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ABSTRACT We present a comprehensive analysis of practical p-n-p Ge/Ge;_,Sn,/Ge heterojunction pho-
totransistors (HPTs) for design optimization for efficient infrared detection. Our design includes a Ge|_,Sn;
narrow-bandgap semiconductor as the active layer in the base layer, enabling extension of the photode-
tection range from near-infrared to mid-infrared to perform wide-range infrared detection. We calculate
the current gain, signal-to-noise ratio (SNR), and optical responsivity and investigate their dependences
on the structural parameters to optimize the proposed Gei_,Sn, p-n-p HPTs. The results show that the
SNR is strongly dependent on the operation frequency and that the introduction of Sn into the base layer
can improve the SNR in the high-frequency region. In addition, the current gain strongly depends on the
Sn content in the Ge;_,Sn, base layer, and a Sn content of 6%-9% maximizes the optical responsivity
achievable in the infrared range. These results provide useful guidelines for designing and optimizing
practical p-n-p Gej_,Sn, HPTs for high-performance infrared photodetection.

INDEX TERMS GeSn alloys, current gain, sign-to-noise ratio, heterojunction phototransistors, infrared.

I. INTRODUCTION

Heterojunction phototransistors (HPTs) are suitable alter-
natives to conventional photodetectors (PDs) in infrared
photonics applications such as optical communication and
light detection and ranging devices owing to their high
responsivities, high gains, and high signal-to-noise ratios
(SNRs) [1], [2]. For years, p-i-n PDs and avalanche photodi-
odes (APDs) have been utilized at the present telecommuni-
cation wavelengths. However, despite having high quantum
efficiencies, p-i-n PDs possess no internal gain, which limits
their sensing performance. Although internal gain is present
in APDs, they suffer from high internal noise due to the
avalanche multiplication process [3]. Another disadvantage
of using APDs is their high operating voltage [4]. All of

these problems can be alleviated by using high-performance
HPTs in infrared photonic systems [1], [5]-[8].

Silicon (Si) and germanium (Ge) have emerged as the
preferred group IV elements for photonic and electronic
integration [9] in addition to the well-recognized electronic
and energy applications [10]-[14]. Higher reliability and
lower cost are expected to be achievable by monolithically
integrating group IV materials rather than group III-V mate-
rials on Si. However, the realization of efficient photonic
devices is challenging because of the indirect bandgap nature
of Ge and Si. In addition, their relatively large bandgaps
make it difficult to achieve effective optical detection at the
telecommunication C-band and beyond, thus making them
less useful in telecommunication applications. In this regard,
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germanium-tin (GeSn) alloy has emerged as a potential can-
didate for applications in various optoelectronic devices [15].
The compatibility of GeSn alloy with current comple-
mentary metal-oxide-semiconductor (CMOS) technology, its
direct bandgap nature, and its high absorption coefficient
make it an attractive candidate for use in high-performance
PDs [16]-[22]. More than 10 times the absorption coefficient
in the C-band and 20 times that in the L-band compared to
those of pure Ge can be achieved by proper selection of
the Sn composition in Gej_,Sn, alloy [23]. In addition, the
low-temperature growth of Gej_,Sn, on Si provides a path-
way for GeSn-based group IV photonics [21]. Gej_,Sny
with up to 25% Sn composition has been grown on a Si
substrate using molecular beam epitaxy [24]. Various GeSn-
based p-i-n PDs have also been reported in [16]-[22]. The
applications of GeSn alloys in n-p-n HPTs (which have the
advantage of low-voltage operation) for communication and
in the mid-infrared region have been theoretically demon-
strated in recent studies [25]-[28]. Recently, a floating-base
n-p-n GeSn HPT was fabricated with 6.5% Sn composition
having a GeSn base for operation at 1550 nm and 2003
nm [29] with a responsivity 10 times greater than those of
conventional GeSn-based p-i-n PDs, showing great promise
as an alternative to conventional PDs for high-performance
photodetection. In addition, variation of the Sn content in
GeSn alloy causes the detection range to shift because the
bandgap energy changes with variation in the Sn content.
Therefore, GeSn-based HPTs could be the perfect replace-
ment for conventional PDs to achieve desirable responsivity
and a wide detection range from fiber-optic telecommuni-
cation wavelengths to the mid- infrared region. However,
the performance of HPTs is strongly dependent on their
structural parameters. For example, recombination in the
base region can be reduced by using a low base thickness,
which enhances the current gain. However, punch-through
may occur if the base region is too thin. Reasonable emitter
injection efficiency can be maintained by having a low-doped
base region, and proper selection of the base region thick-
ness can result in a base transport factor of unity [30], [31].
However, the base resistance will become high with low
base doping, limiting the high-frequency operation of the
device [31]. Thus, optimization of the layer thickness and
doping is important in enhancing device performance [32].
Furthermore, although n-p-n GeSn HPTs have been pro-
posed and studied, a heavily n-type doping concentration
> 10" cm™3 in the Ge emitter layer is usually favorable
in achieving a high current gain [25], [28]. However, from
the viewpoint of epitaxy, the limited donor solubility makes
it challenging to achieve such a high n-doping level in Ge
while maintaining good material quality [33]. Meanwhile,
p-n-p GeSn HPTs may have the potential to achieve high
current gain and quantum efficiency because of the availabil-
ity of heavily p-type doping of > 102° cm™> in Ge, which
could enable this issue to be overcome [34]. In addition,
Shao et al. [30], who investigated an AlGaAsSb-InGaAsSb
heterojunction, predicted that p-n-p HPTs could provide
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higher emitter injection ratios than n-p-n HPTs, leading to
higher quantum efficiencies. Therefore, it is very interesting
to study the performance of p-n-p GeSn HPTs for use in
infrared photonic applications.

