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In-situ monochromatic x-ray photoelectron spectroscopy, low energy electron diffraction, ion
scattering spectroscopy, and transmission electron microscopy are used to examine the GaSb(100)
surfaces grown by molecular beam epitaxy after thermal desorption of a protective As or Sb layer and
subsequent atomic layer deposition (ALD) of Al,O5. An antimony protective layer is found to be more
favorable compared to an arsenic capping layer as it prevents As alloys from forming with the
GaSb substrate. The evolution of oxide free GaSb/Al,O5 interface is investigated by “half-cycle”
ALD reactions of trimethyl aluminum and deionized water. © 2013 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4817496]

. INTRODUCTION

Continued scaling with alternative channel materials
shows promise in achieving low power operation and high
speed switching for future complementary metal-oxide—se-
miconductor (CMOS) field effect transistors (FETs). Among
the materials for p-MOS, GaSb is a possible candidate due to
its high density of valence band states, low carrier effective
masses, and high injection velocities.'” One of the major
obstacles to realizing field effect devices on GaSb is achiev-
ing a high quality interface with a scaled gate dielectric.
During ex situ device processing GaSb readily oxidizes
before high-k gate oxide deposition due to atmospheric ex-
posure, resulting in the formation of a relatively thick native
oxide layer, which can lead to interface trap states and Fermi
level pinning.> Engineering devices of superior quality on
GaSb has to address the surface properties of this material.
Recent studies on the integration of high-x dielectrics on
GaSb have primarily focused on the use of thermal atomic
layer deposition (ALD)3’4 and Plasma Enhanced ALD
(PEALD).5 Chemical pretreatments such as HCl, NH,OH,
and (NHy),S, aiming to decrease native oxides and passivate
the surface® followed by ALD processing, have been shown
to provide high-k/GaSb structures with better interface qual-
ity.>**7 In order to avoid undesirable oxidized interfacial
layer formation, high-k oxide deposition directly on oxide-
free GaSb surface may be more beneficial. Thermal desorp-
tion of sacrificial oxides,® hydrogen plasma,”'® or atomic
hydrogen treatment'' can be used to remove surface oxides
on ITI-V compounds. However, these desorption methods are
rather problematic since they require temperatures close to
decomposition conditions of antimonides.'? Typically, this
should be done under As or Sb overpressure to avoid forma-
tion of Ga-rich surface but can result in increased surface
roughness having high density of pits, which may degrade
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device performance.'® Therefore, molecular beam epitaxy
(MBE) followed by a metal capping/decapping procedure
would be an attractive surface preparation technique, due to
its potential to allow in situ control of the GaSb starting sur-
face inhibiting undesirable interfacial layer formation from
oxidation, subsequent high-k dielectric deposition, and con-
trol of the interface between both materials at the atomic
scale.'*'> Additionally, this amorphous group V capping
layer prevents the surface from deleterious contamination
and, potentially, the decapping procedure can be carried out
in ALD reactor conditions. In this context, we compare ar-
senic and antimony capping procedures as a technique to
preserve GaSb from oxidation and regenerate original
stoichiometry. The quality of the As/Sb decapped GaSb
surfaces was examined using low energy electron diffraction
(LEED), x-ray photoelectron spectroscopy (XPS), and ion
scattering spectroscopy (ISS). After decapping, in situ ALD
of AlLO; was performed on the reconstructed GaSb(100)
surfaces, with XPS and transmission electron microscopy
(TEM) were used to characterize the Al,O3/GaSb interface
both chemically and structurally.

Il. EXPERIMENT

MBE was employed to grow a 1um thick Te-doped
GaSb(100) layers on lattice matched Aly-Gag3AS0.075bg.03
metamorphic buffer layers on top of n-GaAs(001) substrates.
After the growth, an amorphous arsenic or antimony cap
layer (~175 nm thick) was deposited at room temperature on
top of the GaSb surface. Both samples were then mounted to
separate sample holders and introduced into a multifunc-
tional deposition/characterization ultrahigh vacuum (UHV)
system described elsewhere.'® The complete desorption of
the protective capping layers was obtained in a chamber
with a base pressure of 1 x 10~'"mbar by annealing the As
capped sample at 400 °C for 30 min'” with the appearance of
a streaky (2 x 3) GaSb(100) reconstructed surface,'® while

