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ABSTRACT

Direct epitaxial growth of gallium antimonide (GaSb) on silicon (Si) holds the potential for creating new
applications in mid-infrared (MIR) silicon photonics. However, this is challenging due to the significant
physical dissimilarities between the two materials creating various crystal imperfections and defects. The
main challenge is the generation of threading dislocations arising from the high lattice mismatch. To
successfully implement GaSb-based devices on silicon a major engineering breakthrough is required to
significantly reduce the dislocation density. This work presents a study of high quality GaSb epilayers on
Si with defect density of 6 x 10° cm™ grown using molecular beam epitaxy (MBE). This was achieved using
a novel growth procedure consisting of an efficient AISb interfacial misfit array, a two-step GaSb growth
temperature procedure and strained dislocation filter superlattices (DFSLs). The superlattice (SL) layers
were carefully engineered and positioned to prevent the generation of new defects while blocking the
vertical propagation of pre-existing ones. The successful reduction of the threading dislocations and
excellent crystalline quality was identified through a significant increase of the photoluminescence

intensity.
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Introduction

Silicon (Si) based photonic integrated circuits have emerged as a promising platform for realizing
single-chip photonic systems. The main advantages of this technology are the low material losses
and the mature complementary metal-oxide semiconductor (CMOS) compatible fabrication
technology which enables low-cost and wafer-scale manufacturing. A wide range of passive
optical components have been implemented on Si including high speed modulators!, low loss
waveguides’ and grating couplers with potential applications in gas sensing®, biomedical
diagnostics* and data communications®. However, wafer level integration of efficient light sources
is still hindered by the indirect band gap of Si and Si-based materials, which limits the realization
of complex on-chip passive and active functionalities. One of the most promising solutions is the
direct epitaxial growth of III-V semiconductor materials on Si. The key advantages of III-V
materials are their high carrier mobilities and absorption coefficients, and their direct band gaps.
Among the III-Vs, gallium antimonide (GaSb) and its alloys are the present materials of choice for
applications in the mid-infrared (MIR) spectral region such as environmental, industrial and
medical sensing. Therefore, the growth of high quality GaSb on Si would extend the operating
wavelength of Si photonics towards the MIR to enable on-chip, compact optoelectronic systems
for real-time gas monitoring, lab-on-a-chip applications and monolithic integration of focal plane
arrays (FPAs) with Si readout integrated circuits (ROICs). Nevertheless, the large material
dissimilarities between GaSb and Si lead to the formation of defects which degrade the optical
device performance and reliability. The main challenges are the high lattice mismatch (12.2%)
leading to the generation of a very high density of threading dislocation (TDs)®” and the polar/non-
polar character of the III-V/Si interface which induces antiphase domain (APDs)® defects.
Furthermore, the potential formation of thermal cracks’® due to the large differences in the thermal
expansion coefficient between the Si wafer and the III-V semiconductor epilayer may also restrain

the usefulness of this technology.

The use of offcut Si wafers (4 to 6 degrees), characterized by a high density of bi-atomic steps on
the surface'®, alongside the initial formation of a Si-V interface across the entire wafer is a
widespread strategy used for limiting the formation of APDs in III-Vs deposited on Si. High
temperature annealing of the substrate prior to the heteroepitaxial growth has also been seen to

promote the formation of well-ordered surface steps along the offcut direction!"'?. This can



effectively bury the APDs formed at the interface within the first few nanometers of the III-V
growth, even when low offcut Si wafers (< 0.2 degrees) are used. The use of a thin, annealed Si
buffer layer prior to the III-V deposition also promotes the periodic ordering of the atomic steps
with different dimerization on the Si surface'’>. Even so, the formations of interfacial misfit
dislocation arrays (IMF) and TDs is inevitable as the generation and movement of dislocations is
a consequence of relieving the high interfacial misfit strain and total energy of the system. While
the misfit dislocations are accommodated across the I1I-V epitaxial film and the substrate, the TDs
can propagate through the entire epitaxial structure, reaching defect densities of the order of 10° —
10'° cm™. The inability to control their propagation is detrimental to the performance of optical
devices, as the defects are associated with the presence of non-radiative recombination centers'>.
A range of techniques have been used to reduce the TD density, including annealing assisted
epitaxial growth!* and selective area heteroepitaxy'>!'®. One of the most popular methods used for
III-V buffer layers grown on Si is the growth of several strained layer dislocation filter superlattices
(DFSLs)!” usually separated by spacer layers. These structures consist of several layers with
alternating compressive/tensile misfit strain at the interfaces. The strain fields exert a lateral force
on the threading dislocations, causing their glide along the interface. As a result, the dislocations
are eliminated through interactive encounters with others or escape at the edge of the sample.
However, the dislocations that do not glide sufficiently to interact will propagate within the
structure or be replicated in the next interface leading to longer line threading lengths. By utilizing
several strained superlattices (SLs) as a barrier to the vertical propagation of dislocations, an
efficient heteroepitaxial I1I-V/Si substrate structure can be achieved!’, potentially replacing the

native wafers traditionally used in III-V semiconductors epitaxy.

Several authors'®!® have reported substantial device improvement and long-term reliability®®*! for
GaAs on silicon devices by lowering the threading dislocation density down to levels of 10° cm™.
Recently, it was suggested that to achieve a similar threshold current for mid-infrared lasers grown
on GaSb/Si buffer layers to those obtained for homoepitaxial devices, a defect level of a few 10°
cm™ needs to be reached??. However, so far, the lowest reported TD density for GaSb on Si falls
within the range of 1 to 5 x 107 cm™23?*, This work reports on the heteroepitaxial growth of GaSb
epilayers on Si with a record surface dislocation density of 6 x 10° cm™ using strained DFSLs and

presents the structural and optical properties achieved.



