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Abstract

This work reports a novel mid-infrared (MIR) lateral Ge1-xSnx (x = 6%) waveguide-based
phototransistors (PTs) on a silicon platform. A lateral device structure is proposed to enhance
the optical confinement factor (OCF) and the optical power through the i-GeSn waveguide,
thereby, increasing the optical responsivity of the PTs. The proposed devices are investigated
using multiphysics simulation. The designed PTs are investigated in terms of the Gummel
and output characteristics under both dark and illumination, 3dB bandwidth, optical gain, and
responsivity. The effect of lateral scaling on various figure-of-merits of PTs is also studied
and in return, helps optimize the device structure to get the highest optical gain, responsivity,
and 3-dB bandwidth at 2000 nm. The theoretically optimized PT achieves the maximum
optical gain of 1650 and responsivity of about 308 A/W at 2000 nm, with Vz; = 0.3V and
Veg = 1 V. In addition, the device exhibits a record-high 3-dB bandwidth of >55GHz. Thus,
the encouraging electrical and optical performance of the proposed PT manifests it as a great

potential candidate for the 2000 nm band.
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1. Introduction

WITH the ever-increasing requirement for high-speed
fiber-optic telecommunications and mid-infrared (MIR,
1.8-5um[1]) sensing and imaging applications, electronic and
photonic integrated circuit (EPIC) platforms are being
optimized to enhance the performance of optical
detectors/sensors. The 2000 nm wavelength band has various
potential applications, especially the next-generation fiber-
optic communication, atmospheric gas sensing (CO,), and
imaging applications. Recently, the predicted performance of
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hollow-core photonic bandgap fibers (HC-PBGFs) shows the
lowest loss (~0.1 dB/km) and the high speed (~98% of the
velocity of light in free space) at 2-um[2,3]. In addition,
thulium-doped fiber amplifiers (TDFA) show high bandwidth
operations in the 1.91-2.05 pum[4,5]. Therefore, the 2-um
communication band has been proposed to find the solution
for the projected ‘capacity crunch’ of conventional single-
mode fibers (SMFs) at 1.55-um[6]. To develop this proposed
communication band, various complementary metal-oxide-
semiconductor (CMOS) Si-based optical devices such as low
bending loss waveguide (WG)[7], micro-ring modulator[8],
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Mach-Zehnder interferometer (MZI)[8], and four-mode
division demultiplexer[9] operating at 2-um have been
reported. Moreover, another important photonic component,
photodetectors (PDs) operating at 2-um are essential[10].
Currently, I11-V and [1-VI materials are mainly used for
designing the MIR PDs[11-15]. However, 11I-V and 1I-VI
materials are not compatible with the current CMOS silicon
(Si)-photonics technology.

In recent decades, the CMOS-compatible germanium-tin
(GeSn) alloy shows promising material for silicon (Si)-based
photonic devices, paving the path to the technological
advancements in fiber-optic telecommunication, 5G, the
internet of things (loT), and light detection and ranging
applications in short-wave infrared (SWIR) and MIR
wavelength range[16—19]. Recently, several efforts have been
made to design high-performance GeSn p-i-n PDs for 2000
nm bands[20-24]. However, the trade-off between the
responsivity and 3dB bandwidth due to a thicker intrinsic layer
limits its performance. Moreover, avalanche PDs have also
been reported for 2000 nm bands[25] but they require high
reverse-biased voltage (more than -1V) and also possess high
noise which hampers the sensitivity of the device[26]. On the
other hand, the common-emitter (C-E)-based three-terminals
(3-Ts) phototransistors can provide extremely high
responsivity (due to its internal current gain) and 3dB
bandwidth while being biased with low voltages[27-29]. To
this extent, in recent years a few research groups have focused
on the design and fabrication of vertical bipolar junction
transistor (BJT)-based GeSn heterojunction phototransistors
(HPTs)[30-35]. Although, most of the earlier reported GeSn-
based HPTs are designed for C- and L-bands of fiber-optic
telecommunication[36][37]. Recently, our group has reported
the GeSn-based HPTs for 2000 nm applications[38] but their
3dB frequency is not comparable with the GeSn p-i-n
photodetectors[20]. However, the required high-performance
HPTs (high responsivity and frequency response) are still not
available for the 2000nm applications. Therefore, it is crucial
to study and investigate the high-performance GeSn
phototransistors for next-generation communication and
sensing at 2000 nm.