© 2013 American Vacuum Society 060602-1


http://dx.doi.org/10.1116/1.4817496
http://dx.doi.org/10.1116/1.4817496
http://dx.doi.org/10.1116/1.4817496
http://dx.doi.org/10.1116/1.4817496
http://dx.doi.org/10.1116/1.4817496
mailto:rmwallace@utdallas.edu
http://crossmark.crossref.org/dialog/?doi=10.1116/1.4817496&domain=pdf&date_stamp=2013-08-05

060602-2 Zhernokletov et al.: Investigation of arsenic and antimony capping layers

a) (2x3)

b) c(2x6)

Fic. 1. LEED pattern from the GaSb(100) surface: (a) 2 x 3 at 73 eV after
As capping layer removal, (b) ¢(2x 6) at 73eV after Sb capping layer
removal.

the Sb capping layer was thermally desorbed at 300 °C for
30 min, which resulted in ¢(2 x 6) GaSb(001) LEED pattern
formation.' In order to characterize the chemical makeup of
the very top 1-2 monolayers of the decapped GaSb surface,
1SS?° was performed using 1keV He™ ions.

The samples were interrogated by monochromatic, in-situ
XPS, using an Al K« source emitting photons with an energy
of 1486.7eV, to determine whether the different capping
layers impacted the chemistry of the GaSb surface and to
ensure no oxide was present. This further served as a control
spectrum to establish the XPS core level line shapes for the
atomically clean surface, to facilitate the careful spectral
deconvolution procedure conducted here.*'** XPS spectra
were taken at 45° (surface sensitive) and 75° (bulk sensitive)
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take-off angles measured with respect to the surface plane.
After the XPS scan of the decapped surfaces, photoelectron
spectra were acquired after each of: (1) heating at 300°C
inside the ALD reactor vacuum ambient (P~ 10~2 mbar) for
30min, (2) 1st pulse trimethyl aluminum (TMA) exposure,
(3) 1st pulse deionized water (DIW) exposure, (4) 5 cycles
of Al,O3, (5) 10 cycles of Al,Os, and (6) finally after 20
cycles of Al,O5 (all performed at 300 °C). The pulse dura-
tion for both TMA and DIW was 0.1 s followed by a 4 s N,
purge after each pulse, with the total pressure during ALD of
P ~9mbar. Upon ALD oxide formation, the peak positions
were aligned such that the bulk peaks would appear at
the same binding energy as the reference Sb-decapped
GaSb(100) surface in order to correct for band bending and
surface charging effects.”® Spectral peaks were deconvoluted
with the software tool AANALYZER,>* using Voigt functions
with independent control of the Lorentzian and Gaussian
components. A dynamic Shirley background is used for all
fits, which allows for modifications to the background during
the ﬁttzisng process to give a more accurate background line
shape.

lll. RESULTS AND DISCUSSION

With the arsenic decapping procedure being carried out at
400°C, a (2 x 3) surface reconstruction is observed on the
GaSb, where each row of diffraction spots is separated by
one less well-resolved diffraction streak [as shown in Fig.
1(a)]. This reconstruction corresponds to an Ga-rich surface,
consisting of Ga atomic rows on the surface.® The Sb decapp-
ing procedure carried out at 300 °C reveals an GaSb(100)-
¢(2 x 6) LEED pattern [Fig. 1(b)], which is attributed to an
Sb-rich regime with Sb-Sb dimer chains on the surface.?®

The As 3d spectrum of the arsenic capped GaSb [Fig.
2(a)] surface shows peaks at 41.6 and 44.9¢eV, which are
attributed to elemental arsenic from the cap and arsenic
oxides on the surface of the cap, respectively. The presence
of these arsenic oxides indicates that the top surface of the
arsenic cap is not inert to air oxidation with an exposure
time of about 5 days, suggesting that a sufficiently thick
layer is needed to prevent complete oxidation. Heating the
As-capped GaSb sample to 400 °C eliminates the As 3d peak
at 41.6eV, revealing a new As 3d feature at 41.1eV, which
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FiG. 2. (Color online) XPS spectra of (a) As 3d, (b) Ols and Sb3d, and (c) Ga2p core level spectra for As capped, Sb decapped, and As-decapped for 45° and

