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ABSTRACT
Increasing the energy efficiency and reducing the footprint of on-chip photodetectors enable dense optical interconnects for emerging com-
putational and sensing applications. While heterojunction phototransistors (HPTs) exhibit high energy efficiency and negligible excess noise
factor, their gain-bandwidth product (GBP) has been inferior to that of avalanche photodiodes at low optical powers. Here, we demonstrate
that utilizing type-II energy band alignment in an Sb-based HPT results in six times smaller junction capacitance per unit area and a sig-
nificantly higher GBP at low optical powers. These type-II HPTs were scaled down to 2 μm in diameter and fully integrated with photonic
waveguides on silicon. Thanks to their extremely low dark current and high internal gain, these devices exhibit a GBP similar to the best
avalanche devices (∼270 GHz) but with one order of magnitude better energy efficiency. Their energy consumption is about 5 fJ/bit at 3.2
Gbps, with an error rate below 10−9 at −25 dBm optical power at 1550 nm. These features suggest new opportunities for creating highly
efficient and compact optical receivers based on phototransistors with type-II band alignment.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0233887

I. INTRODUCTION

Integrated photodetectors have attracted great interest for a
wide variety of applications, including photonic neural network
accelerators,1,2 photonic signal processors,3 3D depth imaging,4
and optical interconnects.5–7 In particular, optical interconnects
are considered to be one of the most promising candidates for
next-generation on-chip communication7 thanks to their unique
advantages.8–10 However, current on-chip implementations fail to
meet the footprint and energy consumption requirements necessary
to surpass the performance of electrical interconnects.7,11 Energy
efficiency and energy-per-bit are key figures of merit that limit
the growth in data storage, transmission, and computation; hence,
improving both these metrics in key components is essential.11–14

In this work, we focus on the receiving end of the on-chip data
transmission and present a new high-performance integrated opti-
cal receiver with significant improvements in both energy efficiency
and energy-per-bit over the existing optical receivers integrated
on silicon. In order to drive meaningful on-chip loads with the

minimum input optical signal, an integrated receiver requires some
form of amplification of the detected signal. Detectors without inter-
nal gain mechanisms (e.g., p–i–n photodiodes) rely entirely on
external amplifiers; however, even the latest generations of custom-
designed high-speed complementary metal–oxide–semiconductor
(CMOS) amplifiers15 require significant power and on-chip area (see
the supplementary material Table S3). Conversely, most state-of-
the-art optical receivers, such as avalanche photodiodes (APDs) and
heterojunction phototransistors (HPTs), utilize internal amplifica-
tion to boost the detected signal in order to either directly drive
a load or to reduce the complexity of the external amplifiers.16,17

In this configuration, higher internal gains enable to either directly
drive larger loads or to eliminate the need for external amplifiers.
The large excess noise factor of APDs limits their capability in
operating at high gain; hence, external amplifiers are typically still
necessary; conversely, HPTs can achieve large internal amplifica-
tion at high speed with relatively low excess noise and dark current.
Notably, staircase APDs have achieved a low excess noise factor,18

but the maximum achievable gain has remained small since the
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invention of these devices about four decades ago.19 Early stud-
ies suggested that HPTs could be used for high-speed receivers,20

and by the year 2000, they achieved bitrates of 40 Gbps.21 Unfortu-
nately, these high-speed HPT receivers suffered from low sensitivity
(needed about −8 dBm optical power), and they were not inte-
grated on silicon. These issues have moved the researchers’ focus
toward APD receivers in the past decade.9,22–24 However, besides
the limitations on gain discussed above, most CMOS-compatible
APDs also require a large bias voltage to achieve proper gain val-
ues and exhibit high dark current,9,17,25–27 leading to poor energy
efficiencies and large power consumption. Here, we demonstrate
that using a type-II energy band alignment in a properly designed
HPT leads to devices that can simultaneously achieve a high gain-
bandwidth product (GBP) at low optical powers, high sensitivity,
and high energy efficiency. Our type-II heterojunction phototran-
sistor (T2-HPT) integrated on silicon achieves a GBP similar to that
of the best reported APDs on silicon, but with much lower dark
current and operating bias voltage than APDs, a much smaller foot-
print that enables dense integration, and about ten times higher
energy efficiency for a given load and similar maximum bitrate.
More importantly, we show that it achieves such a high speed at
a low optical power—well below that of the best HPTs previously
reported.28–31 Our experimental and modeling results suggest that
the superior performance of these devices is due to the lower capac-
itance of type-II heterojunctions compared to the traditional type-I
heterojunctions, as well as the better thermal management of our
integration method. All results presented here are based on devices
integrated on silicon and optically coupled to on-chip hydrogenated
amorphous silicon (a-Si:H) waveguides and grating couplers using
a CMOS-compatible process (see Sec. V). Since the integration
approach is not limited to a specific CMOS process and the optical
interconnects (i.e., waveguides and couplers) are not substrate-
specific, our approach can be used with most existing CMOS
technologies.

