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In this paper, high material quality Aly 4Ing ¢AsSb quaternary alloy on GaSb substrates is demonstrated. The quality
of these epilayers is assessed using a high-resolution x-ray diffraction, Fourier transform infrared (FTIR) spectrometer,
and atomic force microscope (AFM). The x-ray diffraction exhibits high order satellite peaks with a measured period of
31.06 A (theoretical value is 30.48 A), the mismatch between the GaSb substrate and AlInAsSb achieves —162 arcsec,
and the root-mean square (RMS) roughness for typical material growths has achieved around 1.6 A over an area of 10 um
x 10 um. At room temperature, the photoluminescence (PL) spectrum shows a cutoff wavelength of 1.617 pm.

Keywords: AllnAsSb, short-wavelength, digital alloy

PACS: 85.60.Gz, 68.65.Cd, 72.20.Jv

1. Introduction

Nowadays, the short wavelength infrared (SWIR) band,
from 1 um to 3 um, shows a broad range of applications,
including telecommunication, astronomical observation, gas
analysis and earth sciences. A camera that is capable of
SWIR imaging will produce a higher resolution image than
conventional visible infrared cameras. Besides, imaging in
this band can exhibit the capacity to perform both passive
and active imaging. Therefore, it has many applications
in military and civilian applications. Up to now, a variety
of material systems, such as HgCdTe (MCT) and InGaAs,
have addressed parts of this region. However, photodetec-
tors based on In,Ga;_,As compounds have some limitationd
for tenability of cut-off wavelength. Their performance re-
duces rapidly when the cut-off wavelength is beyond 1.7 pm
due to mismatch-induced defects.!':>! Photodetectors based on
HgCdTe can cover the range of 1 um—-3um by changing the
molar fraction of Cd. However, these photodetectors not only
necessitate complex material growth but also need a compli-
cated procedure for fabrication of the device, which exhibits
high cost and toxicity. >4

In contrast, photodetectors based on the Al,In;_,AsSb
(henceforth referred to as AllnAsSb) quaternary compound

DOI: 10.1088/1674-1056/28/2/028503

are promising candidates for both optoelectronic and elec-
tronic devices due to their flexibility to tune the bandgap
and band offsets of heterostructures lattice matched to InP,[>!
InAs!®7l or GaSb!®%) substrates. Varying the aluminum con-
tent tuned the bandgap from 0.25 eV (0% aluminum) to
1.18 eV (72% aluminum), corresponding to photon wave-
lengths from 5 pm to 1.05 pm. 1%

This material has many advantages, such as low growth
and manufacturing costs, great flexibility in bandgap engineer-
ing, and suppression of Auger recombination due to the large
effective mass. Shown in Fig. 1, the material structure is al-
ternately grown from InAs and AlSb, which can significantly
reduce GR-based dark current, the trap-assisted and band-to-
band tunneling. This may lead to an increase in material prop-
erties.

AlSb

InAs

effective
conduction band

effective
valence band

Fig. 1. The band alignment and the effective band gap in InAs/AlSb
superlattice. Colored rectangles represent the forbidden band gap of the
materials.
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2. Experimental methods

The Al 4Ing¢AsSb quaternary alloy was first grown by
the bulk material growth method. One of the advantages of
this method is that the growth rate was greatly improved. The
bulk material growth method requires that all four elements of
the shutter be opened and sprayed onto the surface of the sub-
strate. It means that the growth rate of In is 3/2 of the growth
rate of Al in Alp4Ing¢AsSb. Then the tip and base tempera-
ture of Al and In was found. Finally, various growth conditions
such as growth temperature and V/III ratio to achieve optimal
growth parameters.

In the growth process, it was discovered that the repro-
ducibility of growth of the bulk material was not good after
repeated experiments. In order to achieve lattice matching, it
takes a lot of time to re-commission the V/III beam equiva-
lent pressure (BEP) ratio and growth temperature before each
growth process. Even worse, most of the components of All-
nAsSb are in a miscible gap on the GaSb substrate in a ther-
modynamic equilibrium state.!' ! In order to solve these prob-
lems, a growth method named the digital alloy method similar
to the superlattice was adopted.

The digital alloy method mainly adjusts the lattice match-
ing by changing the thickness of each layer, it does not require
the V group beam to be strictly stable. So, it improves the
repeatability of the experiment. The AISb and InAs layers
mainly used in the growth of AllnAsSb are grown by the dig-
ital alloy method. However, simple calculation showed that
Alg 4Ing gAsg6Sbg .4 was impossible to reach lattice-matching
condition if only used the layer of AISb and InAs. The average
overall lattice constant

a(Alo,4In0.6As0_6Sb0,4) =0.4x a(Ale) +0.6 x Cl(IHAS)
= 6.0892 < 6.0959,

where

a(AlISb) = 6.1355 A, a(InAs) = 6.0583 A,
a(GaSb) = 6.0959 A.