Epitaxial growth and DFSL structure design

Three samples were grown directly on Si substrates with 4° miscut towards the [0-11] direction
using molecular beam epitaxy (MBE). Removal of the surface silicon oxides was performed in
situ using a stepped heating procedure lasting more than one hour, reaching a maximum annealing
temperature of roughly 1000 °C. Following the oxide desorption, the wafers were cooled down to
the growth temperature of 490 °C and exposed to Sb flux for 5 min. Then, a 17 monolayer (ML)
AISb nucleation layer was deposited using a growth rate of 0.36 ML/s. This forms a network of
interfacial misfit arrays'* at the I1I-V/Si interface. Next, a 2 um thick two-step GaSb buffer layer
sample was developed using a two-temperature step procedure at 490/515 °C without a growth
interrupt, leading to a TD density of 2 x 10® cm™ with no APDs. The specific growth procedure
has been described previously?’. This sample was used as a reference and is depicted in Figure
1.a. Two DFSL samples were also grown on Si using the two-step GaSb buffer: Superlattice (SL)
sample A and B (Figures 1.b and 1.c respectively). These structures consist of several iterations of
AISb/GaSb SLs grown at 515 °C. The growth rates used for the GaSb and AlSb layers were 0.66
and 0.31 ML/s respectively. SL sample A consists of five superlattices where each one comprises
five repeats of the AISb (10 nm)/ GaSb (10 nm) pair, leading to a structure with a total thickness
of 4.2 um including the underlying GaSb buffer. This standard filter structure was previously used
to grow infrared photodetectors on Si*°. SL sample B is a new design which consists of four SLs
each characterized by a different number of iterations of the AISb/GaSb pair and different layer
thicknesses, as described below. The total thickness of SL sample B is 3.7 um, which is lower
compared to that of sample A, and comparable to the thickness of a typical GaAs filter
structure?®?’2%, Binary AlSb and GaSb semiconductors were chosen for use in the DFSL layer as
they share a common group V element leading to reduced atomic segregation and making them
less sensitive to growth temperature variations. This simplifies the growth of abrupt interfaces,
which is necessary to engineer the strain to effectively block dislocation threading along the

growth direction.

The blocking function of DFSL structures is based on the generation of internal strain fields at the
lattice mismatched heterointerfaces which apply a glide force and drive the threading dislocation
lines to bow and move parallel to the interface, towards the edge of the sample. The misfit strain

is calculated by:



£=— (1)

where o is the lattice constant of the AISb layer, and os is the lattice constant of the underlying
GaSb layer. The misfit strain for a single AISb/GaSb layer is € = 0.65%. However, as the AISb
layer thickness and/or the number of repeats increases there is a risk of generating new dislocations
if the net strain exceeds a critical limit. Therefore, efficient DFSL structures must be carefully
designed in order to limit the propagation of preexisting TDs?®, whilst avoiding the generation of
new ones. This has previously been highlighted through the importance of the strain (¢) - thickness

(h) product?*3° which, to prevent the multiplication of defects, must never exceed the limit of
gsp, *hg, < 0.8nm, 2)

where g1, and hg;, are the total strain and thickness of a DFSL, respectively (see supporting
information). As the TD density decreases, the spatial separation between them increases which
reduces the probability of a TD interacting with each other. This reduces the efficiency of
subsequent DFSL structures. As a result, DFSLs with higher strain fields and thus higher strain-
thickness product values need to be used, which have the potential to exceed the 0.8 nm limit and
create new defects. To further increase dislocation sweeping by the DFSLs and enhance the motion
of dislocations to promote their intersection, and thus reduce their number, higher strain-thickness
products are used when proceeding towards the top of the structure. We suggest that by varying
the strain-thickness product from a low value close to the I1I-V/Si interface, to a higher value
further away from the interface, an efficient TD filtering structure is created that minimizes the
accumulated strain that could otherwise lead to plastic deformation. This hybrid structure was used
in SL sample B. Here, the first DFSL (e hg;, = 0.584 nm) will block a vast number of TDs. The
second DFSL (gg; hg;, = 0.682 nm) uses a higher strain-thickness product to further reduce the
number of TDs. The third (eg; hg;, = 0.649 nm) and fourth (eg;hg;, = 0.649 nm) SLs are also
designed to provide higher strain-thickness product values as compared to the first one. These
parameters are summarized in Table 1. If all the SLs are placed very close to the 0.8 nm limit, then
it is possible that total net strain in the structure might be too high leading to generation of defects.
For comparison, a detailed table with the characteristics of the SL structures used for both SL
sample A and B is also presented in the Supporting Information (Table S1). Furthermore, as shown

in Figure 2, these values are all close to but below the multiplication limit of 0.8 nm. The strain-



thickness product of each of the five identical SLs of sample A is 0.325 nm, which is significantly
lower than those used in sample B. Further details of the strain and thickness characteristics of the

DFLSs are presented in the Supporting Information.

SSL,i ¥ hSL,i < 0.8nm

Figure 1. Schematic diagram of the three samples presented in this work: (a) The 2 pum thick, two-step
GaSb buffer sample. (b) SL sample A with a total thickness of 4.2 um, consisting of five identical
AlSb/GaSb DSFLs, each having a strain-thickness product 0.325 nm. (c¢) SL sample B with a total thickness
of 3.7 um, consisting of four AISb/GaSb DSFLs, each having different strain-thickness products, as outlined
in Table 1. A 200 nm GaSb spacer layer was used between each SL.

Table 1. Layer thicknesses and strain-thickness products of the four superlattices in SL sample B. The

number of AISb/GaSb pair repeats in each SL, t;, are also given.

