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High-Speed 850 nm Photodetector for
Zero-Bias Operation

Zhiyang Xie

Abstract—High-speed photodetector operating at 850 nm wave-
length with a large diameter and high quantum efficiency is de-
sirable to meet the growing demands of short-reach optical links
for high-performance computing systems. Zero-bias operation of
the high-speed photodetectors can reduce power consumption,
minimize system complexity of the optical transceivers and reduce
the radiation damage in a harsh environment. Traditional p-i-n
photodetectors for 850 nm applications often require a high re-
verse bias to accelerate the carrier transport for high-speed data
transmission. In this work, we demonstrate a high-speed and low
dark current modified uni-traveling-carrier photodiode based on
GaAs/AlGaAs at 850 nm wavelength operating under zero bias with
a quantum efficiency of 73 %. The 3-dB bandwidth of the 20 zom and
40 pm diameter devices is 22.5 GHz and 13.3 GHz, respectively. A
clear eye pattern is demonstrated at a 25.8 Gbit/s data rate for the
device under zero-bias operation. To the best of our knowledge, this
photodetector demonstrates the highest 3-dB bandwidth among all
the zero-bias 850 nm photodetectors reported to date.

Index Terms—850 nm wavelength photodetector, high-speed
photodetector, low dark current, zero-bias operation.

1. INTRODUCTION

HORT distance optical links based on high-speed optical
S transceivers and multimode fibers (MMFs) have many ap-
plications in high-performance computing (HPC) systems [1],
[2]. The multimode 850 nm GaAs VCSELSs, with the advantage
of low cost, low threshold current, and high modulation band-
width, have been demonstrated [3]. Meanwhile, high-speed,
high quantum efficiency, low dark current photodetectors oper-
ating at 850 nm are demanded in order to handle the exponential
growth of the volume of data traffic.
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Currently, p-i-n photodiodes (PDs) are commonly used as
receivers (Ry) in the short-reach optical links. A Si p-i-n pho-
todiode with a 3-dB bandwidth of ~19.1 GHz (FWHMg.ussion
= 23 ps) under a reverse bias of above 3 V and quantum
efficiency of 52% at 850 nm wavelength has been demonstrated
[4]. The device was integrated with periodic photon-trapping
microstructures, which required a complicated fabrication pro-
cess. Given the low absorption coefficient of Si at 850 nm
(around 535 cm™"), direct bandgap material GaAs is preferred
to be used for 850 nm application. High-speed p-i-n photodiodes
with GaAs/AlGaAs material system at 850 nm wavelength band
have been demonstrated with the bandwidth of approximately
10 GHz to 30 GHz, depending on the device diameters [2]. The
dark current of these devices is around 0.1 nA at —3 V, and the
corresponding responsivity is 0.49 A/W, 0.52 A/W and 0.55 A/W
for the devices with 1 pm, 1.6 gm and 2 pm intrinsic absorption
layer, respectively. For high-speed operation, these p-i-n devices
typically need a bias voltage of —2 V or —3 V to accelerate
the carrier transport. In order to reduce power consumption and
minimize system complexity of the receiver, zero-bias operation
of the photodiodes is therefore desirable. Moreover, for the high-
speed optical link used in the radiation environment, such as
the High-Luminosity Large Hadron Collider (HL-LHC) project,
low bias or zero-bias operation of optoelectronics devices are
often needed to reduce the damage from radiation [5], [6].

Uni-traveling-carrier photodiodes (UTC-PDs) operating un-
der low reverse bias voltage or zero bias operation have been
demonstrated with high-speed and high-power performance
at 1550 nm band, which is configured with a p-type photo-
absorption layer and a wide bandgap electron collector layer
[7]-[9]. In the 850 nm wavelength band, a 28 pum diameter
GaAs/AlGaAs based UTC-PD has been demonstrated with a
3-dB bandwidth of 13 GHz and a responsivity of 0.32 A/W under
zero-bias operation for 10 Gbit/s optical interconnect [10].

In this work, we demonstrate a zero-bias operational high-
speed modified uni-traveling-carrier photodiode (MUTC-PD)
based on GaAs/AlGaAs at 850 nm wavelength with a quantum
efficiency of around 73%, which corresponds to a responsivity
of 0.5 A/W. The 3-dB bandwidth is 22.5 GHz and 13.3 GHz
for 20 pm and 40 pm diameter device, respectively. Compared
with the other 850 nm zero biased devices with the same device
diameter (28 pm) reported in reference [10], the 28 ym diameter
device in this work shows a larger responsivity (0.5 A/W versus
0.32 A/W) and 3-dB bandwidth (17.9 GHz versus 13 GHz). The
40 pm diameter device, a typical size used in short-range
communication, also exhibits a very low dark current of 75
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Design for the device. (a) Epitaxial structure of the designed MUTC-PD. (b) Schematic band diagram of designed device. (c) Schematic diagram of the

fabricated top-illuminated device. (d) SEM image of the fabricated device. (e) Stimulated energy band diagram and electric field of the device. Solid line: 0 V bias.

