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High-Speed Photodetector With Simultaneous
Electrical Power Generation
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and Baile Chen , Senior Member, IEEE

Abstract—We demonstrate a novel 850 nm high-speed photode-
tector for simultaneous high-speed data acquisition and electrical
power generation from the optical signal. The device is based
on GaAs/AlGaAs modified uni-traveling carrier photodetector
(MUTC-PD). Compared with the traditional p-i-n photodetector
with the same absorber thickness, the MUTC device sustains a
high 3 dB bandwidth of 11.9 GHz and a power conversion effi-
ciency of 38.5% under a forward bias of +0.7 V. This outstanding
performance is achieved by first adopting the MUTC structure on
LPC devices. The device is expected to have applications for simul-
taneous lightwave information and power transfer. Our approach
extends the high-speed detection to the forward bias region and may
provide a potential solution for next-generation combined power
and data transceiver modules.

Index Terms—High-speed photodetectors, laser power
converters, optical power transmission, photovoltaic, SWIPT.

I. INTRODUCTION

MODERN data centers and high-performance computing
(HPC) systems increasingly rely on optical interconnects

(OI) for high-speed short-haul optical communication at 850 nm
band, which reduces the power-hungry microwave components
and cable bulk with frequency dependent losses, crosstalk, and
frequency resonance effects [1], [2], [3]. However, the recent
acceleration in network bandwidth has boosted the data center’s
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Fig. 1. Schematic diagram of the radio and power over fiber system.

power consumption to more than 100 MW, which raises increas-
ing public concerns about climate change and environmental
issues [4], [5].

Power-over-fiber (PoF) is an attractive approach for delivering
electric power by using optical fibers and a photovoltaic (PV)
receiver (Rx) in the Radio-over-fiber (RoF) system [6]. The
concept of PoF has also been applied to many scenarios like
feeding some reconfigurable elements in optical access networks
[7] and optically powering remote antenna units (RAUs) [8],
[9], which is beneficial in terms of system simplicity and cost.
Therefore, it is appealing to integrate the optical power link to the
massive optical data link of the OI system to increase the power
efficiency and reduce system complexity. T. Umezawa et al.
reported a novel uni-traveling carrier photodetector (UTC PD)
under a forward bias to convert data and power simultaneously
in a 100-GHz radio and power over fiber transmission system
at 1.55 μm [9], [10], where the generated power from the UTC
PD was applied to drive the gate bias (in μW level) of an InP
PHEMT amplifier. The complexity and power efficiency of the
OI systems can be greatly improved by introducing this kind
of high-speed photoconverter operating in photovoltaic mode
on the receiver side. An in-home networking scenario of simul-
taneous multi Gbit/s data transmission and energy delivery for
Internet of Things (IoT) nodes (in tens to hundreds ofμW range)
over the same plastic optical fiber was discussed in the reference
[11], [12], where an avalanche photodetector (APD) and PV cell
were used for data detection and power generation. Therefore,
power-harvesting and high-speed photodetectors in PV mode
offer great potential for alternative energy production in Rx
modules by generating electrical power and data transmission
simultaneously. A Schematic diagram of the radio and power
over fiber system and the application of scenarios of LPC devices
is illustrated in Fig. 1 [9], [10], [11], where the operation bias
of the PV cell can be fine-tuned by an external bias adjustment
circuit [13], [14].
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Fig. 2. The epitaxial structures of the top-illuminated (a): p-i-n and (b): MUTC LPCs. The simulated band diagram and electric field under 0 V and +0.7 V bias
of (c): p-i-n and (d): MUTC LPCs.

Fig. 3. The simulated impulse currents of p-i-n and MUTC devices under (a)-(b): zero bias and (c)-(d): +0.7 V bias. The insets show the calculated frequency
response.

Generally, there are two approaches to realizing an integrated
power and data receiving device: (1) implementing single-
junction PV cells as a data receiver [15], [16], and (2) enhancing
the power efficiency of the III–V-based high-speed photodetec-
tor operating under a forward bias. The conversion efficiency of
the state-of-the-art laser power converters (LPC) using single-
junction PV cells is 55% at 37 W/cm2 [17] and 60% at 10 W/cm2

[18], [19], which means high conversion efficiency can be easily
achieved by PV cells. However, the high-speed performances of
single-junction PV cells are significantly restricted by the low
bandwidth of the simple p-n junction. A high data rate of 1 Gbit/s

was demonstrated with a GaAs-based 850 nm vertical-cavity
surface-emitter laser (VCSEL) and a GaAs PV cell [16]. The
3dB bandwidth and conversion efficiency of the PV cell is 24.5
MHz and 41.7%.

