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Abstract—In this work, high-speed 850 nm GaAs/AlGaAs based
dual-depletion-region photodetectors are demonstrated, which
aim to meet the increasing need for bandwidth scaling and data
rate in short-reach optical links. The devices exhibit the low dark
current of ~134.5 fA and responsivity of ~0.44 A/W at 850 nm.
The 3-dB bandwidth of 20 pm and 28 pm diameter devices with
50-ohm characteristic impedance transmission line were
measured to be 29.72 GHz and 24.71 GHz respectively. While by
incorporating inductive peaking via high characteristic impedance
transmission line, the 20 pm and 28 pm diameter devices achieved
maximum 3-dB bandwidth of 46.06 GHz and 36.09 GHz
respectively. To the best of our knowledge, this 20 pm diameter
device exhibits the highest 3-dB bandwidth among all the 850 nm
photodetectors. This research showcases the potential of 850 nm
dual-depletion-region photodetectors as promising solutions for
high-speed short-reach optical communication systems, offering
improved performance in terms of bandwidth and enabling the
advancement of data transmission capabilities.

Index Terms—high-speed 850 nm photodetectors,
depletion-region photodetectors, inductive peaking.

dual-

I. INTRODUCTION

HE increasing demand for bandwidth scaling and data rates

in modern data centers and high-performance computing
(HPC) systems has created a significant need for short-range
optical interconnects [1]-[4]. To meet this demand, there have
been notable advancements in high-speed, low-threshold, and
cost-effective 850 nm vertical cavity surface emitting laser
(VCSEL) sources [5], as well as the development of 100 GHz
electro-optic modulators operating at near-infrared (NIR)
wavelengths around 0.8 um [6]. These technologies are crucial
for achieving high-speed interconnects in the next-generation
data communication systems. In parallel, the receivers (Rx) in
short-reach optical links, operating at 850 nm, require high-
speed capabilities to handle the exponential growth in data
traffic volume. Photodetectors operating at this wavelength
play a vital role in these systems by converting optical signals
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into electrical signals, and their high-speed performance is
crucial for ensuring efficient data transmission.

High-speed 850 nm photodetectors have been demonstrated
using various materials such as Si [7]-[11], Ge [12], [13],
GaAs/AlGaAs [14]{18], InGaAs/InP [19], and InGaP/GaAs
[20]. A Si p-i-n photodiode with a 3-dB bandwidth of
approximately 19.1 GHz and quantum efficiency of 52% at 850
nm wavelength has been demonstrated [11]. The device utilizes
periodic photon-trapping microstructures to enhance the weak
absorption of Si at 850 nm. Ge/Si-based photodiodes have been
investigated by G. Dehlinger et al., who achieved a 3-dB
bandwidth of 29 GHz with a lateral p-i-n Ge-on-SOI detector
[12]. However, Ge/Si photodiodes suffer from high dark
currents due to lattice mismatch between Si and Ge. In contrast,
direct bandgap semiconductors like GaAs and InGaAs offer
advantages such as higher absorption -coefficients and
mobilities, making them more suitable for high-speed
applications at 850 nm. In the GaAs/AlGaAs material system,
F.-M. Kuo et al. demonstrated a zero-bias GaAs/AlGaAs
photodiode with a 3-dB bandwidth of 13 GHz [16]. J. Shi et al.
reported an InGaAs/InP photodiode with a 3-dB bandwidth of
21 GHz at a reverse bias of -3 V [19].

The design of carrier transport is critical for achieving high-
speed operation. In pin-PDs, the transit-limited bandwidth is
often limited by holes with lower mobility. D. Wu et al. reported
on pin-photodiodes operating at 850 nm with diameters ranging
from 15 pm to 25 pm, achieving the 3-dB bandwidths ranging
from 24.8 GHz to 33.5 GHz [15]. On the other hand, the uni-
traveling-carrier photodiode (UTC-PD) is a unique structure
where only electrons with higher mobility transport in the
depletion region [21], [22]. This design allows for the relaxation
of holes in the p-type absorption layer, enhancing the high-
speed performance. In our previous work [18], [23], we
demonstrated a zero-bias modified uni-traveling-carrier
photodiode (MUTC-PD), and the 20 pm device achieved a 3-
dB bandwidth of 22.5 GHz.
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Fig. 1. Design and simulation of the device. (a) Epitaxial structure of the
designed DDR-PD. (b) Schematic band diagram. (c)Stimulated energy band
diagram (Solid line) and electric field of the device (Dash line).

