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Growth, strain relaxation properties and high-«x dielectric integration
of mixed-anion GaAs;.,Sb, metamorphic materials

Y. Zhu, M. Clavel, P. Goley, and M. K. Hudait®
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Computer Engineering, Virginia Tech, Blacksburg, Virginia 24061, USA
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Mixed-anion, GaAs,_,Sby, metamorphic materials with a wide range of antimony (Sb) compositions
extending from 15% to 62%, were grown by solid source molecular beam epitaxy (MBE) on GaAs
substrates. The impact of different growth parameters on the Sb composition in GaAs,_,Sby
materials was systemically investigated. The Sb composition was well-controlled by carefully opti-
mizing the As/Ga ratio, the Sb/Ga ratio, and the substrate temperature during the MBE growth pro-
cess. High-resolution x-ray diffraction demonstrated a quasi-complete strain relaxation within each
composition of GaAs;.,Sby. Atomic force microscopy exhibited smooth surface morphologies
across the wide range of Sb compositions in the GaAs;_,Sby, structures. Selected high-x dielectric
materials, Al,O;, HfO,, and Ta,Os5 were deposited using atomic layer deposition on the
GaAs 3gSbg 6> material, and their respective band alignment properties were investigated by x-ray
photoelectron spectroscopy (XPS). Detailed XPS analysis revealed a valence band offset of >2 eV
for all three dielectric materials on GaAs 3gSby 62, indicating the potential of utilizing these dielec-
trics on GaAs 3gSbg 6> for p-type metal-oxide-semiconductor (MOS) applications. Moreover, both
Al,O5 and HfO, showed a conduction band offset of >2 eV on GaAsg3gSbg g, suggesting these
two dielectrics can also be used for n-type MOS applications. The well-controlled Sb composition
in several GaAs,_,Sby material systems and the detailed band alignment analysis of multiple high-x
dielectric materials on a fixed Sb composition, GaAsg33Sbgsz, provides a pathway to utilize
GaAs,.,Sby materials in future microelectronic and optoelectronic applications. © 2014

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896880]

I. INTRODUCTION

GaAs,_,Sby is a promising material currently being con-
sidered for both microelectronic and optoelectronic applica-
tions. The use of GaAs;_,Sby as an active layer material has
been reported for high performance tunnel field effect tran-
sistors (TFETs),'™ ultra-low noise high electron mobility
transistors,5 and near infrared photodetectors.6 Moreover,
GaAs,_,Sby can also be used as a metamorphic buffer to pro-
vide a high-quality “virtual” substrate for integrating high-
performance devices with flexible substrates.” Utilization
of GaAsSb for multi-functional device applications demands
high-quality GaAs,.,Sby with various antimony (Sb) alloy
compositions. Thermodynamic theory predicts that a misci-
bility gap exists for GaAs,_,Sby alloys having Sb composi-
tions in between 25% and 70%,10*12 which would lead to
spinodal decomposition of the GaAs,_,Sby material. The spi-
nodal decomposition is expected to be suppressed to a large
extent using thermodynamically non-equilibrium growth
techniques,'® such as molecular beam epitaxy (MBE).
However, the MBE growth of mixed-anion (III-V-V’) alloys
poses an increased challenge in precisely controlling the
alloy composition, as compared with the MBE growth of
mixed-cation (III-III’-V) counterparts, owing to the strong
competition between differing incorporation rates among
anions due to their dissimilar sticking coefficients.”%!?
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Unlike mixed-cation ternary alloys, in which the alloy com-
position is determined by the flux ratios of the group-III ele-
ments over a wide range of temperatures, the composition of
mixed-anion ternary alloys also depends on the growth tem-
peratulre.5 6,13 Moreover, it has been reported that the As/Sb
ratio® and Ga flux® can also influence the Sb alloy composi-
tion in GaAs;_,Sb, material during MBE growth, which adds
further complexity in controlling Sb compositions. As a
result, it is of critical importance to study in detail the impact
of different growth parameters, such as Sb/Ga ratio, As/Ga
ratio, and substrate temperature, on Sb composition in
GaAs,_,Sby materials during the MBE growth process. In
addition, proper high-x dielectric materials with acceptably
low interface trap densities and high band offset values
between the high-x dielectric material and the GaAsSb layer
are necessary in order to utilize GaAs;_,Sb, as an active
layer material for low-power logic applications.'* Recent
efforts have focused on the investigation of high-x dielec-
trics on either II-As">™!7 or I1I-Sb'®2° materials, whereas
the study of different high-x dielectrics on mixed As/Sb
based materials has not been addressed. In practice, for low-
power logic applications a high Sb composition (>60%) is
desired in GaAs;_,Sby active layers in order to fully utilize
the advantage of a lowered bandgap energy and a reduced
effective mass."? In this respect, the selection of suitable
high-x dielectrics with sufficient conduction and valence
band offsets (>1 eV) on high Sb composition in GaAs,;_,Sby
materials is essential in minimizing carrier injection from the
semiconductor into the high-x material.?!

