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GeSn detectors have attracted a lot of attention for mid-infrared Si photonics, due to their compatibility with Si
complementary metal oxide semiconductor technology. The GeSn bandgap can be affected by Sn composition
and strain, which determines the working wavelength range of detectors. Applying the Sn content gradient GeSn
layer structure, the strain of GeSn can be controlled from fully strained to completely relaxed. In this work, the
strain evolution of GeSn alloys was investigated, and the effectiveness of gradually increasing Sn composition
for the growth of high-Sn-content GeSn alloys was revealed. Relaxed GeSn thick films with Sn composition
up to 16.3% were grown, and GeSn photodetectors were fabricated. At 77 K, the photodetectors showed a cutoff
wavelength up to 4.2 μm and a peak responsivity of 0.35 A/W under 1 V at 2.53 μm. These results indicate
that GeSn alloys grown on a Sn content gradient GeSn structure have promising application in mid-infrared
detection. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.456000

1. INTRODUCTION

Mid-infrared (MIR) has important applications in medicine,
gas detection, and pollution monitoring, due to the strong ab-
sorption in this wavelength range. At present, the materials
used for fabricating MIR detectors are expensive semiconduc-
tors, such as HgCdTe, PbS, and antimonide-based type II
superlattice [1–4]. The high manufacturing cost and difficulty
in integrating photons and electrons on a single wafer hinder
the wide application of MIR photonics. Combining the fea-
tures of mass production and compatibility of complementary
metal oxide semiconductor (CMOS) technology with optoelec-
tronic technology, Si photonics has achieved great success in the
near-infrared (NIR) field and is also considered to be a prom-
ising solution for MIR photonics [5–8]. Recently, Si-based pas-
sive photonic components operated at MIR, such as couplers,
waveguides, and filters, have been designed and fabricated
[9–11]. As group IV material, Ge1−xSnx alloys are considered
to be an ideal choice for making active photonic components
due to their tunable bandgap energy from 0.66 to 0 eV, cover-
ing the whole MIR field [12–15]. By increasing Sn composi-
tion, the detection range of GeSn devices reported in literature
has extended from short-wave infrared (SWIR) to the MIR
region in the last decade [16–22].

However, GeSn alloys with high Sn composition and high
crystal quality are difficult to grow because of the large
lattice mismatch between Ge and α-Sn, low-equilibrium solid
solubility (<1%) of Sn in Ge, and easy Sn segregation at high
temperature [23–26]. Several epitaxial techniques, such as
chemical vapor deposition (CVD) [12,13], molecular beam ep-
itaxy (MBE) [14,15,23], and sputtering epitaxy [24–26] have
been developed to grow GeSn alloys. It is reported that a spon-
taneous-relaxation-enhanced (SRE) Sn incorporation mecha-
nism during epitaxy by CVD can help to grow relaxed GeSn
alloys with high Sn content and low threading defect density,
and GeSn optoelectronic devices have been fabricated with
good performance [21,27–29]. However, for GeSn grown by
physical vapor deposition (PVD) methods, the GeSn relaxation
process with high Sn composition always has a large number of
dislocations, and no spontaneous Sn composition gradient phe-
nomenon is observed [14,23]. In previous work, it was found
that the strain of GeSn alloys was released effectively by design-
ing a Sn component gradient GeSn buffer layer by sputtering
epitaxy [30]. For the MBE system, Sn content is regulated by
controlling the temperature of the pyrolytic boron nitride (BN)
crucible, and the Sn content of GeSn alloys can increase more
slowly along the thickness. This suggests that relaxed GeSn
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alloys with improved crystal quality can be achieved by MBE
using a Sn content gradient GeSn buffer layer structure.

In this work, an effective method of gradually increasing
Sn composition for growing high-Sn-content GeSn alloys is
proposed. Fully relaxed Ge0.837Sn0.163 alloys without Sn segre-
gation are realized by MBE. The structural and bandgap
properties of Sn fraction graded GeSn alloys are investigated
in detail. GeSn photodetectors are fabricated with a cutoff
wavelength up to 4.2 μm at 77 K. The results indicate that
GeSn alloys with high Sn content can be grown by MBE,
and GeSn photodetectors have promising applications in the
development of MIR Si photonics.

