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The aim of this work was to improve the quality of the GaSb buffer layers on GaAs substrates
using the molecular beam epitaxy (MBE) technology. The high quality of the GaSb buffer
layers is one of the most important elements enabling the synthesis of good quality of type-
II superlattices (T2SL) structures for infrared applications. The main challenges in this
regard are: compensation of the difference in lattice constants between GaAs and GaSb and
obtaining the highest achievable surface quality of the final GaSb layer. In the literature,
many authors describe different techniques to obtain the best quality of a GaSb buffer layer.
In this work, we present the results of HRXRD, AFM, TOF-SIMS, SEM, and Nomarski
optical microscope measurements obtained for 2 um thick GaSb buffer layers. The GaSb
layers are made according to different techniques and these results are compared with a GaSb
buffer construction technique according to our own technology. During the processes, we
also obtained an unintentional structure of one of the buffer layers, which allowed us to obtain
very good results in terms of surface structure and crystallographic quality where FWHM in
wRrc scan was equal to 138 arcsec and RMS 0.20 nm proving that there is still a lot of work

to be done in this area.

1. Introduction

Type-II strained superlattices (T2SLs) have indeed gar-
nered significant interest as an alternative to existing in-
frared (IR) detection technologies. T2SLs are a relatively
new technology but already show promise in IR applica-
tions [1,2]. The main advantages of the T2SL: can operate
across a wide range of wavelengths by manipulating layer
thicknesses and composition including the mid-wave and
long-wave infrared regions [3,4]; have the potential for
achieving high quantum efficiency, which is crucial for IR
detectors [5, 6]; T2SLs do not contain toxic heavy metals
such as cadmium or mercury. All of that causes that T2SL
have a huge potential as a: infrared detectors such as ther-
mal imaging cameras, motion sensors, security systems,
including night heat detection, target recognition; quality
control in industry or in medicine such as endoscopy or
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molecular imaging. However, there are still many problems
and challenges which should be solved. One of them is
the manufacturing technology. The T2SL structures dedi-
cated for applications include many different group of lay-
ers (substrate, buffer layers, electric contact layers, barrier
layers, absorber layer, etc.) built with many different ma-
terials (in spite of infrared range, final destination, and its
complexity of the final architecture) which create together
a structure whose parameters determine suitability for ap-
plications. One of the problems observed by many authors
is the technology for epitaxy of buffer layers to bridge the
lattice mismatch between the GaAs substrate and the GaSb
layer [7-10]. The most popular substrate used in T2SL
structures are GaAs [11] and GaSb [12]. In the case of the
GaSb substrates, as were presented by other authors [13,14],
the good quality of the GaSb buffers layers should eliminate
any defects that may appear on the substrate surface and, as
a result, create a perfectly smooth surface.
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However, in many applications it seems more advanta-
geous to use much cheaper GaAs substrates with a GaSb
buffer layer, due to the low IR absorption of the GaAs sub-
strate and the favorable thermal properties of the GaAs [7].
In this case, the main problem is to reduce a large lat-
tice mismatch between the GaAs substrate and the GaSb
layer which is equal to 7.8%. Many authors show differ-
ent methods which allow to obtain a good quality of the
GaSb buffer layers on GaAs substrates [7-10]. In the case
of Ref. [9], authors propose a procedure for the formation
of the GaSb layer using an interfacial misfit IMF) matrix
enriched with Be dopant. In the mentioned case, 60-degree
dislocations are trapped on Be atoms which blocks their
propagation to the surface of the GaSb buffer layer. Other
approach was proposed by Hao et al. [10] which used the
I-type of AlSb/GaSb superlattice in the initial phase of the
growth to reduce the lattice mismatch. Some other ideas
were explored by Jasik et al. [7, 8], which aim was to obtain
good quality of a buffer layer, and to this end, the authors
proposed and evidenced a necessity of lowering substrate
temperature to optimal for GaSb just before interruption of
the GaAs layer growth. Lee er al. [15] propose to grow the
GaSb buffer using a three-step ZnTe buffer layer. The main
purpose of all these methods, beside reducing the lattice
mismatch is also production of the relative thin buffer lay-
ers (which allows to reduce the cost and the time) but with
the best possibly parameters and the best possible surface
quality. The quality of the surface influences the quality of
the next layers that create a whole T2SL. From the point of
view of application, the surface quality is dedicated to de-
fects in T2SL and thus determined, for example, the amount
of dark current. Fluctuations in carrier concentration and
associated dark currents produce noise. Additionally, dark
current increases power consumption, cooling requirements
and read-out challenges.