As for III–V-based high-speed photodetectors, traditional p-
i-n photodetectors typically need to operate under a reverse bias
for high-speed operation. To generate electrical power instead of
consuming electrical power for energy harvesting applications,
the devices should operate under a forward bias. However, it
is challenging for traditional p-i-n photodiodes to maintain a
high operation bandwidth under a forward bias, due to the slow
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Fig. 4. Measured photocurrents under different optical powers versus forward bias voltages of (a): p-i-n and (b): MUTC LPCs. The power conversion efficiency
of (c): p-i-n and (d): MUTC LPCs.

hole transport under the reduced internal built-in electrical field.
The uni-traveling-carrier photodiode (UTC-PDs) can overcome
the slow hole transport by using a p-type absorption layer,
where the photogenerated hole can relax within the dielectric
relaxation time [20], [21], [22]. In UTC-PDs, only the electron
transit time dominates the total carrier transit time, thus they
are expected to have a higher speed than traditional p-i-n photo-
diodes, especially under the reduced internal built-in electrical
field [23], [24]. Therefore, UTC-PD is a potential solution for
generating (instead of consuming) DC electrical power during
high-speed data transmission in optical interconnects systems
given the fast electron transport. At 850 nm wavelength, F. M.
Kuo et al. reported a cascade GaAs/AlGaAs LPC structure,
with an error-free 10 Gbit/s data detection rate and 21.1%
optical-to-electrical DC power conversion efficiency under +1
V bias [25], [26]. J. Shi et al. reported a GaAs/In0.5Ga0.5P
device with the undercut mesa structure, which achieved a 3
dB bandwidth of 9 GHz under +0.8 V bias, with a power
conversion efficiency of 15% [27]. However, the devices in
these works adapted very thin absorbers and depleted intrinsic
layers (hundreds of nanometers), which results in a relatively
low conversion efficiency and RC-time-limited bandwidth.

In this work, we demonstrate a GaAs/AlGaAs high-speed
laser power converter based on the modified uni-traveling-carrier
photodetector (MUTC-PD) structure, which can exhibit high
DC conversion efficiency and sustain a high-speed data trans-
mission under a forward bias operation. Under +0.7 V bias, the
device can achieve optimized performance with a high optical-
to-electrical conversion efficiency of 38.5% and 3dB bandwidth
of 11.9 GHz, with a data rate of 25.8 Gbit/s. The MUTC LPCs
outperform all other similar devices demonstrated so far, in terms
of the 3dB bandwidth. The devices in this work also show a

conversion efficiency comparable to that of conventional PV
cells. The performance of the devices is characterized in detail
under a forward bias by comparing with the traditional p-i-n
PD with the same thickness of GaAs absorber, along with the
equivalent circuit model.

II. DEVICE STRUCTURE

Fig. 2(a) and (b) show the epitaxial structures of the de-
signed GaAs/AlGaAs based top-illuminated p-i-n and MUTC
photodetectors. The samples were grown on the semi-insulating
GaAs substrate by the metal-organic chemical vapor deposition
(MOCVD) system. The detailed material growth and device
fabrication steps of the MUTC PD are reported in reference
[28]. A similar procedure was conducted on the p-i-n device.
The GaAs absorber of the MUTC device consists of a 1400 nm
thick un-intentionally doped GaAs layer and four 50 nm p-type
undepleted absorber layers with step grading doping profile,
which creates a quasi-electric field that aids electron transport.
The photogenerated holes in the p-type GaAs of the MUTC
device can respond within the dielectric relaxation time as the
majority carriers, while the electrons can achieve a high instanta-
neous velocity with the self-induced electric field and the graded
accepter doping (see Fig. 2(d)) [29]. Moreover, the p-doped
GaAs layer can decrease the ratio of absorption and the transport
distance of holes in the u.i.d GaAs absorber. Considering the low
electric field profile under forward bias and laser illumination
(see Fig 2(c)-(d)), the holes with much lower mobility could
not be accelerated to a high velocity. As the Al0.15Ga0.85As is
transparent to the 850 nm light source, the depleted intrinsic
AlGaAs layer would not give rise to an additional traveling
time of slow holes to p-region, but was designed to decrease

Authorized licensed use limited to: ShanghaiTech University. Downloaded on January 04,2024 at 14:54:33 UTC from IEEE Xplore.  Restrictions apply. 