In this work, we demonstrate a novel device structure; a
lateral waveguide-based GeSn homojunction phototransistor
(PTs), aiming for high responsivity and high 3dB bandwidth
at the 2000 nm band. Lateral GeSn PTs on the Si platform is
considered to meet the requirements of electronic-photonic
integrated circuits (EPICs). In addition, our designed lateral
GeSn PTs structure provides a better decoupling of photon
absorption and photon-generated carrier path which enhances
the optical gain of the device. Furthermore, lateral GeSn also
enhances the optical confinement factor (OCF) in the intrinsic-
GeSn layer, thereby, increasing the optical responsivity. The
proposed device is simulated and its principle of operation is
validated using finite element method (FEM) simulation and

MATLAB tools. The designed devices are simulated at 2000
nm and exhibit optical gain (B,,) exceeding 1650 with the
maximum responsivity of about 308A/W at Vz; = 0.3V and
Ve = 1V. The proposed device also shows a significantly
high 3dB bandwidth of about 55GHz at Vz; = 0.3V and
Veg = 1V, which paves new opportunities for the design of
next-generation high-speed monolithic photonic receivers.

2. Device Structure and Simulation

The three-dimensional (3-D) schematic of the proposed Ges-
xSy (X = 6%) homojunction PTs is shown in Fig. 1(a) along
with the direction of propagation of light. Fig. 1(b) shows the
simulated band diagram of the designed device. In this
structure, the light is launched to an i-GeSn waveguide, where
it travels and is mostly absorbed by the PTs and then converted
to photogenerated currents. The photon absorption length (L)
is set to 10 um, while the width of the path of the
photogenerated carrier (W;) will be optimized to get the
highest performance. However, practically, the optical input
signal is launched through a grating coupler[39] in waveguide-
based PTs and it is absorbed by the PTs through evanescent
wave coupling. The structural details and materials used for
the proposed device are given in Table I. In this work, we have
considered the GeSn thickness of 400 nm, which is well below
the critical thickness[40]. Solid-source molecular beam
epitaxy (MBE) can be used to grow the sample used in this
study, which consists of (i) a 400-nm-thick i-GeSn active layer
grown at 150°C and (ii) a high-quality, 600-nm-thick Ge
strain-relaxed buffer (SRB) grown using two-step growth
technique[41]. The Sn concentration and strain of the GeSn
active layer can be determined by evaluating the structural
characteristics of the generated sample using an Xx-ray
diffraction  approach[34]. Using = CMOS-compatible
fabrication techniques, the sample can then be fabricated into
a planar waveguide n-p-i-n phototransistor with a waveguide
structure. Reactive ion etching (RIE) followed by
conventional optical lithography can be used to define a strip
double mesa with a waveguide width of w between 100 and
900 nm. Following microwave annealing at 1650 W for 100s
to activate the dopants, the n- and p-GeSn regions can then be
created by ion-implantation P(B) at a 20 keV energy and a
dosage of 10% cm? Then, employing plasma-enhanced
chemical vapor deposition (PECVD), a 300 nm thick SiO;
passivation layer can be created. So, to expose the surface of
the n-, p-, and n-GeSn regions, contact windows may be
created utilizing RIE. In order to make electrical contact,
Au/Cr electrodes with a thickness of 200/20 nm can then be
deposited using an e-beam evaporator and patterned using lift-
off procedures. To ensure mirror-like facets and reduce
coupling loss, the fabricated samples will subsequently be
precisely cleaved into devices along <100> directions.