In this paper, we present the results collected for different
GaSb 2 um thick buffer layers obtained by different meth-
ods described in literature. We made it in the same MBE
machine and compared these results with the experimental
results obtained for GaSb buffer layers synthesised by our
method. Our investigation for one of the samples also shows
that non-intentional manner allow to get much better results
than other described below, however, in our opinion, such
situation is rather random and difficult to repeat. Never-
theless, it provides additional information that may allow
to achieve even better buffer layers in the future than those
currently produced.

2. Experimental and methods

For the purpose of this work, a set of six different GaSb
buffer layers were deposited by MBE [Riber Compact 21T
(ITI-V)] and characterised. Five of the samples in the set la-
belled M1, M2, M3, M4, M5 are heteroepitaxial GaSb layers
with a thickness of about 2 um deposited on a GaAs sub-
strate, while the last sample labelled H1 is a homoepitaxial
GaSb layer deposited on a GaSb substrate. Heteroepitaxial
GaSb layers were deposited on 1/4 of 2" GaAs:Un (100) sub-
strates 1SP (one-side polished) with a thickness of 350 pm at
510°C. For heteroepitaxial structures, a GaAs refresh layer
of 200 nm thickness was deposited under optimal growth

parameters such as a substrate temperature of 590°C, the
flux ratio V/III = 16.78 and a growth rate of approximately
1000 nm/h described in detail in our previous work [16].
Homoepitaxial GaSb layers were deposited on % of 2"
GaSb:Te 1SP (100) substrate with a thickness of 500 pm.
Homoepitaxial GaSb layer was deposited at a substrate tem-
perature measured by a pyrometer of 530°C measured dur-
ing wetting of the substrate with a flux of Sb. The establish-
ment of the growth temperature was realized with an IR py-
rometer IRCON, which spectral response peak is at 930 nm,
and measuring range is in between 450°C and 1200°C. Py-
rometer calibrations were performed for both GaAs and
GaSb substrates by observing the RHEED pattern upon
desorption of oxides from the substrate surface at 580°C
and 566°C, respectively. All samples have been made us-
ing a solid source Riber Compact 21T (III-V) MBE system,
equipped with standard ABN60 dual-zone effusion cells for
In, Al, Ga and with a valved arsenic and antimonic cracker:
VAC 500 and VCOR 300, respectively. The Be-doped cell
is a standard ABN35 effusion cell with one heater. The
substrates rotation speed during growth was set to 10 rpm
(rotations per minute). The substrates temperature ramp
rate was 10°C/min during the heat-up and 20°C/min during
the cool-down processes. All samples were characterised
by atomic force microscope INNOVA BRUKER, scanning
electron microscope (SEM) HELIOS NANOLAB650, opti-
cal microscope with differential interference contrast (DIC)
OLYMPUS DSX1000, high-resolution X-ray diffractometer
EMPYREAN 3. Time-of-flight secondary ion mass spec-
trometer (TOF-SIMS) 5, IONTOF measurements were also
taken for the samples labelled M3, M3*, and M5.

M1: Buffer GaSb is an MBE growth of a GaSb metamor-
phic layer [8]. In this case, in the first step, after deoxidation
of the GaAs substrate, a 200 nm GaAs buffer layer is applied
under optimized growth conditions for homoepitaxial GaAs
layers, such as Ga flux, As flux, and a substrate tempera-
ture of 590°C [16]. At the end of the GaAs buffer layer,
the substrate temperature is lowered to 510°C and then the
growth of the GaAs buffer is interrupted by cutting off the
gallium flux. In the next step, the arsenic flux is replaced by
an optimal antymony flux for the growth of homoepitaxial
GaSb layers. In the final step, the growth of the GaSb layer
is initiated by providing a gallium flux with an optimal value
for the growth of homoepitaxial GaSb layers [8].

