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Abstract—In this work we have demonstrated a waveguide in-
tegrated uni-traveling carrier photodiode on an InP-membrane-
on-silicon platform with 3 dB bandwidth beyond 110 GHz. With
design optimization and an improved process, devices as small as
3 × 2 µm2 are successfully realized. An electrical equivalent cir-
cuit model based on measured S-parameters revealed ultra-small
series resistance and junction capacitance as low as 6.5 Ω and
4.4 fF, respectively, in the diodes. The model also provided insight in
the photocurrent dependent characteristics in the bandwidth and
resonsivity of the devices. Finally, data transmission measurements
are demonstrated, showcasing the high speed telecommunication
abilities of the UTC-PD.

Index Terms—Photodiode (PD), uni-traveling-carrier
photodiode (UTC-PD), nanophotonic, InP-membrane-on-silicon,
waveguide integrated.

I. INTRODUCTION

INCREASING demand for high speed data transmission [1]
and emerging imaging techniques using frequencies up to

the terahertz range [2] generate demand for low-cost and high
efficiency millimeter wave to terahertz devices. Approaching
these frequency bands using only electronic components has
proven to be difficult and requires complex circuits [3]. Photon-
ics based implementations offer a promising alternative by using
down-conversion of signals in the optical domain, in combina-
tion with a photodetector as photomixer [4]. Using an optically
integrated technology to achieve generation of these frequency
bands fits the requirements of low cost and high efficiency,
providing an interesting alternative to bulky and costly fiber
based systems [5].
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In particular silicon integrated photonic platforms are of in-
terest due to the ability of integration with CMOS electronic
circuits. Germanium based PIN photodiodes on silicon have
recently demonstrated bandwidths reaching beyond 110 GHz
in combination with bandwidth efficiency products of at least
59.3 GHz [6]. Another promising implementation is based
around InP based uni-traveling carrier photodiodes (UTC-PD).
These show great performance by demonstrating high respon-
sivity and bandwidth simultaneously [7], resulting in bandwidth
efficiency products beyond 55 GHz [8], [9]. The UTC-PD en-
ables high bandwidth operation by only allowing fast electrons to
move through the device. Next to this, the absence of holes in the
depletion region also reduces the space charge effect, enabling
high current operation [10]. Therefore these characteristics make
UTC-PDs an interesting device for high speed communications,
but also enable the generation of high frequency signals due
to its ability to reach bandwidths >100 GHz. Broadband pho-
tomixers based around a UTC-PD have already demonstrated
reaching frequencies up to 1 THz [11]. The InP based UTC-PD
heterogeneously integrated on silicon, reported on in 2016 by
Shen [12] demonstrated high bandwidth efficiency products
making this approach an interesting alternative to Ge-based PIN
PDs on silicon. More recently, the same device demonstrated
a bandwidth efficiency product of 55 GHz [13]. The device
is realized within the nanophotonic InP-membrane-on-silicon
(IMOS) platform which has demonstrated high-density integra-
tion of electrically pumped lasers, photodiodes, beam steering
devices [14] and a large variety of passive devices, resulting
in a high functionality photonic platform [15]. Double-sided
processing can be utilized during fabrication enabling an extra
degree of freedom in the design of the UTC-PD [12]. The IMOS
platform is a promising approach towards the integration of
a full-functionality nanophotonic platform on top of Si-based
electronic ICs [16].

In this work, an improved design based around the UTC-PD
from [12] is realized and analysed, achieving 3 dB bandwidths
beyond 110 GHz thanks to reduced diode areas enabled by
the use of electron beam lithography. Calibrated responsivity
measurements together with simulation results [12] indicate an
internal responsivity approximately equal to 0.6 A/W, measured
at maximal input power, whereas the optimal bandwidth point
of operation is measured at minimal input power. The improved
UTC-PD already demonstrated high speed data conversion as
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Fig. 1. Simplified schematic representation of the UTC-PD. Sizes not to scale.

key element of an indoor optical wireless link, at a total system
transmission of 200 Gb/s [17], [18].

The improved UTC-PD design is characterized as function of
device area, at various bias voltages and optical input powers.
Equivalent circuit parameters are determined at each point of
operation for various PD areas, providing support for the input
power and bias voltage dependent characteristics of the devices.
This work also demonstrates the high speed data transmission
capabilities of the new UTC-PD design by means of eye dia-
grams and bit error rate (BER) measurements.