SL sample B
Characteristics SL; SL; SL; SL4
hgasp (nm) 10.5 10.5 10.5 16
haisp (nm) 9 10.5 12.5 12.5
ti 10 10 8 8
gsu-hse (nm) 0.584 0.682 0.649 0.649
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Figure 2. Strain-thickness characteristics of the DFSL structures used in SL sample A (star point) and

sample B (dot points). The strain-thickness product limit of 0.8 nm is represented by the green dash-dotted

line.

Results and Discussion

Evaluation of the structural characteristics of the two-step GaSb buffer layer was performed using
XRD, PL and atomic resolution TEM. As shown in Figure 3.a, the ®-20 high resolution XRD
pattern of the 004 diffraction peak revealed a narrow full width at half maximum (FWHM) of 60.6
arcsec for the GaSb layer, approximately only two times broader than the Si peak, indicating the
excellent crystalline quality of the buffer. Analysis of the diffraction pattern also revealed a
residual tensile strain of 0.19 % which has been ascribed to thermally induced strain during the
cooling process of the sample resulting from the differences in the thermal expansion coefficients’!
between the GaSb epilayer and Si wafer. The differences between the thermal characteristics of
the materials cause different contracting rates during cooling, following the completion of the
epilayer growth, and the build-up of thermal shear stress between the two layers resulting in a

residual tensile strain in the GaSb epilayer given by>%:
T,
g = fo[KGaSb — Kg;]dT (3)
where kgasb and «s; are the linear thermal expansion coefficients of GaSb and Si respectively. T,

is the growth temperature and Tr = 25 °C is the final temperature after cooling. The value of 515

°C was used for Tg, which is the highest temperature used during the growth of the two-step GaSb



buffer. While the thermal expansion coefficient of GaSb (kgasp = 7.75 x 10 °C! )*} can be
considered stable within the temperature range of interest**, the corresponding value for Si varies®
from approximately 2.5 x 10 °C ! to 4 x 106 °C *! leading to a predicted strain of 0.175 % in the
GaSb, which is very close to the experimental value (0.19%) obtained from the XRD analysis.

The high-resolution TEM image of Figure 3.b shows the formation of a regular interfacial misfit
(IMF) array at the III-V/Si interface. A (1-11) Fourier filter was applied to highlight the
arrangement of the atomic planes around the core of the misfit dislocations. The average IMF
dislocation spacing was calculated as 3.37 nm, which is close to the theoretical spacing value of
3.34 nm required for effective release of the misfit strain®¢. Figure 3.c shows the high-angle annular
dark-field (HAADF) elemental analysis of an area around the I1I-V/Si interface where AISb islands

were formed, confirming the excess of Al as well as the absence of Ga within the islands.
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Figure 3. Structural Characterization of the two-step GaSb. (a) High resolution X-ray diffraction of the
two-step GaSb buffer. (b) High resolution [110] TEM image of the III-V/Si interface and Fourier filtered

image of the same area obtained using the (1-11) Bragg reflection showing the formation of IMF array with
spacing of 3.37 nm. The red lines highlight the atomic layers. (c) HAADF-STEM image of the AISb islands
formed at the I1I-V/Si interface. The magenta, blue, red and light green colors highlight the position of Al,
Ga, Sb and Si respectively. (d) Elemental variation along the area (white arrow) shown in the RGB image
of Figure 3.c. Further information about the interface elemental map can be found in the Supporting
Information. (e¢) Dark field TEM image of the two-step GaSb buffer layer and the TDs originating at the
GaSb/Si interface.



The elemental profile shown in Figure 3.d indicates a high Al concentration in an area with a width
of approximately 8 nm. Figure 3.e is a cross-sectional TEM image of the GaSb buffer taken under
002 dark-field conditions, showing the generation of a high density of TDs at the I1I-V/Si interface.
Many of these dislocations are annihilated within the first 700 nm of the GaSb buffer, but a
significant number continues to propagate, leading to a surface defect density of 2 x 10% cm™, as

measured by ECCI.

Examination of the structural quality of the DFSL samples was also carried out using high
resolution XRD and TEM. Figure 4 shows the XRD and TEM structural characterization results
obtained for SL sample B (XRD experimental data and modelling for SL sample A can be found
in Figure S1 of the Supporting Information). Both structures demonstrated well-defined diffraction
satellite peaks, which are typical of high-quality superlattices. An increased number of satellite

peaks can be observed in the diffraction pattern of SL sample B (Figure 4.a.) due to the elaborate
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Figure 4. Structural characterization of SL sample B. (a) High resolution XRD scan and simulation. (b)
HAADF STEM image showing the complete structure of the sample. c¢) High resolution diffraction contrast
image of SL1 and SL2, i.e. the two superlattices closest to the Si wafer. The arrows denote the presence of

dislocations moving parallel to the image plane.



arrangement of the filter layers. Modelling of the experimentally obtained diffraction patterns
indicated excellent agreement with the target layer thicknesses. Figure 4.b presents dark field TEM
images of sample B showing the individual superlattices of the structure, all demonstrating abrupt
interfaces (TEM images of SL sample A are also shown in Figure S2 of the Supporting
Information). The HAADF image scales with Z, thus, as expected, threading dislocations climbing

from the III-V interface to the DFSLs cannot be identified. A high density of dislocations was