The lattice mismatch between GeSn and Ge virtual
substrate (VS) may cause high-density point dislocation at the
heterointerfaces. The impact of defects (in terms of variation
of hole diffusion length) on current gain, optical performance
(responsivity, detectivity, and noise equivalent power), and
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frequency performance (fr and fuax) of vertical GeSn HPTs
have been reported by Kumar et. al. [37,38]. Their results
show that defects at the Ge/GeSn heterointerfaces have a
significant impact on the current gain and frequency
performance of HPT. However, the optical performance was
less affected by the defects at the heterointerfaces. In the
proposed lateral structure, the proximity to the Ge VS may
also have a significant impact on the device performance
depending on the stress. As a result, device current gain and
frequency performance may be significantly affected.
Therefore, in this work, for simplicity, we have considered
unstrained Ge VS and the defect-free GeSn homojunction.
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Fig. 1 (a)) Three-dimensional (3-D) schematic of the proposed lateral
GeSn homojunction phototransistors, and (b) simulated band diagram of
the proposed device under illumination.

In addition, in this work, as compared to conventional n-p-
n BJT, n-p-i-n configuration has been considered, which
results in lower collector doping. As a result, the base-
collector (B-C) space-charge region widens, thereby widening
the region where optically-generated electrons and holes are
separated. The optically-generated electrons diffuse into the
B-C space-charge region, where the built-in electric field will
sweep the electron into the collector region, and the holes
accumulate in the base region, where they control the intrinsic
base-emitter (B-E) potential[42,43]. As a result of the change
in the B-E potential, a large number of electrons injected from
the emitter will diffuse across the base into the B-C depletion
region and finally reach the collector region, considering that
the base width is necessarily small to minimize recombination
with any majority carrier holes in the base region. Therefore,
the optical gain of PT can be calculated as[26],
Gopt = (Ic/q)/(Popt/hV) (1a)
Gopt =B X7 (1b)
where G,,. and p are the common-emitter optical and
electrical gain (in forward active mode[44,45]), respectively.

I¢ is the collector current, Py, is the incident optical power,
and hv is the photon energy. g is the charge of the electron
and 7 is the efficiency.

The GeSn material parameters such as bandgap energy,
carriers” mobility, refractive index, and the density-of-states
used in the simulation tool have been taken from[21,46,47]
and their concrete values for x = 6% are given in Table II.A
and B. The analytical expression to calculate bandgap energy
is given as;
E;(Ge;_ySny) = (1 = x)E;(Ge) + xE;(Sn) — x(1 = x)by,
1)
Where, E;(Gel_XSnX) represents the bandgap energy of
Ge;_4Sn, alloy. Ey(Ge) =0.664eV and Ey(Sn) =
0.092 eV are the bandgap energy of pure Ge and Sn,
respectively. b, = 0.89 eV is the bowing parameter and x is
the Sn concentration in Ge;_,Sn, alloy. Next, the carrier’s
mobility can be calculated using the following expressions;
Ue(Ge; _Sny) = 3800 + 4456x 2(a)
un(Gey_4Sny) = 1800 + 33750x 2(b)
Where, u, and p, are the electron and hole mobility,
respectively.

TABLE |

STRUCTURAL DETAILS OF OUR PROPOSED GESN (SN = 6%)-BASED
LATERAL HOMOJUNCTION PHOTOTRANSISTORS AT 300 K

Layer Material \.N'dth F’Op'”_g Thlckness
(innm) (incm®)  (innm)