II. UTC-PD DESIGN & FABRICATION

Improvements in both design and fabrication are utilized
to further increase the bandwidth of the IMOS UTC-PD
while maintaining a reasonable responsivity, aiming for a high
bandwidth-efficiency product for this InP based PD.

A. UTC-PD Design

The bandwidth of a PD is determined by both the RC band-
width (fRC) and the carrier transit time bandwidth (ftr) as
follows,

f3 dB =

√
1

1
fRC

2 + 1
ftr

2

. (1)

Fig. 1 shows the cross-section of this design, which is in consis-
tence with [12]. The p-type InGaAs (p-InGaAs) layer is used as
both the absorption layer and the p-contact layer, the thickness
of which is chosen to be 150 nm as an optimization between the
absorption efficiency and the diffusion time of electrons through
the absorption layer. The doping follows a linear profile ranging
from 1× 1018 to 8× 1018 cm−3 to induce a quasi field, causing
the electrons to drift. The 300 nm intrinsic InP (i-InP) layer
is the depletion layer where the electrons drift through, which
has the same thickness as the passive waveguide layer on the
IMOS platform. The transit time bandwidths are calculated to be
123 GHz and 85 GHz, for the electron overshoot and saturation
velocity respectively [12]. fRC is given by

fRC =
1

2πτRC
=

1

2πRC
, (2)

where R is the total resistance and C is the total capacitance.
R consists of the series resistance (Rs) and the load resistance.
C includes the junction capacitance (Cj) and parasitic capac-
itances. In Fig. 1, the two Au/Pt/Ti p-contact pads are formed
below the p-InGaAs layer using the double-sided processing
of the IMOS platform, which leads to a low resistance at the
p-side [12]. Meanwhile, the spacing between the two p-contacts
is a new degree of freedom in the design. On one hand, putting
the p-contacts closer will reduce the series resistance since the
distance from the center of the mesa where most holes are
generated to the p-contact is reduced. On the other hand, it
will increase the optical loss, as the waveguide mode will have
increased overlap with the metal contacts. To reduce the series
resistance without increasing the optical loss, an additional PD
design with a mesa width of 2 μm instead of 3 μm as used
in [12], is included in the fabrication. A narrower mesa also
reduces the junction capacitance for a PD of the same length,
which enhances the RC bandwidth. fRC can be further boosted
by using shorter devices, at an expense of reduced responsivity.

Based on the relation of the PD size to the series resistance
and junction capacitance, it was decided to design UTC-PDs in
five different lengths ranging from 3 to 30 μm and at widths
of 2, 3, & 5 μm resulting in areas from 6 to 150 μm2. The
UTC-PD sizes in this work are indicated as length × width. The
separation of the p-contacts is set to the width of the respective
PD. The estimated 3 dB bandwidths for a 5 × 2 μm2 device are
118 GHz and 83 GHz for the electron overshoot and saturation
velocity respectively, while the values for the 10 × 3 μm2 device
in [12] are 94 GHz and 73 GHz. The miniaturization of the
device requires a more precise patterning technique, which will
be discussed in the following section.

B. IMOS UTC-PD Fabrication

The fabrication flow of the UTC-PD follows the process given
in [12], which is illustrated in Fig. 2. The devices on the IMOS
platform are fabricated using double-sided processing. For the
UTC-PD, patterns of the p-side are completed first, as shown
in Fig. 2(c). Then, a 2 μm thick BCB layer is used to bond
the InP sample onto a Si wafer [19]. After bonding, the sample
is flipped as shown in Fig. 2(e). With the removal of the InP
substrate, processing on the n-side can be performed to complete
the formation of the UTC-PDs and other passive devices such as
waveguides and grating couplers. One example of the fabricated
UTC-PD with the input grating coupler is given in Fig. 2(a).

