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Abstract—We report the wideband performance of uniform
Type-II GalnAsSb/InP UTC-PDs for optical data communica-
tions near 300 Gbps. A wide bandwidth of >110 GHz is achieved
for a device area of 50 m?. In signal transmission measurements,
the present UTC-PDs show a low Bit-Error Rate (BER) and
a high Signal-to-Noise Ratio (SNR) of more than 18dB at
data rates as high as 288 Gbps (96 GBd, PAM-8) without post-
amplification electronics. The work demonstrates the suitability
of GalnAsSb/InP UTC-PDs for optical data transmission at bit
rates approaching 300 Gbps.

Index Terms—Uni-Traveling Carrier Photodiodes (UTC-PDs),
high-bandwidth, high-power, eye-diagram, 300 Gbps, InP,
GalnAsSb, optical communications.

I. INTRODUCTION

NTEREST in Millimeter (MMW) and Terahertz (THz)

waves for broadband communications grows to meet the
demand for higher data rates. The bit rate for wireless
communications in the marketplace is soon expected to
reach 100 Gbps [1f]. High rate transmission is also of inter-
est to short-reach links used in data-center communications
where cost and power consumption are major considerations.
High-rate solutions often use several multiplexed lower-rate
channels requiring much overhead in terms of electronics
and signal processing [2]], [3]]. A single-photodiode 110 GHz
Kramers-Kronig receiver achieved an impressive 400 Gbps [4]].
320 Gbps demultiplexing of a return-to-zero (RZ) data stream
was also demonstrated by integrating a semiconductor-optical
amplifier Mach-Zehnder interferometer (SOA-MZI) with a
160 GHz bandwidth back-illuminated 50 um? UTC-PD in a
15 © system [5]]. The present work demonstrates near 300 Gbps
detection into a 50€) load with a compact low-cost top-
illuminated GalnAsSb/InP UTC-PD.

In the THz frequency range (100GHz to 10THz), all-
electronic transistor-based technologies still face the arduous
task of realizing broadband THz generator circuits due to
the difficulties in realizing solid-state signal sources in the
so-called “THz-gap”. On the other hand, photonics are an
excellent alternative to conventional electronic systems for
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Fig. 1. Simulated equilibrium band diagrams of the Type-II GalnAsSb UTC-
PD. Fermi level is shown as Er = 0eV. (Inset: Corresponding epitaxial layer
structure.)

generating signals in the MMW and THz range [6]. Optical
beat generators are better suited for continuous-wave low
phase noise sources and are much easier to build in terms
of stability and system configuration. Moreover, optical fibers
enable high-frequency signal distribution over long distances
without lossy metallic transmission media such as coaxial
cables or bulky hollow waveguides. An optical-to-electrical
(O/E) signal interface using high-bandwidth photodiodes is
a critical component of such systems. Additionally, the high-
power capability of a photodiode is crucial, as it eliminates the
need for high-bandwidth post-amplification electronics, thus
extending the bandwidth of the entire system [7].

Uni-traveling carrier photodiodes (UTC-PDs), primarily in-
volving only the transport of fast-moving carriers (electrons),
exhibit higher bandwidths and superior power responses than
conventional PIN photodiodes. Their high linearity and high
saturation current provide the necessary signal power at high
frequencies without requiring post-amplification. UTC-PDs
have been reported with bandwidths of 310 GHz and high
saturation currents of 27 mA, with an output power of 10dBm
at 100 GHz, which prove advantageous for high bit-rate appli-
cations [8]-[10].

We previously demonstrated “Type-II"” GalnAsSb/InP UTC-
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PDs with improved electron transport properties com-
pared to GalnAs/InP and GaAsSb/InP UTC-PDs [11]-[13].
GaAs(s51Sbg49 grown lattice-matched to InP displays a rel-
atively low electron mobility because of its low I'-L valley
separation (Aprp =~ 90meV) [14]. Alloying In- to GaAsSb
raises the L- satellite valley relative to GaAsSb and reduces
the electron population of the low-mobility L-valleys. This
improves both the electron mobility and the transit time limited
bandwidth of GalnAsSb/InP UTC-PDs [14], [15]], since the L-
valley forms a “Type-I"” blocking barrier with the InP collector.
The simple grading-free epitaxial structure with a pure InP
collector enables reproducible growth and fabrication, leading
to a low-cost and stable device process.

In the present work, we characterized Type-II GalnAsSb-
based UTC-PDs up to 110 GHz and performed optical data
transmission measurements up to 288 Gbps. We developed
a small-signal equivalent circuit that accurately models the
transfer and optical behavior of the PDs. Our top-illuminated
UTC-PDs show a bandwidth exceeding 110 GHz for a 50 ;zm?
device area and of 110GHz for 64 um? device area. In
both cases the responsivity is 0.1 A/W. In data transmission
experiments our UTC-PDs achieve a low Bit-Error Rate (BER)
of 2.75x1072 and a high SNR of more than 18dB for
data rates up to 288 Gbps (96 GBd, PAM-8) without any
post-amplification electronics. These results demonstrate the
suitability of GalnAsSb as an advanced absorber for UTC-
PDs in optical data transmission, supporting bit rates up to
300 Gbps.

II. EPITAXIAL STRUCTURE AND DEVICE
FABRICATION

The simulated equilibrium band diagram showing the
Type-II band alignment of GalnAsSb UTC-PD is shown
in Fig.[[] The design includes a 225nm n-type InP col-
lector doped at 5.9 x 1015cm=2 and a p-type 100nm uni-
form quaternary GaggiIng 19ASpesSbgss absorber doped at
1.36 x 108 cm~3. The epitaxial layers detailed in the inset
of Fig. [T] were grown by Metal-Organic Vapor-Phase Epitaxy
(MOVPE) on a 2-inch semi-insulating (100) InP substrate at
ETH Ziirich.

