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ABSTRACT: In this work, a short-wave infrared
(SWIR) n-MoSe,/p-GeSn/n-germanium-on-insulator
(GOI) heterojunction phototransistor (HPT) with Sn
composition-graded GeSn base is proposed for
improvement of overall performance at low cost. The
Sn composition-graded GeSn base layers are grown
using magnetron sputtering epitaxy technique for
improvement of crystal quality with a high Sn content
of 15.2% in the top layer, rendering the extension of
the cutoff wavelength beyond 2400 nm and significant
dark current. The enormous

suppression  of

electron/hole injection ratio, resulting from the large 2
bandgap offset between the MoSe, emitter and the g
GeSn base, enables the harvesting of a high E

photocurrent gain of HPT. By optimizing the device
parameters, a considerable responsivity of 23.79 A/W
and an excellent specific detectivity of 8.24 x
10" Jones at the peak wavelength of 2030 nm were
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achieved for the HPT with the dark current density of 261 mA/cm? under the emitter-collector bias voltage of 1.0 V at room
temperature. The fast response speed is obtained for the HPT in terms of rising/falling times of 2.8 ps/9.3 ps at 1550 nm,
surpassing those of most van der Waals (vdW) junction-based devices. Those results demonstrate that GeSn HPTs are
suitable for SWIR optoelectronic imaging and microwave photonics applications.

KEYWORDS: composition-graded GeSn layers, MoSe,, magnetron sputtering technique, van der Waals heterojunction,

short-wave infrared, phototransistor

1 Introduction

Short-wave infrared (SWIR) imaging systems play a crucial role in
various modern technological applications, particularly in medical
diagnostics, industrial monitoring, radio-over-fiber interconnection,
and national defense [1, 2]. Specifically, since SWIR light in 2-
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2.5 pm band falls between the absorption bands of atmospheric
H,O molecules [3], and CO, exhibits distinct spectral fingerprints
near 1.6 and 2.1 pm, these absorption peaks lie within water
absorption windows of varying intensities [3]. Imaging systems
operating in this band hold significant importance in fields like
astronomical observation and weather forecasting. Currently, the
mainstream commercial SWIR optoelectronic imaging systems
mainly use photodetectors (PDs) based on Group III-V (InGaAs,
InSb etc.) and Group II-VI (HgCdTe) materials as detection units
[4-6]. Although these PDs show promising performance in SWIR
detection, their drawbacks, including low operating temperature
and incompatibility with standard complementary metal-oxide-
semiconductor (CMOS) technology, significantly increase the
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complexity and costs of their applications. In contrast, Group-IV
semiconductor materials have outstanding prospects in the field of
photodetection due to their low-cost and capability for large-scale
integration [7]. However, traditional Group-IV materials, such as
silicon (Si) and germanium (Ge), have indirect bandgaps and
absorption edge of less than 1600 nm, which severely hinder their
applications in SWIR detection. Recently, germanium tin (GeSn), as
an emerging Group IV material, has attracted significant attention
due to its tunable bandgap energy (from 0.66 to 0 eV) with different
Sn contents and strain levels, ability to turn into a direct bandgap
material with enhanced band-to-band light absorption as Sn
content reaches above 8%, and high compatibility with CMOS
technology [8-11]. More importantly, GeSn alloy could be
epitaxially grown on Si substrates at low growth costs for high
integration capability, making it a promising light-absorbing
material for detection units in the next generation of SWIR
optoelectronic imaging systems.

