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G W N

Abstract: GeSn materials have attracted considerable attention for their tunable band structures
and high carrier mobilities, which serve well for future photonic and electronic applications. This
research presents a novel method to incorporate Sn content as high as 18% into GeSn layers grown at
285-320 °C by using SnCly and GeHy precursors. A series of characterizations were performed to
study the material quality, strain, surface roughness, and optical properties of GeSn layers. The Sn
content could be calculated using lattice mismatch parameters provided by X-ray analysis. The strain
in GeSn layers was modulated from fully strained to partially strained by etching Ge buffer into
Ge/GeSn heterostructures . In this study, two categories of samples were prepared when the Ge buffer
was either laterally etched onto Si wafers, or vertically etched Ge/GeSnOI wafers which bonded to
the oxide. In the latter case, the Ge buffer was initially etched step-by-step for the strain relaxation
study. Meanwhile, the Ge/GeSn heterostructure in the first group of samples was patterned into
the form of micro-disks. The Ge buffer was selectively etched by using a CF;/O, gas mixture using
a plasma etch tool. Fully or partially relaxed GeSn micro-disks showed photoluminescence (PL)
at room temperature. PL results showed that red-shift was clearly observed from the GeSn micro-
disk structure, indicating that the compressive strain in the as-grown GeSn material was partially
released. Our results pave the path for the growth of high quality GeSn layers with high Sn content, in
addition to methods for modulating the strain for lasing and detection of short-wavelength infrared
at room temperature.

Keywords: GeSn growth; selective etch; strain modulation; RPCVD

1. Introduction

GeSn has aroused extensive attention as a result of its direct bandgap properties [1], com-
patibility with Si CMOS processes [2-6], higher absorption coefficients at short-wavelength
infrared (SWIR) windows [7], and higher carrier mobilities compared with Si and Ge,
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etc. [3]. These characteristics show that GeSn materials will be promising for both opto-
electronics and high-speed electronics for silicon photonic-electronic platforms in the near
future. It is also expected that GeSn could open applications for thermoelectric materials
in the near future [8,9]. There are several challenges in growing high quality GeSn: (I) the
lattice mismatch between Ge and Sn is 14.7% and is even higher at 17% between Sn and Si;
(II) incorporation of Sn in Ge is difficult due to the low solubility (<1%) of Sn in Ge and
the instability of a-Sn above 13 °C; and (III) Sn precipitation and Sn agglomeration occur
during growth. Therefore, growth tools, such as molecular beam epitaxy (MBE) [10-12],
reduced pressure chemical vapor deposition (RPCVD) [13-22], ultra vacuum chemical
vapor deposition (UHVCVD) [23], physical vapor deposition (PVD) [24], and sputtering
technique [25,26] have been proposed to grow GeSn at low temperatures. Compared
to MBE and PVD, CVD has the advantages of lower costs, higher growth rates, larger
wafer sizes, and mass production potential which can easily be transferred to the Si-based
microelectronic and photonic industry. As early as 2001, Kouvetakis’s group from Ari-
zona State University (ASU) grew GeSn and GeSnSi via reactions of Si-Ge hydrides and
SnDy4 in a UHVCVD chamber, but SnD4 molecules are very unstable [27,28]. Then, in
2011, researchers from IMEC [14] and KTH proposed the growth of GeSn using commer-
cially available reaction precursors (SnCly /GeyHg) in a production RPCVD tool [18]. Since
then, many research groups reported the growth of GeSn using precursor combinations
of SnCly /GeyHg and SnCly /GeHy [13-23]. Moreover, GeSnSiC alloys were also grown
using SioHg, GepHg, SnCly, and SiCHg, precursors which are also important for photonic
applications [19,20]. From the mass production perspective, GeH, is preferred to Ge,Hg,
owing to its wider usage and lower cost. In order to improve material properties, the effects
of growth temperature, growth pressure, carrier gas, strain relaxation, and doping on
GeSn growth were systematically investigated. Experimental results indicate that growth
temperature, growth pressure, and strain relaxation were major factors towards achieving
high Sn composition and high quality GeSn [29,30].