Dash line: —2 V bias.

fA under —2 V bias. A clear eye pattern is demonstrated at a
25.8 Gbit/s data rate for the devices under zero-bias operation.
The bandwidth limiting factors are also analyzed through the
construction of an equivalent circuit model with the fitting
parameters extracted from the S-parameter data.

II. DEVICE STRUCTURE

The epitaxial structure of the designed photodetector is shown
in Fig. 1(a). The sample was grown on semi-insulating GaAs
substrate by using metal-organic chemical vapor deposition
(MOCVD) system. The epitaxial growth began with an 1100 nm
thick n-type Aly.15Gag g5As bottom contact layer and a 300 nm
un-intentionally doped Aly 15Gag g5As collection layer. Then,
two 10 nm thick AlGaAs graded layers were grown followed by
a 1.6 um partially-depleted absorption layer, which consists of a
1.4 pm thick un-intentionally doped GaAs and four 50 nm p-type
undepleted absorber layers with step grading doping profile of
2 x 10'7,5 x 10", 1 x 10'8, and 2 x 10" cm~3 to create
a quasi-electric field that aids electron transport. After that, a
400 nm thick p-type Aly.15Gag g5As electron barrier was grown,
and finally, the structure was capped by a 50 nm p-type GaAs
top contact layer.

The schematic band diagram of the designed MUTC device
is depicted in Fig. 1(b). Unlike the traditional p-i-n PDs, the
photogenerated holes in the p-type GaAs could quickly respond
within the dielectric relaxation time as the majority carriers.
In this MUTC structure, Aly 15Gag s5As layer with a larger
energy gap (~1.61eV) was used as the collector layers, which
is transparent to 850 nm wavelength light. On the other hand,

thickness GaAs absorber can be achieved with an anti-reflection
coating. By properly choosing the thickness ratio of p-type GaAs
and i-type GaAs, the transit time of holes can be designed to be
roughly equal to that of electrons, thus improving the device
bandwidth. The un-intentionally doped regions are expected
to be fully depleted under zero bias with a concentration of
around 1 x 10 ¢cm™3. Therefore, zero-bias operation of the
designed MUTC-PD is expected with high responsivity and
3-dB bandwidth.

The sample was processed into a double mesa structure, with
the schematic diagram and SEM picture shown in Fig. 1(c) and
Fig. 1(d), respectively. The first mesa was stopped at the heavily
n-doped Alg.15Gag g5As contact layer with induced coupled
plasmas (ICP) dry etch process. The second mesa was terminated
at the semi-insulating GaAs substrate through phosphoric acid-
based wetetch (HsPO4: HoHO3: HoO = 1:1:10), which provides
the isolation between devices. Ti/Pt/Au and GeAu/Ni/Au metal
were deposited on top p+ doped GaAs and bottom n+ doped
Alp.15Gag g5As contact layers, respectively, by using electron
beam evaporation, which was followed by a rapid thermal an-
nealing process to form a good ohmic contact. Sulfur passivation
was used to reduce surface leakage current [11]. Then a 110 nm
silicon nitride (SiNy) film was deposited as an anti-reflection
(AR) coating by plasma-enhanced chemical vapor deposition
(PECVD). The devices were finally connected to a coplanar
waveguide (CPW) pad of 50 €2 characteristic impedance through
an air-bridge structure.

Fig. 1(e) shows the simulated band diagrams for the device
structure under O V and —2 V bias, where the concentration of
un-intentionally doped regions was set to 1 x 1015 cm™3. It is
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Fig. 2. Dark current versus voltage characteristic of the device with different

diameters at room temperature.
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Fig. 3. Measured capacitance versus reverse bias for device with different

diameters at room temperature.

layer and GaAs absorber can be fully depleted under zero-bias
operation, which could meet the zero-bias operation mode of the
designed MUTC-PD structure.