Figure 5. Surface characterization of the two GaSb/AlSb DFSL samples. ECCI surface imaging of SL
sample (a) A and (b) B. AFM surface images of SL sample (c¢) A and (d) B.
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effectively stopped by the first DFSL (Figure 4.c) as many are encouraged to propagate laterally,
along the strained SL interfaces of the filter layers, rather than vertically to overlying layers.
However, a significant number of TDs pits were still identified at the top interface of the final
superlattice of the structure. Figures 5.a and b are ECCI surface images of the top surfaces of SL
sample A and SL sample B, respectively. Threading dislocations as well as planar defects can be
identified on the surface of both samples. SL sample A’s relatively simple repeating superlattice
structure of 10 nm GaSb/ 10nm AISb resulted in a surface defect density of 3 x 107 cm™, which is
approximately an order of magnitude lower than that obtained for the two-step buffer. AFM
surface imaging of the SL sample A revealed a root mean square (RMS) roughness of 1.2 nm. For
SL sample B the surface defect density was significantly lower at 6 x 10° cm™, indicating that
despite its lower overall thickness, a filter structure with increasing SL strain-thickness product
values, following the strain-thickness limitation rule, leads to a substantially lower surface defect.
To the authors’ best knowledge this value is the lowest reported for III-Sb semiconductors
heteroepitaxially grown on Si to date. Comparable defect densities have been reported previously
only for GaAs on Si samples?*?®. Furthermore, the RMS surface roughness of SL sample B was
measured to be 1.15 nm, which is similar to that obtained for SL sample A. This suggests that the
planar defects are the main cause of the surface roughness, in agreement with previous
publications®*. The formation of crosshatched patterns was observed in both the ECCI and AFM
images shown in Figure 5. This is a well-known phenomenon in semiconductors. This strain
originates from plastic relaxation and the formation of misfit dislocations. Local strain
concentrations surrounding the network of IMF dislocations lead to enhanced growth rates around

the dislocation areas, all resulting in the formation of well-oriented crosshatch patterns®’.

The samples were investigated further using 4.2 K photoluminescence measurements. This
temperature was chosen to reduce non-radiative Auger recombination and to allow detection of
defect-related trap states to assess the material quality. Emission related to free or bound excitons
in GaSb was not observed, however all three samples exhibited a similar set of PL emission peaks,
as shown in Figure 6. Two peaks at 773 and 778 meV, denoted A1 and A: respectively, are
commonly attributed to native acceptor levels in GaSb**°. These peaks exhibited only a very
small blueshift (< 0.5 meV) with increasing laser excitation power (see Figure S3 in Supporting

Information), which is characteristic of transitions from the conduction band to acceptor levels®®.
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Figure 6. Low temperature PL (4K) characterization. Results obtained for (a) the two-step GaSb buffer,
(b) SL sample A and (c) sample B. The PL intensity of SL sample B is roughly 2.2 and 14 times more
intense than SL sample A and the two-step buffer sample respectively. The PL peaks were deconvoluted

and fitted using a Gaussian distribution.

A third peak due to donor-acceptor pair transitions, denoted as DAPs, was identified at around 767
meV, which is due to recombination between shallow and deep defects*. Transition C, which is
present at higher energies of 780 to 783 meV is related to a donor-to-carbon pair recombination
arising from residual carbon impurities in the MBE system following the Si wafer outgassing
procedure*!. Transition B (756 to 758 meV) is related to recombination from the conduction band
to a deep native acceptor state*’. A high energy peak U is observed around 789 meV; however, as
stated in previous report®, it could not be ascribed to a specific transition. The PL emission from
the two-step GaSb buffer sample, shown in Figure 6.a, is dominated by the two native acceptor
recombination’s with transition A having the main contribution. For both SL sample A and B,
peak A is the dominant transition. It is interesting to note that the same two native acceptor-related
peaks could be observed for the two-step GaSb buffer and SL sample A, whereas for SL sample
B a third native acceptor-related peak®®, A3, was observed demonstrating a blue shift of 2 meV

with laser power (see Figure S4 in Supporting Information) and a red shift of ImeV with
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temperature, (see Figure S6 in Supporting Info) behaviour characteristic to donor-acceptor
recombination®. These results suggest a partial shift of the native acceptor level possibly by the
strain potential of the threading dislocations**. Reducing the threading dislocation density below
107 cm could eliminate the deformation potential leading to a single band-to-native acceptor
related transition peak for sample B. Furthermore, a reduction in the strain associated with the TDs
may allow transitions between the native donor and acceptor levels formed by gallium vacancy-
gallium antisite complexes, resulting in the A3 peak. Small variations of the peak energies were
observed for each sample which are probably caused by differences in the residual strain. The PL
intensity of SL sample B is about 2.2 and 14 times stronger compared to that of SL sample A and
the buffer sample respectively. Furthermore, the maximum PL intensity is only 1.4 times less
intense than that obtained for the 2 um thick homoepitaxial GaSb control sample (see Supporting
Information and Figure S5). The lower PL intensity of the two-step buffer and the SL sample A
can be related to their higher surface defect density and thus an increased number of non-radiative
recombination centers. Furthermore, a significant decrease in the carbon related peak was observed
for the superlattice samples. This suggests carbon contamination decreases in the growth chamber

for thicker structures that have longer growth periods.

Finally, XPS surface characterization alongside Ar" ion sputtering etching was used to evaluate
the chemical composition of the surface and confirm the presence of residual carbon atoms in the
samples. Figure 7 shows the XPS results obtained for the two-step buffer sample etched with Ar"
ions for different durations. The wide binding energy (BE) spectrum obtained from the surface of
the as-grown sample was characterized by strong carbon, Ga, Sb and oxygen related peaks as
shown in Figure 7.a. High resolution analysis indicated that the carbon peak is attributed to
adventitious carbon (Figure 7.b) formed on the surface of the sample due to atmospheric exposure
and storage, while the Ga 2p and Sb 3p peaks were dominated by the presence of native oxides*>*
(Figure S7). Following the Ar" ion bombardment, mostly Ga and Sb related peaks were identified
in the wide BE spectra (Figure 7.a), while the presence of the GaSb compound was confirmed by
the binding energy of the Ga 2p and Sb 3p peaks (Figure. S7), which were in excellent agreement
to the literature*’. High resolution spectra of the C 1s peak was also recorded following each ion
etching step and carbon traces were identified even after 540 seconds of etching. For an etching

