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Abstract—In this study, we demonstrate near-ballistic uni-trav-
eling carrier photodiodes (NBUTC-PDs) with an optimized flip-
chip bonding structure, wide 3-dB optical-to-electrical (O-E) band-
width ( 110 GHz), and extremely high saturation current-band-
width product performance (37 mA, 110 GHz, 4070 mA GHz).
NBUTC-PDs with different active areas (28–144 m�) are fab-
ricated and flip-chip bonded with coplanar waveguides onto an
AlN-based pedestal. The overshoot drift velocity of the electrons
in the collector layer of the NBUTC-PD means that both the thick-
nesses of the collector layer and active areas of our device can be in-
creased to reduce the density of the output photocurrent, compared
to that of the traditional UTC-PD. This improves the high power
performance without seriously sacrificing the speed performance.
According to the measured O-E frequency responses, devices with
even a large active area (144 m�) can still have a flat O-E fre-
quency response, from near dc to 110 GHz. A three-port equiva-
lent circuit model for accurately extracting the 3-dB bandwidth of
the devices is established. The extracted 3-dB O-E bandwidth of a
device with a small active area (28 m�) can be as high as 280 GHz
under a load of 25�. In addition, the saturation current measure-
ment results indicate that after inserting a center bonding pad on
the pedestal (located below the p-metal of the NBUTC-PD for good
heat sinking), the saturation current performance of the device be-
comes much higher than that of the control device (without the
center bonding pad), especially for the device with a small active
area (28 m�). The measurement and modeling results indicate
that a device with a 144 m� active area and optimized flip-chip
bonding pedestal can achieve an extremely high saturation cur-
rent-bandwidth product (6660 mA-GHz, 37 mA, 180 GHz).

Index Terms—Flip-chip bonding, high-power photodiode (PD),
photodiode.
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I. INTRODUCTION

H IGH-SPEED and high-power photodiodes (PDs) serve as
key components in photonic millimeter-wave (MMW)

communication systems [1] for transducing intense optical
power to high-power MMW power. The saturation cur-
rent-bandwidth product is thus a key parameter for evaluating
the performance of the high-power PDs to be used for such
applications, especially when the operating frequency is
around 100 GHz or higher. In this high-frequency regime,
a high-performance and low-cost MMW power amplifier,
which can further increase the total output power from the
photonic emitter as well as the transmission distance [1], [2],
still remains a challenge. However, by increasing the saturation
current of the PD, we can boost the injected optical power
and further increase the maximum available MMW power.
The burden imposed on the MMW power amplifier can be
thus relaxed [2]. The key point to obtained the ultimate high
saturation current-bandwidth product of the PD is to downscale
the area of the photo-absorption active area and the thickness
of the depletion layer. A thinner depletion layer leads to a
shorter carrier transit time and a higher saturation current
performance [2], [3]. However, the junction capacitance will
also be increased, making downscaling of the device active area
necessary to sustain low junction capacitance and achieve very
high speed performance. However, device heating [4] and high
parasitic resistance could become problems, seriously limiting
the saturation current of a PD with such a small active area