III. DEVICE CHARACTERIZATION
A. DC Electrical Characteristics

The dark current versus bias voltage characteristics at room
temperature are shown in Fig. 2, which were measured in a
probe station covered by an electromagnetic shield and recorded
by a semiconductor device analyzer. The PDs show a low dark
current at room temperature of 75 fA for the device with 40
pm diameter under —2 V bias, which is much lower than the
previously reported p-i-n structure [2]. The corresponding dark
current density is 6 x 10° A/cm?.

Fig. 3 shows the capacitance-voltage curves measured at
1 MHz. The value of the capacitance remains almost constant as
the reverse bias increases, which indicates the un-intentionally
doped regions are fully depleted under zero bias.
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Fig. 4. Quantum efficiency of the device with 500 pm diameter at different

bias voltage. The inset shows the responsivity versus bias voltage at 850 nm
wavelength.

B. Quantum Efficiency

The quantum efficiency of the GaAs/AlGaAs MUTC-PD was
measured by comparing the photoresponse of a 500 m diameter
device with that of a calibrated commercial Si photodiode.
A tungsten lamp with a broadband spectrum followed by the
grating spectrometer was used to generate a monochromatic
light. The quantum efficiency of the device at the wavelength
ranging from 400 nm to 1200 nm is shown in Fig. 4, where the
typical quantum efficiency of the PDs at 850 nm is 73.2% under
zero bias, corresponding to a responsivity of 0.502 A/W. The
device exhibits a slight increase of responsivity up to 0.510 A/W
as the reverse bias increases to —2 V. The absorption coefficient
of GaAs absorber at 850 nm wavelength is estimated to be about
1 x 10* cm™', which is close to the previously reported value
in reference [12].

C. Bandwidth

The frequency response of the device at room temperature
was investigated by a calibrated system similar to references
[13], [14]. A lensed fiber was used to couple the light to the
device, where the optical source was generated by a DFB laser at
852 nm wavelength and modulated by an 850 nm Mach-Zehnder
modulator (MZM). DC bias was supplied by a source meter
through the external bias tee, while the RF signal was collected
by the LCA system through an RF GSG probe. The values of
the frequency-dependent loss of cables and GSG probe were
carefully calibrated by a Vector Network Analyzer (VNA), while
the loss of MZM, which was provided by the vendor, was
subtracted from the measured data.

Fig. 5 shows the measured frequency response of the device
with different diameters (20 to 56 pm) under O V and —2 V
bias. The device with 40 ;/m and 20 pm diameter shows a 3-dB
bandwidth of 13.3 GHz and 22.5 GHz under zero-bias operation,
respectively. The 3-dB bandwidth of these devices increases to
19.1 GHz and 25.9 GHz under —2 V bias.
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Fig. 6. Equivalent circuit model of the MUTC-PD for S11 fitting.

In order to study the bandwidth limiting factors of the MUTC-
PDs, the scattering parameters (S11) of devices were measured
by VNA. The parameter fitting was conducted in Advanced
Design System (ADS) software with an equivalent circuit model
as depicted in Fig. 6. The measured and fitted (smooth line) S11
data with 10 MHz-40 GHz frequency range of devices under
zero bias are shown in Fig. 7. In the equivalent circuit model,
R, and L represent the series resistance and series inductance.
C'pp is the total capacitance of the photodiode, including the
parasitic capacitance and junction capacitance. The extracted
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Fig. 7. Measured (blue line) and fitted (red line) S11 data with 10 MHz-40
GHz frequency range under zero bias voltage for the MUTC-PD with various
diameter at room temperature.

TABLE I
FITTING PARAMETERS

Device

Diameter (pm) Crp (F) Rs () L (pH)
56 2433 11.5 56.9
40 145.0 8.8 54.7
28 89.1 5.5 39.8
20 65.2 4.8 325

parameters are listed in Table I, where junction resistance (12;)
is typically very high (set to the order of 500 M{2) given the low
dark current of the device and is not listed in the table.

From the extracted capacitance in Table I and the measured
capacitance of the device under zero bias (see Fig. 4), the para-
sitic capacitance (C;) of 36.5 fF is determined from the intercept
of the linear fit by plotting the total capacitances (C'pp) versus
device areas, as shown in Fig. 8. This parasitic capacitance may
originate from the air-bridge caused by a parasitic capacitor of
the signal line and n-contact metal [15], which indicates further
optimization of the fabrication processes may be necessary. The
low values of R indicate good ohmic contact by the rapid
thermal annealing process. The RC-limited frequency response
is calculated using the equivalent circuit model with the extracted
parameters, as shown in Fig. 9. The RC-limit-bandwidth of the
40 pm and 20 pm diameter device under zero bias are 20.9 GHz
and 52.9 GHz, respectively.