II. RESULTS
A. Device design

The detailed epitaxial structure of the HPT detector wafers,
grown on InP substrates by low-pressure metal–organic chemi-
cal vapor deposition (LP-MOCVD), is shown in Table S1 in the
supplementary material. The main bi-polar junction phototransistor
layers consist of an n-doped InGaAs collector layer and an n-doped
InP emitter layer, separated by a 50-nm thick p-doped GaAsSb base
layer. The GaAsSb base layer employed in this work is specifically
designed to leverage the type-II band alignment between GaAsSb
and InGaAs/InP to achieve a high GBP, as discussed in more detail
in Secs. II B–V.

In order to fabricate the integrated optical receivers, we used a
low-temperature Mo/Au–Au/Mo bonding method32 to transfer epi-
taxial layers to silicon substrates, as detailed in the supplementary
material and depicted in Fig. 1(a). We observed a typical root-mean-
square (rms) roughness of ∼2 nm over large areas of the transferred
film, indicating high-quality bonding (see supplementary material
Sec. 1). After the transfer, T2-HPTs with different sizes (ranging
from 100 to 2 μm in diameter) were fabricated on the silicon sub-
strate and integrated with a-Si:H waveguides and grating couplers
(Fig. 1). a-Si:H can be easily deposited at low temperatures (≤300 ○C)

in a process compatible with III–V materials and back end of line
(BEOL) CMOS processes.33,34 Our approach allows fine control
of the a-Si:H refractive index by tuning the RF power and pres-
sure during deposition35 (see Sec. V and supplementary material
Sec. 1). Figure 1(b) shows a scanning electron microscope (SEM)
image of a T2-HPT device before the waveguide integration, with
clear collector, base, and emitter layers of the HPT. Figure 1(c)
offers a cross-sectional SEM image of a detector after waveguide
integration showing the interface between the waveguide and the
detectors.

B. Device measurement
We characterized the fully integrated T2-HPT devices with the

architecture shown in Fig. 1(d). While we measured devices with
different diameters, here, we mainly focus on the performance of
devices with a 2 μm diameter. This is because the speed of these
T2-HPT photodetectors tends to increase with decreasing device
diameter due to the corresponding decrease in junction capacitance,
as shown in part 3 of the supplementary material and discussed in
detail in Secs. III–V. In addition, the smaller size of these devices
comes with the added benefit of a reduced footprint for optical inter-
connects. We measured the dark current (Id) and the photo-current
(Iph) of these devices at room temperature by coupling the free-
space collimated output of a 1.55 μm laser diode into the grating
couplers [see Fig. 1(d) and Fig. S1(a) of the supplementary material].
Figure 2(a) shows the dark and photo-current of a 2 μm T2-HPT.
The device dark current at 2 V is about 0.5 nA, which is several
orders of magnitude lower than the dark current of the best inte-
grated APDs at their operating bias voltages. This is despite the
dark current density increasing when shrinking the device diam-
eters under 10 μm, due to a significant contribution from surface
effects, which suggests that dark currents could be reduced with
better surface passivation (see supplementary material Sec. 2). The
photo-current shown in Fig. 2(a) was measured at an optical power
of −19 dBm (12.6 μW) coupled to the 2 μm T2-HPT. Figure 2(b)
shows the DC responsivity of T2-HPT devices of different diam-
eters at −19 dBm coupled optical power: the responsivity of all
devices exceed 100 A/W at voltages as low as 0.75 V. Notably,
devices smaller than 5 μm have lower responsivity, most likely
due to the reduced overlap with the optical mode of the 5 μm-
wide waveguides. This effect could be prevented by optimizing the
width of the waveguides or introducing tapered waveguides. Fur-
thermore, the low coupling to small devices can be addressed by
employing hybrid optical antennas in order to enhance the local
density of states and coupling of the near-field to the waveguide
modes.36–38