In this work, we demonstrated the GaAs/AlGaAs based dual-
depletion-region photodetectors (DDR-PDs). These DDR-PDs
exhibit a faster photoresponse compared to pin-PDs with
equivalent depletion thickness, primarily due to the smaller
transition distance of holes compared to electrons in the dual-
depletion region [24]. By optimizing the carrier transit time, the
20 um and 28 um diameter devices with 50-ohm characteristic
impedance transmission line exhibited a 3-dB bandwidth of
29.72 GHz and 24.71 GHz respectively. Moreover, by
implementing inductive peaking via a high characteristic
impedance transmission line, we achieved even higher
performance levels. Specifically, we obtained a maximum 3-dB
bandwidth of 46.06 GHz for the 20 pum diameter device and
36.09 GHz for the 28 pm diameter device.

II. DESIGN AND FABRICATION OF DEVICE

The epitaxial structure of the designed photodetector, as
depicted in Fig.1(a), was grown by a metal-organic chemical
vapor deposition (MOCVD) system on a semi-insulating GaAs
substrate. The n contact layer includes n+ 1000 nm and » 100
nm Alo1sGaossAs layers. The dual-depletion-region is
composed of un-intentionally doped 1100 nm GaAs and 500 nm
Alo.15GaossAs layers with two 10 nm graded AlGaAs layers
employed to reduce the potential barrier at the heterojunction.
Additionally, there is a p+ 400 nm layer and a p 30 nm layer of
Alo.15GaossAs acting as the p contact layer. Finally, a 20 nm p-
type GaAs layer serves as the top contact layer.

Fig.1(b) illustrates the band diagram of the designed structure.

Unlike the traditional pin-PD, the dual-depletion-region
structure consists of a photo-transparent intrinsic Alo.1sGao.ssAs
layer and an intrinsic GaAs absorption layer. This configuration
results in a shorter transition distance for holes compared to
electrons, allowing for balanced transit times. The thickness of
Alo.15GaossAs layer is considered carefully. Increasing the
thickness of this layer initially leads to an improvement in
bandwidth due to the shorter hole transport distance. However,
further increasing the thickness will result in a decrease in

Air bridge

118Q Electrode

Fig. 2. Schematic diagram and fabricated device. (a) & (c) Schematic diagram
of the device with different CPWs. (b) & (d) Corresponding fabricated
devices. () SEM image of the fabricated crescent-shaped contact electrode.

bandwidth, as the electron mobility in the Alo.1sGaossAs layer
is comparatively lower than that in the GaAs layer.
Simultaneously, the responsivity decreases as the GaAs
absorber layer becomes thinner. Taking both bandwidth and
responsivity into account, we set the thickness of the GaAs
layer to 1100 nm and the Alo1sGaossAs layer to 500 nm.
Furthermore, the background doping concentration of the
depletion region is controlled below 1 x 10'° ¢m™, allowing for
complete depletion of the detector under low bias voltage and
facilitating the quick drift of photogenerated carriers to the
contact layers. The stimulated band structure and electric field
distribution of the device are displayed in Fig.1(c). Notably, the
dual-depletion-region can be fully depleted under a low reverse
bias.

As illustrated in Fig.2, the epitaxial sample was processed
into double-mesa structures. The fabrication process of the
device is as follows: The first mesa was etched by induced
coupled plasmas (ICP) dry etching process and stopped at the
n-type Alo15GaossAs contact layer. The second mesa was
formed using a phosphoric acid-based wet etch (H3PO4: H2HOs::
H20 = 1:1:10) process, terminating at the semi-insulating GaAs
substrate to provide isolation between devices. Ti/Pt/Au and
Ge/Au/Ni/Au metals were deposited on the p-type GaAs and n-
type Alo.1sGaossAs as electrode contact layers respectively,
using electron beam evaporation followed by a rapid thermal
annealing process. To improve optical coupling efficiency, a
crescent-shaped p-contact electrode was introduced (as shown
in the scanning electron microscope (SEM) image in Fig.2(e)).
In addition, a surface passivation process was utilized to reduce
leakage current [25]. Subsequently, a silicon nitride (SiNx) thin
film was deposited using plasma enhanced chemical vapor
deposition (PECVD) as an anti-reflection (AR) coating. Finally,
an air-bridge structure was used to connect the coplanar
waveguide structure mentioned above.

To improve the 3-dB bandwidth of the photodetector, we
introduced inductive peaking based on a high characteristic
impedance transmission line. As depicted in Fig.2(c) and
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Fig. 3. Dark current (A) versus voltage (V) characteristic of the 40 pm
diameter device at room temperature.