time longer than approximately 200 seconds it is expected that carbon related to surface oxides

will be completely removed*. Thus, the identification of carbon traces confirms the presence of
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carbon residuals in the sample and supports the earlier assignment of the C transition in the PL
spectrum as being carbon related. Carbon in GaSb acts as an acceptor*® when substituting Sb. The
local increase of electron density is expected to affect the Coulomb interactions and shift the
binding energy towards lower values, resulting in a shift of the 1s carbon peak towards lower
energies®” as compared to the main carbon peak (284.6 eV). The C 1s peak of the surface following
the ion bombarding for 540 seconds was located at 284.5 eV, which is 0.1 eV lower than peak
energy of the main carbon peak. However, it should be noted that identifying the peak position is
difficult due to the small signal intensity and the high background noise of the peak, as shown in
Figure 7.b. Furthermore, the Ga and Sb binding energies are only expected to be affected by large
amounts of carbon, such as in cases of intentional doping®'. Surface stoichiometric analysis was
obtained for each ion bombardment step, and the results are shown in Figure 7.c. The surface of
the as-grown GaSb could be considered stoichiometric. However, the carbon (~20 %) and oxygen
(~70 % not shown) contaminant atoms dominate the surface of the sample. When ion

bombardment was used, the treated surface was found to be Ga-enriched due to the preferential
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Figure 7. Ion sputtering and XPS analysis of the two-step GaSb buffer. (a) A series of wide binding energy
XPS spectra and (b) C 1s core level spectra obtained at the surface and following each Ar ion sputtering
step. It is estimated that after 540 seconds the etching depth is approximately 90nm. (¢) XPS depth profile
obtained using a 4 keV ion incident beam. It should be noted here that the carbon obtained following the
first etching step was higher than that obtained after 360 and 540 seconds due to potential carbon transfer

during the Ar" etching.
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loss of Sb atoms during sputtering*®, while the Ga 2p3/2 and Sb 3d5/2 core-shell peaks (Figure
S7) related to the bonds formed between the Ga and Sb atoms of GaSb were centered at 1116.8
eV and 528 eV, respectively. Similar results were also obtained for SL sample B (Figure S8).
Furthermore, it should be noted that the identified amount of residual carbon within the structure
following 360 seconds of etching was approximately 3 times lower compared to that obtained for
the two-step GaSb buffer, confirming the reduction of carbon contaminants when prolonged

growth procedures are used.

Conclusion

In conclusion, AISb/GaSb superlattice structures were grown on silicon substrates using a two-
temperature-step GaSb buffer and interfacial AISb islands. The large lattice constant mismatch at
the Si/III-V semiconductor interface was successfully relieved via the formation of a network of
interfacial misfit arrays. However, a significant number of threading dislocations remained and
reached the surface of the GaSb buffer. The use of five identical AISb/GaSb dislocation filters
reduced the surface dislocation only by an order of magnitude to ~10” cm™. To further promote
dislocation annihilation and decrease their density, a novel AISb/GaSb filter structure consisting
of four unique superlattices was designed. In this sample, the thickness of the AISb/GaSb pairs in
each subsequent superlattice is greater than the last, whilst the strain-thickness product is always
lower than the multiplication limit of 0.8 nm. This design successfully reduced the surface defect
density down to 6 x 10° cm™, which, to the best of the authors knowledge, is the lowest value ever
reported for III-Sb deposited on Si. The reduction of threading dislocations within the filter
structures was also confirmed by low temperature PL analysis. The maximum PL intensity
obtained from the novel SL sample was approximately 14 times stronger than that of the GaSb/Si
sample with no SL. Furthermore, analysis of PL results indicated the presence of carbon within
the samples incorporated into the structure was a result of the in situ wafer cleaning. The presence
of carbon was also confirmed using surface ion sputtering and XPS compositional analysis.
However, the DFSL structures were able to reduce the carbon residuals. Reducing the dislocation
density to even lower levels (towards 1 x 10° cm™) may be possible by further optimizing the

design of the DFSL structures which will be the subject of our future work. Our results open the
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pathway to high quality GaSb epilayers on silicon to enable the integration of room efficient

photonic and electronic devices on Si.

Methods

Growth Technique

All samples were grown using a solid source Veeco GENxplor Molecular Beam Epitaxy (MBE)
system operated at cryogenic temperature and ultra-high vacuum conditions. The system is
equipped with a dual filament gallium source, a valved cracker Mark V 200 cc antimony cell and

a SUMO dual filament aluminum cell.
Si wafer surface oxide desorption

The thermal cleaning technique of the Si wafers’ surface consists of two annealing steps without
the use of any reducing gas. During the first step the wafers were heated up at 600 °C within the
pre-growth chamber. Then they were cooled down to 200 °C and transferred to the growth
chamber. The second thermal cleaning occurred within the growth chamber where it underwent
several annealing temperature cycles with the actual wafer temperature progressively increasing

up to approximately 1000 °C, followed by cooling down to the growth temperature.