WANG et al.: HIGH-SPEED PHOTODETECTOR WITH SIMULTANEOUS ELECTRICAL POWER GENERATION 665

TABLE I
PARAMETERS OF GAAS IN THE SIMULATION MODEL

the junction capacitance and RC time of the device. Thus, the
total transport distance of slow holes is shorter than that of p-i-n
devices. Compared with traditional PV cells of p-n junctions
and UTC devices, by properly designing the thickness ratio
of p-type GaAs and intrinsic GaAs of the MUTC LPC, the
transit time of electrons and holes can be balanced. Moreover,
the additional intrinsic GaAs absorber can increase the power
conversion efficiency, and reduce the impact of the RC time
on the bandwidth together with the 300 nm intrinsic AlGaAs
layer. Therefore, MUTC devices can exhibit better high-speed
performance than UTC devices even with a thicker absorber. On
the other hand, as the GaAs absorption layer of both MUTC and
p-i-n LPCs have the same thickness of 1.6 μm, they could have
a similar optical-to-electrical power conversion efficiency.

The bandwidth simulation based on the small-signal impulse
response was used to verify the design in this work [30], [31],
where the basic parameters in the model are shown in Table I.
The simulated normalized impulse response of hole, electron,
and total current versus time of devices under 0 V and +0.7
V bias are shown in Fig. 3. It is shown that the FWHM of
hole current of p-i-n and MUTC device under zero bias are
about 7.3 ps and 5.8 ps, respectively. The corresponding 3dB
bandwidth can be determined by the Fourier Transform of the
impulse currents, as shown in the insets of Fig. 3. The transit-
time-limited bandwidth of p-i-n and MUTC device is 15.8 GHz
and 24.6 GHz under zero bias, respectively. As the bias rises to
+0.7 V, the bandwidth of total current of the p-i-n and MUTC
devices decreases to 3.8 GHz and 13.6 GHz. Therefore, the
MUTC device has a much better transit-time-limited bandwidth
performance than the p-i-n device owing to the faster hole
response in the p-doped GaAs layer.

III. MEASUREMENT RESULTS AND DISCUSSION

A. I-V Characteristics and Conversion Efficiency

The conversion efficiency of the LPCs is defined as η =
I×V
Pin

× 100% [32]. The current versus bias voltage (I-V) charac-
teristics at room temperature of the p-i-n and MUTC LPCs were
measured by a source meter and an 852 nm wavelength DFB

laser connected with lens fiber. The dark currents of both LPCs
are around 80 μA under +0.7 V, as shown in Fig. 4(a) and (b).
The optical-to-electrical power conversion efficiencies versus
bias voltage are shown in Fig. 4(c) and (d), deriving from the
I-V characteristics. The I-V characteristics of p-i-n and MUTC
devices are almost identical, which indicates that the conversion
efficiency is dominated by the thickness of the GaAs absorber.
The conversion efficiency under +0.7 V and +0.8 V is 38.6%
and 45.2%, respectively, higher than that of the GaAs-based
LPC (15% under +0.8 V) reported in reference [27]. Under 2
mW optical power, both devices reach a maximum conversion
efficiency of 52.5% under +1.025 V bias, which is quite high
even for dedicated GaAs LPCs. The maximum output electrical
power of around 4 mW under +0.95 V bias can be steadily
generated with 8 mW optical power injection. This output power
level is expected to be sufficient for IoT nodes [11], [12].

The open-circuit voltage (VOC) of an LPC is defined as the
available voltage at the zero current point, similar to a solar cell.
The V oc versus laser power intensity curves of p-i-n and MUTC
LPCs are shown in Fig. 5(a). The VOC increases almost loga-
rithmically with the incident power density, implying that the
devices could perform as a concentrator solar cell [33]. Fig. 5(b)
shows the maximum conversion efficiencies as a function of
laser power density for both devices measured under the forward
bias of near +1 V. The efficiencies rise as the power density
increases from 0 to 160 W/cm2, which is equivalent to the total
optical power of 2 mW, and then drops slightly as the pumping
power further increases.