m . It has been demonstrated that such problems can
be minimized either by the incorporation of flip-chip bonding
structures or an epitaxial layer transferring process [5]. With
the exception of decreasing the thickness of the depletion layer,
the only other way to shorten the carrier drift time is to let
only electrons, which have much higher drift velocities than
holes, be the active carriers in the epilayer structure of the
PD. The uni-traveling carrier PD (UTC-PD) [1], [2], [6] has
already demonstrated excellent saturation current-bandwidth
product performance. UTC-PDs, with active areas downscaled
to 13 m , have demonstrated a 170-GHz optical-to-electrical
(O-E) 3-dB bandwidth with a maximum output photocurrent
of around 14 mA (2380 mA GHz) [6], [7]. However, for such
high output photocurrents, a high reverse-bias voltage (around
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2 V) on the UTC-PD might be necessary, which would
result in saturation of the electron drift velocity, and limit
the saturation current-bandwidth product performance of the
device. Near-ballistic UTC-PD (NBUTC-PD) structures have
been demonstrated, which overcome this problem and further
increase the drift velocity of the electrons [8], [9]. The insertion
of an additional p-type charge layer into the collector layer of
the UTC-PD means that the electrons can reach overshoot drift
velocities even under high reverse-bias voltages and high output
photocurrents [8]–[10]. In previous work [9], we have already
disclosed on-wafer measurement results showing the excellent
saturation-bandwidth product performance (2952 mA GHz)
of NBUTC-PDs at the W-band. In this study, we use an
improved fabrication process, including flip-chip bonding
techniques for packaging, and a modified epilayer structure for
the NBUTC-PD. We further demonstrate great improvements
in the speed and saturation current-bandwidth product perfor-
mance of the device. An extremely high bandwidth (180 GHz)
and a record high saturation current-bandwidth product perfor-
mance (37 mA, 110 GHz, 4070 mA GHz) were obtained
for the flip-chip bonded NBUTC-PDs, better than those re-
ported for UTC-PDs [6], [7], [11] (less than 3000 mA GHz).
These state-of-the-art results for the new NBUTC-PD flip-chip
bonding structure can be attributed to increase the active area
(144 m versus 13 m ) of the device, thereby minimizing the
current density and reducing the parasitic resistance, leading to
the significant phenomenon of ac capacitance reduction [10].

II. DEVICE STRUCTURE AND MEASUREMENT SETUP

Fig. 1(a)–(d) shows the top view of the NBUTC-PD before
flip-chip bonding, cross-sectional views of the demonstrated
device, the flip-chip bonded NBUTC-PD, and the layout of
the flip-chip bonding pedestal, respectively. The details of
the geometric structure of the backside of the illuminated
NBUTC-PD are similar to those described in our previous
work [9]. The epistructure was grown by molecular beam
epitaxy (MBE) on a semi-insulating (SI) InP substrate.1 As
shown in Fig. 1(b), the thickness of the p-type linear-graded
doped top bottom cm
In Ga As-based photo-absorption layer (P) is 150 nm.
The large slope of the graded doping profile, which induces the
appropriate built-in electric field (2.1–84 kV/cm), ensures the
occurrence of electron drift for overshoot velocities ranging
from a low output current density until saturation of the PD
occurs [12]. A p-type In Al Ga As diffusion blocking
layer cm was inserted between the P-layer
and the p -type cm InGaAs-based ohmic
contact layer. A p In Ga As contact layer, with a graded
indium mole fraction ( to ), was adopted to
further reduce the contact resistance. A 280-nm-thick n-type
InP layer cm was utilized as the collector
layer (C). A 90-nm-thick p-type doped cm
In Al As-based layer served as the electric field buffer
layer (charge layer) (E). It works on similar principles to the
charge layer of an avalanche photodiode (APD) [13], control-
ling the maximum electric field in the InP collector layer, to

1Intelligent Epitaxy Technology, Inc., TX.