75° take-off angles.
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FiG. 3. (Color online) ISS spectra for As and Sb-decapped surfaces, record-
ered for 1 kEv He' beam incident at an angle of 72° relative to the surface
plane with 143° scattering angle. The peaks at 810 and 880eV result from
scattering by gallium and antimony atoms, respectively. Inset shows ISS
spectra normalized to the same height at maximum gallium intensity.

can be assigned to the arsenic bonded to the GaSb surface.
The fact that the As 3d signal significantly decreases upon
decapping and does not show any angular dependence sug-
gests that this arsenic layer is homogeneously distributed at
the interface, and confirmed by ISS measurements (see
below). As expected, no traces of arsenic are detected on the
Sb-decapped surface.

Figure 2(b) presents the Sb 3ds/; and O 1s core level spec-
tra after the As and Sb-decapping procedure. Upon capping
layer removal, the O 1s feature is below the XPS detection
limit on both samples suggesting that both As and Sb metals
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are effective at preserving the MBE-grown GaSb surfaces
from air oxidation. The broader peak width of the Sb 3ds),
and Ga 2p3, [Fig. 2(c)] features detected on the As-
decapped surface suggests that the residual arsenic (~7 at. %)
is possibly alloyed with gallium and antimony. In fact, both
the As:Ga and As:Sb ratios calculated from the data taken at
take-off angles of 6 =45° and 0=75° (without taking into
account the atomic sensitivity factors) increase by ~8%, with
higher arsenic concentration detected in the bulk sensitive
measurement. The estimated surface composition calculated
at 0 =45° take-off angle using atomic sensitivity factors is
Gay 5Sbg 5 for the Sb-decapped surface and Gag 5,Sbg 41A80.07
for the As-decapped. Therefore, it is plausible that a thin layer
of GaAsSb is introduced on the GaSb surface by the arsenic
decapping procedure.

Figure 3 shows ISS spectra collected from As and Sb-
decapped surfaces at a detection angle of 72° relative to the
surface plane, with a 143° scattering angle. Both surfaces
contain no detectable oxygen or carbon. The antimony peak
intensities located (at ~880¢eV) are almost identical for the
As and Sb-decapped surfaces; however, the gallium signal
intensity (at ~810eV) is much stronger for the As-decapped
surface. In fact, after taking into account the ISS sensitivity
factors®” the calculated ratios of Ga:Sb appear to be 4:1 for
the As-decapped surface and 2:3 for Sb-decapped surface,
suggesting that the higher As-decapping temperature leads
to a Ga-rich surface. No arsenic atoms are detected on
As-decapped surface, as shown in the inset of Fig. 3. Since
arsenic and gallium atomic masses are close to each other
(69.7 and 74 amu), an arsenic feature (at ~823eV) would
result in the broadening of the peak assigned to the Ga
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Fic. 4. (Color online) (a) Ga 2p and (b) Sb 3d and O 1s XPS spectra showing chemical state evolution after the decapping procedure, 300 °C heat treatment
and the first TMA pulse. The raw spectra after each of the following: 1st pulse of DIW exposure, 5 and 10 cycles, and finally after 20 full cycles of Al,O5 dep-
osition are also included, however spectral analysis shows no changes other than attenuation. (c) O ls XPS spectra before and after the first pulse of TMA

showing chemical shift associated with O-Al bond formation.
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10nm

FiG. 5. (Color online) TEM picture of an Al,03/GaSb(100) heterostructure
showing an abrupt interface.

feature, however, the gallium peak width obtained from
As-decapped surface corresponds to the same gallium peak
width obtained on Sb-decapped surface. This suggests that
Sb diffuses to the surface during As-decapping procedure
which is most likely due to the binding energy difference
between GaAs and GaSb binary systems.”’ In the case of
GaAsSb, GaAs binary system has higher binding energy
than GaSb, which results in a lower kinetic barrier to Sb
segregation.®