With the rapid development of GeSn CVD growth techniques, truly direct-bandgap
transition GeSn material was experimentally verified and single PL peaks with narrow
line-widths at each temperature were clearly observed [31]. Inspired by this research, the
first optically pumped FP cavity GeSn laser was demonstrated at low temperature [32].
From then on, other lasers were successfully demonstrated: GeSn micro-disk lasers [33],
2D hexagonal photonic crystal (PC) cavity GeSn lasers [34,35], micro-bridge cavity GeSn
lasers [36], 1D PC cavity GeSnOl lasers [37], GeSn/SiGeSn quantum wells lasers [38], GeSn
micro-disk continuous wave (CW) lasers [39,40] and electrically pumped GeSn/SiGeSn
lasers [41,42]. However, their thresholds were still very high, necessitating strategies
to achieve both room temperature lasing and low thresholds. The main issue for room
temperature GeSn lasing is the presence of compressive strain in GeSn/Ge, which will
reduce its directness in the bandgap. In the meantime, it is also highly desirable that Sn
distribution in the GeSn optical gain medium be uniform. In order to obtain good device
performance, the processes of making device structures, especially the etching process,
become very important. A good etching process can not only obtain a high selection ratio
between different materials, but can also have very important effects on the interface state
and subsequent alloy processes.

Ge5n thin films on Ge are subjected to compression strain which still result in indirect
bandgaps. When the composition of Sn is more than the critical value of 6-8% GeSn
will realize direct bandgap transition. One way to overcome the compression strain of
Ge1_xSny thin films is to selectively remove the stress-induced Ge buffer layer [43-47]. This
method can be used to prepare strain-free, direct bandgap Ge;_«Sny. Y. Han et al. used
wet etching and obtained a selective etching ratio of 8:1 [46]; they also found that when
the Sn concentration is above 6%, selectivity increases as much as 336. CF, is used as dry
etching gas for the Ge buffer, and to make Ge( 9,5ng og micro-disks [43-48]. A. Campo et al.
reported that when adding 30% O, in CF4, Ge etching has the highest etching rate and
has the highest selectivity with Si, since the Si etch rate is controlled by the thickness
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of the SiOXFy superficial layer; in contrast, the thickness of GeOXFy does not inhibit Ge
etching [49]. Although a series of studies have demonstrated GeSn growth and good
performance devices, achieving GeSn growth with high Sn content and high epitaxial
quality are still challenges due to Sn segregation. New methods are still being sought to
deal with incorporation of high Sn content in Ge with low defect densities.

In comparison to GeSn/Ge, a better candidate for optoelectronic applications is GeSn-
on-insulator (GeSnOlI). This is a result of the excellent mobility of GeSnOl], in addition
to its higher light emission efficiency, higher net gain, great optical confinement, low
leakage current, resonator effect, higher operation temperature, lower coupling loss with
waveguide, and its greater ease for photonic integration [4,50,51].

This paper presents a novel method to grow GeSn layers on Ge buffer with high Sn
content and high crystalline quality. We present an X-ray diffraction method to precisely
determine the Sn content in GeSn. In comparison with the classical way of using Rutherford
backscattering spectrometry (RBS), our method provides a more cost-effective and faster
analysis. The strain amount in GeSn could be modulated by vertical or lateral etching of Ge
buffer in micro-disks. In this process, the GeSn/Ge (virtual substrate) layers are transferred
to form GeSnOl wafers, and the top Ge layer on GeSnOl has great influence on strain in
GeSn. The strain relaxation of GeSn was obtained by under-etching with Ge buffer in the
GeSn/Ge heterostructure in micro-disk arrays formed on Si wafers, or back-etching during
the formation of GeSnOI wafers. The high growth rate and low defect density of the GeSn
layer provide PL at room temperature, which offers the unique possibility of depositing
multilayer structures for lasers and detectors operating in the SWIR region. In this study,
both selective dry and wet etching methods were investigated. We present two kinds of
process flow, and obtained two kinds of micro-disks: partial strain release and complete
strain release. Micro-disk morphology and strain release of the different selective etching
methods were also measured using an X-ray technique in global characterization and using
transmission electron microscopy (TEM), as well as nanoelectron beam diffraction (NBD)
in local analyses.