2. EXPERIMENT

A. Material Growth and Characterization
GeSn samples were grown by MBE on 4-inch n-type Ge (100)
substrates. After transferring into a growth chamber with a base
pressure of less than 1 × 10−7 Pa, the Ge substrates were heated
to 400°C to grow a 50 nm Ge buffer by thermally evaporating
the Ge in the pyrolytic BN crucible. Then, after the substrates
were cooled to the growth temperature (150°C–170°C), four
GeSn samples were deposited by evaporating Ge and Sn at the
same time. The deposition rate of GeSn is about 0.036 nm/s.
To release the compressive strain, Sn composition graded GeSn
buffers are designed, which is achieved by fixing the temper-
ature of the Ge crucible at 1300°C and linearly increasing the
temperature of the Sn crucible. The growth conditions are
listed in Table 1. For samples A, B, and C, the initial temper-
ature of the Sn crucible is 760°C, and the final temperature
is gradually increased. For sample D, when the Sn crucible
reaches 835°C, the GeSn layer continues to grow for about
200 nm with the Sn crucible temperature unchanged. The Sn
composition was determined by secondary ions mass spectrom-
etry (SIMS), and degree of strain relaxation (R) was calculated
using reciprocal space mapping (RSM). Atomic force micros-
copy (AFM), scanning electron microscopy (SEM), and cross-
sectional transmission electron microscopy (XTEM) were
utilized to investigate the surface morphology and crystal
quality.

B. Device Fabrication and Characterization
GeSn photodetectors with an interdigital electrode structure
were fabricated by CMOS compatible technology. First, the
rectangular mesa of GeSn was defined and etched by photoli-
thography and inductively coupled plasma (ICP) equipment.
Subsequently, 300 nm thick SiO2 was deposited by plasma en-
hanced CVD (PECVD) to passivate the etched GeSn sidewall.
After etching to form metal contact holes, the Ni/Al electrode
was deposited and patterned by lift-off. The width and spacing
of the interdigital electrodes were 5 and 20 μm, respectively.
The dark current–voltage (I − V ) curves at different tempera-
tures were measured by a low-temperature probe station and
a semiconductor parameter analyzer. Spectral-response mea-
surements at different temperatures were performed by a
Nicolet 6700 Fourier transform infrared spectrometer (FTIR).
The photodetectors were placed in a liquid-nitrogen cryostat
equipped with a ZnSe window for temperature regulation.
The photocurrent signal was amplified by a current amplifier,
and the photocurrent spectra were obtained finally.

3. RESULTS AND DISCUSSION

A. Materials Research
A schematic diagram of epitaxial structure of GeSn alloys with
gradually increasing Sn composition is shown in the inset of
Fig. 1(a). To explore the Sn composition and strain state of
GeSn samples, RSM measurements were carried out, and
the results are shown in Fig. 1. Moreover, the Sn composition
is also obtained by SIMS, shown later in Fig. 4. The in-plane
and out-of-plane lattice parameters (a∥ and a⊥) are obtained
from (Qx , Qz) coordinates of (−2 −2 4) RSM, and then the
Sn composition and R are calculated [14,30]. The diffraction
regions in RSM were divided into three parts: I, II, and III.
Diffraction region I has the same Qx value as a Ge substrate
(same a∥ value), indicating that GeSn alloys in this region
are fully strained (R � 0%). Then, as the Sn composition in-
creases, the strain state of diffraction region II gradually ap-
proaches the relaxation line (0% < R < 100%), and finally
reaches fully relaxed diffraction region III (R � 100%). The
distribution of Sn content in three diffraction regions of
GeSn samples is listed in Table 1. It is worth noting that sample
A shows only regions I and II; even if the Sn composition is up
to 11.2%, while other samples appear in region III once the Sn
content reaches about 9%. Furthermore, it can be observed
that, compared with other GeSn samples, the threshold Sn
composition for region II is about 8.6% for sample A and is
decreased to about 7% for other samples. This indicates that
it is easier for GeSn alloys to relax at a low growth temperature.
This is mainly because a high growth temperature can facilitate
atoms to migrate to the appropriate position easily, and the ac-
cumulated stress is released by surface fluctuations rather than
creating relaxation-favorable dislocations. Therefore, a larger
lattice mismatch (higher Sn composition) is required for start-
ing relaxation at a high growth temperature. After GeSn alloys
are fully relaxed (R � 100%), the Sn composition can be fur-
ther increased. For samples B and C, the highest Sn composi-
tion of the fully relaxed GeSn alloys reaches 14.2% and 20.3%,
respectively. No Sn segregation is observed for sample B, while
some Sn segregation clusters appear for sample C [inset of