In recent years, GeSn-based optoelectronic devices have
gradually garnered attention and research, and various types of
GeSn PDs for SWIR photodetection have been reported,
including p-i-n PDs, metal-semiconductor-metal (MSM) PDs,
photoconductors,  avalanche  photodiodes  (APDs), and
phototransistors. Relatively low responsivity near 2 pm is always
feathered for p-i-n photodiodes due to the thickness constrain of
GeSn thin films compromised by crystal quality and Sn fraction
(12, 13]. While the nature of high surface state density of GeSn
makes it challenging to suppress dark current and improve specific
detectivity of MSM PDs [14]. To improve the performance of GeSn
PDs in 2 um band, photoconductors, APDs, and phototransistors
have been explored to enhance responsivities with high
photocurrent gain. Among them, photoconductors are notable for
their simple structure and high responsivity, but the long response
time and requirement of low operating temperature (77 K)
extremely reduce their practicability [15]. APDs have the advantage
of being able to operate at room temperature, however, they often
suffer from high breakdown voltages and significant noise [16].
Compared to those devices, phototransistors can operate at room
temperature and offer advantages such as lower operating voltage,
reduced noise, and higher photocurrent gain. In 2020, Hung et al.
reported a first phototransistor based on GeygsSngge With an
extended cutoff wavelength of 2 um [17]. However, the device
demonstrated low specific detectivity and a photocurrent gain of
less than 5, primarily due to the insufficient carrier injection ratio
provided by the Ge homojunction serving as emitter-base junction.
To achieve higher photocurrent gain, a proposed alternative
strategy involves replacing the homojunction with a heterojunction.

Two-dimensional (2D) materials, particularly 2D transition
metal dichalcogenides (TMDs), have garnered significant attention
due to their unique physical properties, excellent optoelectronic
performance, and compatibility with mature Si CMOS technology
[18—-20]. Furthermore, 2D flakes can easily be integrated with other
dimensional materials to form van der Waals (vdW)
heterostructures, and effectively circumventing the lattice mismatch
issues. Previously, we have proposed and demonstrated an n-
MoSe,/p-GeygoSng,71/n-Ge HPT with a large responsivity of
12.75 A/W as well as an outstanding specific detectivity of 1.74 x
10° Jones at 2250 nm [21]. However, its performance still has
substantial room for improvement, as indicated by the large dark
current density in the order of A/cm’ and the long response time in
the order of hundreds of microseconds.

Herein, in order to suppress the dark current and improve
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response speed of the GeSn HPT, we propose the Sn composition-
graded GeSn layers as base on a germanium-on-insulator (GOI)
substrate. The improved quality of Sn composition-graded GeSn
layers and graded potential profile in the base region significantly
suppress the dark current by one order of magnitude and decrease
the response time to microseconds. The large band gap offset
between n-MoSe, emitter and p-GeSn base provides enormous
electron/hole injection ratio, rendering high photocurrent gain. In
addition, the buried SiO, layer of the GOI substrate and the top
dielectric layer of device form an optical resonant cavity, further
enhancing the responsivity and photocurrent gain of the HPT at
some certain wavelength. The overall photoelectric performance of
the proposed n-MoSe,/p-GeSn/n-GOI HPT would be greatly
improved.

2 Experimental

2.1 Materials and device fabrication

The GeSn epilayers were grown on an n-GOI substrate, featuring
an approximately 200 nm-thick Ge top layer with the doping
concentration of about 1 x 10* cm® using low-cost high-
temperature magnetron sputtering epitaxy technique. Before
growing the GeSn layers, the GOI substrate underwent successive
cleaning with acetone, ethyl alcohol, and deionized water in an
ultrasonic bath. After that, the surface oxides were etched by
immersing the substrate sequentially in diluted hydrochloric acid
solution, hydrofluoric acid solution, and deionized water, followed
by spin-drying. Then the cleaned n-GOI substrate was mounted on
a stainless-steel holder and loaded into the sputtering chamber with
a base pressure of 5.0 x 10” Pa. Prior to the growth of GeSn, the
GOI substrate was heated to 471 °C and intrinsic 5N Ge targets
were sputtered with a DC power of 68.6 W for 300 s to deposit a
100 nm-thick Ge buffer layer on the GOI substrate under a pressure
of 0.5 Pa in Ar (5N purity) environment. After that, temperature
was reduced to 294 °C for the growth of Sn composition-graded
GeSn layers. The sputtering power of Sn target was remained at
6.72 W, while the DC sputtering power of the intrinsic 5N Ge target
was gradually adjusted from 68.6 to 60.9 W by ten steps. This
adjustment enabled the co-sputtering and growth of Sn-
composition-graded, unintentionally doped GeSn epilayers. The
MoSe, flakes were mechanically exfoliated from bulk MoSe, and
then transferred onto a SiO,/Si substrate with a 300 nm SiO, top
layer.