To achieve the realization of smaller devices, the patterns of
p-contacts, p-contact openings and electrodes are formed with
e-beam lithography instead of optical lithography as used in [12].
Especially for the p-contact openings and the electrodes, which
are formed after bonding when the resolution of the optical
lithography is further degraded since the vacuum contact can no
longer be ensured due to the uneven sample surface after bond-
ing, the accuracy of patterning can be improved greatly using
e-beam lithography. The higher accuracy enables the fabrication
of UTC-PD with much smaller sizes than demonstrated in [12],
which indeed leads to improvements in device performance as
will be shown in the following section.
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Fig. 2. Fabrication flow of the UTC-PD. (a) SEM image of one fabricated UTC-PD with grating coupler input and ground-signal-ground (GSG) pad output;
(b) the initial layer stack of the InP wafer; (c) p-side definition of p-contacts, p-InGaAs, and the alignment markers; (d) the InP wafer is bonded to the Si wafer
through a BCB layer; (e) total layerstack after InP substrate removal; (f) n-side definition of n-contacts, waveguides and mesas, grating couplers and electrodes.
The p-contact and p-InGaAs are opened to be connected to the ground pad. Polyimide HD-4101 is used for isolation and planarization.

III. CHARACTERIZATION AND ANALYSIS

Apart from the different UTC-PD size variations, both optical
and electrical calibration structures are included in the charac-
terization circuits to determine optical losses from the grating
couplers and waveguides, as well as the electrical characteristics
of the GSG pads. First, basic PD characteristics such as the dark
current, photocurrent and responsivity and 3 dB bandwidth are
provided. Additionally, the electrical equivalent circuit of the
UTC-PD is introduced based on S-parameter measurements,
as this enables analysis of the series resistance and junction
capacitance of the device, providing detailed insight in the
obtained bandwidth results. Finally, data transmission measure-
ments demonstrate the performance of the device in high speed
telecommunications.

A. Dark Current and Responsivity Measurements

The setup for the dark current and responsivity measurements
is shown in Fig. 3, excluding the VNA and using an external laser
at 1550 nm instead. The dark current as function of bias voltages
of a 5 × 2 μm2 UTC-PD is plotted in Fig. 4. As explained in [12],
the exponential shaped curve suggests that the tunneling current
is dominant in this device. The dark current is one magnitude
higher than the value in [12], which is caused by a fabrication
imperfection. During fabrication, the polyimide planarization
layer should be etched back to a height such that the 100 nm thick
Au/Ge/Ni n-contact layer was exposed while the n-InP layer
underneath was still covered, which was controlled manually
with an error margin of 100 nm. If the polyimide was over-etched
resulting in the n-InP layer to be exposed, the Ti/Au layer in the
final step for the formation of GSG pad would be in contact with
the sidewall of the n-InP layer, leading to an increase in the dark
current.

Fig. 3. Schematic measurement setup. EDFA: erbium doped fiber amplifier;
PC: polarization controller; SMF: single mode fiber; SG-UTC-PD: surface
grating to UTC-PD; GSG: ground-signal-ground; LCA: lightwave component
analyzer.

The responsivity of the devices is determined by measuring
the photocurrent as function of optical input power, as shown in
Fig. 5 for a PD of size 5 × 2 μm2. It can be observed that the
results maintain good linearity under low bias and start to show
an increasing slope for increased optical input powers when
the reverse bias is increased to 2 V and beyond. This is due
to a red-shift of the InGaAs bandgap caused by ohmic heating
of the absorber [20] that is related to the high dark current of
the device [21]. As the responsivity of the device is inversely
dependent on the wavelength, as demonstrated in [12], a red-shift
of the InGaAs bandgap causes the responsivity to increase, as
indicated by the increased slope of the curves at increased optical
input powers. The figure also shows the responsivity to be largely
dependent on the applied bias, due to the band discontinuity at
the InGaAs/InP interface. The necessity of high reverse bias can
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Fig. 4. Dark current as function of bias voltage measured for a 2 × 3 µm2

UTC-PD.

Fig. 5. Measured photocurrent as function of optical input power for PD of
size 5 × 2 µm2, showing clear bias dependence.

be circumvented by adding band smoothing layers in between
the interface.

The measured external responsivities are shown in Fig. 6
for UTC-PDs with different configurations at -4 V bias and
2 mW input power. For PDs with equal width, the responsivity
increases with longer PD lengths, which is consistent with the
theoretical model. There is a large fluctuation in the measured
values even for PDs with same size, due to the non-uniformity
in fabrication. After bonding, the thickness of the BCB layer is
unevenly distributed over the chip, which causes a variation in
the coupling strength of grating couplers at different positions
of the chip, since the thickness of BCB layer determines the
constructive or destructive diffraction of reflected light at the
surface of grating couplers and at the surface of BCB/Si inter-
face. It is worth mentioning that the green measurement points
are from devices in the center region of the chip, which enjoys
better stability and uniformity during the fabrication.