© 2014 AIP Publishing LLC
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In this paper, mixed-anion GaAs;.,Sb, materials with a
wide range of Sb compositions from 15% to 62% were grown
by solid source MBE on GaAs substrates. The influence of
growth parameters, such as Sb/Ga ratio, As/Ga ratio, and sub-
strate temperature, on the Sb composition of GaAs;_,Sb, was
systemically investigated. The strain relaxation properties of
MBE grown GaAs,_,Sb, materials with various Sb composi-
tions were studied using high-resolution x-ray diffraction
(XRD). Three different high-x dielectrics, Al,O3, HfO,, and
Ta,0s5, were integrated on GaAsg;gSbgg, utilizing atomic
layer deposition (ALD). The band alignments of these high-x
dielectrics on GaAsg3gSbg > Were investigated by x-ray pho-
toelectron spectroscopy (XPS). The comprehensive investiga-
tion of Sb/Ga ratio, As/Ga ratio and substrate temperature
influence on Sb composition during MBE growth, coupled
with a quantification of the band structures at several high-x
dielectric/GaAsg 33Sbg 6> heterointerfaces, will facilitate the
utilization of GaAs;_,Sby materials in future microelectronic
and optoelectronic applications.

Il. EXPERIMENTAL

All GaAs,_,Sby structures were grown by Veeco modified
Gen-II solid source MBE on semi-insulating GaAs (001) sub-
strates. The Sb flux was provided by an Sb effusion cell. A valve
cracker was used to provide the arsenic (As) flux with the crack-
ing zone held at 900 °C to ensure a consistent As, flux during the
growth. Substrate oxide desorption was performed at ~680°C
under a constant As, flux and was monitored in-situ using
reflected high energy electron diffraction (RHEED). The Ga
beam equivalent pressure was kept at 2.76 x 10~ Torr for each
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run, corresponding to a growth rate of ~0.5 wm/h based on
RHEED intensity oscillation. For each structure, several layers
of GaAs;_,Sby, were grown using different As/Ga (5 to 15) and
Sb/Ga (1 to 6.16) ratios as well as different substrate tempera-
tures (375 °C-450°C). In order to accommodate the lattice mis-
match between the top GaAs,_,Sby layer and the GaAs substrate
and to reduce the threading dislocation density in the final
GaAs,Sby layer of interest, 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 pa-
rameters used for the different GaAs;_,Sby layers are summar-
ized in Table I. All temperatures denoted in this study are
referred to the thermocouple temperature. The alloy composition
and strain relaxation properties of each GaAs,_,Sby layer were
characterized by high-resolution XRD. Both the rocking curve
(/20 scan) and reciprocal space maps (RSMs) of each sample
surface were obtained using a Panalytical X’ pert Pro system
with Cu Ka-1 as the x-ray source. The structural and interface
quality, as well as the defect properties, of the GaAs;_,Sb,, step-
graded buffers were examined using transmission electron mi-
croscopy (TEM) analysis performed on a Philips EM420 micro-
scope. The electron-transparent foils of thin-film cross-sections
of GaAs;_,Sb,/GaAs were prepared using standard mechanical
polishing techniques followed by low-temperature Ar' ion
milling.

Following the MBE growth of the GaAs;_,Sby structures,
1.5nm and 10nm Al,Os, HfO,, and Ta,O5 were deposited by
ALD in a Cambridge NanoTech system using H,O as the oxy-
gen source and the following precursors: (i) Trimethlyaluminum
(98%, Strem Chemicals), (ii) Tetrakis(dimethylamino)hafnium
(99.99%, Strem Chemicals), and (iii)) Tantalum(V) ethoxide

TABLE I. Summary of the growth parameters and structural analysis of the GaAs;.,Sb, materials presented in this study.

Growth parameters

Structural properties

Lattice constants (A)

Run NO. Sb/Ga As/Ga Growth temperature (°C) Sb% c a a, Relaxation (%) FWHM (arcsec) rms” (nm)
A 1 15 450 15 5.72 5.71 5.71 93% 188.13 1.31
1 10 450 19 5.74 5.73 5.73 93% 90.50
1 5 450 21 5.75 5.73 5.74 85% 70.45
B 2 15 450 32 5.79 5.79 5.79 97% 263.52 1.18
2 10 450 40 5.83 5.82 5.83 97% 184.86
2 10 410 44 5.85 5.84 5.84 97% 132.66
C 3 15 450 36 5.82 5.79 5.80 92% 377.60 1.85
3 10 450 42 5.85 5.81 5.83 91% 744.33
3 10 410 46 5.87 5.83 5.85 91% 104.25
D¢ 3.58 10 410 49 5.88 5.85 5.86 93% 384.58 1.73

3.58 10 400
3.58 10 390
3.58 10 375 51 5.89 5.85 5.87 91% 729.46
E 431 15 450 41 5.84 5.82 5.83 94% 44323 1.40
431 10 450 52 5.88 5.87 5.87 96% 349.20
431 10 410 57 591 5.88 5.90 95% 230.94
F 6.16 15 450 44 5.85 5.84 5.84 97% 479.98 1.28
6.16 10 450 59 591 5.91 591 99% 277.92
6.16 10 410 62 5.93 5.91 5.92 97% 283.71

“c is the out-of-plane lattice constant, a is the in-plane constant, and a, is the relaxed lattice constant.