'n-Emitter (n-E) GeixSnx  200-400 5 x 10° i

i p-Base (p-B) GeixSnx  40-200  5x 108 400 nm i

i i-Intrinsic (i)  GeixSnx  100-900 ------ i

: n-Collector (C) - Ge1xSnx___300-500 _ 5x10%® |
Virtual Ge - e 600 nm

Substrate (VS)
Substrate Si e e 2000 nm
TABLE ILA

VALUES OF GESN (SN = 6%) MATERIAL PARAMETERS AT 300 K AT
THE WAVELENGTH OF 2000 NM

Parameter Values Ref.
Bandgap energy (eV) 0.5795 [21]
Refractive index n =4.3594 [46]
k =7.4799x10°®
Density-of-states (cm?)  Nc = 1.02x10% [47]
Ny = 2.38x10%8
TABLE I1.B
VALUES OF GESN (SN = 6%) MATERIAL PARAMETERS AT
300 K[21,48]
. Mobility Values (cm?/V.s)
Regions
U Hp
n-GeSn (Emitter) 4067.36 114.51
p-GeSn (Base) 503.94 3825
i-GeSn (WG) 4067.36 3825
n-GeSn (Collector) 4067.36 340.09
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To evaluate the optical confinement factor (OCF) and the
normalized optical power through the i-GeSn waveguide, we
have obtained various fundamental modes using the FEM
simulations. This analysis also helps in determining the
optimal i-GeSn waveguide width (W;) to get the maximum
3dB frequency and responsivity of the device. The optical
waveguide’s performance is adversely affected by modal
dispersion. The reduction of modal dispersion can be
accomplished via single-mode optical waveguides. The
proposed device structure has been designed in such a way that
it does not support the higher-order waveguide modes. The
structural details of the proposed device are given in the
manuscript. The i—-GeSn region (acts as a core, Nges, =
4.3594) is sandwiched between the upper clad layer (SiOg,
Nsio, = 1.4381) and lower the clad layer (Ge VS, ng, =
4.1008). Therefore, high refractive index contrast between the
core and clad layers causes high optical confinement through
the i-GeSn waveguide at A=2000 nm. The power loss (also
known as mode/propagation loss) related to the single optical
mode depends on its imaginary part of the effective refractive

index (Im(neff)) and can be calculated by; Loss (dB) =

10logyo(e) - 4mIm(ness)/A, Where, A is the wavelength (in
pUm)[49]. The extinction coefficient (k, complex GeSn
refractive index) is mainly responsible for the absorption
coefficient of the GeSn material (a = 4rmk/1)[50] and thus
the responsivity of the device. The mode loss may
considerably influence the performance of waveguide-based
photonic devices, thus, large loss optical mode can’t propagate
in a waveguide. The proposed waveguide shows the loss of
0.16 dB for i-GeSn width and height of 500 nm and 400 nm,
respectively. The extinction coefficient of 7.4799 x 1073
results in the absorption coefficient 469.98/cm of GeSn

material at A = 2000 nm.
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Collector Emitter
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Collector Emitter
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Fig. 2 Simulated energy distribution of quasi-transverse-electric field
(fundamental mode) for different i-Ge;«Snx (x = 6%) waveguide width.

In order to evaluate the normalized optical power, we have
taken the ratio of integrated optical power in the i-GeSn
waveguide over the integrated optical power through the

complete device structure. The simulated quasi-transverse
electric fundamental modes (TEqo) and the normalized optical
power through the waveguide for different i-GeSn waveguide
width (W;) at an operating wavelength of 2000 nm is shown
in Fig. 2. The result emphasizes that the quasi-transverse-
electric field (E,) confined mainly in the i-GeSn waveguide
with the increase of W;. In addition, the increase of W; also
leads to a significant enhancement in the normalized optical
power through the i-GeSn waveguide. Therefore, the
simulated result suggests larger i-GeSn width to get better
OCF and the maximum optical power through the waveguide.
However, wider i-GeSn width causes a poor frequency
performance (in terms of 3dB bandwidth) of the proposed
device. The impact of i-GeSn width on the 3dB bandwidth of
the device is discussed in the next section.

3. Results and Discussion

In order to characterize the device's electrical and optical
performance, we simulated the structure with an FEM
simulator and analyzed the radio frequency response using
MATLAB. In this work, all the analysis has been done at room
temperature.

3.1 Gummel and output characteristics of
phototransistors

Fig. 3(a) shows the simulated Gummel characteristics of the
designed PT. The solid black curve is associated with terminal
currents under the dark with V. = 1V. The key advantage of
choosing V. = 1V may result in extremely low-power optical
interconnect in order to be competitive[51]. The impact
ionization (at Vg = 1V) in the base-collector (B-C) space-
charge region generates holes, neutralizing the forward base
current and as a result, a base current reversal takes place. The
result shows the ideal operation of the phototransistor. In Fig.
3(a) the dashed red curve shows the variation of terminal
currents under illumination at A=2000 nm. When light is
coupled into the waveguide, the optical terminal currents
follow the same curve of the transistor under dark. The optical
absorption coefficient results in enhanced optical terminal
currents compared to the electrically-biased transistor.