In this research, a practical three-terminal p-n-p GeSn
HPT with a common emitter configuration was developed
and theoretically studied. We calculate the terminal currents,
DC current gain, SNR, reflectivity, and optical responsivity
of the proposed GeSn HPT. We then investigate the effects
of the Sn composition in the base layer and the structural
parameters on the performance to optimize the structure for
maximal optical responsivity.

The remainder of this paper is organized as follows.
Section I provides an introduction of the HPT device
structure and the layer parameters used in the simulation
process in Section II. The theoretical models are presented
in Section III. The results and discussion are presented in
Section IV, and the conclusions are drawn in Section V.

Il. DEVICE STRUCTURE

Figure 1(a) shows our proposed normal-incident three-
terminal Ge_,Sn, p-n-p HPT on a Si (001) substrate, which
consists of a four-layered structure (starting from the sub-
strate): (a) a fully strain-relaxed Ge virtual substrate (VS),
(b) a p-type Ge collector, (c) an n-type GeSn base layer, and
(d) a p-type Ge emitter. The device parameters, including the
doping concentrations, thicknesses, and conductivity types,
are summarized in Table 1. Considering that the Gej_,Sn,
base was thin, with less than the critical thickness of 200 nm
for x = 10%, pseudomorphic stacking was assumed for the
HPT structure on the Ge VS [35]; therefore, there was a
strain (¢) of —0.143x in the Ge;_,Sn, base, whereas the
Ge layers were strain-free. Gej_,Sn, was chosen as the
base material for the device because its band gap is smaller
than that of Ge, yielding a wider absorption range in the
infrared region and larger absorption coefficient than Ge. A
SiO, layer was employed as an antireflection (AR) layer
to minimize the reflected light and to serve as an electrical
isolator. Fig. 1(b) shows a schematic band diagram of the
proposed p-n-p GeSn HPT. Under optical illumination, elec-
trons and holes are generated at the base. These holes are
swept towards the p-type Ge collector by the built-in electric
field. The electrons are accumulated in the base region, as
the emitter region has a larger band gap than the base. The
base—emitter barrier is reduced by the accumulation of elec-
trons in the base region, allowing the injection of free holes
from the emitter into the base region, which diffuse towards
the collector region. The initial photocurrent is amplified
by this diffusion, eventually leading to optical responsivity
enhancement.

11l. THEORETICAL MODELS

We adopted the model-solid theory and deformation potential
theory to calculate the energy levels and line up the various
bands for the strained GeSn HPTs [25], [36]. The band struc-
tures were then calculated using the multi-band k- p method.
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FIGURE 1. (a)Schematic diagram and (b) band diagram of the proposed
normal-incident p-n-p Ge;_,Snx HPT.

TABLE 1. Materials and layered structure of the GeSn heterojunction
phototransistor (HPT).