The surface roughness is taken from the top layer of each sample.
“The XRD peaks were merged together for the first three layers in sample D.
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TABLE II. Summary of the deposition conditions as well as the corresponding number of growth cycles required to deposit each 1.5 nm and 10 nm thick high-

K dielectric.

GaAsSb/GaAs substrate Precursor Growth rate Growth Growth
Materials temperature (°C) temperature (°C) (A/cycle) cycles (¢,, ~ 1.5nm) cycles (t,, ~ 10nm)
Al,O3 250 25 1.05 15 95
HfO, 200 75 1.01 15 100
Ta,0s5 250 160 0.61 25 165

(99.99%, Strem Chemicals). Prior to loading each GaAsSb sam-
ple into the ALD chamber, native oxides from each GaAs;_,Sby
surface were removed by 1:10 dilute hydrochloric acid. For the
AlL,O3 and Ta,Os depositions, the substrate temperature was
held at a constant 250 °C, while for the HfO, depositions, the
substrate temperature was held at a constant 200 °C. To ensure
that the precursor flux was sufficient to saturate each sample sur-
face, the Hf and Ta precursors were heated to 75 °C and 160 °C,
respectively, while the Al precursor was kept at room tempera-
ture. Under the aforementioned conditions, the growth rates for
each Al,O3;, Ta,Os, and HfO, oxide film were l.OSA/cycle,
0.61/0%/cycle, and 1.01A/cycle, respectively. Table II summa-
rizes the deposition conditions as well as the corresponding
number of growth cycles required to deposit each 1.5nm and
10 nm dielectric layer.

lll. RESULTS AND DISCUSSION

A. Strain relaxation properties of GaAs,.,Sh,
metamorphic structures

The symmetric (004) XRD rocking curves of structures
A-F are shown in Fig. 1 with the measured Sb compositions
labeled together with their corresponding peaks. It can be seen

GaAs

Intensity (a.u.)

31.0 31.5 32.0 32.5 33.0 33.5
Omega-2 Theta (degree)

FIG. 1. Symmetric (004) XRD rocking curves of structures A-F. The meas-
ured Sb composition of each layer in each structure was also labeled to the
corresponding peak.

from Fig. 1 that with fine-tuning of the As/Ga ratio, the Sb/Ga
ratio, and the substrate temperature, the Sb composition can
be precisely controlled over a wide range lying between 15%
and 62%, depending on the application and the device-
specific requirements. It has been reported that GaAs;_,Sb,
with a low Sb composition (~15%) can be used as a buffer
layer to reduce dislocations in GaAs on Si multi-junction solar
cell applications;* GaAs;_,Sby with 25% Sb has been used as
a metamorphic buffer layer on GaAs substrates for 1.55 um
InAs quantum dot (QD) laser applications;™>’ GaAs;_,Sby with
35% Sb has been used as an active layer material for reso-
nant-cavity-enhanced p-i-n photodiode detectors;’ GaAs,_,Sby
with 50% Sb, which is lattice matched to InP, has been uti-
lized for TFET applications;* and GaAs;_,Sby with an even
higher Sb composition (>60%) has been reported in a mixed
As/Sb-based InGaAs/GaAsSb heterostructure as a way to fur-
ther improve the device performance for both n-type and p-
type TFETs."™ In a mixed As/Sb-based InGaAs/GaAsSb
TFET structure, GaAs;_,Sb, materials having a high Sb com-
position (>60%) are desirable for reducing the tunneling dis-
tance from the source to the channel.’®

The detailed strain relaxation state of each GaAs,_,Sb,
layer within each structure was analyzed from symmetric
(004) and asymmetric (115) RSMs. Figures 2(a) and 2(b)
show the symmetric (004) and asymmetric (115) RSMs from
each GaAs,;_,Sby structure, respectively. Distinct reciprocal
lattice points (RLPs) were found in the RSMs of each struc-
ture, corresponding to GaAs;_,Sb, materials with different
Sb compositions. From the measured RSMs, the out-of-plane
lattice constant, ¢ (from the symmetric 004 reflection), and
the lattice constant in the growth plane, a (from the asym-
metric 115 reflection), were determined. The relaxed lattice
constant, a,, and strain relaxation values were extracted from
each RSM using the methods introduced in Ref. 1. It should
be noted that the extraction of strain relaxation values was
performed as a sequence from the bottom layer to the top
layer, and all relaxation values are determined with respect
to the GaAs substrate. Table I summarizes the in-plane
and out-of-plane lattice constants, relaxed layer lattice con-
stants, and alloy composition in each layer of the different
GaAs,_,Sby structures. Using the extracted alloy composi-
tions, it can be seen that the Sb composition has a direct de-
pendence on the As/Ga ratio, the Sb/Ga ratio, and the
substrate temperature. First, the Sb composition increases
with reducing growth temperature. This behavior has been
attributed to an As/Sb exchange reaction that increases with
increasing temperature.'*> A similar changing trend of Sb
composition with temperature has also been reported by
other researchers.'>** Second, the Sb composition increases