Structural, optical and surface characterization

Transmission electron microscopy (TEM) images were collected using a Philips CM 200 and a
JEOL 2100 EX TEM system operating at 200 keV. A Zeiss Gemini scanning electron microscope
(SEM) equipped with a solid-state backscatter detector operating at 20 kV was used to collect the
electron channeling contrast images (ECCI). A Multimode Atomic Force Microscope (AFM) in
tapping mode connected to a Nanoscope 8 controller was also used to perform AFM surface
characterization over a scanning area of 10 um x 10 pm. High resolution X-ray diffraction (XRD)
characterization was carried out using a Bruker AXS D8 Discover X-ray diffractometer. XRD
simulations were generated using RADS Mercury software. Low temperature photoluminescence
(PL) measurements were performed using a 532 nm laser and an excitation power of 210 mW.
Optical fibers were used for laser light delivery and collection of sample emissions which were
detected using a spectrometer and Peltier-cooled InGaAs array detector. X-ray photoelectron

spectroscopy (XPS) spectra were recorded using a Kratos AXIS UltraP? XPS system equipped
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with a hemispherical analyser and an aluminium X-ray source. Wide binding energy (BE) XPS
spectra were obtained using a pass energy of 160 eV and high-resolution spectra were acquired
using 20 eV. The pressure of the testing chamber was of the order of 10 Torr during the
measurements. An Ar' ion gun with a beam energy of 4 keV was used for the ion sputtering. The
spectra obtained for the as-grown and Ar" sputter surface were corrected to the C 1s (284.6 ¢V)
and Sb 3d (528.2 eV) peak for GaSb respectively. The Shirley background correction was

employed while peak fitting was performed assuming a Lorentzian-Gaussian (30:60) distribution.

References

1. Mulcahy, Z., Peters, Frank, H., Dai, X. Modulators in silicon photonics - Heterogeneous integration and
beyond, Photonics 9, 1, 40, 2022.

2. Turpaud, V., Nguyen, T.-H.-N.N., Dely, H., Koompai, N., Bricout, A., Hartmann, J. -M., Bernier, N.,
Krawczyk, J., Lim, G., Edmond, S., Herth, E., Alonso-Ramos, C., Vivien, L., Marris-Morini, D., Low
loss SiGe waveguides for the mid-infrared photonics fabricated on 200 mm wafers, Optics Express 32,
10, 17400-17408, 2024.

3.Li, Y., Segers, P., Dircks, J., Baets, R., On-chip laser Doppler vibrometer for arterial pulse wave
velocity measurements, Biomedical Optics Express 4,7, 1229-1235, 2013.

4. Rouifed, D — S., Littlejohns, C. G., Tina, G. X, Qiu, H., Penades, J. S., Nadelijkovic, M., Zhang, Z.,
Liu, C., Thomson, D. J., Mashanovich, G. Z., Reed, G. T., Wang, H. Ultra-compact MMI-based beam
splitter demultiplexer for the NIR/MIR wavelength of 1.55 pm and 2 um, Optics Express 15,25, 10893-
10900, 2017.

5. Wang, S., Tu, Z., Liu, Y., Li, X., Song, R., Li, Z., Yue, W., Cai, Y., Tu, M., High-speed mid-infrared
silicon-based electro-optic modulator at 2 um, Optics Communications 565, 130657, 2024.

6. Fitzgerald, E.A., Dislocations in strained-layer epitaxy: theory, experiment, and applications, Material
Science Reports 7, 3, 87-142, 1991.

7.Graser, K., Gilbert, A., Rodriguez, J.-B., Tournié, E., Trampert, A., Strain relief and threading
dislocation reduction in GaSb/AISb/GaSb heterostructures grown on Si(001) substrate, J. Appl. Phys. 137,
205302, 2025.

8. Rodriguez, J.B., Cerutti, L., Patriarche, G., Largeau, L., Madiomanana, K., Tourni¢, Characterization
of antimonide based material grown by molecular epitaxy on vicinal silicon substrates via a low
temperature AISb nucleation layer, J. Cryst. Growth 447, 65-71, 2017.

9. Shang, C., Begley, M.R., Gianola, D.S., Bower, J.E., Crack propagation in low dislocation density
quantum dot lasers epitaxially grown on Si, APL Mater. 10, 011114, 2022.

10. Du, Y., Xu, B., Wang, G., Miao, Y., Li, B., Kong, Z., Dong, Y., Wang, W., Radamson, H.H., Review
of highly mismatched III-V heteroepitaxy growth on (001) Silicon, Nanomaterials 12, 5, 741, 2022.

17



11. Rio Calvo, M., Rodriguez, J.-B., Cornet, C., Cerutti, L., Ramonda, M., Trampert, A., Patriarche, G.,
Tournié, E., Crystal phase control during epitaxial hybridization of III-V semiconductors with silicon,
Adv. Electron. Mater. 8,2100777, 2022.

12. Li, K., Yang, J., Lu, Y., Tang, M., Jurczak, P., Liu, Z., Yu, X., Parl., J.-S., Deng, H., Jia H., Dang, M.,
Sanchez, A.M., Beanland R., Li, W., Han, X., Zhang, J.-C., Wang, H., Liu, F., Chen, S., Seeds, A.,
Smowton, P., Liu, H., Inversion boundary annihilation in GaAs monolithically grown on on-axis silicon
(001), Adv. Optical. Mater. 8, 2000970, 2020.

13. Jung, D., Herrick, R., Noramn, J., Turnlund, K., Jan, C., Feng, K., Gossard, A. C. and Bowers, J. E.
Impact of threading dislocation density on the lifetime of InAs quantum dot lasers on Si, Appl. Phys.
Letter 112, 153507, 2018.

14. Tang, M., Chen, S., Wu, J., Jiang, Q., Kennedy, K., Jurczak, P., Liao, M., Beanland, R., Seeds, A., and
Liu, H., Optimization of defect filter layers for 1.3-um InAs/GaAs quantum-dot lasers monolithically grown
on Si substrates, /EEE J. Sel. Top. Quantum Electron. 22, 6, 1900207, 2016.

15. Li, Z., Shutts, S., Xue, Y., Luo, W., Lau, K. M., Smowton, P. M., Optical gain and absorption of 1.55
um InAs quantum dash lasers on silicon substrate, Appl. Phys. Lett. 118, 131101, 2021.