We evaluated the performance of the 2 μm T2-HPT as a dig-
ital receiver, using bit error rate (BER) measurements (see Sec. V).
We coupled the output beam of a 1.55 μm laser diode, which was
directly modulated by pseudo-random binary sequences (PRBS), to
the integrated grating couplers. Without any external amplifier, we
achieved high-quality open eye diagrams at 3.2 Gbps—the limit of
our bit error rate test (BERT) system—as shown in Fig. 2(c). We
measured sensitivities of −26 and −25 dBm at 2.5 and 3.2 Gbps,
respectively, as defined for a BER < 10−9 [Fig. 2(d)].23 More impor-
tantly, the high gain and direct driving capability of our device
eliminated the need for a high-gain and low-noise amplifier in
these experiments, and we directly coupled our device to the 50-Ω
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FIG. 1. Integrated T2-HPT presented
in this work. (a) Fabrication process of
the integrated T2-HPT detector. (b) The
SEM image of the detector after pillar
etching shows the epitaxial III–V semi-
conductor layers on the silicon substrate.
(c) Cross-sectional FIB-SEM image of an
integrated device at the end of the fab-
rication process. (d) SEM image of the
integrated detectors with different sizes,
together with zoomed-in views of the
grating coupler and the detector areas.

load. Since our BERT system was limiting our measured data rate
to 3.2 Gbps, we evaluated the actual bandwidth and the resulting
estimated bitrate, using a fast optical pulse and a fast oscilloscope
(see Sec. V). Figure 2(e) shows the full width at half maximum
(FWHM) of the output signal of a 2 μm T2-HPT when receiv-
ing an optical pulse with a FWHM of ∼7 ps. The electrical signal
on a 50 Ω load shows a FWHM of 97 ps and a jitter of less than
9 ps. The corresponding 3 dB bandwidth is about 5 GHz, based on
the Fourier transform of the output pulse.16 This value is in close
agreement with our simulation (see Sec. 3 of the supplementary

material). The measured SNR at the output pulse is about 22.5,
suggesting a data rate of 10 Gbps at BER < 10−9 (well beyond the
bitrate limit of our BERT system). Even using the measurement-
limited data rate of 3.2 Gbps, the 2 μm detector with no external
amplifier represents a data rate density of 800 Tbps/mm2, which
is significantly higher than that of the best reported amplifier-free
APDs (∼100 Tbps/mm2 in Ref. 9). A high data rate density is cru-
cial for the future on-chip optical interconnects,11 enabling the
next-generation computing and sensing chips with massive data
bandwidths.
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FIG. 2. Characterization measurements
of the integrated T2-HPT with optical
signal coupled through the grating cou-
pler. (a) Current–voltage characteristic of
the integrated 2 μm detectors at room
temperature in the dark and under illumi-
nation. (b) DC responsivity R and internal
gain of T2-HPT detectors of different
sizes as a function of bias voltage at
an optical power of −19 dBm (12.6 μW)
coupled to the detector. (c) Eye diagrams
of 2 μm device at a 3.2 Gbps data rate,
with different optical powers coupled to
the detector. (d) Bit error rate (BER) and
Q factor as a function of optical power,
extracted from the eye diagrams of the
2 μm detector. (e) Output pulse from the
integrated 2 μm detector and its Fourier
transform.

III. DISCUSSION
It is known that type-II band alignment helps preventing the

onset of the base push-out at high current densities, known as the
Kirk effect.39 However, we hypothesized that type-II band alignment
can also be used to decrease the device junction capacitance sig-
nificantly. Reducing junction capacitance of HPTs not only makes
the phototransistors faster but also makes them more sensitive,
as we had proposed40 and recently demonstrated experimentally.41

Figure 3 presents the difference between type- I and type-II band
alignment: the discontinuity of the type-II alignment provides a
clear advantage from the charge storage point of view, since it pre-
vents excess holes from traveling into the collector and precluding
the onset of the Kirk effect.29 In addition, a type-II band alignment
helps reducing the formation of an electrostatic barrier inside the
collector, resulting in a slower increase in capacitance at increased
current levels. To evaluate this hypothesis, we measured the capac-
itance of the type-II HPT and a type-I HPT with equal base doping
levels, thicknesses, and diameters. Our experimental results show
that type-II HPT exhibits about six times smaller capacitance per
unit area than type-I HPT at a bias voltage of 2 V utilized in this
work (0.3 fF/μm2 for the type-II structure vs 1.8 fF/μm2 for the
type-I structure; see Fig. 3(c). The measured capacitance values
and their bias dependencies are in good agreement with numerical
simulations for type-II devices [see Fig. 3(d)].