134304-4 Zhu et al.
5550
A B C D E F (a)
GaAs
= saso - {#3----- - == ——-- --- -—-- --
< 15%
8 19% 32% 369%
S 530 21% 41% 24%
i~ 49%
40% s b
> k s2% @
& 5250 |-
4% 46% &
51% :
(004) ¢ 57%
5150 =
Qx (a.u. rlu)
6900 |~
A B C D E F
S g0 f--o------ S ---------- o ---- o ----9-
=2 GaAs
- 15%
© 6700 = o, o,
S 19% 324, s6% 1%
oy T 44%
- 21% > .
X 6600 - ) T 0% 2% a9% g( v
=== L
z (b) R ( 52%
= o r 59%
6500 = 44% .
9 L
(115) 51% s7% h

6400

Qx (a.u. rlu)

FIG. 2. (a) Symmetric (004) and (b) asymmetric (115) RSMs of samples A-
F. The measured Sb composition was labeled to each reciprocal lattice
point.

at higher Sb/Ga ratios, as expected, but appears to follow a
nonlinear relationship. By comparing the first layer of samples
A and B, and C and F, it can be found that at a set growth tem-
perature of 450 °C and As/Ga ratio of 15, the Sb composition
was doubled from 15% to 32% between samples A and B
solely by doubling the Sb/Ga ratio from 1 to 2; however, the
Sb composition only increased by 8% from 36% to 44%
between samples C and F when doubling the Sb/Ga ratio from
3 to 6.16. This behavior was also reported by Wu er al.,®
where the Sb content at a fixed growth temperature was found
to be sensitive to change in Sb flux during growth for low Sb
flux, while being less sensitive at higher Sb fluxes. Third, the
reduction of the As/Ga ratio at a fixed Sb/Ga ratio and growth
temperature also results in an increase in Sb composition.
This is also due to the competition between the As and Sb
atoms at the surface of the GaAsSb layer. The increase in Sb
composition caused by the reduction of the As/Ga ratio is
more sensitive at higher Sb fluxes due to the much higher
incorporation efficiency of Sb over As.” Furthermore, it has
been reported that the Sb mole fraction increases with increas-
ing Ga fluxes when both the As and Sb fluxes as well as the
growth temperature were kept constant.” This implies that the
surface dissociation of Sb-containing species is more effective
in the presence of a higher concentration of Ga flux on the sur-
face. Thus, our results are in agreement with the prediction
from non-equilibrium thermodynamical analysis for III-V-V’
compounds.?®

To gain further insight into the defect properties and
structural quality of the mixed-anion GaAs;_Sb, material
systems, cross-sectional TEM micrographs were taken for a
Sb composition of 62% (sample F), shown in Figure 3. As
shown in Fig. 3, a large fraction of misfit-induced defects
resulting from the lattice mismatch between the first Sb com-
position layer, GaAsg s565bg44 and the GaAs substrate, were
confined within 0.4 pum of the GaAsgsSbg44/GaAs inter-
face. One can also observe that a large number of threading

J. Appl. Phys. 116, 134304 (2014)

FIG. 3. Cross-sectional TEM micrograph of the mixed-anion GaAs;.,Sb,
structure having stepped Sb compositions of 44%, 59%, and 62% (sample
F). Threading dislocations and micro-twins are shown propagating through
the structure, arising from the large lattice mismatch at the GaAsg 56Sbg 44/
GaAs bottom interface. Sharp heterointerfaces are observed between each
GaAs,Sb, stepped-composition epilayer. Ar" ion milling-induced damage
was found distributed across the GaAs 33Sbg ¢, “virtual substrate” surface.

dislocations and micro-twins were found in this structure. As
a result of the increased defect density, a simultaneous
broadening and weakening of the GaAs,_,Sby epilayer (sam-
ple F) XRD peak intensity were found with increasing Sb
compositions. Despite the high defect density, a sharp heter-
ointerface was observed in each GaAs,_,Sb, heterointerfa-
ces, which is essential in minimizing interface and surface-
related scattering in GaAs;_,Sb,, active layer. This also pre-
serve and maintain staggered band alignment for a mixed
As/Sb-based TFET structure.'™

