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High-Speed, High-Responsivity, and High-Power
Performance of Near-Ballistic Uni-Traveling-Carrier
Photodiode at 1.55-m Wavelength

J.-W. Shi, Y.-S. Wu, C.-Y. Wu, P.-H. Chiu, and C.-C. Hong

Abstract—In this letter, we demonstrate a novel photodiode
at a 1.55-pum wavelength: the near-ballistic uni-traveling-carrier
photodiode (UTC-PD). After a pt delta-doped layer was inserted
into the collector of a UTC-PD, near-ballistic transport of photo-
generated electrons under high reverse bias voltage (—5 V) and a
high output photocurrent (~30 mA) was observed. The demon-
strated device has been combined with an evanescently coupled
optical waveguide to attain high responsivity and high saturation
power performance. Extremely high responsivity (1.14 A/W), a
high electrical bandwidth (around 40 GHz), and a high saturation
current-bandwidth product (over 1280 mA - GHz, at 40 GHz) with
high saturation radio-frequency power (over 12 dBm at 40 GHz)
have been achieved simultaneously at a 1.55-um wavelength.

Index Terms—Evanescent coupling, high efficiency, high-power
photodiode, optical receivers, photodiode.

HE performance of microwave and millimeter-wave pho-

tonic systems would benefit from the use of photodiodes
(PDs) with high saturation power, high-speed performance,
and high responsivity [1], [2]. In order to meet these three
requirements simultaneously, several technologies have been
demonstrated, such as evanescently coupled waveguide PDs
[3], [4], partially depleted absorber PDs [5], [6], and uni-trav-
eling-carrier PDs (UTC-PDs) [1], [2]. The structure of UTC-PD
has attracted much attention due to its excellent speed and
output power performance [1]. However, such a device usually
suffers from the problem of bandwidth degradation under high
dc external bias voltage [7] due to both the high electric field
existing at the junction of the collector (C) and photoabsorption
(P) layer, and the decrease in the overshoot drift-velocity of
photogenerated electrons [7]. One possible way to enhance the
speed performance of UTC-PD is to reduce the externally ap-
plied bias voltage and let the value of the electric field in the C-P
junction approximately for the critical field, which will enhance
the drift-velocity of photogenerated electrons [7]. However,
under such low reverse bias voltage (around —1 V for 200-nm
collector), the field-screening effect, which originates from the
difference in polarity between the output ac voltage across
the standard 50-Q2 load and the dc bias voltage, will seriously
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Fig. 1. (a) Cross-sectional view, (b) top view, and (c) conceptual band diagram
of the demonstrated NBUTC-PD, which incorporates with an evanescently
coupled optical waveguide.

limit the maximum output photocurrent of the UTC-PD [7]. In
this work, we demonstrate the state-of-the-art performance of
a novel photodiode: the near-ballistic UTC-PD (NBUTC-PD).
By inserting an additional pT delta-doped layer in the col-
lector of a traditional UTC-PD, we can achieve near-ballistic
transport under high reverse bias voltage (—5 V) and a high
output photocurrent (~30 mA). The demonstrated novel device
has been combined with the evanescently coupled waveguide
structure [3], [4] to attain very high responsivity performance.

Fig. 1(a) and (b) shows cross-sectional and top views of the
demonstrated NBTUC-PD, respectively. Fig. 1(c) shows a con-
ceptual band diagram of the active layers of the whole device.
As shown in Fig. 1(c), the thickness of the p-type graded doped
Ing 53Gag 47As photoabsorption layer is 150 nm. We adopted
an Ing 50Alg.15Gap 33As layer with a 140-nm thickness as the
collector layer to enhance the optical coupling process between
the diluted-waveguide layers and photoabsorption layer, as
shown in Fig. 1(a). The thicknesses of the Ing 52Alg 43 As-based
electric field suffer layer (E) and undoped graded bandgap
layer at the P-C and C-E junction are 100, 20, and 40 nm,
respectively. The total effective collector layer thickness can,
thus, be considered to be 300 nm. By introducing a depleted p*
delta-doped charge layer with a 1 x 10'® cm~3 doping density
and 5-nm thickness, we can control the maximum electric field
in the Ing 52Alp.15Gag.33As collector layer so as to produce an
appropriate value (around 40 kV/cm at —5-V bias) needed to
sustain an overshoot velocity of photogenerated electrons under
certain ranges of the bias voltage and output photocurrent. A
very similar epi-layer-design concept has been successfully
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Fig. 2. Measured frequency responses of the device with a 200-pm? active
area under different levels of the output photocurrent and a fixed dc bias voltage
(—5 V). (Square: 0.5 mA; open square: 5 mA; open triangular: 20 mA.)