Fig.2(d), a 350 um narrow-width waveguide electrode was
introduced in the front section of the GSG (ground-signal-
ground) electrode, positioned 127.5 um away from the ground
electrode. The characteristic impedance of the transmission line
is calculated to be 118 ohms. For clarity, the devices with a 50-
ohm characteristic impedance transmission line are referred to
as 50-ohm transmission line photodiodes (50Q2-TL PD), while
the devices with a high characteristic impedance transmission
line are referred to as high impedance transmission line
photodiodes (HI-TL PD).

III. DEVICE CHARACTERIZATIONS

A. Electrical Characteristics

Fig.3 presents the room-temperature dark current
characteristics, the 40 pm diameter device exhibits extremely
low dark current of 134.5 fA at a revise bias of -5 V. The
corresponding dark current density is 1.07x10% A/cm2. Fig.4
shows the capacitance versus voltage (C-V) curves and
capacitance versus device area curves at -5V of the 40 um
diameter device. The capacitance data maintains almost
constant as the reverse bias increases, which indicates that the
device is fully depleted under low reverse bias. By performing
a linear fitting of the capacitance versus device area, the
parasitic capacitance was determined as 20.32 fF.

B. Optical Characteristics

After the electrical characterization, we investigated the
optical performance of the photodetectors. A system
comprising a tungsten filament lamp and a grating spectrometer
was used for quantum efficiency measurement. Since the spot
size was relatively large, we compared the devices with a size
of 500 pm to a commercially available silicon photodiode with
calibrated responsivity. The quantum efficiency of the devices
at different bias voltages (ranging from 0 V to -5 V) was
measured, as shown in Fig.5. The 500 pm diameter devices
exhibited a responsivity of approximately 0.44 A/W at 850 nm,
corresponding to a quantum efficiency of about 65.6%. Notably,
the responsivity of the photodetector exceeded 0.4 A/W in the

-3 -2 -1

Voltage (V)
Fig. 4. Measured capacitance of the 40 pm diameter device. The insert shows
the fitting curve at -5 v, indicating the parasitic capacitance of 20.32 {F

wavelength range of 770 nm to 850 nm. The insert in the figure
presents the responsivity and coupling efficiency of devices
with different diameters, which were measured using an 850 nm
laser source.

100 — )V Diameter (um)
20 30 40 -
——-0.5V o 03 g
=
80 | 2V i 044 100%
SV ? 0.4 80 %
g H
60 i ‘ ? 033|— 60 E‘
K03 3

£
(]
T

Quantum Efficiency (%)
N
[}

600 8003850 1000 1200 1400
Wavelength (nm)

Fig. 5. Quantum efficiency spectrum at various bias voltages. The inset shows
the responsivity and coupling efficiency of devices with different diameters

C. Bandwidth

The measurement setup for characterizing the frequency
response of the devices at room temperature is shown in Fig.6.
The 850 nm laser light, modulated by an 850 nm Mach-Zehnder
modulator (MZM), was coupled to the device using a lensed
fiber. The DC bias was provided through an external bias tee
connected to a source meter, while the RF signal was captured
by a Vector Network Analyzer (VNA) using an RF GSG probe.
The frequency-dependent losses of the GSG and cables were
accurately calibrated using the VNA. Finally, the measured data
was calibrated with the S-parameter of the MZM, which was
provided by the vendor.
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Fig. 7. Frequency response of the S0Q-TL PD with different diameters under
areverse bias of -5 V

1) 50Q-TL PD

Figure 7 presents the frequency response of the S0Q-TL PD
with different diameters under a reverse bias of -5 V. The
measured 3-dB bandwidths for the 20 um, 28 pm, 34 um, and
40 pm diameter devices were found to be 29.72 GHz, 24.71
GHz, 21 GHz, and 17.78 GHz, respectively. Theoretical
analysis suggests that the 3-dB bandwidth of the photodiode is
limited by the RC-limited and transit-time-limited bandwidth,
which can be described by the following equation [18]:

L-L.L M
f;dBZ J(’RC2

s

where f3as, frc, and fi- respectively represent the total 3-dB
bandwidth, RC-limited bandwidth, and the transit-time-limited
bandwidth. To investigate the impacts of frc and f- on f345, we
measured the scattering parameters (S11) of the devices using
a Vector Network Analyzer (VNA). By combining the
equivalent circuit model shown in Fig. 8 and the measured S11,
we utilized the ADS software to fit the circuit parameters of the
devices. The fitting process allowed us to determine the values
of the junction resistance (R;), which is typically very large at a
reverse bias, the junction capacitance and parasitic capacitance
(Crp), and the series resistance (Rs), inductance (Lepw), and
capacitance (Cew) of the coplanar waveguide (CPW) pads.