The surface morphology and root-mean-square (7ms)
roughness of each structure was characterized by atomic
force microscopy (AFM) in contact mode using 20 um x 20
um surface scans. All samples exhibit a smooth surface with
low rms roughness ranging from 1.18nm (sample B) to
1.85nm (sample D). The smooth surfaces are attributed to
the Sb surfactant mediated growth of GaAsSb. The 20 um X
20 ym and 1 um x 1 um AFM micrographs of sample F are
shown in Figs. 4(a) and 4(b), respectively. Line profiles were
taken in the two orthogonal (110) directions, shown in Fig.
4(c), which show a low peak-to-valley height of 6nm.
Mounds with several hundred nanometer dimensions appear
on the high Sb composition GaAsg33Sbgs, surface, corre-
sponding to a saturation region of strain relaxation.”’~®
According to Rodriguez et al.*’ the strain relaxation of
GaAs,_,Sby on GaAs revealed several regions which corre-
lated to the surface morphology and the nucleation of dislo-
cations. The fast relaxation regime is characterized by the
nucleation of small islands and an abrupt increase in the
number of edge dislocations, while the saturation regime is
distinguished by coalesce of small islands.”’ Further, as
shown in Fig. 4(a), a two-dimensional (2D) surface network
in the [110] and [110] directions can be found on the surface
of structure F. This surface morphology corresponds to the
strain relaxation properties of the graded buffer layers. The
graded buffer primarily relaxes lattice mismatch by the for-
mation of 60° a/2 (110) {111} misfit dislocations at the epi-
layer/substrate interface and the interfaces between different
steps. These dislocations can glide along {111} planes and
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FIG. 4. AFM micrographs of sample F
(GaAsg38Sbgg2) from (a) a 20 um x
20 um scan and (b) a 1 pum x 1 um
scan. The rms roughness was deter-
mined to be 1.28 nm from the 20 um x
20 um scan. Mounds with dimensions
of several hundred nanometers appear
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thread towards the surface at a 60° angle within (110) direc-
tions, which results in a cross-hatch pattern on the sample
surface.'™ Lubyshev et al.*® reported similar surface mor-
phology using a graded GaAs;_,Sb, buffer. A combination
of mound-like features and a 2D surface network correspond
to the nucleation of the GaAs;_,Sby layer and the graded
composition in multiple GaAs;_,Sby buffer layers, respec-
tively.”” Furthermore, both Lubyshev et al>’ and Wang
et al.* reported a nearly fully relaxed strain state of GaAs;_
ySby graded buffers, indicating that the GaAs;_,Sby buffer
effectively accommodates the lattice mismatch between the
active layers and the substrate. Structures A-E show similar
surface morphology (not shown here) as structure F, indicat-
ing identical strain relaxation characteristics of GaAs;_,Sby
layers having different Sb compositions. The saturation of
strain relaxation also agrees with the strain relaxation analy-
sis as summarized in Table I.

B. High-« dielectric integration and band offset
determination on GaAs 35Sbg 62

GaAs,_,Sb, materials with high Sb compositions
(>60%) have great potential for future TFET applications.'™
It has been reported that the device performance has been
improved significantly by utilizing a GaAsg355bg 65 layer in
n-channel Ing;Gag3As/GaAsg35Sbges staggered gap TFET
structures when compared with Ing-Gag3As homojunction
TEET device structures.”>*! Meanwhile, it is equally impor-
tant to develop high-performance p-type TFET devices
within the same material system to enable complementary
energy efficient logic circuits.’® In a p-type TFET structure,

5
[170] Direction (um)