In addition to the reduced capacitance, our devices are made
with special attention to the high current density needed to directly
drive loads without an amplifier. Numerical simulations show that

compared to our previously reported devices on a native sub-
strate, the bonding method and the small dimensions of the devices
reported in this work significantly enhance their thermal conduc-
tance and reduce their internal temperature (see supplementary
material Sec. 4 for thermal modeling). At an output power of about
2 mW (2 V bias voltage and 1 mA photo-current), the tempera-
ture increase in the transferred detector is more than four times
lower than that in the as-grown detector. A high temperature can
degrade the GBP of the device, mainly due to the increased base
transit time,42 as previously demonstrated for type-I and type-II
HBTs.43,44 A direct consequence of a fundamentally lower junction
capacitance and operating voltage is better energy efficiency. While
the presented device is not truly optimized, we would like to com-
pare its energy efficiency with some of the best reported APD and
HPT devices. The energy efficiency of an optical receiver can be cal-
culated as η = EU/(EC + EU), where EC is the energy waste per bit
and EU is the energy delivered to the load per bit [see Fig. 4(a)]. For
approaches based on optical receivers in CMOSs, these values can be
estimated as (see supplementary material Sec. 5)

EU ≈ 1
2

CLV2
L (1)

EC ≈ 2VbId + VbIph + VLId + VLIph/2
2BR

, (2)

where CL and VL are the load capacitance and voltage (around 1 V
in modern CMOS), respectively; Id, Iph, and Vb are the dark current,

APL Photon. 10, 036106 (2025); doi: 10.1063/5.0233887 10, 036106-4

© Author(s) 2025

https://pubs.aip.org/aip/app
https://doi.org/10.60893/figshare.app.c.7670705
https://doi.org/10.60893/figshare.app.c.7670705
https://doi.org/10.60893/figshare.app.c.7670705


APL Photonics ARTICLE pubs.aip.org/aip/app

photo-current, and voltage bias of the photodetector, respectively;
and BR is the bitrate. From these equations, it is evident that Vb
and Id are the most important factors that determine the energy
consumption and efficiency of the receiver. As mentioned above,
existing CMOS-compatible APDs require a large Vb to achieve a
reasonable avalanche gain and exhibit a large Id due to the large elec-
tric field required for avalanche, both of which lead to poor energy
efficiencies mostly around 1%.

In Fig. 4, we compare the GBP vs energy efficiency of the
best reported results from optical receivers, including III–V HPTs
and CMOS-compatible APDs.9,17,23,24,26,28–31,45–48 It is worth noting
that the best HPT receivers included in this comparison are now
over a decade old: most recent integrated phototransistor detec-
tors, including both FET and HPT, are focused on rather high
sensitivity but low speed49–54 and hence do not exhibit relevant
performance for the comparison drawn here. Figure 4(b) shows
the GBP vs energy efficiency η and consumed energy per bit EC
(details in supplementary material Sec. 6). Compared to integrated
APDs, our integrated T2-HPT exhibits about one order of mag-
nitude higher energy efficiency η ∼ 17% and a significantly lower
energy consumption, EC ∼ 5 fJ/bit. Most reports have shown inte-
grated APDs exceeding 10 Gbps bitrates using amplifiers. However,
the addition of amplifier circuits has limited the ability to achieve
the longstanding goals of high energy efficiency and high data rate
densities. Without any amplifier, the maximum achievable bitrate

for a given load is set by the responsivity and photo-current of the
device and hence its sensitivity. Since the excess noise factor of APDs
grows with their internal gain, the practical responsivity of APDs
has been limited to below ∼30 A/W. Therefore, without an ampli-
fier, the achievable bitrate of APDs would be comparable to that of
our device (see detailed discussion in supplementary material Sec. 6
and Table S4). For applications that require a large number of chan-
nels per area but moderate bitrates per channel, our device could be
used without an amplifier to achieve a very energy efficient solution
within an extremely small physical footprint.