2. Materials and Methods

GeSn samples were grown on Si (100) wafers by applying SnCly and GepHg as pre-
cursors at 285-320 °C in a commercial RPCVD tool (Epsilon 2000, ASM). High-equality
Ge bulffer layers of one micrometer were grown prior to the deposition of GeSn layers. In
this study, strain in the GeSn layer was modulated either through lateral etching of the Ge
buffer in the micro-disks of Ge/GeSn formed on the Si bulk wafer, or vertical etching of
Ge on the Ge/GeSnOI wafer. Figure 1a shows the process flow of forming micro-disks,
starting with deposition of a 100-nanometer SiO, film with PECVD serving as a hard mask
on Ge/GeSn heterostructures . Circular disks with diameters of 3 nm, 6 nm, and 9 nm were
patterned. The GeSn/Ge heterostructure was vertically etched using Cl, precursor while
the GeSn layer was selectively etched using CF4/O; plasma gas, as shown in Figure 1b.
Another group of micro-disks were formed with no SiO,. In order to ensure that lateral
selective etching is not out of the way, during the first step of etching it was not etched
directly reaching the Si layer, but retain a portion of the Ge. Then, CF4 and O, were used
for selective etching. After several repeated experiments, an ultra-thin strain, relaxed
GeSn micro-disk structure was obtained. The etching was carried out using an inductively
coupled plasma (ICP) PlasmaPro® 100 Cobra with frequency 13.56 MHz and a background
vacuum of less than 4 x 10~® Torr. CF,; was used as the etching gas to etch SiO,. The
dry etching process adopted CFy, the air pressure was controlled at 5 mT, the reaction
temperature of the mixed gas was 20 °C, the upper RF power used was 400 W, the lower
RF power was 100 W, and the total flow rate of CF4 was 50 sccm. Then, the GeSn and Ge
layers were vertically etched downward by chlorine (Cly). The air pressure was controlled
at 5 mT, the reaction temperature of the mixed gas was 20 °C, the upper RF power used
was 300 W, the lower RF power was 45 W, and the total flow rate of Cl, was 35 sccm. The
GeSn micro-disk structure was obtained by transverse selective etching of Ge by CF4 and
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O,. The pressure was controlled at 90 mT, the reaction temperature of the mixed gas was
20 °C, the upper RF power used was 200 W, the lower RF power was 0 W, and the total
flow rate of CF4/O; was 100 sccm. In terms of the volume percentage of CF4/O,, the
volume ratio of CF4 was 70%, and the volume ratio of O, was 30%. We reduced the RF
power to 0 W to eliminate surface damage caused by ion bombardment. The GeSn film is
thin, and this setting protected the morphology of GeSn from being damaged by particle
bombardment. The decrease in RF power was accompanied by a corresponding decrease in
the reactive free radical concentration and resulted in a slower etching rate. The addition of
30% oxygen increased the etching rate of Ge to its highest, thus even when RF was reduced
to 0 W, Ge still had an etching rate of 200 nm/min.
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Figure 1. Formation of partial strain-relaxed GeSn micro-disk with SiO, as hard mask: process flow
and schematic of the process.

GeSnOI wafers were processed when the GeSn/Ge heterostructure with a 10-nanometer
AlyOs3 cap layer could be bonded to 520 nm SiO; on a support wafer by fusion bonding.
The Si substrate was back polished and completely removed by TMAH to the Ge layer.
Later, strain in the GeSn layer could be modulated by stepwise etching of the Ge buffer
using NH3OH: HyO,: HO (1:4:25) solution; this process is shown in Figure 2. The etching
times were 20 s, 100 s, and 120 s, where the 500 nm, 100 nm, and 20 nm Ge buffer layers
could finally remain on the GeSn layers, respectively. Detailed information of the etching
process is shown in Table 1.

Si substrate

Ge 1pm Ge 1um

GeSn 40nm GeSn 40nm

GeSn 40nm

Si substrate -

Fusion Bonding TMAH Wet Etching GeSnOl

Figure 2. Process flow for manufacturing of GeSnOI substrates.
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Table 1. Process details of vertical wet etching of Ge.
Sample GeSn Peak Position Ge before Etching Ge after Etching Rate
P /Arceconds Etching/nm Time/s Etching/nm nm/s
GeSnOI NH4OH:H,0,:H,0 (1:4:25) 710 0 710 0
20s NH4OH:H;0,:H,O (1:4:25) 710 20 500 10.55
100 s NH4OH:HyO,:H;O (1:4:25) 710 100 100 6.11
120 s NH4OH:H,;0,:H,0 (1:4:25) 710 120 0 5.925

High-resolution X-ray diffraction (HR-XRD), Rutherford backscattering spectrometry
(RBS), atomic force microscopy (AFM), transmission electron microscopy (TEM), and pho-
toluminescence (PL) spectra were used to characterize the structural and optical properties
for the as-grown GeSn samples, GeSn micro-disk structures, and GeSnOI wafers.