implemented in the collector of an AlGaAs—GaAs-based
heterojunction bipolar transistor [8]. The optical waveguide
structure of our demonstrated NBUTC-PD is based on the
reported high-performance planar evanescently coupled photo-
diode [3]. The employed optical refractive indexes and optical
absorption constants of InAlGaAs or InGaAsP quaternaries
in our beam-propagation-method (BPM) optical waveguide
simulation can be found in [9] and [10]. As shown in Fig. 1(a),
we adopted a short (20 xm) multimode waveguide that consists
of a diluted waveguide and two optical matching layers [3]. The
diluted waveguide is composed of seven Ing gsGag.14AS0.3Po.7
layers with 50-, 80-, 110-, 140-, 170-, 200-, and 580-nm
thicknesses, interspersed between the 150-nm-thick InP layers.
The two optical matching layers are nT-doped Ing 52Al 43As
and Ings2Alp.17Gag 31As (1 x 10'® cm™3) with 0.6- and
0.3-pm thicknesses, respectively. Although the thick (0.6 pm)
Ing.50Alp.48As layer has a lower refractive index than the
bottom Ing gsGag.14As0.3Pg.7 layer, according to our sim-
ulation results, this distribution of refractive indexes in our
structure greatly enhances the optical absorption process.
The epitaxial layers of the demonstrated devices were grown
by means of metal-organic chemical vapor deposition on a
semi-insulating InP substrate. The detail fabrication process
and geometric structure of this device are similar to those of our
previous evanescently coupled photodiodes, described in [11].

We employed a tunable semiconductor laser as the light
source for dc photocurrent measurement. The center wave-
length of this laser was fixed at 1550 nm during dc measure-
ment. Extremely high responsivity of 1.01 and 1.02 A/W was
achieved with 150- and 200-pm? active areas, respectively. The
responsivity of the device with an 8-um waveguide/diode width
and 40-pm (320-um? active area) absorption length could
be further improved to 1.14 A/W. The TE/TM polarization
dependence of the measured responsivity was around 0.8 dB
with a 40-pm absorption length. To our knowledge, these
are the highest values ever reported for the responsivity of
high-speed and high-power UTC-PDs [1], [2]. The bandwidth
and saturation current were measured with a heterodyne beating
system [11]. Fig. 2 shows the typical frequency responses of
the device with a 200-m? active area under different levels
of the output photocurrent (0.5, 5, and 20 mA) and a fixed dc
bias voltage (—5 V). One can clearly see that under 0.5- and
5-mA operation, the electrical bandwidth was around 40 GHz.
When the photocurrent reached 20 mA, the bandwidth of
device increased to 50 GHz. In order to clearly characterize
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Fig. 3. Electrical bandwidth versus photocurrent under different bias voltages
of the device with a 320-um? active area. (Square: —1 V; circle: —3 V;
triangle: —4 V; open circle: —5 V.)