The simulated output characteristics (collector current
versus V) of the PTs under dark and illumination are shown
in Fig. 3(b). The solid black curve represents the electrically-
biased I, as a function of V. for a fixed base current. The
dashed red curve represents the optically-biased collector
current (I¢,y) as a function of Ve for a fixed optical power at
A=2000 nm. The characteristics noticeably reveal the
transistor effect with an increase of the collector current with
the incident optical power. The incident optical power input to
the PTs is equivalent to the applied base current to the base
terminal of the transistors. In addition, as a result of
illumination, the photogenerated carriers modulate the base
potential (usually the base potential decreases with the
incident optical power) thus increasing the collector
current[27,52].
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Fig. 3 Electrical and optical (a) Gummel and (b) output characteristics of the
GeSn waveguide-based homojunction phototransistors.

The next important figure-of-merit is to compute the
transistor gain with varying base-emitter voltage. Figure 4
demonstrates the calculated gain under dark and illumination
(for a fixed optical power at A=2000nm) as a function of base-
emitter voltage The device exhibits relatively higher electrical
current gain as compared with the optical gain. The relatively
reduced optical is limited by two factors (i) efficiency[26] and
(ii) increased recombination in the base-emitter space-charge
region[53]. Mathematically, it can also be explained using
Egs. 1(a) and (b) [Section 2].;

] »
107 daeees® o * FElec.g
] e = Opt.G,,
E _.-H L]
s " ."-\
107 ",
= E|
b ", e,
= 4
o E
5 ] |Ve-1V
le; W, =125 nm
P =100 nW
3 |2=2000 nm
10" : . : :
0.0 0.1 0.2 0.3 0.4 0.5
VBE V)

Fig. 4 Calculated current gain under dark and illumination (at A= 2000 nm) as
a function of applied base-emitter voltage for a constant Vz = 1V.

In addition, it is observed that the optical and electrical
current gain shows a peak value at ~0.1V. However, the
optical current shows a sharp peak value compared to the
electrical current gain. This is expected as we take into
consideration the values of base current under illumination
and dark. Generally, in phototransistors, the impact ionization
in the B-C depletion region generates holes, neutralizing the
base current and as a result, the base current dip occurs.
Additionally, the optical absorption in the B-C region causes
further base current reversal/dip under illumination[54].
Beyond Vg = 0.1V, the electrical current starts dominating
the photogenerated base current, thus, generating the sharp
peak value of gain at Vz; = 0.1V. Moreover, the current gain

starts decreasing beyond Vg = 0.1 V. This behavior can be
explained based on the higher value of base current compared
to the collector for larger values of Vgg. The increased base
current/recombination current may be due to the (i)increased
surface recombination velocity and (ii) widening of the base-
emitter space-charge region. Similar behavior of current gain
(strong dependence on V) has also been reported earlier[53],
which validates the presented result in this proposed work.
The proposed PT exhibits sufficient gain between 0.1V <
Vge < 0.4V. Therefore, Vg = 0.3V is chosen to be the
optimal voltage to maintain the high gain and to analyze all
the results.

3.2 Frequency response of phototransistors

Concerning the speed of the proposed PT, this is mainly
limited by the forward transit time (consisting of both base
transit time and base-collector transit time) and emitter
charging time. Usually, the frequency response of the PTs is
characterized by the 3dB bandwidth (f;: the theoretical
highest speed that a PT can achieve) and the maximum
operating frequency at which a PT can operate (fy4x)- In this
work, the i-GeSn region is fully depleted, therefore, base-
collector junction capacitance (C,,,) due to both base-
collector junction and intrinsic regions have been considered
to calculate f; and fy4x. Therefore, the optimal base and i-
GeSn region widths are desired to achieve high-speed PTs.
The optimal i-GeSn width (d;) can be achieved by estimating
the normalized power bandwidth (NPBW) product. The
theoretical model to calculate f; and fy4xunder illumination
has been taken from[55] and given as;
1

fr= (32)
2n<(1:;—:p>(cmp+cuop)+rp>
_ fr 2

furt = (i) )

where Vr and Ig,,, are the thermal voltage and emitter current,
respectively. Cr,,, and C,,, are the capacitances due to base-
emitter and base-collector junctions, respectively, and 7 is
the forward transit time. Rg,, is the base resistance under
illumination. In this work, high base doping level and carriers’
mobility yield low base resistance of ~37.9Q. As a result, the
proposed PT can operate at a higher frequency. The theoretical
models to calculate the junction capacitances and forward
transit time have been taken from[55] and given as;