3. Results and Discussion
3.1. Growth Kinetics

The fundamental problem with growing GeSn layers is segregation of Sn atoms. There
are two main factors which govern Sn segregation: chemical and size effects. The first effect
depends on the heats of sublimation of Sn (65 kcal/mole) and Ge (89 kcal/mole), which in
fact determine whether Sn-to-Sn or Sn-to-Ge bonding is favored. The size effect originates
from the size difference between Sn and Ge atoms. Therefore, we may conclude that high
incorporation of Sn in Ge is a real challenge as a result of both aforementioned effects.

Prior to GeSn growth, a Ge buffer with a thickness of at least 1000 nm is necessary to
be deposited for high quality epitaxy. The Ge buffer layer contains two layers which are
grown at a temperature of 450 °C for the low layer, and at 650 °C for the cap layer. The first
layer is highly defective; meanwhile, the second layer has significantly higher epitaxial
quality. An annealing treatment at 850 °C ensures the defect density is minimized to a
level of 107 cm~2. Since the main goal of this study is to incorporate high Sn content in Ge,
the quality of the buffer layer is very important. Figure 3 illustrates the series of grown
samples in this study. The amount of SnCly introduced into the epi chamber was increased
in three steps of 0.8, 1, and 1.5 g/h. In these samples, Sn segregation appears as Sn dots
on the surface of the GeSn layer. The sizes of the Sn dots depend on the thickness of the
GeSn layer, and they become larger for thicker GeSn layers. Therefore, it is important in
the characterization of GeSn layers that the presence of Sn dots not be misjudged as surface
roughness, especially when they are small for thin GeSn layers. Since Sn atoms are large,
and since the heat of sublimation for Sn is less than that for Ge, segregation of Sn in Ge
buffer occurs from both chemical and size effects.

Virtual mass transport regime

= Impeded

£ Impeded S .

= X n segregation

£ Sn segregation .

[S . X

3 500 sncla: Sncla: —— 18 <

® SnCl4: 1g/h 15g/h _— S
% 2

§ 200 06e/h — - X -12 §

S x— X X -

O - XX -

S0 — X X X X 6
T T T
100 500 1000

Ge,Hg mass flow (sccm)
Figure 3. Growth parameters of GeSn deposition and its related Sn contents.

In general, the growth of Si-based materials using CVD follows two regimes: kinetic
and mass transport. In kinetic mode, the growth rate is temperature-dependent, whereas
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in mass transport mode the growth rate is dependent on reactant gas partial pressures. In
this study, GeSn growth occurs at 280-310 °C; then, it is expected that epitaxy follows the
kinetic mode. As we know, Sn segregation depends strongly on the introduced Sn content;
meanwhile, Figure 3 illustrates that Sn segregation is decreased by increasing the Ge partial
pressure, and diminishes when Ge partial pressure reaches a critical value. Surprisingly,
the growth rate is also increased by increasing the Ge partial pressure. By applying high
Ge partial pressure, the number of Ge atoms is increased, resulting in a dramatic change
to the kinetics of atoms where lateral diffusion of atoms becomes limited. We believe Sn
segregation is decreased as a result of the high growth rate and limited lateral diffusion
of Sn atoms. This condition of growth could be called virtual mass transport mode at low
temperature growth. Reaching this point is the key issue for significant corporation of Sn
into a Ge crystal matrix to occur. In the next step, by introducing more Sn atoms, a new
condition is reached and it becomes necessary to deal with the excess of Sn atoms during
GeSn growth; therefore, Ge atoms will be needed to decrease segregation. By stepwise
introduction of more Sn atoms, the Ge partial pressure must be increased with each new
step. In Figure 3, three points reflect the optimized growth parameters. As a result of this
stepwise approach, 18% of Sn could be incorporated in Ge.