M2: Buffer GaSb is a GaSb layer growth using an IMF
matrix [9, 1 7]. In M2 buffer, in the first step, after deoxidiz-
ing the GaAs substrate, a 200 nm GaAs buffer layer is ap-
plied under optimized growth conditions for homoepitaxial
GaAs layers, the same like in M 1 buffer layer condition [16].
The growth of the GaAs buffer is then interrupted by cut-
ting off the gallium and arsenic fluxes reduced for 20 s. The
GaAs buffer layer is then wetted with an antimony flux of
the optimum value for the growth of homoepitaxial GaSb
layers. In the next step, the substrate temperature is lowered
to 510°C. In the final step, the growth of a GaSb layer is
initiated by providing a gallium flux of the optimal value for
the growth of homoepitaxial GaSb layers [9, 17].

M3: Buffer GaSb according to the Polish patent appli-
cation P.443805 [18]. In the first step, after deoxidation of
the GaAs substrate, a 200 nm GaAs buffer layer is grown
under optimized growth conditions for homoepitaxial GaAs
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layers, such as Ga flux, As flux, and a substrate tempera-
ture of 590°C for a growth rate of about 1 pum/h limited
by the gallium flux. Then, without interrupting the growth
of the GaAs layer, the growth rate of the GaAs layer is
reduced to a value of about 120 nm/h by decreasing the gal-
lium flux and the arsenic flux while maintaining the mutual
ratio V/III of about 16.78. The next step is to reduce the
substrate temperature from 590°C without interrupting the
growth of the GaAs layer within 3 min to the optimal value
for the growth of GaSb layers equal to 510°C and to in-
terrupt the growth process after by cutting off the gallium
flux. Then, after wetting the surface with arsenic flux for
1's, the arsenic flux is changed to the antimony flux suitable
for the growth of GaSb layers and wetting the surface with
it for 1 min. In the next step, the growth of a 400 nm GaSb
layer doped with beryllium with a linear fading concentra-
tion of 1e19cm™ to le18 cm™ is started under optimized
growth conditions such as substrate temperature 510°C and
antimony/gallium flux ratio 7.29 for a growth rate of about
400 nm/h limited by the gallium flux. This was followed by a
40 nm layer of GaSb doped with beryllium with an exponen-
tial decay in concentration from lel8cm™ to lel7cm™3.
Finally, a 1600nm layer of pure GaSb grown under op-
timized growth conditions such as substrate temperature
530°C and antimony/gallium flux ratio for a growth rate of
about 400 nm/h limited by the gallium flux. It should be
noted that when converting group V from As flux to Sb
flux, the pyrometer readings change from 510°C to 530°C
despite the constant temperature maintained on the main
furnace.

M3*: Buffer GaSb is a repeat of the M3 process.

M4: Buffer GaSb is a growth of a GaSb layer on the tran-
sition layer from AlSb (5nm) / GaSb (5 nm) superlattices.
In the first step, after deoxidation of the GaAs substrate,
a 200 nm GaAs buffer layer is applied under the same pa-
prameters like in case of buffer M1, M2. The growth of the
GaAs buffer is then interrupted by cutting off the gallium
flux. In the next step, the substrate temperature is lowered
to 510°C. In the next step, the arsenic flux is replaced by an
antimony flux of the optimum value for the growth of AlSb
layers. Growth of a 5 nm AISD layer is started at the values
of aluminum and antimony fluxes optimal for the AISb layer
and then a 5 nm GaSb layer is started at the gallium and an-
timony fluxes optimal for it. The sequence of AlSb/GaSb
layers is repeated 40 times. In the final stage, the growth of
the GaSb layer begins [10].