Table 1. Summary of Growth Temperature (Tgrowth), Sn
Crucible Temperature (TSn), Measured Sn Content (x ),
and Root Mean Square (RMS) Roughness of GeSn
Samplesa

Samples T growth (°C) T Sn (°C) x (%) RMS (nm)

A 170 760–820 2.2–8.6 (I)
8.6–11.2 (II)

1.60

B 150 760–835 2.0–7.0 (I)
7.0–8.9 (II)
8.9–14.2 (III)

0.90

C 150 760–850 2.0–7.3 (I)
7.3–8.7 (II)
8.7–20.3 (III)

1.32

D 150 760–835 2.0–7.1 (I)
7.1–8.7 (II)
8.7–16.3 (III)

2.04

aI is the Sn composition range with R of 0%, II is the Sn composition range
with R of 0% to 100%, and III is the Sn composition range with R of 100%.
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Fig. 1(c)]. This is likely because the growth temperature is still
too high for growing GeSn film with Sn content around 20%.

To prove the assumption that the thick GeSn film can still
be grown on the relaxed GeSn layer, sample D was prepared
with the top GeSn layer thickness of about 200 nm on the
same Sn composition gradient layer as sample B. As shown
in Fig. 1(d), the top GeSn layer of sample D is fully relaxed,
and its Sn composition reaches 16.3%. Sn segregation does not
happen in sample D. This indicates that a thick and high-
Sn-content GeSn layer can be grown on the relaxed buffer
layer.

To confirm the Sn composition and strain state of GeSn
samples obtained from RSM, Raman scattering measurements
were also performed using a 488 nm incident laser (penetration
depth is less than 20 nm in GeSn alloys). For fully relaxed GeSn
alloys, the Raman shift of the Ge-Ge longitudinal optical (LO)
peak (ωGe−Ge) can be written as ωGe−Ge � ω0 � ax, where x is
the Sn composition, and ω0 � 301 cm−1 and a � −78 cm−1

are the bulk Ge Raman frequency and Raman Sn content co-
efficient, respectively [31]. The top Sn composition measured
by RSM is used to predict the ωGe−Ge of GeSn samples. As
shown in Fig. 2, calculated and measured ωGe−Ge are consistent,
which proves the accuracy of the results obtained by RSM.

XTEM tests were conducted to reveal the strain relaxation
mechanism in the film. Figure 3(a) shows XTEM images
of sample D. No obvious threading defects are observed,

and stress fringes appear at the low-Sn-content layer (about
200 nm). The inset of Fig. 3(a) shows energy dispersive X-ray
spectroscopy (EDX) Ge and Sn element mapping. The closer to
the surface, the more obvious the red color, which directly in-
dicates the increase in Sn composition in GeSn alloys. The top
GeSn alloy has uniform Sn composition, and the Sn content is
about 16.5% from EDX. Figure 3(b) shows a high-resolution
XTEM image of GeSn alloys at the bottom and its fast Fourier

Fig. 1. RSM around the asymmetric (−2 −2 4) reflection of (a) sample A; (b) sample B; (c) sample C; (d) sample D. The inset of (a) shows an
schematic diagram of epitaxial structure of GeSn alloy. The inset of (c) shows an SEM image of sample C, and the positions marked by the red circle
are the segregated Sn.