In order to examine the quality of the GeSn layers, high-resolution X-ray diffraction
(HRXRD) including reciprocal lattice maps were performed, as shown in Figure 4. The
rocking curves illustrate thickness fringes, indicating high interfacial quality. Layer quality
is often estimated using the full-width half-maximum (FWHM) method, but in these
samples the strain relaxation was not the same due to different layer thicknesses. Therefore,
HRRLM was performed, as shown in Figure 4b, to determine strain in both vertical and
lateral growth directions. In this way, the strain relaxation could be measured and discussed.
HRRLM was performed around (2 2 4) reflection, which is most sensitive to the defects. This
is due to the low incident angle of the X-ray beam at 8.7° which makes a long propagation
of the X-ray beam along the GeSn layer, and easily reveals the defects [52]. The positions of
GeSn and Ge peaks in the reciprocal lattice were determined, then the mismatch parameters
were calculated. In the HRRLMs, the shape of the GeSn peak and the diffused scattering
provide information about the presence of Sn dots within the GeSn layer. In these maps,
the GeSn peak is aligned with the Ge peak along the (001) direction showing minor strain
relaxation. The GeSn peak shifts out but is still along the (001) direction, illustrating the
increase in strain in the epilayers.
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,"\u' \
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Figure 4. X-ray analysis of GeSn/Ge layers (a) rocking curves and (b) 224 HRRLMs.
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For GeSn layers in samples E and F with Sn content of 16.6% and 18%, respectively, low
intensity color contours are only observed due to the thinness of these layers. Therefore, the
acquisition of X-rays become weak and we need to increase the incoming beam intensity
for thin layers. Meanwhile for sample F, there is a scattering intensity around the GeSn
peak, which could be related to minor strain relaxation. In conclusion, GeSn layers which
are fully strained show good quality in HRRLMs.

The lattice distortion in Ge due to Sn atoms has to be carefully determined in order to
derive Sn composition. The following approach shows how this task was performed by
using misfit parameters in the GeSn layers [50-52]. The misfit parameters were calculated
through reading data from the HRRLM of 20 for substrate and the epilayer:

z .
_ Daz Mgy T Asub sin O,y cos(wWsup — Osup)

S Asub Asub sm Gluy Cos(wluy - Gluy)
XY
Aayy gy — %ub  sin B sin(wgyp — Osup)
fry = = == - -1 2)
Asub Asup s Olay SIn(wluy - Qluy)
The total misfit was determined from the following relationship:
f= e f) e + ®
- z X,y 1 + v X,y

where v stands for the Poisson ratio for the material. A serious problem which arose was
determining the v value for the GeSn material; in general, this value can be written in terms
of elastic constants, Cij (see Table 2).

v = _ G2 @)
12+ 11

Table 2. Elastic constants of the group IV elements [50,51].

Elastic Constant Ge Sn Si C
c11 (Mbar) 1.26 0.69 1.67 10.79
¢12 (Mbar) 0.44 0.29 0.65 1.24

As an example, the elastic constant Cij-value for a certain alloy composition Gej_4S#y
can be obtained from Vegard’s law, shown as follows:

cij(Gey_Sny) = (1 — x)cij(Ge) + xcij(Sn) (5)

Itis important to mention here that Equation (5) provides an approximation to calculate
Cij values, and this will affect the Poisson ratio value and Sn composition (in the range
of this study). Later, the validity of our data were compared with RBS data. The strain
relaxation (R) is an important value which indicates how much strain has been released.
Relaxation is expressed in percentage, and can be obtained from the following:

_ fay
K="

For alloy materials, the composition is commonly determined by applying Veg-
ard’s law:

(6)

X X ap

f== ™

The Poisson ratio is obtained from the corresponding Cijs according to Equation (4),
then the lattice constant for GeSn can be determined. The Sn content extracted with high
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precision can be derived from the lattice constant for a composition, according to the
following equation [50,51]:

AGeSn (x) = AagpX + 6GeSnx(l - x) + aGe<1 - x) (8)

where 06,5, is a constant which relates to GeSn alloying and is 0.166 A for x < 0.20 [47,48].
The calculated Sn contents for GeSn layers from HRRLMs are illustrated in Table 3.

Table 3. Sn content in GeSn layers obtained from HRRLMs.

GeSn Peak Position Mismatch

Sample /Arceconds /ppm a, /A x
A —6590 5184 5.70925 0.036
B —8330 12,328 5.78025 0.084
C —8990 15,554 5.81246 0.106
D —9560 18,139 5.83832 0.124
E —11,340 25,734 5.91466 0.175
F —11,267 25,548 5.91278 0.176

In order to ensure the accuracy of Sn content in GeSn layers, RBS analysis was per-
formed. The results of samples E and F are shown in Figure 5. The obtained values were 18
and 16.6, respectively, which were consistent with XRD data. This also indicates that the
approximation method used to find Cij values with Equation (5) was valid.