Using an on-chip reference waveguide array, coupling losses
of the grating couplers and waveguides are calibrated out in order
to determine the internal responsivity of the devices. It should
however be noted that only a single reference waveguide array

Fig. 6. External responsivity as function of device length at -4 V and 2 mW
of optical input power. Colors indicate PDs at same location on wafer.

Fig. 7. S21 of a 5 × 2 µm2 UTC-PD at low optical power and different bias
voltages, including setup oscillation filtering, with a 3 dB bandwidth >110 GHz
at -4 V.

was available, leaving an uncertainty in the obtained internal
responsivities, due to the uneven BCB layer thickness. Together
with the simulated responsivity values reported in [12], the
internal responsivity of the 5 × 2 μm2 UTC-PD at -4 V bias
and an input power of 2 mW is expected to be around 0.6 A/W.
The 5 × 2 μm2 PD also has a wide bandwidth as will be shown
later.

B. Bandwidth Measurements

A Keysight vector network analyzer (VNA) with E/O trans-
ducer, operating in frequencies up to 110 GHz is used to de-
termine the 3 dB bandwidth of various UTC-PDs for varying
bias voltages and optical input powers, implemented as LCA in
the measurement setup as depicted in Fig. 3. De-embedding on
the LCA is applied to exclude influence of the electrical setup
components from the device under test (DUT).

The bandwidths have been determined based on the center
level of the frequency response to filter out oscillations from
the measurement setup, as shown in Fig. 7 for a PD of size
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Fig. 8. 3 dB bandwidth versus PD area showing bias dependence, reaching >
110 GHz for small area PDs, measured at low optical input powers.

Fig. 9. 3 dB bandwidth as function of optical input power for multiple
variations, showing reduced bandwidths at increased photocurrents.

5 × 2 μm2 at various bias voltages. The measured 3 dB band-
width as function of the UTC-PD area is shown in Fig. 8, for in-
creasing bias voltage. Bandwidths beyond 110 GHz are achieved
for the three smallest PDs, where the bandwidth is limited by the
transit time. Using the electrical equivalent model introduced
in the next section, fRC is determined to be 203.8 GHz for a
PD of size 5× 3 μm2. With (1) and a f3 dB of 95.7 GHz, ftr is
calculated to be 108.4 GHz which corresponds to value expected
from theory. The figure shows a high bias dependence on the 3 dB
bandwidth, with an optimal point around -4 V. This dependence
is caused by the lack of band-smoothing layers causing a discon-
tinuity in the band structure between the p-InGaAs absorption
layer and the i-InP collection layer [12]. Bandwidth reduction
at larger PD area follows from the increased RC constant of the
larger area photodiodes, validating the design choice to fabricate
smaller area PDs in order to boost the bandwidth. The increased
series resistance of the 5 μm wide PDs significantly reduces the
bandwidth as shown in the figure at a PD area of 25 μm2.

The 3 dB bandwidth is also determined as a function of the
photocurrent. This is achieved for two different variations as
indicated in Fig. 9. The figure shows that the 3 dB bandwidth

Fig. 10. Electrical equivalent circuit of the UTC-PD.

reduces for increasing photocurrents, for both variations at all
bias voltages, likely caused by multiple factors. Due to the
lack of band-smoothing layers, the carriers can get trapped
at the InGaAs/InP interface, increasing their transit time [12].
Moreover, the increased optical power raises the temperature
inside the PD, limiting the transit speed of the electrons in both
the absorption and collection layer [22], increasing the transit
time and reducing the overall bandwidth.

Since the optimal 3 dB bandwidth corresponds to low optical
input powers, whereas the optimal responsivity corresponds to
high optical input powers, the bandwidth efficiency product
is a result of the trade-off. The highest achieved bandwidth
efficiency product at 50.7 GHz corresponds to a PD of size
5 × 2 μm2 at low optical input powers.