Since we showed that the Sb capping layer produces a
chemically clean starting surface compared to As capping,
we use this to investigate the interfacial chemistry of Al,O3
ALD directly on the Sb-decapped surface. Figure 4(a) shows
the evolution of the surface sensitive>” Ga 2p3;; and Sb 3d
spectra, (which overlaps with the O 1s feature at ~532¢V),
after sequential TMA and H,O precursor pulses. The anti-
mony region, due to the lower binding energy of the core
level (higher kinetic energy of electron), is not as surface
sensitive as the gallium 2p spectra shown here; however, it
is the most surface sensitive core level available using an Al
Ko x-ray source.

As previously discussed, the surface shows evidence of
only Ga—Sb bonds following thermal desorption of the Sb
capping layer and the O 1s core level signal is below the
level of detection and is referred to herein as an “oxide-free”
surface. Prior to the first TMA exposure the sample is
inserted into the ALD reactor for 30 min at 300 °C in order
to determine the effect of reactor conditions during deposi-
tion. This exposure to the ALD reactor was maintained at
~9mbar, and results in Ga-O state formation offset by
0.6eV from the bulk peak, consistent with the binding
energy of Ga,0.'* At the same time, a signal in the O Is
spectra is detected at ~530.9 eV [Figs. 4(b) and 4(c)], which
is also consistent with O-Ga bonding. Since the binding
energies of the oxidation states of Sb 3d3,, overlap with O 1s
features, this assignment is made based on the fact that no
oxidation states are detected in Sb 3ds), spectra [Fig. 4(a)],
which would also be observed in Sb 3ds,, spectra.

The first TMA pulse decreases signal from Ga-O state
below XPS detection limits. This transfer of oxygen from O-
Ga to O-Al bonding is illustrated in the O 1s region in Fig.
4(c) as the peak is observed to shift to a higher binding
energy of ~531.7eV, associated with Al-O formation, with
no antimony oxidation states detected [Fig. 4(b)]. This

J. Vac. Sci. Technol. A, Vol. 31, No. 6, Nov/Dec 2013
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suggests that the connection between the oxide free GaSb
substrate and Al,O5 takes place through Ga-O-Al interfacial
bonds via a ligand exchange mechanism.”® A LEED pattern
was no longer observed after the initial pulse of TMA, indi-
cating that the formed overlayer is amorphous. The GaSb/
Al,Oj3 interface appears chemically stable as, following fur-
ther twenty pulses of TMA and water, the chemical configu-
ration of Al,O3/GaSb interface is not significantly affected.

A high resolution cross-sectional transmission electron
microscopy (HRTEM) image in Fig. 5 taken along the
(110)Gasp direction shows the structural quality of the Al,Os/
GaSb interface. The completely amorphous Al,O5 thin film
without any crystallites in the layer, presents a uniform thick-
ness of 7.3 = 0.2 nm after 100 cycles of TMA and H,O and a
flat surface between dielectric and semiconductor. The
Al,03/GaSb interface is sharp and continuous with no inter-
facial layer observed. The TEM image reveals the good ho-
mogeneity of the stack, and the absence of interfacial defects
like pinholes or pits on the GaSb surface which could have
been caused by the initial ALD steps. The density of thread-
ing dislocations in the GaSb epilayer were at high 10’-low
10%cm™2 level as found from low-magnification TEM
analysis.>!

IV. CONCLUSION

In conclusion, our experimental results confirm that the
arsenic and antimony capping/decapping technique is appro-
priate for preservation of the GaSb surface from oxidation.
However, the As capping technique does not regenerate stoi-
chiometric GaSb upon cap removal due to alloying of resid-
ual arsenic with the substrate during thermal desorption.
Well-controlled in situ surface preparation of GaSb and
atomic layer deposition of Al,O5 results in efficient passiva-
tion, with an abrupt oxide/semiconductor interface and no
Sb or Ga oxides detected by XPS. The initial growth mecha-
nism involves Ga-O bond formation in the ALD reactor
environment, this state is scavenged by subsequent TMA ex-
posure, which clearly shows interaction between the TMA
molecule and Ga oxidation states through the “clean-up”
effect.
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