Layer Material Thickness ¢  Doping level — Type
(nm) (cm—3)
Emitter Ge 100 2 x 108 P
Base Ge1_,Sny 50 8 x 1018 n
Collector Ge 400 2 x 1017 P
Virtual substrate Ge 120 — i
Substrate Si - — i

The other theoretical models used in the calculations, includ-
ing those for the direct-gap interband optical absorption
coefficient, DC current gain, and optical responsivity are
available in [25] and [28]. To calculate the current gain, a
low optical illumination (Pj,) of 1 W was assumed, making
the generated photocurrent usually linearly proportional to
the incident optical power. Therefore, the DC current gain is
independent of the incident optical power. Another unique
advantage of HPTs is their excellent SNRs compared with
those of APDs. The SNR of an HPT is defined as the ratio
of the output signal power to the mean square output noise
power and depends on the transfer function (H(f)) of the
small signal equivalent circuit under illumination, which is

120

given by [37]

H(f) = Bmop (1)

&rop + 27f[Crop + Crop(l — Ay)] ’

where f is the operating frequency, gmep is the trans-
conductance under illumination, g,y is the equivalent input
conductance under illumination, Cr,, is the capacitance
under illumination, and C,,, is the parasitic capacitance.
In addition, Ay is the voltage gain of the circuit, which is
given by

Ay = —8mop +j277fcuop
& +127fCruop

(@)

where R; is the input resistance. The output signal power is
defined as

S = LI |H()|*Req, 3)

where R, is the equivalent output resistance and I,y is the
photo-generated current. The output noise power is given
by [32]

N = 22(DReq, )

where fﬁ is the mean square output noise current, which
accounts for the shot noise power at the base—emitter
and base—collector junctions as well as the thermal noise
power [37]. By using equations (3) and (4), the SNR of the
HPT can be calculated using

Ly H()I?
R= . 5)
i2(1)
Taking the parameters from [26] and [36], the small-signal
parameters of the GeSn HBT were calculated using the
equivalent circuit model [37] to determine the SNR.

IV. RESULTS AND DISCUSSION

In this section, we discuss the effects of various parame-
ters on the current gain, including those of the emitter and
base layers and the Sn composition. The effect of the col-
lector thickness was not considered in this study because
its variation has negligible effect on the current gain [28],
[38]. The main factors influencing the current gain are the
base transmission and emitter injection efficiencies. These
factors are strongly influenced by the base and emitter layer
thicknesses [28], [38]. A high collector breakdown voltage
can be obtained by having a low doping concentration, i.e.,
nearly 10'7 cm™3, in the collector, and a suggested thick-
ness of approximately 400 nm can provide excellent device
performance in terms of frequency.

A. GUMMEL PLOTS

Gummel plots provide important information about various
HPT characteristics such as the recombination in the space
charge region and surface recombination at the exposed lay-
ers (emitter and/or base) [39]. A Gummel plot shows the
variations in the base current (Ig) and collector current (Ic)
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with change in the applied base-emitter voltage (Vgg), and
their ratio (8 = Ic/Ip) is defined as the current gain. Figure 2
shows the Gummel plot calculated for a fixed collector—
emitter voltage (Vcg) of —1 V and a base—collector voltage
(VBc) of 0 V with x = 6% in the GeSn base layer. As
VBE increases, Ic continuously increases but tends to sat-
urate starting at Vgg &~ —0.5 V. On the other hand, Ip
decreases at low Vg and continuously increases as VBg
increases further. This reversal/dip behavior of the base cur-
rent at Vgg & —0.095 V can be explained based on the
negative base current generated due to optical absorption in
the base—collector region. Upon increasing the applied Vpg
further, the electrical current dominates the photo-generated
base current, generating a peak in the gain plot, as shown
in Fig. 2. It is clear that the current gain is nearly con-
stant between Vgg ~ —0.1 V and Vgg =~ —0.5 V. The
gain decreases after Vgg & —0.5 V because the base current
increases more than the collector current at higher bias volt-
ages in this structure. Therefore, the operational range for
VB was chosen to be from —0.1 V to —0.5 V to maintain
a stable photocurrent output.
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FIGURE 2. Variations of collector current, base current and current gain
with applied base emitter voltage for a constant collector emitter voltage
of -1V and x = 6%.

B. EFFECTS OF BASE LAYER ON CURRENT GAIN
In this section, the effects of base thickness (fg) and doping
concentration (Ng) on the current gain are described. We
first discuss the effects of the base thickness on the current
gain. The current gain was calculated as a function of the
base thickness for different Sn compositions in the base layer
with Np fixed at 1 x 10'® cm™3. The results are displayed in
Fig. 3(a), which demonstrates that the current gain strongly
depends on the base thickness. Specifically, it decreases with
increasing base thickness. This observation can be explained
by the fact that the base transmission efficiency decreases
with increasing base thickness, thereby decreasing the current
gain [38]. Thus, a small base layer thickness is preferred for
achieving high current gain, and a reasonable base thickness
of 50 nm was used in this study to optimize the base doping
concentration.