After the preparation of all the materials, the mechanically
exfoliated MoSe, flakes were stacked on the GeSn epilayers by wet
transfer method. The n-MoSe,/p-GeSn heterojunction was then
annealed in a vacuum oven at 100 °C for 10 min to improve the
contact interface, followed by depositing a 100 nm-thick SiO,
protective layer with plasma-enhanced chemical vapor deposition
(PECVD). Next, a square mesa (50 um X 50 pm) encompassing the
selected MoSe, flake was defined using maskless laser lithography.
The remaining SiO, and GeSn areas were then etched away with
buffered oxide etchant (BOE) and HCL:H,0,:H,O (1:1:10) solution.
Atomic layer deposition (ALD) and PECVD were then used to
grow 30 nm-thick ALO; and 250 nm-thick SiO, as the sidewall
passivation layer and isolation layer, respectively. After that,
maskless laser lithography and BOE solution were used to define
and etch electrode contact windows on the MoSe, and n-GOI
substrate. Magnetron sputtering was employed to deposit 10 nm
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Ti/100 nm Au and 10 nm TaN/100 nm Al as their contact
electrodes, respectively. The TaN layer was used to alleviate Fermi-
level pinning (FLP) effect on the surface of the n-GOI substrate for
ohmic contacts [22]. Finally, the device underwent rapid thermal
annealing (RTA) at 300 °C for 3 min to improve electrode contact.

2.2 Materials and device characterizations

Atomic force microscopy (AFM) and scanning electron microscopy
(SEM) were selected to characterize the surface morphology and
thickness of GeSn epilayers, respectively, while X-ray diffraction
(XRD) was tested to determine the crystalline quality. The thickness
of MoSe, flakes was also estimated by AFM, and a laser confocal
Raman spectrometer (WITec alpha 300RA) with 532 nm exciting
laser was employed to identify the Raman characteristic lines of the
MoSe, flakes.

The electrical characteristics of HPTs were measured by the
electrical testing system consisting of a Semishare probe station,
Keithley 2611B and 2635B source meters, and a light-isolated black
box. The optoelectronic performance of the HTP was characterized
by the optical testing system, primarily comprising a halogen
tungsten light source, a monochromator, fiber-coupled laser diodes
(1064, 1310, and 1550 nm), an oscilloscope, a microscopic focusing
system with an incident light path, and a signal generator.

During the measurement of response spectrum, a halogen
tungsten light source was employed to generate mixed-wavelength
light (the relationship of halogen tungsten lamp’s light power
density with the wavelength of light can be seen in the Fig. S1 in the
Electronic Supplementary Material (ESM)). The light entered the
monochromator through slits, then it was dispersed by internal
gratings. The dispersed monochromatic light exited the
monochromator and was coupled into the incident light path of the
microscopic focusing system via an optical fiber, then vertically
projected onto the surface of device.

(a) Sn content Light (b)
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' _Ti/Au MoSe,
e
10.4% ﬁ GeSn =
Ge
BOX SiO,
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3 Results and discussion

3.1 Device structure and characterization of materials

The three-dimensional (3D) schematic view and the optical
microscope image of the n-MoSe,/p-GeSn/n-GOI HPT are shown
in Figs. 1(a) and 1(b), respectively. The n-GOI substrate serves as
the collector, and the p-GeSn epilayer acts as the base, while the n-
MoSe, flakes, transferred to the surface of the GeSn epilayers to
form vdW heterojunction, function as the emitter. The quality of
GeSn layers is effectively improved with gradually increase of Sn
composition, therefore significantly reduces the background hole
concentration to 1 x 10”7 cm™ in the unintentionally doped GeSn
layers [23]. The inset in Fig. 1(a) shows the Sn contents of GeSn
epilayers gradually rise from 10.4% of the bottom layer to 15.2% of
the top layer. The details on growth and characterization of the Sn
composition-graded GeSn layers can be referred to our previous
work [24]. The depletion width of collector-base junction is
increased mainly in the slightly-doped base region along with the
heavy doping in the n-Ge top layer of GOI substrate. This would
result in short transit time for photogenerated carriers passing
through the base with reduction of recombination of the electron
current injected from the emitter within the neutral region of the
base. The optimum design and technology are expected to render
significant improvement of photocurrent gain and response times
of the HPT.