Fig. 2. Raman scattering spectra of GeSn samples and a Ge wafer
for reference, and the position of the ball corresponds to the calculated
Ge-Ge Raman shift.
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transform (FFT) pattern. The clear lattice fringes and typical
diffraction pattern evidence the single crystalline layer. It is
worth noting that there are some point defects in the GeSn
alloys, which can be spotted in the inverse FFT images of
Figs. 3(c) and 3(d). The existence of defects makes the lattice
arrangement discontinuous and can release the stress caused by
the large lattice mismatch.

Figure 4 demonstrates the SIMS and bandgap calculations
of four samples. As expected, the Sn composition is increased
gradually along the thickness, which is consistent with the RSM
results discussed above. The three region colors are used to re-
present fully strained, partially relaxed, and fully relaxed states,
according to the RSM measurements. From Fig. 4, the rate of
Sn composition increase can be divided into the three parts. At
the initial growth, the slope of Sn composition increase is about
3.4%/100 nm and changes to about 1.1%/100 nm in the fully

strained state. After the sample becomes fully relaxed, the slope
of Sn composition increase is enhanced to about 2.5%/100 nm.
This indicates that relaxing the strain in the GeSn film can help
to incorporate more Sn atoms into the film, which is also ob-
served in GeSn film grown by CVD. As shown in Fig. 4, the
thickness of region II (partially relaxed state) for sample A is
>70 nm, but only about 50 nm for samples B, C, and D.
Thus, low growth temperature can lead to fast relaxation for
GeSn heterogeneous growth. Once entering partial relaxation,
the slope of Sn composition increases greatly, reaching 3.9%/
100 nm. This fast relaxation process does not introduce thread-
ing dislocations but point defects, as revealed by XTEM results.
By further optimizing the growth condition of the region II
layer, the defects caused by the lattice mismatch can be con-
fined in this layer, providing a high-quality buffer layer for sub-
sequent GeSn growth.

Fig. 3. (a) Full view of XTEM image of sample D; inset: EDX Ge and Sn element mapping. (b) High-resolution XTEM image and FFT pattern
of area “b” in (a). (c), (d) Inverse FFT images of the rectangular area in (b).

Fig. 4. SIMS profile of Sn composition and bandgap calculations at different depths of (a) sample A; (b) sample B; (c) sample C; (d) sample D.
Regions marked with different colors correspond to different strain states of the RSM in Fig. 1.
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The direct bandgap (EΓ) and indirect bandgap (EL) are cal-
culated based on the Sn composition and strain state obtained by
SIMS and RSM, respectively [32]. For fully relaxed Ge1−xSnx
alloys, EΓ and EL can be expressed as E�Ge1−xSnx� �
EGe�1 − x� � ESnx − bx�1 − x�, where EGe and ESn are the
bandgaps of Γ or L valleys for Ge and α-Sn, respectively; b is
the bowing parameter. The strain in GeSn alloys will shift the
band edges of the conduction band (CB) and valence band
(VB), which can be written as ΔEc � ac�εxx � εyy � εzz� and
ΔEv � bv�εxx � εyy � εzz� � bs�εzz − εxx�, where εxx and εyy
are the in-plane strains, εzz is the out-of-plane strain, ac is the
CB deformation potential, and bv and bs are the VB deforma-
tion potentials. The bandgaps of GeSn alloys are the combined
effect of Sn composition and strain. In region I, the energy dif-
ference of Γ and L valleys (ΔΓL � EΓ − EL) is almost kept the
same with increasing Sn content, and GeSn film is still indirect
bandgap material because of the fully strained state. For region
II, the decreasing rate of EΓ is obviously faster than that of EL.
Finally, the ΔΓL values are less than zero, indicating that the
GeSn films become direct bandgap materials. Thus, strain re-
laxation can not only incorporate more Sn atoms into the film
[13], but also help the transformation of the direct bandgap.
For region III, as the Sn content along the thickness continues
to increase, the ΔΓL values decrease more. For samples A, B, C,
and D, the EΓ of the top GeSn layer reaches 0.36, 0.25, 0.06,
and 0.18 eV, respectively, suggesting the potential application
of GeSn materials for fabricating MIR detectors.