Theoretically, the 3-dB bandwidth of the photodiode is limited
by transit time and RC time, as expressed by the equation [16]:

1 1 1

T
faa®  fre® ful

€]
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where fi,, frco and f34p represent the transit-time-limited band-
width, RC-limited bandwidth, and the total 3-dB bandwidth,
respectively.

Fig. 10 shows the measured 1000/ f3db2 versus the calculated
1000/ f R(;2 values of the device. According to Equation (1), the
transit-time-limited bandwidth can be determined as 24.1 GHz
and 27.8 GHz under 0 V and —2 V bias, respectively, from the
intercept of the linear fit of this figure. The various bandwidths
(f3av> fir » fre) of devices versus diameter under different bias
(from 0 V to —2 V) are plotted in Fig. 11. The slow increase of
transit-time-limited bandwidth (f;,.) with bias can be attributed
to the increase of transport velocity of the photogenerated carrier
as bias increases. Meanwhile, the f;,. and fro of the 40 um
diameter device show similar values versus the bias, indicating
that the 3-dB bandwidth of photodiodes with the diameter of 40
pm is limited both by the transit time and RC time, which meet
the expectation of the designed epi-structure to balance of RC
time and transit time for device with large size.

Fig. 12 shows the eye diagram of a 56 pum and 40 m diameter
device under zero bias operating at the data rate of 25.8 Gbit/s.
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Fig. 11.  RC-limited-bandwidth (dot lines), 3-dB bandwidth (solid lines) and
transit-time-limited bandwidth (dash line) of devices versus device diameter.

The average photocurrent is about 390 pA. The optical signal
was generated by a commercial 850 nm high-speed VCSEL
module, connected with an OM3 multimode fiber (HGTECH
25G SFP28 AOC). The 2'°—1 pseudo-random binary sequence
(PRBS) patterns were generated by an arbitrary waveform gen-
erator (AWGQG) as the data source to drive the 850 nm VCSEL
in the module. The output RF signal of the photodiode was
amplified by a +23 dB microwave amplifier and then displayed
on the real-time sampling oscilloscope. A clear eye pattern is
demonstrated at a 25.8 Gbit/s data rate, which indicates the
devices can be used in the 850 nm optical communications
system under zero-bias operation.

The performance comparison of the MUTC device with other
high-speed photodiodes at 850 nm wavelength under zero-bias
operation with different structures or materials has been listed in
Table II. Compared with the previously reported photodiodes,
our device exhibits a much lower dark current and higher re-
sponsivity while maintaining a similar 3-dB bandwidth with a
larger diameter (40 ©m) under zero bias.

Authorized licensed use limited to: ShanghaiTech University. Downloaded on June 01,2023 at 06:43:19 UTC from IEEE Xplore. Restrictions apply.
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TABLE II
PERFORMANCE COMPARISON OF HIGH-SPEED PHOTODIODES AT 850NM WAVELENGTH

Ref. Device parameter Diameter 3dB-bandwidth (GHz) Responstvity / Quantum efficiency Dark current
(1m) @0V
4] Si p-i-n 30 ~19.1@-3V 52% 0.06nA @5V
[17] GaAs/InGaP p-i-n 15 @0V 02 A/W ~InA@-1V
[18] GaAs/AlGaAs UTC 28 @0V 041 A/W NA
[10,19] GaAs/AlGaAs UTC 28 B@oV 0.32 A/W NA
Thswok  GASAIGIASMUTC @ 33@OVm 1@ 2y 030 AW/ 732% pney

(@)

Voltage (52.0 mV/di

Time (6.44 ps/div)

(b

N’

Voltage (49.2 mV/div)

Time (6.44 ps/div)

Fig. 12.  Eye pattern at 25.8 Gbit/s data rate of the MUTC-PD under zero bias
with the diameter of (a) 56 pm and (b) 40 pm.

IV. CONCLUSION

In this work, we have demonstrated high-speed and low dark
current MUTC-PDs based on GaAs/AlGaAs at 850 nm wave-
length operating under zero-bias with a responsivity of ~0.5
A/W. The 20 pym and 40 pm diameter device exhibits a 3-dB
bandwidth of 22.5 GHz and 13.3 GHz under zero-bias operation,
respectively. Moreover, a clear eye pattern is demonstrated at
a 25.8 Gbit/s data rate for 56 pm and 40 pym diameter device
under zero-bias operation. Excellent performances of the devices
suggest that these MUTC-PDs can be used in the 850 nm
wavelength optical communications system with zero electrical
power consumption.
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