Rs chw
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Fig. 8. Equivalent circuit model of the DDR-PD for scattering parameters
(S11) fitting
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Fig. 9. The measured and fitting curve with 50 MHz-48 GHz frequency range
of devices (50Q-TL PD) under a reverse bias of -5 V.

Figure 9 illustrates the measured and fitting (smooth line)
curves of the devices under a reverse bias of -5 V. The extracted
equivalent model parameters are provided in Table I, where R;
is not listed in the table (set to the order of 500 MQ). Using
these equivalent model parameters, the theoretical RC-limit
frequency response can be calculated, as shown in Figure 10. It
is observed that as the device diameter decreases, the junction
capacitance also decreases, resulting in a higher RC-limit
bandwidth.

Figure 11 displays the measured values of 1000/f345* plotted
against the calculated values of 1000/ fzc? for the 50Q-TL PD.
By applying Equation (1), the transit-time-limited bandwidth
can be determined as 31 GHz from the intercept of the linear fit.
Comparing this result to our previous work [18], an
enhancement in the transit-time-limited bandwidth is observed
at higher bias voltages, which can be attributed to the utilization
of the dual-depletion structure in this study.

2) HI-TL PD

Fig.12 presents the frequency response of the HI-TL PD with
different diameters under a reverse bias of -5 V. The 3-dB
bandwidths of the 20 pm, 28 um, 34 um, and 40 um diameter
devices were measured to be 46.06 GHz, 36.09 GHz, 29.03
GHz, and 23.55 GHz, respectively. The equivalent circuit
parameters obtained by fitting the S-parameters shown in the
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Fig. 10. Calculated RC-limited frequency response of the 50Q-TL PD with
different diameters using extracted circuit model parameters.
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Fig.13 are summarized in Table 1. Notably, the HI-TL PD
introduces a larger equivalent inductance compared to the 50Q-

TL PD.

In Fig.14, the RC-limited frequency response of devices with
different diameters is shown. It can be observed that after
introducing inductance, the device exhibits resonance, which
means the transfer function exceed 0dB within a certain
frequency range and the location of measured S11 valley
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Fig. 13. The measured and fitting curve with 50 MHz-48 GHz frequency range
of devices (HI-TL PD) under a reverse bias of -5 V.

20pm Calgulated RC-limited
4 — 20 pm 2 freqiiency response
3}—— 34pm %o
=
- —— 40 pm .
B 2F &
E g Jyesurea st rac
g 1t 3 fin dB format
g T0.0 200 400 600 800
=% 0 Frequency(GHz)
7
z !

40.0

60.0 80.0 100.0 120.0

Frequency(GHz)

Fig. 14. Calculated RC-limited frequency response of the HI-TL PD using

extracted circuit model parameters.

The inset shows the location of S11

valley matching with the RLC resonant frequency ranges.

matches with the RLC

resonant frequency ranges,
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Fig. 15. The 3-dB bandwidth versus responsivity of the recently reported
high-speed 850nm photodetectors

compensating for signal losses due to transit time limitation.
The peaking effect contributes to a higher total 3-dB bandwidth
of the photodetector.

Fig.15 presents a comparison of the 3-dB bandwidth versus
responsivity among various high-speed 850 nm photodetectors
reported in recent studies. It is noteworthy that our
GaAs/AlGaAs-based dual-depletion-region photodetectors
demonstrate superior bandwidth performance and high
responsivity compared to other devices.

IV. CONCLUSION

In summary, we have successfully demonstrated high-speed
850 nm GaAs/AlGaAs dual-depletion-region photodetectors
with excellent performance characteristics. These devices
exhibit a low dark current and high responsivity, making them
highly suitable for high-speed applications. Through careful
control of carrier transit distance and the use of optimized RLC
design, we achieved impressive 3-dB bandwidths. Under a
reverse bias of -5 V, the 20 um and 28 pm diameter devices
with a 50-ohm characteristic impedance transmission line
(50Q-TL PD) achieved bandwidths of 29.72 GHz and 24.71
GHz, respectively. Additionally, by incorporating inductive
peaking in the HI-TL PD devices, we further enhanced the
bandwidth to 46.06 GHz and 36.09 GHz for the 20 pm and 28
um diameter devices, respectively. These results represent the
highest 3-dB bandwidth reported among all the 850 nm
photodetectors. The demonstrated performance of our
photodetectors underscores their potential for high-speed
applications in optical communication systems.
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