become weak
and finally disappear when the probing is completed from
STO film surface to GaAs substrate. No other peaks and Ti
line shift were observed. It indicates that it was fully oxidized
in the film and no obvious Ti metallic compound was detected
at the interface. Meanwhile, the typical lines of Ga 2p3,, and
As 2p;3/, are observed when the probing depth reaches GaAs
substrate, as shown in Figs. 4(c) and 4(d). Furthermore, both
typical peaks of Ga 2p;,, and As 2ps,, CL spectra are in agree-
ment with earlier reported standard values of bulk GaAs.**
Based on the observation, we could conclude that the hetero-
structure shows a sharp interface without interfacial com-
pound in our highly epitaxial samples, which is consistent
with the cross-sectional TEM image and our previous results
of in situ reflective high energy electron diffraction (RHEED)
patterns during the process of STO growth.'”'® This fact
could be attributed to the oxide target we used in laser deposi-
tion, while in MBE the metal was usually used as target. Wu
et al. ever used density functional theory to evaluate the stable
structure of Ti adsorbed on GaAs surfaces and found that the
formation energies of Ti decreased with decreasing Ti cover-
age.25 Furthermore, Sr atoms were adsorbed on the surface,
whereas Ti atoms were adsorbed below the surface. In our
case, the Sr and Ti atoms are relatively stable with oxidation
states. It implies that the STO layer has indeed acted as a bar-
rier against the oxidation of GaAs and vaporization of As from
GaAs.

In summary, interfacial structure and phase of epitaxial
STO thin film directly grown on GaAs have been investi-
gated. According to the measured results by XPS and UPS, a
type II band alignment diagram with a valence band offset of
2.6 eV and conduction band offset of 0.7 eV is obtained. The
accurate determination of the band alignment of STO/GaAs
in this work should be important for STO/GaAs based appli-
cations, such as high-k and ferroelectric microwave tunable
devices. The XPS depth profile measurement is evident that
the interface is free of interfacial compound in our epitaxial
STO/GaAs heterostructure fabricated by laser deposition.

This research was supported by the grants from the
Research Grants Council of Hong Kong (GRF Project No.
PolyU500910) and ITS 029/11.
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