Next, we examined the effects of the base doping concen-
tration on the current gain. Assuming that all of the structural
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FIGURE 3. Variations in current gain (a) with change in the base thickness
and (b) with change in the base doping concentration for a fixed base
thickness of 50 nm. The other parameters are listed in Table 1.

parameters had the values shown in Table 1 with a fixed base
thickness of 50 nm, the current gains were calculated with
different base doping concentrations for different Sn com-
positions, and the results are presented in Fig. 3(b). The
current gain clearly decreases with increasing base doping
concentration. With a heavily doped base, impurity scatter-
ing reduces the hole minority diffusion length and carrier
lifetime [37]. The base—collector space charge region also
decreases with increasing base doping level. These results
suggest that a low base doping level is preferable for achiev-
ing high current gains. However, to achieve high-frequency
operation, a heavily doped base is preferred to reduce the
base resistance. Thus, the base doping concentration must
be optimized so that a large current gain (large diffusion
length of carriers), low base resistance, and high-frequency
capabilities can be simultaneously achieved. Consequently,
Ng =1 x 10'"® cm™3 was considered optimal in this work.

C. EFFECTS OF EMITTER LAYER ON CURRENT GAIN

We next examined the effects of the emitter thickness (tg)
on the current gain. For a fixed emitter doping level (Pg) of
1x 10" cm~3, Fig. 4(a) shows the current gain as a function
of the emitter thickness for different Sn compositions in the
base layer. With increasing emitter thickness, the current gain
slightly increases for all Sn compositions due to the small
increase in the photocurrent contribution of the collector
region. However, the contribution of this photocurrent is not
significant when compared with the photocurrent generated
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FIGURE 4. Variations in current (a) with change in the emitter thickness
and (b) with change in the emitter doping concentration for a fixed emitter
thickness of 100 nm and different Sn compositions.

in the absorption region. Therefore, the current gain is less
dependent on the emitter thickness, and g = 100 nm was
chosen for optimizing the HPT structures.

Figure 4(b) shows the variation in the current gain with
change in the emitter doping concentration with a fixed tg of
100 nm and different Sn concentrations, demonstrating that
the current gain increases with increasing emitter doping
concentration. Therefore, a high emitter doping concentra-
tion is desired to enhance the current gain. The injection
efficiency in a bipolar junction transistor can be increased
by increasing the ratio between the emitter and base dop-
ing concentrations, thereby enhancing the current gain. A
high emitter doping concentration in an HPT could lead to
a significant increase in the current gain. However, a heav-
ily doped emitter will cause a capacitive effect and high
tunneling current at the junction, leading to degradation of
the frequency and direct current performance [39]. Hence,
the emitter doping optimization is very important to balance
these effects as well as to maintain a high current gain. Thus,
Pg =1 x 10" cm™3 was determined to be optimal in this
work.

D. EFFECTS OF SN COMPOSITION ON CURRENT GAIN

The current gains of HPTs with different Sn concentrations
in the Ge;_,Sn, base were calculated based on the above-
mentioned optimized layer parameters, ¢, and the results are
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FIGURE 5. (a) Current gain variation with Sn composition in the Ge;_,Sny
base with optimized layer parameters. The inset shows the valence band
offsets between the Ge and pseudomorphic Ge;_,Sny on Ge as a function
of Sn composition. (b) Variation in base currant and (c) variation in current
gain with change in applied base emitter voltage for different Sn
concentrations in the Ge;_,Snyx base.

depicted in Fig. 5(a). The current gain increases with increas-
ing Sn composition (up to x = 6%) for the proposed device
structure. As the Sn concentration increases further, the cur-
rent gain gradually decreases. The increase in current gain
can be explained based on the increased bandgap difference
(AE,) between the Ge_,Sn, base and the Ge emitter region,
as shown in the inset of Fig. 5(a). The Ge emitter region
has a larger bandgap than the Ge;_,Sn, base region. This
bandgap difference prevents the backward injection of elec-
trons from the base region due to the large hetero-barrier at
the valance band. Consequently, carriers can be accumulated
in the base region to lower the emitter—base barrier, allowing
the injection of holes from the emitter region into the base
region to enhance the current gain. These results suggest
that there is an optimal Sn composition for the proposed
Gej_,Sn, p-n-p HPTs that will maximize the current gain.
The collector current increases upon increasing the Sn con-
centration from 0% to 9% in the GeSn base. However, the
base current also increases with increasing Sn concentration,
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as shown in Fig. 5(b). The base current increase in the case
of 9% Sn is the cause of the lower current gain. Figure 5(c)
shows the variation in the current gain with change in the
applied base-emitter voltage. Increasing the Sn concentra-
tion evidently shifts the maximum gain point toward less
negative Vg values because of the reduced bandgap of the
GeSn base. Therefore, the Vpg required for stable current
gain output is reduced, which is beneficial for reducing the
power consumption of the device.