To investigate the impact of the thickness and background
doping level of the u.i.d GaAs on the LPCs and the degradation
of the maximum conversion efficiency at high illumination, a
simulation of the devices was conducted in the Silvaco TCAD
software[34]. Fig. 6(a) shows the relationship of the conversion
efficiency and thickness of GaAs absorber under +0.7 V and
+1.0 V bias, based on a p-i-n structure with u.i.d GaAs absorber
of different background doping concentrations. The result in-
dicates the efficiency of LPC devices significantly depends on
the thickness of the absorber. The O-E efficiency also shows
little relevance to the background doping concentration, which
is due to the large carrier diffusion length of several μm [35],
[36]. The simulated conversion efficiencies of the MUTC device
are depicted in Fig. 6(b), which agrees well with the measured
curves (see Fig. 4(d)).

The simulated electric fields of the p-i-n and MUTC devices
with different background doping concentrations under +0.7 V
and 1 mW optical power are illustrated in Fig. 7(a) and (b). The
depleted region width of devices is subject to the background
doping level under forward bias, where a higher concentration
would increase the diffusion time of carriers and RC-time of
devices. Fig. 7(c) and (d) show the simulated electric fields of
the p-i-n and MUTC devices under +1 V and various optical
powers. The electric field in the un-intentionally doped GaAs
layer is further screened by the space-charge field as the pho-
tocurrent increases, which could result in an increase of carrier
recombination and contribute to a degradation of maximum
conversion efficiency [26]. However, the space-charge effect of
MUTC device is less severe as compared to p-i-n device, since
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Fig. 5. (a): Open-circuit voltage V oc versus input power intensity. (b): LPC maximum power conversion efficiency versus input power intensity.

Fig. 6. (a) Simulated power conversion efficiency versus thickness of GaAs absorber of p-i-n device under 1 mW illumination. (b) Simulated power conversion
efficiency of the MUTC device.

Fig. 7. The simulated electric field profile of the (a): p-i-n device and (b): MUTC device with different intrinsic layers doping levels under 1 mW illumination.
The simulated electrical field of the (c): p-i-n device and (d): MUTC device under +1 V bias and various optical power.
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Fig. 8. Frequency response of the (a): p-i-n and (b): MUTC LPCs with different diameters under +0.7 V forward bias. 3dB bandwidth of the (c): p-i-n and (d):
MUTC devices with different diameters under 0 V to +1 V forward bias.

the slow hole transport distance in MUTC device is shorter than
that of p-i-n device. That is why the conversion efficiency of
MUTC device is higher than that of p-i-n device under high
illumination as shown in Fig. 5(b).

B. High-speed Characterization

The frequency response of the devices under a forward bias
at room temperature was investigated by a calibrated Lightwave
Component Analyzer (LCA) system at 852 nm wavelength,
which was introduced in reference [28]. Fig. 8(a), (b) show
the measured frequency response of the p-i-n and MUTC LPCs
with different diameters under +0.7 V forward bias and a fixed
photocurrent of 90 μA. The 20 μm and 40 μm MUTC devices
exhibit 3dB bandwidths of 11.9 GHz and 6.6 GHz, respectively,
larger than the bandwidths of p-i-n devices (6.3 GHz and 4.4
GHz).

The frequency responses of the LPCs under various forward
biases from 0 V to+1 V were also conducted. The corresponding
3dB bandwidths are illustrated in Fig. 8(c) and (d). The MUTC
devices exhibit larger 3dB bandwidths than the p-i-n devices
from the zero-bias to the near open-circuit voltage of +1 V. For
both devices, the 3dB bandwidths decline with the increasing
forward bias voltage as the electric field in the GaAs absorber
region gradually attenuates. The bandwidth performance under
+1 V is mainly limited by the diffusion process of carriers in
the undepleted region, which occupies most of the u.i.d GaAs
absorber (see Fig. 7(c)-(d)). Therefore, the 3dB bandwidth of
both LPC devices under +1 V is lower than 1 GHz. As shown in
Fig. 8(d), the 20 μm MUTC device can exhibit 3dB bandwidths
of 14.2 GHz, 11.9 GHz, and 8.7 GHz under +0.6 V, +0.7 V, and

+0.8 V bias, respectively, which is so far the highest bandwidth
that single 850 nm photodetectors can achieve in the forward
bias region.