_ €EAE W§ 4 WBCop)
CT[Op_WBEop + (2DnB + Vs + 2vg gm0p (4)
_ Lgec
C/wp_WBCop (SE + ZSB) (5)
_ _ WE | Wscop
Tp =Tp + Tpc = 2Dnp 20, (6)

where Wy is the base region width. Wpc,,, and W, are the
base-collector and base-emitter space-charge region widths,
respectively. S; and S are the width of the emitter and base
stripe, respectively. e; and e, are permittivity of Ge1-xSnx (x
= 6%), used in the emitter and collector regions, respectively.
Ly and Ag are the length and cross-sectional area of the emitter



Journal XX (XXXX) XXXXXX

Author et al

region. gmep is the transconductance. D,z and v, are the
minority electron diffusion constant in the base and saturation
velocity of Ge1-«Shy, respectively. The value of v, for Sn = 6%
has been taken from[56]. Here, the subscript ‘op’ represents
the parameters considered under illumination. The parameters
used to calculate the values of 3dB bandwidth and maximum
frequency of the proposed GeSn for a fixed i-GeSn layer width
of 500 nm and base width of 45 nm is given in Table I1I.

TABLE IlI
CALCULATED VALUES OF PARAMETERS USED TO CALCULATE THE 3DB
BANDWIDTH AND MAXIMUM FREQUENCY AT T = 300 K

Parameters Value Unit
Crop 212 pF
Cuiop 1.25 fF

T 1.3 pS
Sg 350 nm
Ag 4x1078 cm?
Lg 10 um
Sg 45 nm
Vg 2 x 107 cm/s
Rpop 37.9 Q

Figure 5 shows the calculated 3dB bandwidth and
maximum operating frequency of the designed PTs with
varying base region width and i-GeSn waveguide width,
respectively at Vzp = 0.3V and Vz = 1V. In addition, Fig.
5(b) also shows the variation of NPBW product versus
waveguide width. The analysis shows that with the decrease
in base region width and i-GeSn waveguide width,
respectively, f; increases due to the reduced forward transit
time[30]. On the contrary, NPBW product initially increases
with the decrease of i-GeSn width (1000nm < d; < 500nm)
but later it starts decreasing for further decreasing i-GeSn
width (500nm < d; < 100nm). The device shows the
maximum values of NPBW product for d; = 500 nm. Next,
the value of fy,4x is higher for lower base width, while in Fig.
5(d) it is higher for wider i-GeSn width. This behavior is
expected as we take into the values of f; and C,,,,. Therefore,
from the analysis, the optimal base width of 45nm and i-GeSn
waveguide width of 500 nm has been considered for this work
to achieve the desired frequency performance (high f; and
fuax) Of the proposed PTs.

Table IV shows the value of 3dB bandwidth obtained from
the proposed PT with the earlier reported waveguide-coupled
Ge and vertical GeSn PTs. The comparison clearly shows that
the GeSn PTs can not only achieve excellent performance at
the new band (2000 nm) but also achieve better performance
at 1.55 pm compared to reported Ge PTs. This high value of
bandwidth obtained from the proposed device is attributed to
the larger saturation velocity and high carriers’ mobility of
GeSn. The 3dB bandwidth of the PT was calculated to be >55
GHz for the optimal base region and i-GeSn waveguide width.
Such excellent frequency performance is expected to make

high-speed PTs for the next-generation 2000 nm optical
communication.

. 60 200 30
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C ss @ T 160] a0 mm /s g
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& P, =1000W - 1204 gl E
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Fig. 5 Calculated 3dB bandwidth and maximum operating frequency with the
scaling of the base layer and i-GeSn layer width. (a) and (c) fr and fiyax
versus Wy for a fixed i-GeSn layer width of 500 nm, (b) f; and normalized
power in the waveguide and (d) f,4x With the scaling of the intrinsic layer for
a fixed base layer width of 45nm at A=2000nm.