produce the appropriate value needed to sustain the overshoot
velocity of photogenerated electrons under various bias volt-
ages and output photocurrents. According to our measurements
and simulation results, the charge layer became fully depleted
when the reverse bias exceeded the absolute value of 2 V [8].
The undoped graded bandgap layers In Al Ga As at
the P-C and C-E junctions were 20 nm thick, making a total
thickness of the effective collector layer of 410 nm. A greater
collector layer thickness should allow us to achieve a similar
RC-limited bandwidth with a larger device active area, giving
the benefit of better injected light coupling, improved alignment
tolerance, and lower output photocurrent density. The flip-chip
bonding pedestal was composed of an AlN substrate, with a
high thermal conductivity and low dielectric loss. The three
metal stripes served as the coplanar waveguides (CPWs). In
the center of CPW lines, we inserted a bonding pad, 10 m in
diameter, as shown in Fig. 1(d), which was directly bonded to
the p-metal of the PD for good heat sinking. The major chal-
lenge in this process was to avoid melting centralized bonding
pad, which could diffuse outside the bonding region, and
shorten the signal and ground lines of the CPW pedestal. Such
problems were minimized by optimizing the composition of the
flip-chip bonding pads, time and temperature of the flip-chip
bonding process, and the geometric structure of our layout.
A control device, which was flip-chip bonded with an AlN
pedestal without the center bonding pad, was also fabricated for
comparison. Note the two integrated CPW pads, as shown in
Fig. 1(c), one for extracting the photogenerated RF signal from
the PD and the other for integrating a wafer probe connected
to a W-band 50 termination (Agilent 85059-60019) and a
bias tee (Anritsu SC7204). The effective load resistance of our
device during measurement was equal to 25 . Furthermore, as
shown in Fig. 1(c), a substrate microlens, 300 m in diameter,
was fabricated using backside photolithography and a one-step
wet chemical etching process [14] to increase the alignment
tolerance and responsivity of flip-chip bonding PDs. Fig. 2
shows the responsivity measured at an optical wavelength of
1.55 m, normalized by the maximum responsivity of each
device measured at its center, as a function of distance from
the center. The closed and open symbols represent devices with
and without a substrate lens, respectively. As can be seen, we
achieve a more than three times improvement in both align-
ment tolerance (6.5 m versus 2 m, 95% degradation) and
responsivity (0.15 A/W versus 0.04 A/W), with a device with
an active radius of 4 m and a substrate microlens, compared
with the same device without a microlens.

III. MEASUREMENT RESULTS

Devices A, B, C, and D (with active areas of 28, 64, 100,
and 144 m , respectively) were fabricated, and then, flip-chip
bonded onto the same AlN-based pedestal prior to investi-
gating their dynamic and high power performance in detail.
The measured dc responsivity of these four devices was the
same, around 0.15 A/W at a 1.55 m optical wavelength. The
O-E frequency responses and photogenerated RF power of the
devices were measured with a two-laser heterodyne beating
system with three different MMW power sensor heads for a
range from dc to 50 GHz, V-band (50–75 GHz) and W-band
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Fig. 1. (a) Top view of the NBUTC-PD. (b) Conceptual cross-sectional view of the NBUTC-PD. (c) NBUTC-PD after flip-chip bonding. (d) Flip-chip bonding
pedestal.

Fig. 2. Normalized responsivity versus the aligned position from the center of
devices with different radii. The traces as indicated by open and closed symbols
represent the devices without and with a substrate microlens, respectively.

(75–110 GHz). Traces A–D in Fig. 2 represent the measured
O-E frequency responses of devices A–D. The output photocur-
rents (around 7.5 mA) and reverse-bias voltage ( 5 V) are the
same. As can be seen, all four devices (A, B, C, and D) exhibit
flat O-E responses, from dc to near 110 GHz. In order to extract
the 3-dB bandwidths of all these devices, we established a
three-port equivalent circuit model [9], as shown in Fig. 4, to fit
and extrapolate the measured O-E frequency responses. Region
1 and region 2 represent the bandwidth limitations of the carrier
transit time and the RC delay time , respectively [9],
[10]. Port 1 and port 2 in region 2 correspond to the two CPW
flip-chip bonding pads shown in Fig. 1(c). The artificial RC
network [ , , I(f)] in port 3 of region 1 represents the carrier
transit time effect; the or parameter is equivalent to the
net O-E frequency response. Our NBUTC-PD demonstrates
an extracted carrier transit-time-limited bandwidth of over
400 GHz. The values and physical meaning of each component

Fig. 3. Measured O-E frequency responses of devices A, B, C, and D under the
same reverse-bias voltage (�5 V) and the same output photocurrent (7.5 mA).