In order to investigate the bandwidth limiting factors of the
p-i-n and MUTC LPCs, the scattering parameters of devices
were measured by a Vector Network Analyzer (VNA). The
parameter fitting was conducted in the Advanced Design System
(ADS) software with an equivalent circuit model as depicted in
Fig. 9(a). In the equivalent circuit model, Rs and Ls represent
the series resistance and series inductance. Rj is the junction
resistance andCPD is the total capacitance of the LPC, including
the parasitic capacitance (Cp), junction capacitance (Cj), and
diffusion capacitance (Cd). The diffusion capacitance is parallel
withCj and is caused by the excess minority carriers stored near
the depletion region edges when the device is working under a
forward bias [37]. Since the intended operating voltage of +0.7
V is lower than the maximum output electrical power point of
around +0.95 V, the junction capacitance cannot be neglected
[38].

The transit time limitation is approximated by the Rt, Ct,
and Csc, where the Csc represents the influence of the space
charge effect on frequency response [39]. Region 1 is applied to
mimic the frequency response of carrier transit time. Region 2
is used to fit the measured curve of the one-port S-parameter for
the extraction of RC-time-limited frequency response. Fig. 9(b)
and (c) show the measured and fitted S-parameter (from 50
MHz to 35 GHz) of the 20 μm p-i-n and MUTC devices
under +0.6 V, +0.7 V, and +0.8 V bias and a 90 μA output
photocurrent. For both devices, the starting point of the S22
trace moves away from the open-circuit point (Z = ∞) as the
forward bias increases. This phenomenon reflects a reduction of
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Fig. 9. (a) Equivalent circuit model of the LPCs for S-parameter fitting. Smith
chart showing the measured (blue lines) and fitted (red lines) S22 parameters
for 20 µm (b): p-i-n and (c): MUTC LPCs under the forward bias voltages of
+0.6 V, +0.7 V, and +0.8 V.

TABLE II
FITTING PARAMETERS OF P-I-N LPC

TABLE III
FITTING PARAMETERS OF MUTC LPC

TABLE IV
THE CAPACITANCES OF P-I-N LPC AND MUTC LPC UNDER +0.7V

junction resistance (Rj), which is caused by the increase of the
forward conduction current as the forward bias voltage rises. The
extracted parameters are summarized in Table II and Table III.

The result of a detailed analysis of device capacitance under
+0.7 V is shown in Table IV. A theoretical calculation of CPD

is also conducted by determining Cp, Cj , and Cd. The parasitic
capacitance (Cp) is determined from the intercept of the linear
fit by plotting the measured CPD versus device areas. We define
Cj as Cj =

εA
Wj

, where Wj is approximate as the length of

the intrinsic region. The Cd is determined by Cd = τId
VT

[40],
where τ is the device transit time, Id is the diffusion current and
VT is the thermal voltage. The results show that the junction
capacitance and parasitic capacitance still dominate the total
capacitance under +0.7 V bias, and the calculated CPD is
consistent with the extractedCPD, as well as the measuredCPD

under+0.7 V by a semiconductor device analyzer at 1 MHz. The
value of the extracted and measured capacitance of the MUTC
device is a bit larger under forward bias, which may be due to
the slightly higher background doping levels of u.i.d GaAs and
AlGaAs layers, as discussed in Section A.

After the parameters of the RC-time model are determined,
the transit-time-limited frequency responses and parameters in
the circuit model of transit-time are extracted by fitting the
polynomial fitting curve of measured frequency response (green
curve in Fig. 10(a)-(b)) by using the whole equivalent circuit
model (S21) in Fig. 9(a). The measured and extracted curves
show a similar trend to the simulation results in Fig. 3. The
larger slope of the frequency response at a lower frequency
is possibly due to the slow hole transport, while the flat fre-
quency response at a higher frequency beyond about 6 GHz is
contributed by the fast electron transport. Fig. 10(a), (b) show
the RC-time-limited, transit-time-limited, measured optical-to-
electrical, and fitted optical-to-electrical frequency responses
of p-i-n and MUTC devices of 20 μm diameter under the
forward bias of +0.7 V bias and 90 μA photocurrent. The
RC-time-limited bandwidths (fRC), transit-time-limited band-
widths (ftr), and total 3dB bandwidth (f3dB) of p-i-n LPCs are
48.6 GHz, 7.8 GHz, and 6.8 GHz. For the MUTC LPCs, the
fRC , ftr, and f3dB are 46.9 GHz, 14.6 GHz, and 11.9 GHz,
respectively.