C. Electrical Equivalent Circuit

To determine the effects on series resistance and junction
capacitance by reducing the area of the UTC-PD, an electri-
cal equivalent circuit was synthesized based on S22 measure-
ments [23], using an Agilent vector network analyzer up to
67 GHz as LCA in the setup depicted in Fig. 3. S22 measure-
ments are conducted for all size variations under the dark regime
where no light is applied at the input of the device. Measurements
at different photocurrents are conducted for a limited number of
variations.

As depicted in Fig. 10, the equivalent circuit is split in three
elements, being the UTC-PD itself, a transmission line section
and the GSG pads. The transmission line section of the circuit
is based on open and short circuit on-wafer measurements and
is modelled by a capacitance of 18 fF and an inductance of
64 pH for all variations. The parameter values of all components
are obtained by fitting the frequency response of the equivalent
model to the S22 measurements. The leakage resistance Rleak

between the anode and cathode corresponds to a leakage current
from the PD to the substrate which is responsible for the drop
in the S21 response in the first 30 GHz in Fig. 7.

The extracted Rs and Cj as function of device area are
calculated in Figs. 11 and 12 respectively. As shown in Fig. 11,
Rs increases for wider devices, which is due to the increased
separation of the p-contacts beneath the absorption area of the
UTC as explained. Next to this, the figure shows a decrease in
Rs for increasing device length. This is due to the increase of
junction area for longer PDs. It should be noted that the series
resistance in particular for smaller devices is difficult to extract
with high accuracy, due to the very large total impedance [12].
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Fig. 11. Rs as function of PD area for specified widths and bias voltages.

Fig. 12. Cj as function of PD area, compared to theoretical value from parallel
plate model at zero bias.

The junction capacitance as function of device area in Fig. 12
is compared to the theoretical value based on the parallel plate
model which it follows with minimal error, in particular for
devices with a width of 5 μm. The difference in slope for
the 2 & 3 μm wide devices may be caused by a parasitic
capacitance due to leakage of the electric field around the edges
of the structure. This results in a fringe capacitance parallel to
the junction capacitance [24], [25]. The figure indicates that Cj

as low as 4.4 fF is achieved, which combined with the series
resistance of the same device of 6.5 Ω, results in a high fRC.
This confirms the effect of the design choice of PD area reduction
resulting in high bandwidths.

D. Cj as Function of Photocurrent and Bias Voltage

The junction capacitance is also determined as a function
of photocurrent. The analysis of PDs of sizes 10× 2 μm2 and
3 × 5 μm2 are shown in particular in Fig. 13. For both sizes, an
increased reverse bias voltage reduces the junction capacitance,
caused by the increased electric field inside the PD that widens
the depletion region and decreases the carrier build up in the
PD. Additionally, the junction capacitance increases for higher

Fig. 13. Cj as function of photocurrent for two sizes and two bias voltages,
showing positive and negative differential capacitance. Note y-axis break and
scale difference.

Fig. 14. Schematic representation of the data transmission measurement setup.

photocurrents for size 10× 2 μm2 which follows from accumu-
lation of carriers due to the increased optical power [26]. How-
ever, size 3 × 5 μm2 shows a decrease in junction capacitance
for a low photocurrent. This follows from the voltage drop over
the higher series resistance due to increased photocurrents [27].
The bias voltage across the junction is reduced due to this,
which could cause variations in the junction capacitance [28].
The negative differential capacitance (NDC) for the 5 μm wide
PDs follows from the higher series resistance for this width, as
can be observed in Fig. 11. The effect is less pronounced at
increased reverse bias due to the smaller relative voltage drop.
Also, at increased photocurrents, other effects such as charge
accumulation start to become more prominent and influence the
junction capacitance.

E. Data Transmission Measurements

Data transmission measurements are performed to demon-
strate the performance of the UTC-PD in optical interconnects
and telecommunications. The measurement setup schematically
depicted in Fig. 14 was used for this measurement where an
optical laser at 1550 nm was amplitude modulated using an
electro-optical modulator controlled by a digital to analog con-
verter (DAC) operating at 120 GSa/s. The modulated signal
was amplified using an EDFA and a variable optical attenuator
(VOA) was used to carefully set the optical input power into
the UTC-PD. The electrical output of the UTC-PD was con-
nected to a sampling scope for eye diagram measurements and
a 160 GSa/s real-time scope for BER measurements.
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Fig. 15. Open OOK eye diagram before equalization for PD of size 10 ×
3 µm2 at 75 GBaud and raised-cosine pulse shaping with roll-off of 0.33.