—— Random d EB 00
ranaom
(a) —+— Channeled 20,000 (b)
412,000 channeled | 15,000
Ge 19000 15:000F Ge 112,000
f 19000
L6000 10,0001
' sn ; o 16000
P
13000 5000+
. Q1 70 {3000
E: Sn-16.7% F: Sn-17.9%
i L N 1 L 0 0 L 0
200 300 400 500 200 300 400 500
Channel Channel

Figure 5. RBS spectra of sample E and sample F.

The surface roughness of GeSn layers is also a very important consideration for devices,
especially in the multilayers. AFM results of the GeSn samples performed are illustrated
in Figure 6. The images show that the surface roughness of the GeSn layers have RMS
values in the range of 0.492 to 1.66 nm for sample D to sample F, respectively. Sample D
has the lowest roughness. These samples were also observed by optical microscope with
Normanski filters (not shown here), and the surface roughness was best for sample D. This
can also be verified by regular diffraction peaks in HRXRD that show sample D has the
best crystal quality. Thus, the surface of sample D is the smoothest.

In this series, sample F was analyzed by HRTEM, as shown in Figure 7. The figure
reveals that there is a clear and steep interface distribution between Ge and GeSn, and that
the atoms of Ge and GeSn are arranged very neatly. This symbolizes that film of GeSn
sample used in this investigation had high epitaxial quality [53]. Therefore, for this sample,
the greater surface roughness shown in Figure 6 may relate to minor strain relaxation.
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D:RMS=0.492 nm E:RMS=0.95 nm F:RMS=1.66 nm

Figure 6. AFM analysis of samples D, E, and F.

Figure 7. HRTEM cross-sectional images of Geg g,Sng 13 (sample F).

3.2. Strain Modulation by Lateral Etching

The growth of GeSn/Ge (buffer) yields compressively strained GeSn layers; for direct
bandgap transition, the strain has to be modulated. There are three ways to achieve strain
relaxation of GeSn layers: I, GeSn layers are grown in a meta-stable region, where the strain
modulation then depends on layer thickness and growth temperature; II, by gradually
etching the Ge buffer layer so that the GeSn layer partially relaxes; and III, by post annealing
the GeSn layer. The third option results in precipitation of Sn atoms in the Ge matrix, so
this is not an appropriate method for device applications.

In our experiments, by a vertical etching of GeSn/Ge and later, a lateral etching of
Ge, micro-disks could be formed. Figure 8a—f shows how strain in GeSn could be affected
by selective etching of Ge to the GeSn layer in a lateral direction. In these experiments,
etching of the Ge layer was performed with/without an SiO, hard mask. In both cases, Ge
could be successfully etched without any damage to the GeSn layer. However, the GeSn
layer bent at the edge for the case without SiO, compared to the case with SiO,, as shown
in Figure 8c,d, since there was no SiO; layer that could hold the layer and delay or affect
strain relaxation.

The HRXRD analysis from these samples from before and after etching in Figure 8e,f
confirm that there is a clear shift of the GeSn peak towards the Ge peak for micro-disk
samples without the SiO, hard mask. There are no interference peaks in Figure 8f which
indicate that the GeSn thin interface or surface were affected as a result of partial strain
relaxation.

As a result of the partial relaxation of the film, the influence of strain becomes weaker
where the I energy valley shifts downward, and the bandgap of the material becomes
smaller. Theoretically, this results in red-shift in the PL spectrum [39]. Figure 9a shows
the PL test map for as-grown micro-disks, and micro-disks with SiO; hard mask at room
temperature. The figure shows that the GeSn peak at 2248 nm red-shifts to 2276 nm after
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micro-disk formation. Meanwhile, in Figure 9b the red-shift of the sample without SiO is
from 2248 nm to 2304 nm, which is almost double the shift of the sample in Figure 9a. The
amount of red-shift in these samples is related to strain relaxation, which is consistent with
HRXRD results.