10 15 20

n"* In,Ga,_,As material is used as the source and undoped
GaAs,_,Sb, material is used as the channel,>* where the
dielectric material is integrated onto the high Sb composition
GaAs,_,Sb, channel material in order to lower the tunneling
barrier height and increase the tunneling probability. In this
regard, key considerations for selecting high-x dielectric
materials on GaAs;_,Sby, active channel layer are the valence
band and conduction band offsets >1 eV in order to mini-
mize the carrier injection from the semiconductor into the in-
sulator.?! As a result, the integration of different high-x
dielectrics on GaAs,;_ySb, (y > 60%) as well as an under-
standing of the interfacial properties are vital for advancing
further development of TFET devices for low-power
implantable devices. Moreover, the research of different
high-x dielectric materials on GaAs;_,Sby can also provide
information for future studies on the utilization and suitabil-
ity of GaAs;_,Sby, (y > 60%) material systems in multifunc-
tional device applications. In practice, Al,O3;, HfO, and
Ta,O5 are three commonly used high-k dielectric materials
for advanced field-effect-transistor applications due to their
high dielectric constants (~9 for Al,O3, ~25 for HfO,, and
20~25 for amorphous Ta,Os5 and as high as 52 for crystalline
Ta,0s *), relatively high band gap energies, and high ther-
mal and chemical stability. In this study, a detailed XPS
analysis was conducted to determine the band offsets of
Al,O3, HfO,, and Ta,Os on high Sb composition
GaAs( 33Sbg ¢ material. The valence band offset (VBO) val-
ues were measured using Kraut’s method.>* The conduction
band offset (CBO) values were calculated using the meas-
ured VBO values and the band gap energies of
GaAsg 335bg 62, Al,O3, HfO,, and Ta,0s, respectively.
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The band alignments of Al,O3;, HfO,, and Ta,Os5 on
GaAs 3gSbg 6> Were investigated using a PHI Quantera SXM
XPS system with a monochromatic Al-Ka (energy of
1486.7e¢V) x-ray source. The VBO values between Al,O3
(HfO, or Tay,Os) and GaAsg3gSbgg, were determined by
measuring the binding energy from shallow core levels
(CLs) of Sb 4d, Al 2p (Hf 4f, Ta 4f) and the corresponding
valence band maxima (VBM) from each material, respec-
tively. The schematic diagram of the structures used in this
study is shown in Fig. 5. As shown in Fig. 5, XPS spectra
were collected from three samples of each high-k dielectric
material: (1) 1.5nm Al,O; (HfO, or Ta,0s5)/750nm
GaAsg 3gSbgg> was used to measure the CL binding energy
of Al (Hf or Ta) and Sb at the interface; (2) 10nm Al,O;
(HfO, or Ta,05)/750 nm GaAsg 33Sbg ¢> Was used to measure
the CL binding energy of Al (Hf or Ta) and VBM of Al,O;
(HfO, or Ta,0s); (3) 750nm GaAsg 3gSbg ¢> Without the top
dielectric layer was used to measure the CL binding energy
of Sb and VBM of GaAsg3gSbpg,. Sample charging
occurred during the XPS measurements and was particularly
problematic on the fully oxidized materials.>' Compensation
of the charging by an electron flood source was used in all
measurements in order to minimize the binding energy shift.
Additionally, the measured CLs and VBM binding energy
values were corrected by shifting the measured carbon 1s CL
peak to 285.0 eV. All XPS spectra were recorded using a
pass energy of 26 eV and a step size of 0.025 eV. Curve fit-
ting was performed with CasaXPS 2.3.14 using a Lorentzian
convolution with a Shirley-type background.

After collecting the binding energy information from
each sample surface, the VBO value can be determined by
Kraut’s method®*

AEy = (EG — EG®") — (EQ* — EQ5i) + ABcu (i),
ey
where EG#4sS0 and ngde are shallow CL binding energies of
Sb 4d and Al 2p (Hf 4f or Ta 4f), respectively. EG45" and

E%’}f,’f are the VBM of GaAs33Sbyg> and Al,O; (HfO, or
Ta,0s), respectively. Eypy of each material was determined

0, 1.50r 10nm
Al,O;, HfO, or Ta,0¢

750nm
GaAs, 35Sb; ¢,

\/

FIG. 5. Schematic diagram of the high-x dielectric materials (Al,O05, HfO,
and Ta,05) integrated on GaAsg 33Sby > for band alignment measurements.
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by linearly fitting the leading edge of the valence band spec-
tra to the base line.>>*" AEcy (i) = E254(i) — EG345Sh (i) is
the CL binding energy difference between Al 2p (Hf 4f or Ta
4f) and Sb 4d measured at the interface of 1.5nm Al,O;
(HfO, or Ta,0s5)/750 nm GaAsg3gSbg g, for each structure.
Once the VBO was obtained, the conduction band offset
(CBO) can be estimated by**?!

AEC — ngide _ AEV _ EgaASSb, (2)

where Eg“"” and EG45" are the band gap energies of Al,O;
(HfO, or Ta,Os) and GaAs( 33Sby 62, respectively. The band
gap energy of Al,Os;, HfO,, and Ta,O5 were found to be
6.50 eV,* 5.52 eV (Ref. 36) and 4.40 eV.*” The band gap
energy of GaAs(3gSbg ¢ is determined to be 0.7 eV by em-
pirical modeling.*®

Figure 6(a) shows the Sb 4d CL and GaAs(33Sbg ¢, VB
spectra from the surface of the 750 nm GaAs 33Sbg ¢, layer.
Figure 6(b) shows the Al 2p CL and Sb 4d CL spectra meas-
ured at the interface of 1.5 nm Al,O3/750 nm GaAs 35Sbg e>.

Intensity (a.u.)

Binding Energy (eV)

FIG. 6. XPS spectra of (a) the Sb 4d core level and valence band from bulk
GaAsg38Sbg.g; (b) the Al 2p and Sb 4d core levels from 1.5nm Al,O3 on
bulk GaAsg33Sbg62; (c) the Al 2p core level and valence band from 10nm
Al,O3 on bulk GaAsj3gSbggy. Core level spectra were fitted using a
Lorentzian convolution with a Shirley-type background. The valence band
maximum is determined by linearly fitting the leading edge of the valence
band spectrum to the base line.
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TABLE III. Summary of the core level peak positions and valence band maxima (VBM) from bulk GaAsg 35Sbg 62, Al,O3, HfO, and Ta,O5 on GaAs 33Sbg 6>-