16. Yan, Z., Han, Y., Laua, K. M., InAs nano-ridges and thin films grown on (001) silicon substrates, J.
Appl. Phys. 128, 035302, 2020.

17. Ward, T., Sanchez, A. M., Tang, M., Wu, J., Liu, H., Dunstan, D. J. and Beanland, R. Design rules for
dislocation filters, J. Appl. Phys. 116, 063508, 2014.

18. Shi, B., Pinna, S., Zhao, H., Zhi, S., Klamkin, J. Lasing characteristics and reliability of 1550 nm laser
diodes monolithically grown on silicon, Physica status solidi A 218, 3, 2000374, 2021.

19. Kazi, Z. 1., Thilakan, P., Egawa, T., Umeno, M., Jimbo, T., Realization of GaAs/AlGaAs lasers on Si
substrates using epitaxial lateral overgrowth by metalorganic chemical vapor deposition, Jpn. J. Appl.
Phys. 40, 4903-4906, 2001.

20. Liu, A. Y., Herrick, R. W., Ueda, O., Petroff, P. M., Gossard, A. C., Bowers, J. E., Reliability of
InAs/GaAs quantum dot lasers epitaxially grown on silicon, IEEE J. Select. Topics Quantum Electr. 21,
6, 2015.

21. Shang, C., Wan, Y., Selvidge, J., Hughes, E., Herrick, R., Mukherjee, K., Duan, J., Grillot, F., Chow,
W. W., Bowers, J. E., Perspectives on advances in quantum dot lasers and integration with Si photonics
integrated circuits, ACS Photonics 8, 2555-2566, 2021.

22. Tournié, E., Bartolome, L. M., Rio Calvo, M., Loghmari, Z., Diaz-Thomas, D. A., Teissier, R.,
Baranov, A. N., Cerutti, L., Rodriguez, J. -B., Mid-infrared III-V semiconductor lasers epitaxially grown
on Si substrates, Light: Science & Applications 11, 165, 2022.

23. Delli, E., Letka, V., Hodgson, P. D., Repiso, E., Hayton, J. P., Craig, A. P., Lu, Q., Beanland, R., Krier,
A., Marshall, A. R. J. and Carrington P. J. Mid-infrared InAs/InAsSb superlattice nBn photodetector
monolithically integrated onto silicon, ACS Photonics 6, 538-544, 2019.

24. Gilbert, A., Graser, K., Ramonda, M., Trampert, A., Rodriguez, J.-B., Tournié, E., Reduction of the
threading dislocation density in GaSb layers grown on Si(001) by molecular beam epitaxy, Advanced
Physics Research, 2400126, 2024.

18



25. Carrington, P.J., Delli, E., Letka, V., Bentley, M., Hodgson, P.D., Repiso, E., Hayton, J.P., Craig, A.P.,
Lu, Q., Beanland, E., Krier, A., Marshall, A.R.J., Heteroepitaxial integration of InAs/InAsSb type-I1I
superlattice barrier photodetectors onto silicon", Proc. SPIE 11503, Infrared Sensors, Devices, and
Applications X, 115030G, 2020.

26. Tang, M., Chen, S., Wu, J., Jiang, Q., Dorogan, V.G., Benamar, M., Mazur, Y.I., Slamo, G.J., Seeds,
A., and Liu, H., 1.3-um InAs/GaAs quantum-dot lasers monolithically grown on Si substrates using
InAlAs/GaAs dislocation filter layers, Optics Express 22,10,11528-11535, 2014.

27. Wan, Y., Shang, C., Norman, J., Shi, B., Li, Q., Collins, N., Dumont, M., Lau, K. M., Gossard, A. C.,
and Bowe, J. E., Low threshold quantum dot lasers directly grown on unpatterned quasi-nominal (001) Si,
IEEE J. Sel. Top. Quntum Electron. 26, 2, 2020.

28. Shi, B., Wang, L., Taylor, A. A., Brunelli, S. S., Zhao, H., Song, B., and Klamkin, J, MOCVD grown
low dislocation density GaAs-on-V-groove patterned (001) Si for 1.3 um quantum dot laser applications,
Appl. Phys. Lett. 114, 172102, 2019.

29. Matthews, J. W., and Blakeslee, A. E., Defects in epitaxial multilayers. I. Misfit dislocations, J. Cryst.
Growth, 27, 118-125, 1974.

30. Dunstan, D. J. Review Strain and strain relaxation in semiconductors, J. Mat. Sci.: Mat. Electron. 8,
337-375, 1997.

31. Sugo, M., Uchida, N., Yamamoto, A., Nishioka, T., Yamaguchi, M., Residual strains in heteroepitaxial
II-V semiconductor films on Si (100) substrates, J. Appl. Phys. 65,591, 1989.

32. Postelnicu, E., Wen, R.-T., Ma, D., Wang, B., Wada, K., Michel, J., Kimerling, L.C., Origin of residual
strain in heteroepitaxial films, Appl. Phys. Lett. 123, 102103, 2023.

33. Ince, F.F., Frost, M., Shima, D., Rotter, T.J., Addamane, S., McCartney, M.R., Smith, D.J., Canedy,
C.L., Tomasulo, S., Kim., C.S., Bewley, W.W., Vurgaftman, I., Meyer, J.R., Balakrishnan, G., Interband
cascade light-emitting diodes grown on silicon substrates using GaSb buffer layer, Appl. Phys. Lett. 125,
011101, 2024.

34. Woolley, J.C., Thermal expansion of GaSb at high temperatures, J. C. Woolley, J. Electrochem. Soc.
112, 461, 1965.

35. Okada, Y, Tokumaru, Y., Precise determination of lattice parameter and thermal expansion coefficient
of silicon between 300 and 1500, K, J. Appl. Phys. 56,314, 1984.