The MoSe, flakes and MoSe,/GeSn heterojunction were
characterized using an optical microscope, AFM, and Raman
spectroscopy, as shown in Figs. 1(c)-1(e). In Fig. 1(d) of AFM
image, the thickness of selected MoSe, flake is approximately
80 nm. In Fig. 1(e), the Raman spectra of the isolated GeSn and
MoSe, films each display a single peak: the A, mode of MoSe, at
around 241.1 cm™ and the LO mode of GeSn at around 292 cm™.
The Raman spectrum of the MoSe,/GeSn heterojunction includes
both peaks of MoSe, and GeSn, confirming the successful assembly
of the vdW heterojunction.

©

(d)
- (e) [—MoSe,/GeSn (ﬂ Ge(224)
E 60 L Ajum
S a0l e | 292 =
2 20} =80nm zf 202 2
g Zl z
- o} & L Mose, AfAj“' =
= = . E
= L
3 20l M -
= cisEie A 0 um E— 168 am |
0 2 Of‘:' (6 ) & 10 200 250 300 350 78 80 82 84 86
set (um
Raman shift (cm™) 20(°)

Figure1 (a) The 3D schematic view of the proposed device. The inset shows the Sn composition-graded of the GeSn epilayer changing from 10.4% of the bottom layer
to 15.2% of the top layer. (b) The top view under an optical microscope after fabrication of the n-MoSe,/p-GeSn/n-GOI HPT device. (c) The optical microscope image of
MoSe,/GeSn heterojunction. (d) Thickness profile of MoSe, taken by AFM. (e) Typical Raman spectra of the GeSn, MoSe, film, and MoSe,/GeSn heterojunction. (f) The

XRD (224) rocking curve of GeSn taken from w-26 scan.
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Figure 1(f) shows the (224) XRD w-20 rocking curve of the Sn
composition-graded GeSn epilayers. The asymmetric shape and
broad GeSn peak indicate the variation of Sn content and strain
relaxation of the GeSn epilayer, as inferred in our previous work
(the XRD-RSM (224) of GeSn epilayers is shown in Fig. S2 in ESM)
[24].

3.2 Electrical and photo-response characteristics

To further understand the optoelectronic performance of the n-
MoSe,/p-GeSn/n-GOI HPT, this section characterizes the output
characteristic curves, response spectrum, and response times of the
device under illumination. The responsivities, specific detectivities,
photocurrent gains, and response speeds are then calculated and
analyzed based on these measurements. The output characteristic
curves of the HPT in amplification modes were measured under
1064, 1310, and 1550 nm wavelength illumination, as illustrated in
Figs. 2(a)-2(c), respectively. The photocurrent increases strongly
with the incident power, obviously separated from the dark current,
showing typical output of the bipolar
phototransistor. According to these curves, the responsivities (R)
and specific detectivities (D*) can be calculated by the following
equations [25]

characteristics

_ R(AxAN”
G

where I, is photocurrent, P, is the incident light power, A is
photosensitive area, Afis bandwidth of PD, i, is the noise current. If
the noise current (i,) is dominated by the shot noise (ig,), it can be
expressed as igy = (2gIpAf)"” [26, 27], where q is electron charge,
and I, is the dark current of PD. Hence, D* can be simplified as

D* )

1/2
(2qI,)