M1 M3 MsS H1

[
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1
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MS5: Buffer GaSb is a growth of a beryllium-doped GaSb
layer giving carrier concentrations of Se18 cm™~>. In the first
step, after deoxidizing the GaAs substrate, a 200 nm GaAs
buffer layer is applied under optimized growth conditions
for homoepitaxial GaAs layers, such as Ga flux, As flux,
and a substrate temperature of 590°C. The growth of the
GaAs buffer is then interrupted by cutting off the gallium
and arsenic fluxes for 20s. The GaAs buffer layer is then
wetted with an antimony flux of the optimum value for the
growth of homoepitaxial GaSb layers. In the next step, the
substrate temperature is lowered to 510°C. In the final step,
the growth of a beryllium-doped GaSb layer with doping
level at Sel18cm™ is initiated by providing a gallium flux
of the optimal value for the growth of homoepitaxial GaSb
layers and a beryllium flux to achieve a carrier concentration
of p=5el8cm™ [9].

H1: Buffer GaSb is a homoepitaxial GaSb layer made
under optimal growth conditions such as a reciprocal V/III
flux ratio of about 6.29 and a substrate temperature of
530°C for a growth rate of about 400 nm/h limited by the
gallium flux.

Figure 1 shows schematics of the compared GaSb epi-
taxial layers deposited on GaAs substrates according to five
selected methods and one homoepitaxial layer.

3. Results and discussion

Regardless of the chosen method, the first step to obtain-
ing a heteroepitaxial GaSb buffer layer on a GaAs substrate
was to develop optimal growth conditions for homoepitax-
ial layers: GaAs and GaSb. Figure 2 shows a table of the
growth parameters that were used during the work associ-
ated with this article. Increasing the temperature gradient
on a Ga effusion cell from 100°C to 150°C for GaAs lay-
ers and from 100°C to 200°C for GaSb layers improves the
surface morphology, respectively. Therefore, we consid-
ered this parameter important. On the left is a summary
of the surface morphology from the three characterisation
methods: Nomarski, SEM, AFM for homoepitaxial GaAs
(sample K176) (a) and GaSb (sample K186) (b) layers.

Seven GaSb buffer layers with thicknesses of approxi-
mately 2 um according to procedures labelled as: M1, M2,
M3, M3*, M4, M5, and H1 was grown in the same MBE
machine. Due to the anomaly, it is necessary to state the
chronological order of fabrication of the individual layers

[ Gasb Substrate (100)
== GaSh:BeV ¥ from p~lel8 cm™ to p~lel7 cm?— 40 nm
:' GaSb:BeV from p~1e19 cm to p~lel8 cm® — 400 nm
=== GaAs layer TV from 590°C to 510°C, V,,=120 nm/h — 6 nm
== GaAs layer Tg=590°C, Vgr'¥ from 1 pmvh to 120 nmv/h — 120 nm
7] Gasb:Be p~5e18 cm™®— 400 nm
===== [MF GaSb:Be p~5e18 cm* — 20 nm
E== super lattice 40x ( GaSh 5nm / AISb 5 nm ) — 400 nm
mee=e=_IMF with QD AISb — 5 nm
——= IMF GaSh - 20 nm
I:I GaAs layer Ts ¥ from 590°C to 510°C, V=1 pm/h — 50 nm
GaAs layer Tg=590°C, V=1 pm/h — 200 nm
GaAs Substrate (100)

Fig. 1. Schematics of the compared GaSb epitaxial layers deposited on GaAs substrates according to five selected methods and one

homoepitaxial layer.
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Pressure in the main chamber just before
the start of GaAs layer growth [Torr]
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the start of GaSb layer growth [Torr]

1.43E-07
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Fig. 2. Summary of surface morphology: Nomarski optical microscope, SEM, AFM for homoepitaxial layers. Image scales are provided
under each method, while colour scales for AFM measurements are provided on the right. The table shows the growth parameters
for GaAs of about 1 um homoepitaxial layers deposited on 1/4 of 2" GaAs:Un (100) 1SP substrate with a thickness of 350 um (left
side) and the growth parameters for GaSb homoepitaxial layers deposited on 1/4 GaSb:Te (100) 1SP substrate with a thickness of
500 pm. (a) GaAs around 1 um labelled as K176, (b) GaSb around 1 um labelled as K186.