the dynamic behaviors of the NBUTC-PD while avoiding any
serious influence of the system-limited bandwidth (~50 GHz),
we measured and analyzed the speed performance of the device
with a 320-m? active area and a smaller f3 qg bandwidth than
that of a 200-m? device under different operation conditions.
Fig. 3 shows the measured f3 qp electrical bandwidth versus
the output photocurrent under different reverse bias voltages.
As the diagram indicates, the bandwidth increased significantly
when the reverse bias was over —1 V due to the depletion of
the charge layer and the reduction of the electron transport
time in the collector layer. In each trace, there is an optimum
value of the photocurrent for achieving maximum bandwidth
performance. When the dc bias voltage was —5 V, the value
of the optimum photocurrent reached 30 mA with a 40-GHz
electrical bandwidth. The observed bias dependent phenom-
enon can be possibly attributed to the velocity overshoot of
electrons in the collector layer [7], [12] instead of the reported
diffusion-velocity enhancement in the p-type photoabsorption
layer of the UTC-PD [1], [13], which has a much thicker
photoabsorption layer (450 versus 150 nm), and larger variation
in the diffusion time of electrons than that of our device [12],
[13]. According to our simulation results, when the reverse bias
voltage is over —2 'V, the electric field in the collector is larger
than the critical field (10 kV/cm), and the increase of the output
photocurrent will result in a reduction of net electric field and
enhancement of the drift velocity of electrons. Under a —5-V
bias, the photocurrent has to be large to eliminate the excess
electric field and achieve near-ballistic transport. The obtained
high responsivity (1.14 A/W) and high electrical bandwidth
(around 40 GHz) under high output photocurrent operation of
the demonstrated device ensures its applicability in a 40-Gb/s
fiber communication system. Fig. 4 shows the measured and
fitted frequency responses of the device with a 320-um? active
area under 10- and 15-mA output photocurrent values. The dc
bias voltage was fixed at —4 V. According to our simulation
results, the bandwidth improvement under high current oper-
ation (15 mA) is associated to the reduction of the transport
time as discussed above and the ac capacitance [12]. The total
capacitance is reduced due to the subtraction of the differential
ac capacitance I x (d7¢/dVac), proportional to the current,
from the depletion capacitance [12]. Where, V. is the output ac
voltage of device, I is the photocurrent, and 7¢ is the electron
drift time. For the case of demonstrated device, such effect
should be significant due to that under near-ballistic transport,
the variation of drift velocity (time) versus the electric field
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Fig. 4. Measured and fitted frequency responses of the device with a 320-g¢m?
active area under different output photocurrent values and a fixed dc bias voltage
(=4 V). (Square: measured trace under 10-mA operation; circle: measured trace
under 15-mA operation; open square: fitted trace under 10-mA operation; open
circle: fitted trace under 15-mA operation.)
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Fig. 5. RF power versus dc photocurrent of the devices with different active
areas under different reverse bias voltages (square: —1 V; circle: —3 V; triangle
(open triangle): —5 V) at a 40-GHz operating frequency. The ideal relation
between the RF power and current on a 50-§2 load is plotted as a straight line
for reference purpose.

(Vac) 1s obvious, according to the reported field dependence
electron drift velocity of III-V semiconductors [9]. The traces
shown in Fig. 5 represent the photogenerated radio-frequency
(RF) power versus dc photocurrent of the NBUTC-PD under
different bias voltages (—1, —3, and —5 V). The operating
frequency was fixed at 40 GHz. The ideal relation between the
RF power of a 100% modulated large-signal and the average
current on a 50-€2 load is also plotted as a straight line for refer-
ence. For the case of a —5-V bias, the traces of the device with
different active areas (200 and 320 pxm?) are also shown for the
purpose of comparison. Since, the bandwidth of the device with
a 320-um? active area increases as the photocurrent increases
significantly under a —5-V bias, the output RF power is closer
to the ideal line than is the case with a low photocurrent. On
the other hand, the trace of device with a 200-;:m? active area
under a —5-V bias voltage is very close to the ideal line (less
than 3 dB) under both low and high photocurrent operation be-
cause the f3 qg bandwidth of the device is around 40-50 GHz,
as shown in Fig. 2. The demonstrated maximum values of
the generated RF power and dc photocurrent of the device
were limited by the maximum available optical power of our
measurement system or the device failure under high current
operation (over 30 mA). The obtained values of the maximum
RF power (12 dBm) and current (32 mA) of the device with
a 320-um? active area were much higher than those reported
in previous works on p-i-n evanescently coupled photodiodes

1931

with integrated tapers [3], [4]. Furthermore, compared with
the state-of-the-art performance achieved with the reported
UTC-PD [12], which incorporates with an evanescently cou-
pled waveguide, our demonstrated device can attain higher
responsivity (1.14 versus 0.76 A/W) and higher saturation cur-
rent-bandwidth product (1280 versus 1100 mA - GHz). To our
knowledge, this is the highest saturation current and RF power
(over 32 mA versus 12 dBm) of a long wavelength photodiode
obtained with such high responsivity (1.14 A/W) and such a
high electrical bandwidth (40 GHz) [1]-[3].

In conclusion, we have demonstrated a novel photodiode at
a 1.55-pm wavelength. Near-ballistic transport of photogener-
ated electrons has been observed in this device under a high dc
bias voltage (—5 V) and high output photocurrent (~30 mA).
State-of-the-art performance has been achieved by using this
device with a 320-um? active area, resulting in very high re-
sponsivity (1.14 A/W), broad bandwidth (~40 GHz), and a sat-
uration current of over 32 mA.
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