TABLE IV
COMPARATIVE VALUES OF BANDWIDTH OF WAVEGUIDE-COUPLED PTS

Waveguide-Coupled Bandwidth  Simulated Ref

Device (GH2) /Measured )

Ge PT 10@1.55pm  Simulated [26]

Ge PT 28@1.55um  Simulated [57]

Ge PT 14.5@1.55um  Measured [52]

Vertical-GeSn MQW >18@1.55um  Simulated [58]
PT

Vertical-GeSn (Sn = 42@1.55um  Simulated [30]
6%)

This Work 55@2um Simulated -

3.3 Impact of lateral scaling on the gain of

phototransistors

In general, the recombination factor and base transmission
efficiency play a vital role in determining the current gain of
the phototransistors. Therefore, the current gain strongly
depends on the base layer width. The design considerations
also suggest that the base layer width should be narrower
compared to emitter and collector regions and it is defined as,
We > Wy > Wy, where W, Wg, and Wy are the collector,
emitter, and base widths, respectively[59]. Thus, in this
section, the impact of lateral scaling of the base, emitter, and
collector regions on the gain performance of PTs is taken into
consideration. This analysis helps in choosing the optimal
values of the base, collector, and emitter widths to achieve the
maximum values of gain of PTs. The results are demonstrated
in Fig. 6, which clearly shows that gain is strongly dependent
on the base layer width. However, the gain is less dependent
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on the emitter and collector region width. Specifically, the
gain of PT decreases with the increase in base layer width. The
reason is attributed to the increased recombination and
decreased base transmission efficiency with the increasing
base layer width[26]. Next, as the emitter width increases, the
current gain increases slightly for 200 nm < Wy < 350nm
and then it decreases gradually for 350nm < Wy <
400nm.This behavior can be explained based on a small
enhancement in photogenerated current contribution in the
collector region. Similarly, the increase of collector layer
width results in a slight enhancement in the current gain of PT.
However, the contribution of photogenerated current in the
collector region is not significant as compared to the
magnitude of photogenerated current in the absorption
region[37]. As a result, the current gain is less dependent on
the emitter and collector region widths, respectively. The
impact of scaling on current gain for vertical GeSn-based
HPTs has been reported earlier and their results showed
similar trends, which validates the proposed work[37]. Thus,
the optimal widths of the base, emitter, and collector region
are determined to be 45nm, 350nm, and 400nm, respectively
to maintain the high current gain (5,,, ~1650) and to calculate
the responsivity of PT.
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Fig. 6 Variation of current gain with (a) base width, (b) emitter width, and (c)
collector width for Vg = 0.3V and Vi = 1 V at A= 2000 nm.

3.4 Analysis of responsivity of phototransistors

This section examines the most important metric the
responsivity of PT with different bias conditions and incident
optical power. In addition, we have also examined the
lon/Iopr ratio. The responsivity has been calculated using the
relation, R = Ip/Pope = (Icop — Ic,aark )/ Pope, Where L, is
the photogenerated current[27]. Ico, and Ic g are the
collector current under illumination and dark, respectively,
and P, is the incident optical power at A = 2000nm . Next,
the Ioy/lprr ratio can be calculated using the relation,