used in the fitting process of all four devices (A, B, C, and
D) are shown in Table I. The parameters for the “pad simu-
lation” blocks, indicated in this model, were calculated using
momentum software. They are close in fit to the measured S
parameters of a pair of dummy CPW pads on an AlN substrate.
The established equivalent circuit model can be used to find the
simulated frequency responses of the and parameters
for our four devices (A, B, C, and D). The simulation results,
all fit the measurement results very well. Fig. 5(a) and (b)
shows the measured and fitted (simulated) frequency responses
of the microwave (two electrical ports) and parameters
of devices A and D, under a 3 V bias (see the Smith chart).
Clearly, the simulated and measured results match very well,
from near dc to 110 GHz, and the values of extracted parasitic
resistance ( and ) are much smaller than those reported
in our previous work [9]. Although there is some uncertainty in
the extracted fitting values shown in Table I, we can clearly see
that the measured frequency response of both devices (as
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TABLE I
LIST OF VALUES OF ELEMENTS USED IN THE FITTING PROCESS IN OUR EQUIVALENT CIRCUIT MODEL

Fig. 4. Three-port equivalent circuit model of the NBUTC-PD.

shown on the Smith chart) is closer to the trace of ideal capac-
itance than the measured traces reported in our previous
work [9]. This result definitely indicates that our new device
has a much smaller parasitic resistance than that of the device
described in our previous work [9]. This improvement can be
attributed to the reduction in contact resistance brought about
by the introduction of the topmost p In Ga As contact
layer with graded indium mole fraction ( to ).
Further improvement in the etch-back process means that this
new device also exhibits a much smaller parasitic capacitance
( , 11 fF versus 0.14 fF) than that reported in our previous
work [9]. Based on the established equivalent circuit model,
we estimate the frequency response of our devices to be over
200 GHz. Fig. 6(a) and (b) shows the measured and fitted
frequency responses for devices A, B and C, D, respectively.
The ripples in the measured O-E frequency responses of both
devices can be attributed to the multiple reflections between
the flip-chip bonding pads and the active devices. The fitting
of the measured , , and O-E frequency responses of
devices without flip-chip bonding show that these ripples dis-
appear when the frequency is below 300 GHz. The estimated

Fig. 5. Measured (continuous line) and fitted (open circles) � and � pa-
rameters for: (a) device A and (b) device D under a fixed dc bias voltage (�3 V)
from near dc to 110 GHz. The arrowheads indicate an increase of the sweeping
frequency.

bandwidths for devices A, B, C, and D are around 290, 280,
200, and 180 GHz, respectively. All the bandwidths are much
larger than those of the previous device [9] (280 GHz versus
120 GHz). This device had the same active area (64 m ), so
the improvement was due to the great reduction of parasitic
capacitance and resistance, as discussed before. As compared to
the reported UTC-PDs [6], [7] (under the same 25 load), our
NBUTC-PD achieves a larger 3-dB O-E bandwidth (280 GHz
versus 170 GHz) with a much larger active area (64 m
versus 13 m ). Our NBUTC-PD also has a smaller parasitic
resistance, a more significant ac capacitance reduction [10],
and a thicker collector layer to sustain the comparable value of
junction capacitance. Fig. 7(a)–(d) shows the photogenerated
RF power of devices A, B, C, and D, respectively, measured
under a 3 V bias voltage. When the reverse-bias voltage is
increased to 5 V, the photogenerated RF power from each
device may increase further; however, the maximum saturation
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Fig. 6. Measured and simulated (fitted) frequency responses of: (a) devices A, B and (b) devices C, D under the same reverse-bias voltage (�3 V) and output
photocurrent (7.5 mA).