Fig. 10(c) and (d) summarize the fRC , ftr, and f3dB versus
forward bias voltages of the 20 μm p-i-n and MUTC LPCs. The
carrier transit time contributes to the 3dB bandwidth degradation
of both devices with the increasing forward bias voltage. As
described in Section II, the designed MUTC LPCs balance the
transit distance of photogenerated carriers, whereas the slow
holes dominate the bandwidth of p-i-n devices. According to
the simulated electric fields of the p-i-n and MUTC LPCs under
+0.7 V bias and 90 μA photocurrent shown in Fig. 3(c) and (d),
the undepleted region of the MUTC LPCs is narrower than that
of the p-i-n LPCs, which aids the transport of photogenerated
carriers. Therefore, the MUTC LPCs have superior high-speed
performance to the p-i-n LPCs, attributed to the faster transit-
time response. It should be also noted that the 3dB bandwidth
performance of the MUTC devices can be further improved by
reducing the thickness of AlGaAs collector layer, since the 3dB
bandwidth of the MUTC device is also limited by the transit
time. A properly designed partial-depleted-absorber structure
without AlGaAs collector layer may be expected to have better
high-speed performance while having a similar power conver-
sion efficiency performance.
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Fig. 10. The RC-time-limited, transit-time-limited, measured, and fitted optical-to-electrical frequency responses of (a): p-i-n and (b): MUTC devices of 20 µm
diameter under the forward bias of +0.7 V bias and 90 µA photocurrent. 3dB bandwidth, RC-time-limited bandwidth, and transit-time-limited bandwidth versus
forward bias voltages for the 20 µm (c): p-i-n LPC and (d): MUTC LPC.

Fig. 11. Eye diagram of the 20 µm MUTC and p-i-n device under +0.7 V
forward bias.

Fig. 11 shows the eye diagram of the 20 μm MUTC and p-i-n
device under+0.7 V bias at the NRZ data rate of 25.8 Gbit/s. The
average output photocurrent is about 180 μA. The optical signal
was generated by a commercial 850 nm high-speed VCSEL
module. The photodiode’s output RF signal was amplified by
a +23 dB microwave amplifier and then displayed on the real-
time sampling oscilloscope. The 210–1 pseudo-random binary
sequence (PRBS) patterns were generated by an arbitrary wave-
form generator (AWG) as the data source. Compared with p-i-n
devices, the MUTC devices exhibit a clearer eye pattern with

Fig. 12. State-of-the-art performance of the devices for integrated power and
data receiving under 850 nm wavelength. The data label indicates the operating
voltage.

a larger eye-opening, suggesting that MUTC LPCs are highly
promising for realizing simultaneous high-speed detection and
power generation.

Key parameters of the various state-of-the-art integrated light-
wave power and data receiving devices reported in the literature
are compared in Fig. 12. The data label indicates the operating
bias where the device can achieve the corresponding 3dB band-
width and conversion efficiency. In this work, the LPC devices
have a balanced performance of high-speed characteristics and
high efficiency under +0.7 V bias. Our device outperforms
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all other approaches demonstrated so far in terms of power
conversion efficiency and 3dB bandwidth.

IV. CONCLUSION

In this work, we demonstrate a GaAs/AlGaAs-based modified
uni-traveling-carrier photodetector for simultaneous energy and
data collection, which can exhibit high-speed data transmission
(11.9 GHz) under a forward bias operation (+0.7 V) with a
power conversion efficiency of 38.5%. By comparing the char-
acteristics of MUTC devices with those of conventional p-i-n
devices under a forward bias, it is determined that the higher
3 dB bandwidth of MUTC devices is attributed to their faster
transit time response. This novel high-speed LPC may provide
a potential solution for simultaneous optical data transmission
and power generation and is expected to be integrated into the
next-generation combined power and data transceiver modules.
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