Ion/Iorr (indB) = 201g[(Icop — Ic.aark )/ (Icaark) | [271.
Figure 7(a) demonstrates the calculated responsivity as a
function of incident optical power with different collector-to-
emitter voltage (V g) of 1V and 5V at L = 2000nm. Fig. 7(b)
and (c) shows the variation of I,y /Iyrr and responsivity with
collector-to-emitter voltage (Vz) for a fixed value of Vg =
0.3V at A = 2000 nm. The result shows the strong dependence
of responsivity on collector-to-emitter voltage. Specifically,
responsivity increases significantly with increasing V. This
may be attributed to the increased photocurrent which is
proportional to the square root of the exponential of V. Next,
as expected responsivity decreases significantly with the
incident optical power (as shown in Fig. 7(a)). Such
responsivity dependence on optical power is related to light
affecting the base potential[60,61] and due to the low-doped
GeSn base. With the increase in incident optical power, the
generation rate in the base region increases significantly and
the effective base doping level starts to increase as well. Since
the gain of the transistor depends on the ratio of doping level
between emitter and base (gain o« Ng/Ng, where, Ny and Ng
are the emitter and base doping level, respectively), so
reducing this ratio would reduce the gain[52]. In addition, the
effective increase in the base doping level would also decrease
the base-width modulation effects. As a result, responsivity
decreases with the incident optical power. Figure 7(b)
illustrates the calculated I, /IorF ratio. This ratio explains the
sensitivity of the device. The proposed PT exhibits high
Ion/lopr ratio of 20 dB at V.z = 1V for incident optical
power of -10 dBm. This calculated result reveals the reduced
dark current and the improved device sensitivity. The
proposed PT achieves an excellent responsivity of 308 A/W
with Vg = 1V for incident optical power of -10 dBm. The
peak responsivity increases to ~1520A/W at V. =5V,
however, high bias voltages are not favored when the PT is
used with advanced CMOS technologies, since there can be a
huge mismatch in the DC voltage level. These responsivity
values are based on simulations only and the fabricated device
may show lower value than this. The reason may be attributed
to the reduced absorption coefficient and current gain of the
device. For example, the fabricated two-terminals GeSn PT
with floating-base showed the theoretical value of
responsivity of 155 A/W, however, its measured value was 1.8
A/W at A=1550 nm[33].
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Fig. 7 (a) Simulated responsivity of PTs as a function of incident optical
power with different collector-to-emitter voltage at & = 2000 nm, (b) Ipy/Iprr
as a function of collector-to-emitter voltage at A = 2000 nm, and (c) variation

of responsivity with collector-to-emitter voltage at A = 2000 nm at P,,,, = -40
dBm.

3.5 Performance analysis: experimental mobility vs

theoretical mobility
In this section, we predict the effect of experimental mobility
on the performance of the proposed GeSn PT. Here, we have
considered the experimental values of mobility for Sn = 4%
(since the experimental values of Sn = 6% are not available).
Theoretical mobility values for Sn = 4% were calculated using
Egs. 2(a-b). The experimental mobility values for GeSn, Ge,
and Si were taken from[62-64]. The comparative analysis
based on simulation is given in Table V. As expected, the
device with experimental mobility exhibits about three times
lower values of responsivity and bandwidth compared to the
device with theoretical mobility. The reason is attributed to the
reduced experimental mobility values compared to the
theoretical mobility. Therefore, it can be predicted that devices
with experimental values of mobility for Sn = 6% will show
more or less a similar trend.

TABLE V
COMPARATIVE VALUES OF BANDWIDTH AND RESPONSIVITY WITH

THEORETICAL AND EXPERIMENTAL VALUES OF MOBILITY AT A = 2000 nm,

Popr = —40dBmWITH Vg = 0.3V AND Vg = 1V

GeSn (Sn = 4%) PT

Parameters With theoretical With experimental
mobility mobility
R (A/W) 3.43 x 105 1.04 x 105
fr (GHz) 29.2 9.28

4. Conclusion

In conclusion, a high-performance lateral Ge;xSny (X = 6%)
waveguide-based homojunction phototransistors on Ge-On-Si
substrate have been presented. The Gummel and output
characteristics under dark and illumination, the optical gain,
and the responsivity of the PTs have been investigated using
the FEM simulations. Furthermore, the frequency response
has been analyzed using MATLAB. The proposed lateral
device structure enables high optical confinement and power

through the i-GeSn waveguide due to a better decoupling of
photon absorption and photon-generated carrier path. As a
result, a significant enhancement in the optical performance of
the device has been observed. The simulated results show that
the frequency performance and the current gain of the device
were significantly affected by the increase in base width. On
the contrary, the variation of emitter and collector widths have
less impact on the current gain of the device. The discussion
provided suggests a novel approach for designing high-
performance phototransistors for extending the optical
communication to the 2000nm region. The proposed device
was simulated at A=2000 nm and shows the maximum
responsivity exceeding 1520 A/W 308A/W at V.; =5V and
1V, respectively for P,,, =-10 dBm.
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