— 13- 2T OWIL (E)
10° f = GeSn micro-disk with $10, hardmask
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Figure 8. (a,b) SEM of GeSn micro-disk with SiO; hard mask; (c,d) SEM of GeSn micro-disk without
hard mask; HRXRD rocking curve of micro-disks for samples (e) with SiO, hard mask and (f) without
hard mask; black-colored spectra represent GeSn before etching, and red spectra represent GeSn
after etching.
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Figure 9. (a) PL of GeSn before etching (black line) and GeSn micro-disk with SiO; as hard mask (red
line); (b) PL of GeSn as-grown (black line) and GeSn micro-disk without hard mask.

3.3. Strain Modulation of GeSnOI by Vertical Etching

The strain modulation of GeSnOI was studied by stepwise etching the Ge buffer.
Figure 10 shows HRXRD results of as-grown and after 20 s, 100 s, and 120 s etching times
of GeSnOL. In these experiments, the intensity of the Ge peak decreases gradually with
increases in etching time, and later appears as Ge is completely etched away.
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Figure 10. (a) XRD of GeSnOlI as-grown (black line) and after wet etchings of 20 s (orange line), 100 s
(blue line), and 120 s (red line); (b) PL at room temperature of GeSn as-grown (red line), GeSnOI
(black line), and after wet etchings of 20 s (blue line), 100 s (amaranth line), and 120 s (orange line);
and (c) PL of GeSnOl after wet etching of 20 s at temperatures of 80 K (orange line), 193 K (blue line),
and room temperature (red line).

Figure 10b shows the GeSn peak has a blue-shift after the bonding process. It is
believed that this shift is a result of the annealing treatment (300 °C 1 h) which could
cause a number of Sn atoms to be pushed out from substitutional sites, resulting in strain
reduction. This explanation originates from the fact that we observed no defects in HRTEM
results. Meanwhile, the etching of the Ge buffer creates a red-shift, as expected. The
red-shift is caused by stress release and bandgap alignment in GeSn. Table 4 and Figure 10c
demonstrate more PL investigation on the GeSnOI sample with a 20-s etching of Ge buffer
at different temperatures. The PL peak’s FWHM at room temperature (shown as Table 4) is
decreased at low temperature analysis, which is consistent with freezing of imperfections
in the epilayer.

Table 4. PL data for the GeSn peak at 80 K and at room temperature (RT) after Ge vertical wet etching.

FWHM-80 Peak of Peak of
Sample K/nm GeSn-80 K/nm FWHM-RT/nm GeSn-RT/nm
GeSn B?fore _ _ 251 2166
bonding
GeSnOI 129 2040 134 2039
20s 60 2286 284 2270
120 s 26 2279 345 2232

In order to find out the strain distribution in the above sample GeSnOI, NBD analysis
was performed, as shown in Figure 11a—c, and more details about estimated strain values
are demonstrated in Table 5. The strain is distributed at the top level in the middle of
the GeSn layer and more relaxation occurs in the vertical direction close to the Ge buffer.
No defects are created in GeSn layers, and by removing more Ge buffer the strain is
constantly decreased.
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(a) (b) (c)

Figure 11. NBD in different GeSn regions of sample wet etched for 20 s; the reference is bulk Ge with
lattice constant 5.657 A. (a) Up; (b) middle; (c) down.

Table 5. NBD results about GeSnOl strain before etching, and after wet etching for 20 s and 120 s.

Sample Bulk Strain Strain | (002) Strainy;(220)

GeSnOlI 2.79% 2.11% 0.47%
20s 1.90% 1.60 % 0.17 %
120 s 1.19% 2.24% —0.32%

4. Conclusions

In this research, a novel growth method was proposed to incorporate Sn content up
to 18% in a Ge matrix. Furthermore, we propose that using XRD reciprocal maps is an
accurate method to determine Sn content in GeSn layers instead of the time-consuming
and expensive conventional RBS analysis. GeSn/Ge were patterned to form micro-disks
where the Ge buffer was etched using a selective wet etch. The strain was modulated by
removing the Ge buffer where PL and XRD were applied to study the strain relaxation.
Results showed that when no (5i0,) hard mask was used for micro-disk formation, strain
relaxation occurred only when the micro-disk was bending. GeSnOI was also formed and
the strain in GeSn could be modulated by vertical etching of the Ge buffer, causing red-shift
in the PL spectrum. All samples showed PL at room temperature. This study provides
vital information for the synthesis of GeSn layers with high Sn content, and for using these
layers in advanced photonic applications within the SWIR spectral region.
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