Structures Peak assignment Binding energy (eV) Band offset”
750 nm GaAsg 33Sbg 62 Sb4d5/2 31.70
VBM —0.28
1.5nm Al,O3 on GaAs 33Sbg 6> Al2p 74.46 AEc=2.71eV AEy = 3.09¢eV
Sb4d5/2 31.70
10nm Al,O3 on GaAsg 33Sbg 62 Al2p 73.00
VBM 1.35
1.5nm HfO, on GaAs 33Sbg 62 Sb4d5/2 31.80 AEc=2.09eV AEy =2.73eV
Hf4£7/2 16.80
10 nm HfO, on GaAsg 33Sbg. 62 Hf4£7/2 16.55
VBM 2.30
1.5nm Ta,05 on GaAs 33Sbg 62 Sb4d5/2 31.70 AEc=0.71eV AEy =2.99¢V
Tadf7/2 26.14
10 nm Ta,05 on GaAsg 33Sbg. 62 Tadf7/2 26.05
VBM 2.62

*AEc is calculated using the measured value of AEy and the band gap energy of GaAsg 33Sby 62, Al,O3, HfO,, and Ta,Os, respectively.

Figure 6(c) shows the Al 2p CL and Al,0O5; VB spectra from
10nm Al,O3/750 nm GaAsg33Sbg ¢.. The measured and fit-
ted peak positions from each structure are summarized in
Table II. The results show that the value of (Ejj30° —

E203) is 71.65 eV. The measured value of (EG%sS

Shad5/2
EGaAssh) is 31.98 eV. The binding energy difference between

the Al 2p and the Sb 4ds), states at the interface (AEcy(i))
was found to be 42.76 eV. Using these measured values, the
VBO of GaAsg3gSbgg, with respect to Al,O3 was deter-
mined to be 3.09 £ 0.05 eV. The uncertainty value of 0.05
eV results from the curve fitting process and the selection of
the data points for the fitting of the VBM position. Similar
measurements were also performed on HfO,/GaAsg 33Sbg 6>
and Ta,05/GaAsq 38Sbg 6> structures. The CL and VB spectra
from HfO,/GaAsg33Sbgg, and Ta,0s/GaAsgsgSbger are
shown in Figs. 7(a), 7(b), 8(a), and 8(b), respectively. The
peak positions from the measured and fitted results are sum-
marized in Table III. The VBO is 2.73 £ 0.05 eV for HfO,/
GaAsg3gSbgg, and 299 =+ 005 eV for Ta,0Os/
GaAsg 33Sbgg2. The CBO values of all three high-k dielec-
trics on GaAsy3gSbgg, are estimated from Eq. (2) using
band gap energies of Al,O;, HfO,, Ta,Os, and
GaAs 33Sbg 6> together with the measured VBO values. The
CBO was calculated to be ~2.71 eV for Al,O3/
GaAsg33Sbggr, ~2.09 eV for HfO,/GaAsg33Sbgg, and
~0.71 eV for Ta,05/GaAsg 33Sbg g2, respectively. All calcu-
lated CBO values are also summarized in Table III.

It should be noted that while the Sb 4d spectra for the
thin Al,O3/GaAsg 3gSbg ¢, interface is free of Sb-O bonding,
indicative of a Sb native oxide-free GaAs;_,Sb,, surface, low
and high intensity Sb-O states were observed at the thin
HfO, and Ta,05/GaAsg33Sbg ¢, interfaces, respectively.
Recent reports®® have demonstrated that a thin Ga native ox-
ide (i.e., Ga,05) aids in improving the electrical quality of
the dielectric/GaSb interface, while Sb (or Ga) native oxide
formation between the dielectric and GaSb (or dielectric and
GaAs) interface, have been reported to be detrimental to the
electrical device quality.>”*® Recent attempts have been
made to passivate the surface of GaSb (or GaAs) using

in-situ hydrogen passivation or combination of ex-situ wet
chemical passivation, e.g., (NH4),S along with hydrogen
passivation prior to deposition of high-x dielectrics. These
passivation methods helped to improve the reduction of Sb
native-oxides compared with only HCI cleaning of the Sb-
based materials.>”>*"**? In fact, the interfacial oxide layer
between the dielectric and the GaSb (GaAs) was reported to
increase the interfacial band bending,43 which could affect
the extracted VBO and CBO. In this work, there is no signifi-
cant shift in Sb 4d CL positions for Al,05; and Ta,0O5 interfa-
ces with GaAsSb, even if there is a minimal amount of

Eqpigs, = 31.80eV E,pa, = 16.80eV

R , 1.5nm HfO, on 4 §
| GaAsg35Shyg, &
15.00eV
Ga3d f

19 18 17 16 15

Intensity (a.u.)
S
%
®
w
w
w
N
@
w
ofF 4
N
N
o

| i 10nm HfO, on
GaAs, 35Shq ¢,

15

20 19 18 17 16

Binding Energy (eV)

FIG. 7. XPS spectra of (a) the Sb 4d and Hf 4f core levels from 1.5 nm HfO,
on bulk GaAsg3gSbger; (b) the Hf 4f core level and valence band from
10nm HfO, on bulk GaAs33Sbge,. Core level spectra were fitted using a
Lorentzian convolution with a Shirley-type background. The valence band
maximum is determined by linearly fitting the leading edge of the valence
band spectrum to the base line.
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1.5nm Ta,0, on GaAs, ;;Sh, ¢,
E guuas, = 31.708V .
(a) E,.mp = 26.14eV £

@ &

I 1 I Il Il I Los 1 1 1 1 i

9 38 37 36 35 34 33 32 3 29 28 21 26 25

Intensity (a.u.)