Fig. 16. Open PAM4 eye diagram before equalization for PD of size 10 ×
3 µm2 at 50 GBaud and without pulse shaping.

For BER measurements, both On-Off Keying (OOK) and
four level Pulse Amplitude Modulation (PAM4) pulse shaped
sequences containing 216 pseudo-random symbols at increasing
baud-rates were used. The captured sequences were resampled
to 2 samples-per-symbol and equalized by a 51 tap decision-
directed least-mean-square equalizer, after which bit errors are
counted over 16 million samples. No errors were observed
during the transmission of OOK modulation up to 75 GBaud,
corresponding to the eye diagram in Fig. 15, for a PD of size
10 × 3 μm2. Using PAM4 modulation, BER values lower than
the 6.7% overhead hard-decision forward error correction (HD-
FEC) at 3.84× 10−3 [29], are measured for symbol rates of up
to 62.5 GBaud as shown in Fig. 17, resulting in a net data rate
of 117 Gb/s. An open eye diagram using PAM4 modulation at
50 Gbaud is shown in Fig. 16.

The measured 3 dB bandwidths suggest transmission rates
beyond 100 GBaud, which was however not achieved due to
the bandwidth reduction at the relatively high photocurrent
operation point, necessary to achieve sufficient voltage swing
into the electrical scope. Additionally, the inefficient on-chip
grating couplers with an average insertion loss of 11 dB dras-
tically reduce the total responsivity of the device. The obtained

Fig. 17. Bit error rate as function of baudrate for PAM4 for two PDs and
raised-cosine pulse shaping with roll-off of 0.01.

results demonstrate that the UTC-PD can be used for high
capacity applications in telecommunications. The mismatch in
optimal photocurrent operation point between the bandwidth
and responsivity is limiting the data transmission measurements
due to an inferior signal to noise ratio at low photocurrent (high
bandwidth) and reduced bandwidth at high photocurrent (high
responsivity).

IV. CONCLUSION

An improved UTC-PD design at reduced footprints based
on [12] and its detailed characterization are presented in this
work. The waveguide integrated uni-traveling carrier photodiode
is realized in the InP-membrane-on-silicon platform [15]. The
usage of high accuracy e-beam lithography results in high band-
width PDs as small as 3 × 2 μm2. Measurements demonstrate
3 dB bandwidth beyond 110 GHz, together with a maximum
responsivity of 0.75 A/W for a device of 5 × 2 μm2 in size.
Both bandwidth and responsivity are photocurrent dependent,
and showed opposite trends in the dependency, resulting in a
trade-off in the bandwidth efficiency product.

S-parameter measurements for all size variations were used
to extract equivalent circuit parameters in order to demonstrate
the reduction of series resistance and junction capacitance of
PDs at reduced area. By measuring the S-parameters at different
points of operation, bias and photocurrent dependent junction
capacitances are also included to investigate the photocurrent de-
pendent responsivity and bandwidth. The bandwidth reduction
at increased photocurrents is explained by various factors such
as charge accumulation, carrier trapping and reduced carrier
velocity due to heat generation.

Data transmission measurements were used to demonstrate
the high speed telecommunications capabilities of the UTC-PD.
Pre-FEC BERs below the 6.7% overhead HD-FEC threshold
were observed for PAM4 signals with a net data rate of 116 Gb/s,
and no errors were observed during OOK signal transmission up
to 75 GBaud.
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Based on the observed bias dependence and bandwidth reduc-
tion at increased photocurrents, both mainly caused by the band
discontinuity at the InGaAs/InP interface, the addition of band-
smoothing layers can be implemented in the next-generation
design. The expected bias voltage reduction also decreases the
heat generation during operation, increasing the free carrier drift
velocity.

The improved design at smaller footprints results in a high
bandwidth and high efficiency waveguide integrated UTC-PD,
which can directly be integrated with passive optical devices
in the InP-membrane-on-silicon platform. The results demon-
strate a promising device for high speed telecommunications
and emerging imaging techniques using frequencies up to the
terahertz range.
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