Furthermore, for applications that require high bitrates per
channel, the high GBP of the T2-HPT devices still allows use of sim-
pler, more compact, and more efficient amplifiers. As an example,
we evaluated the performance of these devices when integrated with
a compact 5-transistor CMOS amplifier (see supplementary material
Sec. 7 for details on the amplifier). Using the compact amplifier,
the receiver could achieve a bitrate of 16.7 Gbps [Fig. S8(b)]. When
including capacitive loads of 5 and 50 fF, the highest open-eye data
rates were ∼15 Gbps [Fig. S8(c)] and ∼10 Gbps [Fig. S8(d)], respec-
tively. Crucially, the compact amplifier (supplementary material
Sec. 7) adds an energy dissipation of ∼60 fJ/bit, which is smaller
than that of typical amplifiers used in other integrated receivers
with a similar CMOS technology node, while achieving approx-
imately ten times higher sensitivity and about two times larger
bitrate.55

FIG. 3. Band structure of type-I and type-
II. (a) Schematic diagram of the energy
band alignment of the InGaAs, GaAsSb,
and InP alloy compositions used in this
work. GaAsSb forms a type-II alignment
with InGaAs and InP, while InGaAs/InP
forms a type-I alignment. (b) Simulated
band structures of two NPN HPTs based
on type-I (top) and type-II (bottom) band
alignments. (c) Experimentally measured
junction capacitance vs voltage (C–V)
for type-I and type-II HPTs with identi-
cal layer thicknesses and doping levels
show that type-II HPT has a substan-
tially lower junction capacitance at an
operating bias of −2 V (d) Simulated
C–V for the type-II HPTs structure, show-
ing good agreement with experimental
measurements at both low and high
frequencies.
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FIG. 4. Energy consumption of integrated optical receivers. (a) The optical receiver
transduces the input optical signal to an electrical signal for on-chip data transmis-
sion. The input energy of the system consists of an optical signal and an electrical
bias, part of which is wasted by the dark current of the optical receiver and the
rest of which is transduced to the electrical load. At the electrical load, part of the
energy is utilized, while the other part is wasted. The calculation of the values of
these energies is discussed in the text. (b) Comparison of this work with the best
reported detectors for optical receivers. Top: GBPs vs energy efficiency (η). Note
that we removed a portion of the y axis, from 2% to 12%, to increase the visibility.
Bottom: GBPs vs total consumed energy (EC) of detectors at an internal gain of
15 and 2 fF load for an optical power of about −30 dBm (see detailed calculation
and tabulated data in supplementary material Sec. 6).

IV. CONCLUSION
We demonstrated a type-II heterojunction phototransistor

(T2-HPT) with exceptional performance characteristics. Arrays of
devices with different sizes were integrated on silicon wafers using a
CMOS-compatible wafer bonding and an additive waveguide inter-
connect method. Electrical and optical characterizations show that
the integrated T2-HPT can achieve a gain-bandwidth product of
∼270 GHz at ∼10 μW optical power. This device is the first HPT

that simultaneously shows a high speed and high sensitivity. When
used as an optical receiver, with and without an amplifier, the device
showed bitrate and sensitivity values that are similar to those of the
best APDs. However, the T2-HPT showed about ten times higher
energy efficiency and significantly lower energy consumption per
bit compared with APDs, due to its extremely low dark current and
operating voltage. Our experimental and simulation results support
the hypothesis that the type-II band alignment is potentially the rea-
son for achieving exceptionally high responsivity and low junction
capacitance in our device. In parallel, these tiny devices show very
large internal gain and current densities required for directly driv-
ing large capacitive loads, leading to a massive data transmission
density in excess of 800 Tbps/mm2 at an attractive energy consump-
tion of ∼5 fJ/bit. The unique combination of a small footprint, low
energy consumption per bit, and high energy efficiency makes these
new devices a promising choice for high-density optical receivers.
We hope that our results encourage the research community to fur-
ther evaluate type-II phototransistors based on new material systems
such as van der Waals heterostructures,56 which present an excellent
opportunity for application of this strategy to a broad set of materials
and wavelengths.