M1 - Gasb M2 - GaSb M3 - Gasb M3* - GaSb M4 - Gasb MS5 - Gasb H1 - Gasb
RMS (2x2) pm RMS (2x2) pm RMS (2x2) pm RMS (2x2) pm RMS (2x2) pm RMS (2x2) pm RMS (2x2) pm
0.61 nm 0.44 nm 0.20 nm 0.35 nm 0.74 nm 0.61 nm 0.19 nm
-5 nm ] 5nm

b) T
v

<—100 pm—>

Fig. 3. Surface morphology from GaSb buffer layers with a thickness of about 2 um made according to the described methods labelled
as: M1, M2, M3, M3* M4, M5, and H1 obtained from AFM measurements (a) and Nomarski optical microscope measurements
(b). The surface roughness from the AFM for a (2x2) um scan is shown under the method designation. Sample M3* was a repeat

of the M3 process.

which was as follows: H1, M1, M2, M4, M5, M3, two
other processes including from Be and M3*. Figure 3 sum-
marises the AFM measurements (a) and optical measure-
ments (b) for each of the 2 um GaSb layers. The surface
roughness values obtained from the AFM for the scan from
the (2x2) um area are included under the labels of each
procedure. Compared to H1, the best performing method
was the one labelled M3 achieving a surface roughness of
0.20 nm, while the repeat process labelled M3* had a rough-
ness of 0.35nm. For these layers, no helical dislocations
were observed on the surface on the AFM scans taken from
the (10x10) um region while they were frequently observed
for methods: M1, M4, M5, and occasionally on M2.

The next step was to compare the crystallographic prop-
erties of the deposited layers shown in Fig. 4, after taking an
wgc scan and determining the value of the half-width of the
FWHM peak coming from the GaSb layer. For the homoepi-
taxial layer designated H1, the FWHM was only 12 arcsec

which was measured for comparison with heteroepitaxial
layers. The smallest FWHM of the layer is achieved for the
process labelled M3. It was 138 arcsec - the best value com-
pared to other methods. The M3 process was repeated and
described as M3*, which achieved a more similar FWHM
value to the others of 176 arcsec, which was still the best re-
sult. The FWHM values were as follows: 190,214, 197, and
200 arcsec for M1, M2, M4, and M5 samples, respectively.

The value obtained by us for M3* equal to FWHM =
176 arcsec for a 2 pm GaSb layer is almost identical to the
work of Benyahia et al. [19]. In the literature, [20] reported
FWHM of 194 arcsec and 20 arcsec of GaSb layers which
thickness is of 0.5 pm and 5 pm, respectively. On the other
hand, Li et al. [21] reported FWHM of 160 arcsec for a GaSb
layer with a 1 pm thickness and a growth rate of 1 um/h.
Jasik et al. [7, 8] reported FWHM of 160 arcsec for a GaSb
layer with a 2.5 um thickness and FWHM of 196 arcsec for
a GaSb layer with a 1.5 pm thickness.
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Fig. 4. HR-XRD measurements in wgc scans for GaSb buffer layers with a thickness of about 2 pm made according to methods labelled
as: M1, M2, M3, M3*, M4, M5, and H1. The half-widths of the peaks originating from the GaSb layers are shown under the
method designation. A schematic representation of each layer is shown on the right. The M3* process was a repeat of the M3

process.

M3 - Gasb
2069 nm

M3* - Gasb
2066 nm

M1 - GaSb
2014 nm

M2 - Gasb
2030 nm

M4 - Gasb
2088 nm

MS - GaSb
2037 nm

H1 - Gasb
2014 nm

Fig. 5. SEM images from a cross-section of GaSb layers deposited according to the method described as: M1, M2, M3, M3*, M4, M5,
and H1. The red dotted line indicates the location of the GaSb/GaAs layer interface. For the method labelled M4, this is the
interface between the GaSb/AISb superlattice layer and the GaSb layer. The thickness of the GaSb layer is indicated under the
method designation. In the second line, magnified areas from the SEM image showing the unintended effect of an additional layer
in the process labelled M3, its absence in the repeated process labelled M3* and the unwanted layer in the process preceding M3

labelled M5 are included.