E. SIGNAL-TO-NOISE RATIO

Another advantage of using HPTs in optical communication
networks is the appreciable SNR for high-speed operation.
Figure 6 shows the calculated SNR as a function of the
operating frequency at the HPT output for different Sn
concentrations in the base layer with an input resistance
(R;) of 10 k2 and an incident optical power of 1 uW
at 1550 nm wavelength. The calculation results show that
the SNR decreases rapidly with increasing HPT operating
frequency beyond 1 GHz due to the precipitous increase
in the mean square shot noise current component at the
base—collector junction. This current is strongly affected by
the randomness of photon arrival and excess carrier gen-
eration in the junction and it eventually causes the SNR
to decrease beyond 1 GHz. The SNR increases as the Sn
content increases from 0% (pure Ge) to 3%. This behavior
is attributed to the voltage gain, which increases as the Sn
content increases from 0% (pure Ge) to 3%, thereby increas-
ing the output signal power. The increase in signal power
leads to an increase in the SNR. As the Sn content increases
further, the SNR decreases because the mean square shot
noise power increases steeply at the B-E and B-C junctions
for the Sn concentrations of 6% and 9%. Nevertheless, the
SNRs calculated for the GeSn HPTs can exceed 20 dB in
the operating frequency range up to 100 GHz, and meet the
typical requirements of >20 dB for practical applications.
Therefore, these results suggest that the GeSn HPTs can
achieve high-speed, low-noise optical detection.
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FIGURE 6. Calculated SNR as a function of applied frequency for different
Sn compositions in the Ge;_,Snx base.
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F. EFFECTS OF SIO, ANTI-REFLECTION LAYER ON HPT
REFLECTIVITY

Generally, to improve the light gathering capacity of a device,
the exposed layers are covered with SiO> AR coating, which
enhances the photocurrent generation due to the reduced
reflection of the incident light. To optimize the thickness
of the SiO; AR layer (fox), the reflectivity of the HPT
device was calculated as a function of the SiO, AR layer
using the transfer matrix method, where the wavelength-
dependent refractive indices of the materials were obtained
from [36], [40], and [41]. The calculated reflectivity spec-
tra in the wavelength range from 1.2 um to 2.2 um for
x = 9% are displayed in Fig. 7. As shown, there are ripples
in the reflectivity spectra because of the interference between
the layers. The reflectivity is between 0.35 and 0.45 when
there is no SiO AR coating. Increasing the thickness of
the SiO, coating can significantly decrease the reflectiv-
ity, permitting more photons to enter the HPTs and thus
enhancing the responsivity. When the thickness is increased
beyond 300 nm, the reflectivity increases at lower wave-
lengths whereas it slightly decreases at longer wavelengths.
Therefore, the optimal SiO; thickness is between 200 nm and
300 nm, and fox = 300 nm was adopted for the responsivity
calculations in this study (the same results were obtained for
different Sn contents in the Gej_,Sn, base layer).
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FIGURE 7. Simulated reflectivity variations with wavelength for a
Geg.91Sng g9 HPT for different AR SiO, thicknesses.

G. OPTICAL ABSORPTION AND RESPONSIVITY

After determining the optimal current gain, we finally cal-
culate the optical responsivity spectra of the proposed p-n-p
Ge1_,Sn, HPTs. The calculated absorption coefficient spec-
tra for pseudomorphic Gej_,Sn, on Ge are displayed in
Fig. 8(a), and the calculated optical responsivity spectra
for the p-n-p Ge;_,Sn, HPTs are depicted in Fig. 8(b).
Figure 8(a) demonstrates that the absorption spectrum is
extended to longer wavelengths with increasing Sn content,
because of the direct bandgap shrinkage caused by Sn alloy-
ing. Consequently, the absorption range and efficiency in the
infrared range can be improved by introducing Sn into the
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FIGURE 8. (a) Calculated absorption coefficient spectra for
pseudomorphic Ge;_,Sny on Ge. (b) Calculated optical responsivity
spectra for the p-n-p Ge;_,Snyx HPTs.