The dependence of calculated R and D* on the incident light
powers at 1064, 1310, and 1550 nm for the HPT under Vi =2 V
are shown in Figs. 2(d)-2(f), respectively. Under 1064, 1310, and
1550 nm illumination, the n-MoSe,/p-GeSn/n-GOI HPT achieved
maximum responsivities of 2.9, 5.58, and 3.79 A/W, and specific
detectivities of 1 x 10% 1.93 x 10 and 1.31 x 10" Jones,
respectively. The dark current density of the HPT under a positive
collector-emitter bias of 2 V (in amplification mode) is about
261 mA/c’, which is much better than most of Ge-based HPTs.
The lower dark current can be attributed to the improvement of
crystal quality of Sn composition-graded GeSn epilayers and the
resultant graded electron potential distribution in this region. We
notice that the responsivity of the HPT slightly decreases with the
increase of incident light power. This could be attributed to the
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Figure2 The output characteristic curves of the n-MoSe,/p-GeSn/n-GOI HPT in amplification mode under illumination at wavelengths of (a) 1064 nm, (b) 1310 nm,
and (c) 1550 nm, as well as the corresponding responsivities and specific detectivities at different incident light powers (Vg = 2 V) for (d) 1064 nm, (e) 1310 nm, and (f)
1550 nm. The relationship between I;, (V; = 2 V) and P under illumination at (g) 1064 nm, (h) 1310 nm, and (i) 1550 nm.
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probability of carrier recombination in the base and thus reduces
the responsivity.

To further evaluate the photoresponse characteristics, the
photocurrent I, (at Vi = 2 V) under illumination at wavelengths
of 1064, 1310, and 1550 nm was fitted to the incident light power P
by the power function I;o<APY as shown in Figs. 2(g)-2(i),
respectively. The sublinear relationship between I, and P indicates
that the density of photogenerated carriers is positively correlated
with the absorbed light. The power exponents « extracted at 1064,
1310, and 1550 nm are 0.63, 0.78, and 0.8, respectively, implying the
loss of photoexcited carriers during the transport. This can be
attributed to the large valence band offset between MoSe, and GeSn
that restrict the transport of photogenerated carriers, and the
recombination in the neutral region of the base. The improvement
of power exponent « can be attributed to the enhancement of built-
in electrical field at the base-collector junction and the reduction of
width of neutral base region.

To further understand the detection performance of the n-
MoSe,/p-GeSn/n-GOI HPT device in NIR-SWIR bands, the
response spectrum and specific detectivity (D*) under Vi = 1V
from 800 to 2400 nm were measured at room temperature and
shown in Fig. 3. The photoresponse spectrum of the device exhibits
three distinct absorption edges, corresponding to the absorption
edges of MoSe, at around 900 nm, Ge at around 1600 nm, and the
cutoff wavelength of 2400 nm (limited by the light source). Due to
high Sn contents in the Sn composition-graded GeSn epilayers, the
optical absorption of device was primarily effective beyond 2 pm,
resulting in higher responsivity in this wavelength range. Notably, a
significant response peak was observed at 2030 nm for the n-
MoSe,/p-GeSn/n-GOI HPT, which might be attributed to the
optical modulation of the resonant cavity formed by the buried
SiO, of the GOI substrate and the top dielectric layer (the
reflectance spectrum of this HPT calculated by Matlab software can
be seen in the Fig. S3 in the ESM). Under an applied bias of Vi =
1 V, the n-MoSe,/p-GeSn/n-GOI HPT achieves a peak responsivity
of 23.79 A/W and a specific detectivity of 824 x 10 Jones at
2030 nm. At 2250 nm, the responsivity of HPT reaches about
18.36 A/W, and the specific detectivity is approximately 6.36 x 10"
Jones. Those results demonstrate that the proposed HPT owns
excellent performance in 1.6-2.4 pm bands, compared with most of
GeSn photodetectors reported previously.