For GeSn films with high Sn content, Sn segregation may
easily happen during growth. To investigate the Sn segregation
phenomenon in the as-grown Sn gradient GeSn samples, AFM
and SEM measurements were performed. The root mean

square (RMS) roughness of the GeSn samples is listed in
Table 1. The RMS results show that high growth temperature
and high Sn composition can cause surface undulations.
Moreover, the GeSn layer can maintain its crystal quality by
increasing the layer thickness if the GeSn layer is relaxed
without Sn segregation. From the SEM results, it is found
that only sample C has Sn segregation in some areas [inset
of Fig. 1(c)] due to the relatively high Sn content. By decreasing
the growth temperature, Sn segregation can also be avoided.
Compared with other PVD-grown GeSn work [15,23], the di-
rect growth of GeSn alloys with high Sn composition will gen-
erate a large number of threading dislocations, and the Sn
surface segregation is severe. The Sn composition graded struc-
ture can effectively avoid these problems, which is helpful in
growing GeSn alloys with high Sn composition.

So far, relaxed GeSn alloys with high Sn composition were
mainly achieved by CVD. The characterization of GeSn
materials in this work shows that it is feasible to grow high-
Sn-content GeSn films by MBE through applying GeSn buffer
layers with gradually increasing Sn content. The thickness of
relaxed GeSn alloys with high Sn content can also be further
increased on the Sn gradient GeSn structure, which lays the
foundation for the preparation of high-performance MIR
GeSn devices.

B. Photodetector Analysis
To study the photoelectric performance of the Sn content gra-
dient GeSn film, sample D was used to fabricate a GeSn photo-
detector. The photodetector has an interdigital electrode
structure, and a three-dimensional schematic and top view are
shown in Fig. 5(a). As shown in Fig. 5(b), the anode and cath-

Fig. 5. (a) Three-dimensional schematic of GeSn photodetector with interdigital electrode structure. The inset shows the top view of the device.
(b) Working mechanism of GeSn photodetector under light incident conditions. (c) Dark I − V curves of GeSn photodetector at different temper-
atures. (d) Photocurrent spectra of the GeSn photodetector at 0.2 V for different temperatures.
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ode electrodes are distributed at intervals, forming the electric
field points from the anode to cathode when applying volt-
age. Under light incident conditions, photo-generated carriers
are formed in the VB and CB, which are collected by the
nearby anode and cathode electrodes. Figure 5(c) shows the
symmetrical dark I − V curves of the GeSn photodetector at
different temperatures. The electrode contact is a Schottky con-
tact at low temperature (<230 K). At 77 K, the dark currents
are 0.13 and 3.64 mA under 1 and 3 V, respectively. As the
temperature increases, more carriers are thermally activated to

cross the barrier. Compared with those measured at 77 K, the
dark current at 290 K increases by factors of about 110 and 12
under 1 and 3 V, respectively.

Figure 5(d) shows the photocurrent spectra of the GeSn
photodetector at 0.2 V for different temperatures. With the
increase in temperature, the defects acting as a non-radiative
center can be activated, which would lead to a decrease in op-
tical response. Moreover, the intrinsic carrier concentration is
also increased as the temperature increases. These can lead to a
decrease in the signal-to-noise ratio, and GeSn photodetectors
work better in cooling conditions. The signal distortion from
2.58 to 2.77 μm, sudden decrease near 3.36 μm, and jitter
around 4.2–4.3 μm are attributed to the absorption of carbon
dioxide and water. At 77 K, the cutoff wavelength of the photo-
detector can reach about 4.2 μm, which is defined based on the
intensity decay to 10%. Using a blackbody light source, the
intensity value of the photocurrent was tested, and the respon-
sivity of the detector was calibrated. Figure 6(a) shows the
wavelength-dependent optical responsivity of the GeSn photo-
detector under a bias voltage of 1 V at 77 K. The peak wave-
length is near 2.53 μm, and its responsivity is about 0.35 A/W.
In addition, as the bias voltage increases, the responsivity in-
creases linearly, as shown in the inset of Fig. 6(a). Under a bias
voltage of 1 V, the responsivity at 3 μm is up to 226 mA/W.