Fig. 7. Photogenerated RF power of devices: (a) A, (b) B, (c) C, and (d) D with and without center bonding pads versus photocurrent under a fixed reverse-bias
voltage (�3 V) at 110 GHz.

current may not be improved, due to the increase of dissipated
electrical power, which accompanies the thermal failure of
the devices. The closed and open squares represent traces for
flip-chip bonded devices with and without center bonding pads,
respectively. The operating frequency was the same, 110 GHz,
and limited by our W-band power sensor. The ideal relation
between the RF power of a 100% modulated large signal and
the average current for a 25 equivalent load is also plotted
(straight line) for reference. As can be seen, the insertion of an
additional bonding pad in the center of the CPW lines of the
device (for heat sinking), led to a higher saturation current than
that of control device (without the center bonding pad). This
phenomenon became more apparent when the active area of the
device decreased. As can be seen in Fig. 7(a), under a 3 V bias
voltage, the saturation current was around two times higher for
the device with the smallest active area m and center
bonding pads (13.6 mA versus 7.4 mA) than that of the control
device. On the other hand, for device D, with a relative large
(144 m ) active area, the difference in saturation current (with
and without the center bonding pad) was less apparent, only

around 16% (31 mA versus 37 mA). The measured saturation
density and saturation current-bandwidth produced under room
temperature continuous-wave (CW) operation by devices A,
B, C, and D are shown in detail in Table II. As can be seen,
the maximum saturation density increases with the decrease of
device active area. Based on these results, we can conclude that
the significant difference in the measured saturation current
between a small device (device A) with and without flip-chip
bonding pads can be attributed to the increased output photocur-
rent density and thermal resistance of the devices, and the more
serious problem of device heating when the active area of the
device is downscaled. In addition, the measured saturation cur-
rent-bandwidth product improves with increased device active
area, which is contrary to the behavior reported for high-power
UTC-PDs [11]. These high-power UTC-PDs usually have a
thin collector layer ( 230 nm) [11], accompanied by a large
junction capacitance, which increases the maximum saturation
output photocurrent. By further downscaling the device active
area of traditional high-power UTC-PD, the RC-limited band-
width can be greatly relaxed and a higher saturation current-
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TABLE II
MEASURED BANDWIDTHS, BANDWIDTH-SATURATION CURRENT PRODUCTS, AND SATURATION CURRENT DENSITY FOR DEVICES A, B, C, AND D

bandwidth product can be thus expected [11]. On the other hand,
our NBUTC-PD has a relative thick collector layer ( 400 nm)
and a more significant ac capacitance reduction phenom-
enon, which means that by enlarging the active area of the
NBUTC-PD, we obtain a significant improvement in the output
saturation current without serious degradation in the 3-dB band-
width compared with that reported for high-power UTC-PDs
[11]. The measured saturation-current bandwidth product of
device D is record high, over 4070 mA GHz ( 110 GHz,
37 mA). This is superior to all values reported for high-per-
formance evanescently coupled p-i-n PDs (624 mA GHz,
120 GHz, 5.2 mA) [15], parallel-fed traveling wave photo-
detectors (1760 mA GHz, 80 GHz, 22 mA) [16], and UTC-PDs
[170 GHz [7] (50 GHz [11]), 14 mA [7] (50 mA [11]),

2380 mA GHz [7], (2500 mA GHz [11])] under the sim-
ilar heterodyne-beating CW measurement. Extrapolating the
bandwidth of our device, as shown in Fig. 2, the estimated
saturation-bandwidth product should be around 6660 mA GHz.

IV. CONCLUSION

In conclusion, we have demonstrated an NBUTC-PD, with
flip-chip bonding on an AlN substrate for good heat sinking.
Due to the higher electron drift velocity of our structure, we
can increase the collector layer thickness and active area of
the PD, which minimizes the current density and improves its
high power performance. By introducing a center bonding pad
in the flip-chip bonding pedestal for heat sinking, device D,
with a 144 m active area, achieves a record high saturation
current-bandwidth product [ 110 GHz (180 GHz), 37 mA,

4070 mA GHz (6660 mA GHz)] for InP-based high-speed
PDs.
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