To evaluate the photo-current gain of the n-MoSe,/p-GeSn/n-
GOI HPT, a p-GeSn/n-GOI photodiode was also fabricated on the
same n-GOI substrate with the identical active materials and mesa
size, except the MoSe, flakes. The response spectrum of this p-
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Figure3 Responsivity (the left coordinate axis) and detectivity (the right
coordinate axis) of the n-MoSe,/p-GeSn/n-GOI HPT under Vi = 1 V for
wavelengths between 800 and 2400 nm.
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GeSn/n-GOI PD in the 800-2400 nm wavelength range was
measured (see Fig. S4 in the ESM for details). The photocurrent
gain G can be calculated as [28]

G="2 (4)

where I, is the primary photocurrent measured from the referenced
p-GeSn/n-GOI PD, and I, is the photocurrent of the n-MoSe,/p-
GeSn/n-GOI HPT under identical incident light power with
considering the loss of reflection. To evaluate the photocurrent
gain, the reflection spectra for these two devices were simulated by
Matlab software as shown in Fig. S3 in the ESM, and the
photocurrent of the HPT can be evaluated by I, = LyoPyPp/
Py et = Lno(1 — Repp)/(1 — Reypy), where Ly is the measured
photocurrent of HPT, P, pp and P, ypr are the incident light powers
of PD and HPT, respectively, while Reypr and Repp are the
reflectances of HPT and PD, respectively. According to these
results, we finally calculated that the photocurrent gain G of the n-
MoSe,/p-GeSn/n-GOI HPT is about 48.4 and 63.7 at wavelengths
0f 2030 and 2250 nm, respectively [21].

To understand the operating mechanism of the two-terminal n-
MoSe,/p-GeSn/n-GOI HPT, Figs. 4(a) and 4(b) depict the band
alignment diagrams of the device. Figure 4(a) illustrates the band
diagram of the HPT under thermal equilibrium, while Fig. 4(b)
shows the transport of photogenerated carriers under illumination
ranging from 0.8 to 2.4 ym. For the Sn composition-graded GeSn
epilayers, the direct and indirect band gaps were calculated by the
30-band k-p model. The band structure mainly consists of the heavy-
hole valence band at T valley (E™ (GeSn)), the minimum of the
conduction band at T valley (E! (GeSn)), and the minimum of the
conduction band at L valley (E- (GeSn)). The indirect band gap of
the top GeSn layer is approximately 0.465 eV, the direct band gap is
around 0.304 eV, and the electron affinity is about 4.345 eV. The
bottom GeSn layer has an indirect band gap of about 0.526 €V, a
direct band gap of approximately 0.566 eV, and an electron affinity
of about 4.159 eV. Under thermal equilibrium, the Fermi levels of n-
MoSe,, the Sn composition-graded p-GeSn layers, and the n-GOI
would align, resulting in the band diagram of the device (the solid
line represents the minimum of the conduction band at L valley,
while the dashed line represents the minimum of the conduction
band at I' valley and the heavy-hole valence band), as shown in
Fig. 4(a). The bent region of the band structure between the emitter-
base and collector-base junctions generates the built-in electric
fields indicated by blue arrows. Regarding the emitter-base
junction, the band offset between n-MoSe, and the top layer of p-
GeSn is approximately 0.435 eV for the conduction band and 0.661
eV for the valence band, resulting in a band gap difference of about
1.096 eV. According to Eq. (5) [29]

he _ DilyNo (mpmmn(,,) )3/zexp (AEg) (5)

i DyL.Ny \ M0 M kT
where i, and i, are the electron current and the hole current of the
HPT’s emitter-base junction at a forward bias voltage, respectively;
D, (D) and L, (L,,) are the diffusion coefficient and diffusion length
of electrons (holes), respectively; N, and N, represent the doping
concentration in the n-MoSe, and p-GeSn, respectively; 1,
(Myp) and myyy (My) stand for the effective masses of holes
(electrons) in p-type base and n-type emitter, respectively; k is the
Boltzmann constant, T is room temperature, and AFE, is the
bandgap difference between n-MoSe, and p-GeSn. The

Nano Research, 2025, 18, 94907335


https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335
https://www.sciopen.com/article/10.26599/NR.2025.94907335

Cai et al.