Specific detectivity (D�) can represent the sensitivity perfor-
mance of a detector, and D� is estimated according to
D� � Ri∕�2eI dark∕A�1∕2, where Ri is the responsivity at a
specific incident wavelength, e is the elementary charge, I dark
is the dark current, and A is the effective area of the photo-
detector [6,33]. For Ge0.837Sn0.163 photodetectors, peak D�

is about 9.3 × 108 cmHz1∕2 W−1 at 1 V and 77 K. As listed
in Table 2, peak D� decreases with increasing Sn composi-
tion and ranges from 108 to 1010 cmHz1∕2 W−1 for Ge1−xSnx
(10% < x < 20%) detectors. By optimizing the structure of
a GeSn photoconductive detector, the performance can be
further improved in the future.

Figure 6(b) shows a comparison of cutoff wavelength of
GeSn photodetectors in different works. The detailed perfor-
mance parameters of GeSn photodetectors are also listed in
Table 2. With the development of GeSn material epitaxy tech-
nology, the Sn composition in GeSn photodetectors increases,
and the cutoff wavelength extends to the MIR (>3 μm). The
cutoff wavelength shown in this work is very long among the
reported GeSn photodetectors [16–22]. This confirms that

Fig. 6. (a) Wavelength-dependent optical responsivity of GeSn
photodetector under a bias voltage of 1 V at 77 K. Inset: responsivity
at 3 μm as a function of voltage at 77 K. (b) Comparison of cutoff
wavelength of GeSn photodetectors in different works.

Table 2. Summary of the Performance of GeSn Photodetectorsa

Reference
Sn

Content Structure
Epitaxial
Technique

Peak Specific
Detectivity (cmHz1∕2 W−1) Responsivity (A/W)

Cutoff
Wavelength (μm)

[16] 3% PIN MBE – 0.12 at 1.64 μm at −1 V at RT 1.8 μm
[17] 9% QW/PC CVD – 0.1 at 2.2 μm at 5 V at RT 2.4 μm
[18] 10% PC CVD ∼4.6 × 109 at 77 K 1.63 at 1.55 μm at 50 V at 77 K 2.4 μm
[19] 10% PIN CVD 2.4 × 109 at 77 K 0.19 at 1.55 μm at − 0.1 V at RT 2.6 μm
[20] 11% PC CVD 2.0 × 1010 at 77 K 28.5 at 1.55 μm at 2 V at 77 K 3.0 μm
[21] 20% PC CVD 1.1 × 108 at 77 K 0.8 at 2.0 μm at 5 V at 77 K 3.65 μm
[22] 17% PC CVD – 0.004 at 2.4 μm at ∼1 V at RT 4.6 μm
This work 16.3% PC MBE 9:33 × 108 at 77 K 0.35 at 2.53 μm at 1 V at 77 K 4.2 μm

aPC is the photoconductor of MSM structure, and PIN is the photodiode of p-i-n structure.
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GeSn alloys with high Sn content can be grown by MBE using
a Sn composition gradient structure. The long cutoff wave-
length makes GeSn more competitive in the field of infrared
detection, and is expected to play an important role in gas
sensing, environmental monitoring, and so on.

4. CONCLUSION

Strain-controlled GeSn films were proposed using the method
of gradually increasing Sn content along the growth thickness.
The Sn composition, strain state, and crystal quality were in-
vestigated in detail by RSM, SIMS, and XTEM. At the initial
growth, the GeSn alloys were fully strained, and then relaxed
rapidly as the Sn composition increased. After the full relaxa-
tion process, the Sn content and thickness of GeSn alloys can be
further increased without Sn segregation. The Ge0.837Sn0.163
photodetectors were fabricated with a cutoff wavelength of
about 4.2 μm. At 77 K, the peak responsivity was about
0.35 A/W under a bias voltage of 1 V at 2.53 μm. These results
show that GeSn photodetectors have promising applications in
MIR Si photonics.
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