% 10nm Ta,0, on
GaAs, 355b, ¢,

29 28 271 26 25 8‘6‘4‘2‘0‘-2.-4.-6
Binding Energy (eV)

FIG. 8. XPS spectra of (a) the Sb 4d and Ta 4f core levels from 1.5nm
Ta,0O5 on bulk GaAsg33Sbggz; (b) the Ta 4f core level and valence band
from 10nm Ta,Os on bulk GaAsj3gSbgsr. Core level spectra were fitted
using a Lorentzian convolution with a Shirley-type background. The valence
band maximum is determined by linearly fitting the leading edge of the va-
lence band spectrum to the base line.

native Sb oxide formed during the ALD deposition process
for Ta,Os and HfO,. On the other hand, a small shift of
0.1eV for the HfO,/GaAsSb interface was observed, how-
ever, this shift is within the error bar of the measured band
offsets.

AE,
T 2.71eV
2.09eV
0.71eV
HfO, Ta,05
C
GaAs, ,;Shy ¢, E, = 0.7eV t
EV
HfO, Ta,0;
2.73eV
| 3.00ev 2.99eV
AE,,

FIG. 9. Histogram of valence and conduction band offset distribution for
Al,O3, HfO, and Ta,05 on GaAs 33Sbg ¢.
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Figure 9 shows the histogram of AEy and AE distribu-
tions for Al,O3;, HfO,, and Ta,Os5 on GaAsg3gSbg g, based
on the results presented above. It can be seen from this figure
that all three high-x dielectrics provide a valence band offset
on GaAsg33Sbg > greater than 2 eV, which indicates that all
three high-x dielectric materials can be integrated on
GaAsg33Sbg g for p-type FET applications, especially for
use with TFET devices.'™ Regarding the conduction band
alignment, both Al,O3 and HfO, can provide CBO values
also >2 eV, suggesting that these two oxide materials can
also be used on GaAsg33Sby ¢, for n-type FET applications.
However, the CBO value of Ta,Os5 on GaAs33Sbg ¢y is lim-
ited to 0.71 eV due to the low band gap energy of
Ta205.33 37 As a result, additional interfacial dielectric layer
could be integrated between the Ta,Os and the
GaAs 33Sbg 6> in order to utilize Ta,Os5 as part of a compos-
ite dielectric stack on GaAsg 33Sbg ¢ for n-type FET applica-
tions. In addition, further investigations are needed to study
the electrical transport properties of utilizing Al,O3, HfO,,
and Ta,05 as high-k dielectric materials on GaAsg33Sbg g>-
The measured band offset values between Al,O;, HfO,,
Ta,0Os, and GaAsg3gSbg g Will provide a critical reference
for the future design of a mixed As/Sb-based TFET structure
and other multifunctional devices.

IV. CONCLUSION

Mixed-anion metamorphic GaAs;_,Sby materials with a
wide range of Sb compositions were grown by solid source
MBE. By optimizing the As/Ga and Sb/Ga ratios as well as
the substrate temperature, the Sb composition in GaAs;_,Sby
was precisely controlled in the range of 15% to 62%. X-ray
diffraction analysis indicates nearly full relaxation of each
GaAs;_,Sby layer. Atomic force microscopy studies revealed
smooth surface morphologies across the wide range of Sb
compositions. Three high-x dielectric materials, Al,Os,
HfO,, and Ta,0s, were deposited on GaAsg;gSbggr by
atomic layer deposition. X-ray photoelectron spectroscopy
measurements indicate a valence band offset of >2 eV for
all three dielectric materials on GaAsg33Sbg¢,, suggesting
the potential for utilizing these dielectrics on GaAsg33Sbg g2
for p-type metal-oxide-semiconductor applications. Both
Al,O5 and HfO, exhibit conduction band offset values of >2
eV on GaAsg3gSbyep, indicating that these two dielectrics
can also be used for n-type MOS applications. However,
Ta,0s5 exhibits a low conduction band offset value of 0.71
eV due to its limited bandgap energy. Therefore, the precise
control of Sb composition during MBE growth of GaAs,.
ySby metamorphic materials, as well as the detailed band
alignment analysis of three high-x dielectrics on
GaAs(38Sbg 62, paves the way for the future integration of
GaAs;_,Sby materials in microelectronic and optoelectronic
applications.
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