Nano Research | Vol. 18, No. 5

Built-in electric field of Built-in electric field of

(a) emitter/base junction collector/base junction
|——1% ¢
Eys=0.449 eV
EC(MOW Egp = 0393 ev Ersj7 0509 ¢V
AEc=0.435 eV = .
3 c Ezv: 0.33dlel AEc 0.08 eV
E%(GeSn)
— \r_ v
i EiGesn) W
L O I T =L SR R R R A
Egmose,) [ 1.4 V. Tl
EHH(GeSn) f \ w E
AEy=0.661 eV [Eg=0.421]eV
. Egn=0521¢eV
s =0.365 € _ ,
Ey(M :@ E Eg =048 €V
n-MoSe, p-GeSn n-GOI

(b)

Electric field of Electric field of
emitter/base junction collector/base junction
Ec(MoSez)
86
4
AEc=0.435 eV
Infrared light
Erm(Mose,) E%(GeSn) (0.8-2.4 pm)
W@ 2.6 H (0.8-1.6 pm)
EL(GeSn) "5, i :
Ey o < & AE¢ = 0.03 eV
e ¢ o fc(GeSd
Mrrsreeean,, A
S i Y
@ Ev'(GeSn) @+
R H B HHEC I Y-
) ——>
AEy =0.661 eV
Exto E6(Ge)
Ey(MoSe;) ' Gdiivai gy | T
N D/ +
e 1
\ Ey(Ge)
) & e
n-MoSe, p-GeSn n-GOI

Figure4 (a) Energy band alignment of n-MoSe,/p-GeSn/n-GOI HPT in thermal equilibrium. (b) Photo-induced carrier’s transportation of HPT in amplification mode

under illumination for the wavelength of light ranges from 0.8 to 2.4 yum.

electron/hole current injection ratio of the emitter-base junction is
estimated to be 10", theoretically allowing the n-MoSe,/p-GeSn/n-
GOI HPT to generate substantial photocurrent gain. When the
device operates in amplification mode (Vi > 0) and illuminated
with light ranging from 0.8 to 2.4 um, the transport process of
photogenerated carriers is illustrated in Fig. 4(b). In the band of 0.8
to 1.6 pm, the incidence can be absorbed by both the Sn
composition-graded p-GeSn epilayers in the base region and the
top layer of Ge in the collector region of n-GOL In the wavelength
range of 1.6 to 2.4 um, the incident light can be only absorbed by
the Sn-composition-graded p-GeSn epilayers in the base region.
Upon excitation by incident light, the photogenerated electron-hole
pairs are separated by the electrical field at the base-collector
junction, with electrons entering the Ge collector region and being
collected by the electrode. Due to the large band offset between n-
MoSe, and the top layer of p-GeSn (emitter-base junction),
photogenerated holes transport and accumulate at the base region
near the emitter-base junction, lowering the barrier height and
significantly enhancing the electron injection from n-MoSe, into
the p-GeSn base region, thereby enabling the device to exhibit large
photocurrent gain. While working in dark environment, the
current that outflows from the emitter (I;) of HPT can be calculated
as [21]: Iy = (1 + P) Icpo, where S is the common emitter current
gain and g is the dark current of collector junction. According to
the Eq. (5), the large band gap difference between MoSe, and GeSn
improves current gain, which would also amplify reverse leakage
dark current at the collector junction. To minimize the dark current
while preserving the photocurrent gain as much as possible, it is
crucial to reduce the reverse current produced by the collector
junction.

Response time is the other critical parameter of the n-MoSe,/p-
GeSn/n-GOI HPT, which can be evaluated by periodically
illuminating the device with wavelengths of 1064, 1310, and
1550 nm under a collector-emitter bias voltage of 2 V. The
rising/falling times of this device are shown in Figs. 5(a)-5(f). The
rising (falling) times under pulsed illumination at 1064, 1310, and
1550 nm are 3.4 ps (7.7 ps), 3.3 us (10.5 ps), and 2.8 ps (9.3 ps),
respectively. It is noteworthy that photodiodes based on vdW
heterojunctions usually exhibit long photo response times, typically
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in the order of milliseconds or even seconds, due to the trapping of
photo-induced carriers at the heterojunction interface [30, 31]. In
this case, the vdW heterojunction serves as emitter-base junction of
HPT, which represents a significant improvement of carrier transit
times.