In order to achieve matching with GaSb under high Al
composition and low Al composition, AlAs and InSb layers
were inserted between the AlSb and InAs layers to adjust the
compressive and tensile strains, respectively. These layers
were grown as a digital alloy of the binary alloys AlAs, AlSb,
InAs, and InSb so as to bypass the wide miscibility gap present
in the Al In;_,As,Sb;_, material system, using a digital al-
loy period of 3 nm and the following shutter sequence: AlSb,

Table 1. The shutter sequences and time in components of Al is 0.4.

Sequence  AISb AlAs AISb Sb In InAs In Sb

Monolayer 1.87 026 187 - 035 53 035 -
Time/s 468 0.65 468 3 088 1325 088 3

AlAs, AISb, Sb, In, InAs, In, and Sb.[!%1213] To match the
GaSb substrate, the shutter sequences, monolayers and time in

components of Al is 0.4, as shown in Table 1.

3. MBE growth and characteristics

All samples in this paper were grown in a solid source
Gen II molecular beam epitaxy system on an n-type GaSb
(001) substrate, which was equipped with valved cracker
sources for group V (Sb2 and As2) fluxes and Ga, In, and Al
SUMO cells. Before each growth, the high temperature was
maintained for 30 minutes to remove the surface oxide, '*! and
a few nanometers of GaSb buffer layer was grown at 540 °C
to smooth the surface. When the Sb beam is 9.26 x 10~ Torr
(1 Torr = 1.33322x 10? Pa), in-situ reflection high-energy elec-
tron diffraction (RHEED) was used to monitor the temperature
at which the substrate surface transitions from 2 x 5 to 1 x 3,
this transition occurred at a substrate temperature of 7.

For all the samples, optical microscopy was used to esti-
mate surface defects, the surface morphology was studied with
a digital S—II Nano Navi atomic force microscope (AFM), the
bandgap of materials was measured using a Bruker Vertex-70
Fourier transform infrared (FTIR) spectrometer and HRXRD
measurement with @—26 scan was carried out to obtain lattice
mismatch between AllnAsSb and GaSb substrate and examine
the crystal quality.

The material structure utilized for both XRD studies and
PL studies is shown in Table 2. First, a 20-nm GaSb buffer
layer was deposited. Then, the 30-nm thick AlSb barrier layer
was grown. Before the next 30-nm AlSb barrier was the 40 pe-
riods AllnAsSb superlattices. Finally, it finished by a 20-nm
GaSb capping layer. The 30-nm thick AISb barrier aided PL
studies by blocking the diffusion of photo-generated carriers
to the top surface and into the GaSb buffer, while the 20-nm
GaSb cap protected the underlying AlSb and AllnAsSb form
oxidation.

Table 2. Schematic cross-section of the material structure.

20-nm GaSb cap
30-nm AISDb barrier
40-p AllnAsSb
30-nm AISDb barrier
20-nm GaSb buffer
GaSb substrate (Te)

Three samples with the As/In BEP flux ratio of 4, 6, and 8
were grown, while the Sb/Al BEP flux ratio were 5. The high-
resolution x-ray diffraction is shown in Fig. 2. By observing
the lattice mismatch between the epitaxial and the substrate of
the experimental samples, a phenomenon that the quality of
the sample rise and then fall as the As/In BEP flux ratio risen
was observed. We speculate that the suitable As/In BEP flux
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ratio is about 6. The BEP flux ratio of 4 shows there are fewer
AlAs interfaces in the middle of the two AISb layers, and the
BEP flux ratio of 8 shows the opposite direction. However,
there are many other growth parameters which still need to be
adjusted, because Figure 2(b) shows a +241.2-arcsec lattice

mismatch.

104 _(a) 4
l As/In =4 |
Sb/Al<]5

103 .
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Fig. 2. The high-resolution x-ray diffraction of the three Al 4InggAsSb su-
perlattices varied with the BEP flux ratio (a) As/In =4, (b) As/In= 6, (c)
As/In = 8. The strain and the full width at half maximum (FWHM) of sam-
ples were (a) —622.8 arcsec, 82.8 arcsec; (b) +241.2 arcsec, 57.6 arcsec; (c)
+720 arcsec, 75.6 arcsec, respectively.

Optimized growth conditions for AlAs have been ob-
tained. To achieve a zero lattice mismatch between the
Alg 4Ing ¢AsSb and the GaSb substrate sample, three samples
with the Sb/Al BEP flux ratio of 4, 6, and 8 were grown,
while the As/In BEP flux ratio were 6. The high-resolution
x-ray diffraction is shown in Fig. 3. In this step, the zero lat-
tice mismatch was achieved in Fig. 3(b), while the FWHM is
57.6 arcsec. The surface morphology of the sample is shown
in Fig. 4(c), which the Sb/Al and As/In BEP flux ratio were 6
and 6, respectively. The clear pyramid protrusion defects are

easy to be observed.
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Fig. 3. The high-resolution x-ray diffraction of the three Aly4Ing¢AsSb su-
perlattices varied with the ITI/V BEP flux ratio (a) Sb/Al =4, (b) Sb/Al =6,
(c) Sb/Al = 8. The strain and the FWHM of samples were (a) 432 arcsec,
93.6 arcsec; (b) 0 arcsec, 57.6 arcsec; (c) 378 arcsec, 64.8 arcsec, respec-
tively.