Further SEM measurements visible in Fig. 5 from a cross-
section of the deposited GaSb layers confirmed their thick-
nesses at about 2 um of: 2014, 2030, 2069, 2066, 2088,
2037, 2014nm for M1, M2, M3, M3*, M4, M5, HI,
respectively. In addition, they revealed the possible reason
for the unusual FWHM value for the GaSb layer labelled
M3. During the M3 process, the formation of an unin-
tentional layer with a developed surface and a thickness
ranging from a few to as much as 185nm took place.
We suspect that this unintentional layer was the reason
for the significant improvement in the crystalline quality
of the GaSb layer compared to the other processes. The
appearance of the unintentional layer must have been re-

lated to the first use of the Be effusion cell after along
period of downtime. For the M5 process, which chrono-
logically preceded the M3 process, a similar unintentional
layer with a thickness of about 185nm but an undevel-
oped surface was visible at a distance of about 400 nm
from the GaSb / GaAs interface, which coincides exactly
with the closure of the Be shutter heated to about 850°C.
We suspect that the use of a doped Be effusion cell with-
out prior degassing the shutter after a long waiting period,
resulted in the uncontrolled evaporation of the material
deposited on the shutter and its unintentional incorpora-
tion during the growth of the GaSb layer in the process
designated MS5.
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Fig. 6. TOF-SIMS depth profile analysis of three GaSb buffer layers designated M3*, M3, and M5. The layers were performed in
chronological order: M5 then M3 then two other processes including from Be and a repeat of M3 labelled as M3*. For a better
localisation of the origin of the SIMS analysis signals, sections from the SEM images are included below at an appropriate scale.
The unintentionally generated areas are marked with a red circle on the SEM image.

In the process designated M3, the Be effusion cell was
heated to about 900°C and it was cooled during the growth
of the first 400 nm of the GaSb layer. During the closure
of the Be shutter, the temperature of the beryllium efusion
cell was 720°C, and therefore no anomalies were observed
above 400 nm from the GaSb / GaAs interface. Heating
the Be cell to 900°C just prior to the start of a GaSb layer
growth in the process designated M3 resulted in the forma-
tion of an unintentional layer of material evaporated from
the Be shutter on the GaAs surface. The unintentional layer
with a developed surface and not fully defined composi-
tion allowed the deposition of a GaSb buffer layer with the
best crystallographic parameters and surface morphology.
For the M5, M3, and M3* processes, depth analysis using
TOF-SIMS was performed to estimate the nature of the un-
intentional layers appearing in the M5 and M3 processes
and undetected M3*. Figure 6 includes the SEM in depth
profiles at an appropriately sized scale to better showing
areas of signal origin for TOF-SIMS analysis. The analysis
presented additional unintentional presence of In and As in
the areas marked with a red circle in the SEM image for
M3 and M5 processes with the signal strength from In and
As being at least twice as high for process M3 compared to
MS5. For the repeated M3 process, labelled M3*, additional
signal from In and As not occurred.

4. Conclusions

Seven GaSb buffer layers with a thickness of approxi-
mately 2 pm including six heteroepitaxial layers on a GaAs
substrate were deposited and in the same MBE machine and

thus directly compared. Based on the comparative analysis,
the optimal method for depositing a 2 um GaSb buffer layer
directly on a GaAs substrate, designated M3, was selected.
The results clearly show that our method, assuming the same
thickness, is better from the point of view of the crysthallo-
graphic parameters and surfaces morphology. The necessity
of degassing the shutters, in this case Be, before working
with the doped cell was demonstrated in order to avoid the
possibility of the formation of unintentional but desirable
layer of not fully defined composition. Based on TOF-SIMS
depth analysis, it was estimated that the unintentional lay-
ers in the M3 and M5 processes are most likely quaternary
Be-doped layers: In,Ga;_xAsy,Sbi_y:Be in the M5 process
and In, Ga;_,As,Sb_;:Be in the M3 process with (p > x)
and (z > y). Based on the presented study, we believe
that the pre-applied quaternary InGaAsSb:Be layer directly
on GaAs can significantly improve the quality of the GaSb
layer. In such case, 138 arcsec FWHM in wg¢ and 0.20 rms
value was obtained. In order to reduce the lattice mismatch
between the substrate and the target layer, so-called gradi-
ent buffers can be used: linear or step buffers [22-24]. The
use of multi-component layers, e.g., InGaAsSb, offers the
possibility to manipulate the crystal lattice parameters by
changing the composition of the individual elements.
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