36. Kim, Y. H., Noh, Y. K., Kim, M. D., Oh, J. E., Chung, K. S., Transmission electron microscopy study
of the initial growth stage of GaSb grown on Si (001) substrate by molecular beam epitaxy method, Thin
Solid Films 518, 2280-2284, 2013.

37. Albrecht, M., Christiansen, S., Michler, J., Dorsch, W., Strunk, H.P., Hansson, P.O., Bauser, E., Surface
ripples, crosshatch pattern, and dislocation formation: Cooperating mechanisms in lattice mismatch
relaxation, Applied Physics Letters 67, 1232, 1995.

38. Dutta, P., Koteswara Rao, K., Bhat, H., Kumar, V., Photoluminescence studies in bulk gallium
antimonide. Appl. Phys. A4 61, 149-152, 1995.

19



39. Chidley, E.T.R., Haywood, S.K., Henriques, A.B., Mason, N.J., Nicholas, R.J., Walker, P.J.,
Photoluminescence of GaSb grown by metal-organic vapour phase epitaxy, Semicond. Sci. Technol. 6, 45,
1991.

40. Noh, Y. K., Kim, M. D., Oh, J. E., Yang, W. C., Structural and optical properties of GaSb films grown
on AlSb/Si(100) by insertion of a thin GaSb interlayer grown at low temperature, J. Korean Phys. Soc. 57,
1, 173-177, 2010.

41. Xie, Q., Van Nostrand, J.E., Jones, R.L., Sizelove, J., Look, D.C., Electrical and optical properties of
undoped GaSb grown by molecular beam epitaxy using cracked Sb; and Sb,, J. Cryst. Growth 207, 4, 255-
265, 1999.

42. Bignazzi, A., Grilli, E., Guzzi, M., Radice, M., Bosacchi, A., Franshi, S., Magnanini, R., Low
temperature photoluminescence of tellurion-doped GaSb grown by molecular beam epitaxy, J. Cryst.
Growth 169, 450-456, 1996.

43. Johnson, G.R., Cavenett, B.C., Kerr, T.M., Kirby, P.B., Wood, C.E.C., Optical, Hall and cyclotron
resonance measurements of GaSb grown by molecular beam epitaxy, Semicond. Sci. Technology. 3, 1157,
1988.

44. Farvacque, J. -L., Bougrioua, Z., Moerman, 1., Free-carrier mobility in GaN in the presence of
dislocation walls, Phys. Rev. B 63, 115202, 2001.

45. Li, J., Zhou, X., Li, D., Mu, Y., Wang, H., Cong, S., Ren, Y., Yang, J., Chang, C., Yang, W., Li, Y.,
Kong, J., Investigation of anodic sulfidization passivation of InAs/GaSb Type-II superlattice infrared
detector, Opt. Quantum Electr. 53, 384, 2021.

46. Fang, X., Wei, Z., Fang, D., Chu, X., Tang, J., Wang, D., Wang, X., Li, J., Li, Y., Yao, B., Wang, X.,
Chen, R., Surface state passivation and optical properties investigation of GaSb via nitrogen plasma
treatment, ACS Omega 3, 4412—-4417, 2018.

47. Vincent Crist, B., Handbooks of Monochromatic XPS Spectra: Volume 3 — Semiconductors, XPS
International LLC, 2019.

48. Palacio, C., Olvera, J., Plaza, J.L., Dié¢guez, E., XPS—AES study of the surface composition of GaSb
single crystals irradiated with low energy Ar ions, Surface & Coatings Technology,206, 3146-3150, 2012.

49. Wiersma, R.D., Stotz, J.A.H. O., Pitts, J., Wang, C.X., Thewalt, M.L.W., Watkins, S.P., Electrical and
optical properties of carbon-doped GaSb, Phys. Rev. B 67, 165202, 2003

50. Singh, R., Roy, A., Rao, C.N.R, An Experimental Study of Carbon-Doped GaN via Solid—Gas Reaction
Route and Investigation of Its Defect-Related Luminescence, ACS Applied Electronic Materials 4, 6,3147-
3153, 2022.

51. Seemayer, A., Hommes, A., Himann, S., Schulz, S., Wandelt, K., Characterization of GaSb thin films
from tailor-made single-source precursors, J. Cryst. Growth 310, 4831-4834, 2008.

20


https://journals.aps.org/search/field/author/R%20D%20Wiersma
https://journals.aps.org/search/field/author/J%20A%20H%20Stotz
https://journals.aps.org/search/field/author/O%20J%20Pitts
https://journals.aps.org/search/field/author/C%20X%20Wang
https://journals.aps.org/search/field/author/M%20L%20W%20Thewalt
https://journals.aps.org/search/field/author/S%20P%20Watkins

Acknowledgements

This work was financially supported by the EPSRC [grant number EP/N018605/1], an EPSRC scholarship
[grant number EP/T518037/1] and the Royal Academy of Engineering Research Fellowship [grant number
10216/114].

Author contributions statement

Conceptualization, ED and PJC. Data analysis, ED. Writing—original draft preparation, ED and PJC. MBE
growth and development, ED, MB, PDH, ARJM, and PJC. PL characterization and analysis, ED, MB, NM,
PDH, MCW, and JRB. XRD characterization and modelling, ED, MB and NM. TEM and ECCI imaging,
RB. High resolution TEM, MM and SIM. AFM imaging, ED, MB and NM. XPS characterization, ED.
Writing—review and editing, all co-authors. Funding acquisition, PJC. All authors have read and agreed to

the published version of the manuscript.

Data availability

The datasets generated and analysed during the current study are available in the [Pure] repository,
[https://dx.doi.org/10.17635/lancaster/researchdata/722]

Competing interest

The authors declare no competing interests.

21