A comparison of the optoelectronic performance parameters
between the n-MoSe,/p-GeSn/n-GOI HPT in this work, our
previously reported n-MoSe,/p-GeSn/n-Ge HPT, and some other
typical high-performance GeSn photodetectors reported in recent
years are shown in Table 1. Compared to traditional GeSn
photodetectors, our designed GeSn-based vdW HPT exhibits a
larger photocurrent gain. The HPTs can operate at room
temperature under low bias conditions, with considerably high
responsivity, specific detectivity, and short response time. This
approach provides valuable reference for the design and fabrication
of high-performance GeSn photodetectors that can be integrated
into SWIR optoelectronic imaging systems.

4 Conclusions

In summary, a two-terminal n-MoSe,/p-GeSn/n-GOI vdW HPT
was proposed and demonstrated for SWIR detection. The Sn
composition-graded GeSn epilayers with a top Sn content of 15.2%
were grown by magnetron sputtering technique on an n-GOI
substrate with a doping concentration of 1 x 10" cm?, serving as
the base of the HPT. As a result, the HPT exhibits low dark current
density and extended detection wavelength in the range of
800-2400 nm. The large bandgap difference between the n-MoSe,
emitter and the p-GeSn base renders ultrahigh electron/hole
injection ratio of 10%, thus providing very high photocurrent gain
when operating in amplification mode (Vg > 0). Very high
responsivities of 23.79 and 18.36 A/W, and substantial specific
detectivities of 8.24 x 10° and 6.36 x 10 Jones at 2030 and
2250 nm, respectively, are achieved for the n-MoSe,/p-GeSn/n-GOI
HPT under a collector-emitter bias of 1 V at room temperature.
The photocurrent gains are estimated to be 48.4 and 63.7 at
2030 and 2250 nm, respectively, with a dark current density of only
261 mA/cm’ and response time of several microseconds. This work
provides an effective strategy to design and fabricate high
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Table1 Comparison of device performances for n-MoSe,/p-GeSn/n-GOI HPT in this work, our previous reported n-MoSe,/p-GeSn/n-Ge HPT and other reported

typical GeSn-based PDs

Device Sn content Cutoff wavelength (nm) Responsivity (A/W) Detectivity (Jones) Refs.
MoSe,/GeSn/GOI HPT 15.2% (max) 2400 23.79@2030 nm 8.24 x 10" This work
MoSe,/GeSn/Ge HPT 17.1% 2400 12.75@2250 nm 1.74 x 10" [21]
GeSn PIN photodiode 11% 2650 0.32@2000 nm 1.7 x 10° [12]
GeSnOI MSM photodetector 9% 2200 0.06@2003 nm — [13]
GeSn photoconductor 12.5% (max) 2650 16.1@2000 nm, 77 K 1.1 x 10°@77 K [15]
GeSn photoconductor 16.3 4200 0.35@2530 nm, 77 K 9.33 x 10°@77 K [32]
GeSn MQW photodiode 8% 2260 0.11@2000 nm 2.137 x 10° [12]
p™-Ge/n-Ge/GeSn/p-Ge HPT 4.9% 1940 0.68@1550 nm — [17]

performance GeSn-based PDs for SWIR photodetection, showing
promising application prospects in fields like astronomical
observation, weather forecasting, military targeting, and so on.

Electronic Supplementary Material: Supplementary material (the
relationship of halogen tungsten lamp’s light power density with
the wavelength of light which generates mixed-wavelength light
measuring the response spectrum of HPT; the reflection spectra of
the HPT and the control device (without MoSe,) simulated using
Matlab software; the response spectrum of p-GeSn/n-GOI
photodetector with the same mesa area without MoSe, flakes in
800-2400 nm wavelength range) is available in the online version
of this article at https://doi.org/10.26599/NR.2025.94907335.

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
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