Ge|_,Sn, base layer. The responsivity for the x = 0% case
(pure Ge) gradually decreases with increasing wavelength
and then reaches a cutoff point at 1550 nm, corresponding
to the direct bandgap energy (0.8 eV). As the Sn content
increases, the photodetection cutoff point is shifted to 1920
nm for x = 6% and 2220 nm for x = 9% because of the
direct bandgap shrinkage caused by Sn alloying. In addi-
tion, the responsivity considerably increases to tens of amps
per watt. This behavior is attributed to the enhanced current
gain, which is much higher than it is in GeSn based PDs
(<1 A/W) [22]. These results suggest that optimized p-n-p
GeSn HPTs can achieve high-performance photodetection in
the infrared region.

H. EFFECTS OF INTERFACES AND DEFECTS ON CURRENT
GAIN

In HTPs, interfaces and defect density may influence the
current gain [42]. In the Ge_,Sn, HPTs, increasing the Sn
composition leads to larger lattice mismatch between GeSn
and Ge VS, which may increase the misfit dislocations at
the heterointerfaces. As a result, the minority carrier life-
time (7p) and diffusion length (L,) may decrease because
of increased defect density and degraded heterointerfaces,
thereby reducing the current gain. (We have considered L;
here because the GeSn base region is n-doped, because of
which holes will be the minority carries. The relationship
between the minority carrier lifetime and the diffusion length
is L, = /tpDp, where Dy, is the hole diffusion constant. Here
Dp = 49 x 10~* m? /s [26] is used in the calculations.) To
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study the impact of the heterointerfaces and defects on cur-
rent gain, we calculate the current gain for the GeSn HPTs
(x = 6%) with different diffusion lengths. The Gummel
plots and the calculated current gain are depicted in Fig. 9.
As L, decreases, the base current increases as shown in
Fig. 9(a) because of higher electron-hole recombination rate
in the base region. On the other hand, the collector current
does not have a significant dependence on L, as shown
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in Fig. 9(b). Therefore, the current gain decreases upon
decreasing Ly, as shown in Fig. 9(c). Figure 9(d) shows the
calculated current gain as a function of L,. As L, decreases,
the current gain decreases from 231.0 for L, = 22.6 um
to 184.3 for L, = 2.26 um, suggesting a 20.3% decrease.
Considering that the achievable gain still remains high for
the optimized GeSn HPTs, the reduction in current gain due
to defects and misfit dislocations at the heterointerfaces is
actually not significant. These results suggest that high cur-
rent gain is still achievable in the optimized GeSn HPTs
even in the presence of defects and misfit dislocations at the
heterointerfaces. In addition, the entire HPT structure can be
grown on a strain-relaxed SiGeSn VS, and the Ge collector
and emitter can be potentially replaced with lattice matched
SiGeSn layers which allow for independently turning the
bandgap energy and lattice constant. As a result, a strain-
free p-n-p SiGeSn/GeSn/SiGeSn based HPT is possible to
significantly reduce the interface and defect states in the
device. By carefully designing and optimizing the SiGeSn
collector and emitter, the performance of the device may be
further enhanced. Such p-n-p SiGeSn/GeSn/SiGeSn based
HPTs can be explored as future aspect of high-performance
Si-based infrared HPTs for a wide range of applications.

V. CONCLUSION

We presented the design and a comprehensive study of p-n-p
GeSn HPTs. The analysis results show that the current gain
strongly depends on the base thickness, base doping concen-
tration, emitter doping concentration, and Sn concentration
in the GeSn base. Optimizing the structural parameters can
significantly enhance the current gain, thereby enhancing the
quantum efficiency. In addition, increasing the Sn content in
the base can considerably reduce the bandgap energy, thus
extending the photodetection range in the infrared. The SNR
analysis revealed a strong dependence on the operation fre-
quency and Sn composition in the base of the GeSn HPTs,
and a good SNR of >20 dB is achievable. With CMOS com-
patibility, high current gains, wide photodetection ranges in
the infrared region, and good SNRs at high operation fre-
quencies, the proposed p-n-p GeSn HPTs are expected to
be capable of high-performance photodetection for a wide
range of important applications.
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