V. MATERIALS AND METHODS
A. Fabrication process

The T2-HPT detectors used in this work are grown by metalor-
ganic chemical vapor deposition (MOCVD) on n-doped InP sub-
strates. Figure 1(a) and supplementary material Sec. 2 describe the
device fabrication process flow, which starts with the degreasing of a
∼1 × 1 cm2 sample and a ∼1.7 × 1.7 cm2 silicon substrate in organic
solvents. Then, NH4OH and (NH4)2S treatment is performed on the
T2-HPT sample to remove the native oxide and passivate the surface;
meanwhile, the silicon substrate is dipped in buffered oxide etchant
(BOE) for native oxide removal. Both samples are then immedi-
ately transferred to the chamber of an electron-beam evaporator,
followed by the evaporation of the Mo/Au (10/10 nm) bilayer. After
an Ar-based plasma treatment is used for surface activation, the two
samples are bonded to each other by a wafer-bonding tool (FC-
150 by SET) at 200 ○C and with a force of 35 kg. Then, HCl (37%)
is used to remove the InP substrate and leave behind the epitaxi-
ally grown layers. Subsequently, the T2-HPT devices are defined by
conventional photolithography and a two-step etching process (dry
followed by wet etching). To passivate the sidewalls of the detec-
tors, SiO2 (300 nm) is deposited by Plasma Enhanced Chemical
Vapor Deposition (PECVD) at 300 ○C. Keeping the sample inside
the PECVD chamber, the hydrogenated amorphous silicon (a-Si:H)
waveguide stack is then deposited. It consists of a 400 nm lower
cladding layer (RF 40 W, 900 mTorr), a 300 nm core layer (RF
50 W, 300 mTorr), and an 800 nm upper cladding layer (RF 40 W,
900 mTorr). Waveguides with a width of 5 μm and grating couplers
with a period of 670 nm are etched to the lower cladding layer using
reactive-ion etching (RIE) and inductively coupled plasma etching
(ICP), respectively. Benzocyclobutene (BCB) is then spin-coated,
cured, and etched back for passivation and planarization. Finally,
the Ti/Ni/Au (20/30/100 nm) top and bottom contacts are evapo-
rated after the etching of openings. The temperature of the whole
fabrication process never exceeds 300 ○C.
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B. Characterization and measurement
The electrical and optical DC performance of the fabricated

HPTs are characterized by utilizing a 1.55-μm laser diode and a
digital multimeter (34410A), connected with a low-noise current
preamplifier (SR 570) at room temperature. The light is delivered
to the detectors through the waveguide by focusing the beam to
the grating coupler. For laser power calibration, the incident optical
power through the objective lens was measured using a commer-
cial InGaAs-based p–i–n photodiode module in a dark environment.
Pulse measurement is conducted using a Calmar Optcom Femtosec-
ond pulse laser as the light source emitting an optical pulse with a
full width at half maximum (FWHM) of 7.31 ps. The output of the
device is probed with a GSG probe and directly measured with an
Agilent Infiniium DCA-J oscilloscope. The FWHM and jitter of the
output signal are calculated using the oscilloscope. We assumed that
the optical pulse was fast enough to present an impulse input and
used fast Fourier transformation to calculate the frequency response
and the device bandwidth. Note that this method underestimates
the device bandwidth as it ignores the input pulse width. Pseudo-
random binary sequence is generated using an Optellent OptoBERT
3200 generator (data rate ranges from 155 Mbps to 3.2 Gbps) to
drive the 1.55-μm laser diode through a Mach–Zehnder modula-
tor; the modulated optical signal is then coupled to the integrated
T2-HPT. A tunable attenuator is used to change the coupled opti-
cal power. The output of the device is probed with a GSG probe
and sent to an Agilent Infiniium DCA-J oscilloscope and a BERT
analyzer to get the eye diagram and Q factor. This BERT system is
limited to a maximum data rate of 3.2 Gbps. Capacitance–voltage
(C–V) characteristics of HPTs with type-I and type-II band align-
ment are measured using an Agilent LCR meter HP 4285. The
samples are prepared from the as-grown epitaxial structures on the
InP substrate, and pillars with a diameter of 100 μm are etched
and metallized. As shown in the inset of Fig. 1(b), n-doped InGaAs
and InP constitute the collector (C) and emitter (E), respectively.
P-doped InGaAs and p-doped GaAsSb constitute the base (B) for
type-I and type-II, respectively; both are 50 nm thick and have a
doping concentration of 5 × 1017 cm−3.

C. Simulation
Three-dimensional FDTD simulation was performed using an

FDTD tool (Lumerical), which was also used for calculating the
transmission of light to the integrated detectors. The device simula-
tion was performed using the ATLAS simulation software package.
Simulations for integrating our T2-HPT detector with a 65 nm ASIC
amplifier were conducted in Cadence Virtuoso 6.1.8 to evaluate the
performance of the detector for applications as an optical receiver
(detailed in the supplementary material).

SUPPLEMENTARY MATERIAL

See the supplementary material for the fabrication process, dark
current, and −3 dB bandwidth of the HPT detectors with different
sizes, thermal modeling of the integrated and as-grown detectors,
energy consumption in the optical receiver system using photode-
tectors, comparison of the best reported on-chip optical receivers,
and simulation of the T2-HPT integrated with ASIC amplifier.
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