Studies have shown that the energy of the Ehrlich—
Schwoebel (ES) barrier at the surface atomic step determines
the migration and desorption of high-energy atoms on the sur-
face of the material during growth.!!>-1%1 The growth temper-
ature determines the energy of the ES barrier. Therefore, it
is very important to optimize the growth temperature of the
substrate. The purpose is to minimize the influence of the ES
barrier on the surface atom migration.

In the growth of digital alloys, the optimum growth tem-
perature is neither the best growth temperature of InAs nor the
best of AlSb. The optimum growth temperature of the material
is close to the optimal growth temperature of the InSb interface
because it plays a main role in adjusting the stress. Exces-
sive growth temperature will destroy the In—Sb bond, too low
growth temperature is not conducive to the growth of InAs,
especially AISb layers.

A low growth temperature allows for better adhesion of
the group III atoms, while a higher growth temperature favors
detaching the excess group V atoms and allows better migra-
tion of surface atoms. However, the too low growth temper-
ature is not conducive to the diffusion of the group V atoms,
resulting in the atom step of the material is not obvious, and
the morphology is river-like. A too high growth temperature
makes the group III atoms less likely to adhere, and the surface
forms pores lacking group III atoms.

Using above optimized growth parameter, the
Alp 4Ing ¢ AsSb material was grown at T, = 1. — 15°C, T, = T,
T, =T. +15°C, and T, = T + 30 °C. Then, their XRD im-
ages are shown in Fig. 4, and their AFM images are shown in
Fig. 5.
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Fig. 4. FWHM value of materials at different growth temperatures.

The size of the FWHM value can indicate the growth
quality of the material interface to some extent. Figure 4 shows
the variation trend of FWHM values of materials at different
growth temperatures. When the temperature is 7, the FWHM
value of the material is the smallest, and the FWHM of the ma-
terial will increase regardless of whether the growth tempera-
ture is increased or decreased. This indicates that the material

interface is flat at the growth temperature of Tc..
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Fig. 5. AFM images of T, — 15 °C (a), T¢. (b), T. + 15 °C, (c) and T +30 °C
(d) sample surface over 10 pm x 10 um.

It can be seen from Fig. 5(a) that when the growth tem-
perature is T — 15 °C, the atomic step on the surface of the
material is not obvious, and it is river-like, indicating that the
surface III group atoms have good adhesion, but the group V
atoms have not been sufficiently diffused, so the growth tem-
perature is low.

When the growth temperature is 7; + 30 °C, it can be seen
from Fig. 5(d) that some pores lacking Group III atoms are
formed. It is indicated that the Group V atoms are sufficiently
desorbed and migrated on the surface of the material, but the
Group III atoms are not sufficiently adhered, so the growth
temperature is high.

When the growth temperature is 7., a uniform water-
rippled atomic step is formed on the surface of the material,
which indicated that the ES barrier at this temperature makes
the Group III and V atoms have the best migration and diffu-
sion.

The period thickness and the lattice mismatch between
the Alg4InggAsSb and the GaSb substrate are determined
from the HRXRD measurements.!!”] The measured period of
this material is about 31.06 A (theoretical value is 30.48 A) as
shown in Fig. 6, and the x-ray diffraction exhibits high order
satellite peaks. The FWHM of the zeroth-order peak is about
46.8 arcsec for the device growth. On the other hand, the AFM
image shows an RMS surface roughness around 1.65 A and
clear atom steps over an area of 10 um x 10 um. The high ma-
terial quality of the Aly4IngcAsSb has been achieved. In the
end, the PL spectrum measurements of the Al 4InggAsSb DA

were conducted at 300 K using a Fourier transform infrared
(FTIR) spectrometer. The excitation source uses a semicon-
ductor pumped solid-state laser with a power of 1 W and a
laser wavelength of 671 nm, and the laser power is adjusted
by an attenuator. Figure 7 shows the cutoff wavelength of
1.617 um. This is similar to the value reported in the jour-
nal article.['”) The small peak on the right side of the main
peak is the GaSb substrate peak.
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Fig. 6. High-resolution x-ray diffraction of Aly4IngeAsSb superlattice us-

ing the optimized condition. (Inset: AFM image of the sample surface over
10 pmx 10 pm).
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Fig. 7. PL spectrum of the Al 4IngcAsSb DA.

4. Conclusion

In summary, we have shown that stable substrate temper-
ature and optimal control of the flux ratios are of critical im-
portance to growing high-quality AllnAsSb alloy matched to
GaSb. Using the shutter sequence: AlSb, AlAs, AlSb, Sb, In,
InAs, In, and Sb, the BEP flux ratio As/In and Sb/Al of 6, and
the optimized growth temperature 7;, narrow FWHM and high
order satellite peaks of AllnAsSb indicates that we succeed in
growing high-quality AllnAsSb superlattices on the GaSb sub-
strate. In the next step, we will fabricate AllnAsSb photode-
tectors by using an ICP dry etch and a standard photolitho-
graphic process to verify the promising optical and electrical
characterizations.
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