Photodiodes of varying areas were fabricated by succes-
sive optical lithography and wet etching steps [11]], followed
by a low-temperature (< 190°C) Teflon-based etch-back pla-
narization process for co-planar waveguide (CPW) probe pad
deposition [16]. Fig.[2] shows the top view optical microscope
image of a completed UTC-PD.

III. RESULTS AND DISCUSSION
A. DC and High-Frequency Response

DC characterization of the UTC-PDs was performed using
an HP 4156B semiconductor parameter analyzer. The room
temperature [-V characteristics show a dark current of less
than 10nA up to a reverse bias of 5V, as shown in Fig.2] The
measured responsivity of a top-illuminated photodiode peaks
at 0.1 A/W at 1550 nm. The device responsivity is independent
of polarization and compares well to the Ito et al., with a two-
pass (back-illuminated with topside reflector) GalnAs absorber
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Fig. 2. I-V characteristics of a 50 ,um2 device size, showing low dark current.
(Inset: Top-view microscopic image of a fabricated UTC-PD with the co-
planar waveguide probe pads.)

[8]. Our device responsivity can be improved by the use of
DBR back mirrors as was shown in [[17]. It is important to
note that the UTC-PDs’ low responsivity isn’t a major issue,
as optical inputs can be amplified using an optical amplifier.
Instead high bandwidth and high linearity of UTCs are crucial
for strong RF power and reliable signal transmission.

Two distinct characterization setups were employed to cover
a broad range of measurement frequencies. In both cases,
devices were tested with a 50 2 load. First, the normalized fre-
quency response up to 67 GHz was measured using a Thorlabs
MX70G lithium niobate (LiNbO3) Mach-Zehnder modulator
(MZM) electrical-to-optical (E/O) converter at A = 1550 nm
and a PNA-X vector network analyzer. Fig. [3] shows the
schematic of the RF measurement setup. A Line/Reflect/Match
(LRM) coaxial calibration technique was employed using the
E-Cal module N4694-60001, up to 67 GHz. The RF probe at
port 2 was then de-embedded to bring the reference plane to
the probe tip on the output port and at the end of the RF
cable at the input port. The modulator’s frequency response
was later de-embedded as per [18]] to extract the RF response
of the devices.

For higher-frequency measurements from 75 to 110 GHz,
a two-tone optical heterodyne system at A = 1550nm was
used to generate the RF signal by the superposition of two
equal amplitude lasers with a controllable frequency offset.
Fig.[3| shows the schematic of the measurement setup with the
two lasers. The frequency offset can be controlled by tuning
one laser frequency with respect to the second. Both lasers
were combined with a 3-dB coupler and then guided through
the optical fiber onto the photodiode. A W-band RF probing
system and an HP 8486A W-band RF power meter were used
to measure the output response of the UTC-PDs. The RF
power reported here was carefully de-embedded, considering a
maximum insertion loss of about 1.3 dB of the WR-10 waveg-
uide probes. For both setups, the modulated light signal was
amplified using an Erbium-Doped Fiber Amplifier (EDFA)
and coupled onto the top-illuminated PDs using a single-
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Fig. 3. Measured and equivalent circuit model fitted (bold lines) frequency
response of UTC-PDs for sizes ranging from 50 to 80 zm?. The two different
RF measurement set-ups are also shown in the picture.

mode optical fiber with a spot diameter of ~9pm. Fig.[3|
shows the measured and simulated (detailed later) normalized
frequency response plotted with frequency for UTC-PDs of
different areas at a reverse-bias of 3V to ensure full depletion
of the collector and a photocurrent of 1 mA. To normalize
the frequency response, two-tone measurements were also
conducted in the frequency range of 2-50 GHz. The data from
these two measurement setups were then overlapped to obtain
the final frequency response. A flat frequency response was
measured up to 110 GHz for a device size of 50 ym? showing
the f34p cutoff exceeding 110 GHz. For 64 and 80 um? devices,
the f3qp cutoff was 110 and 80 GHz, respectively. The high-
power and high-saturation performance of these devices at
high frequencies was previously reported in [[13].

B. 110 GHz Small-Signal Equivalent Circuit

The measured RF response of the UTC-PDs shows flat-
tening of the roll-off at frequencies > 85GHz. To clarify
this observation, Sy, is measured up to 110 GHz after a line-
reflect-reflect-match (LRRM) calibration to bring the reference
plane to the probe tip. Next, the Keysight Advanced Design
System (ADS) gradient optimizer was used to fit the circuit
model to the measurement data. The model was designed to
minimize the error goals defined as the difference between
the measured and modeled phase of S, and the measured RF
response and modeled Sy; of the UTC-PD up to 110 GHz.
Fig. {4| (a) shows the two-port equivalent small-signal circuit
used to model the UTC-PDs, along with the CPW pads.
We previously reported an equivalent circuit model of our
UTC-PDs, showing a resistive and capacitive behavior of the
devices up to 67 GHz. The CPW pads are designed so that the
elements of the equivalent circuits of the OPEN and SHORT
test structures are independent of the frequency up to 67 GHz
and, thus, do not affect the normalized RF device response
below 67 GHz [[19]. However, for higher frequencies, the
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EQUIVALENT CIRCUIT EI’_,TIIEXI\]?[LE?\]}I“S FOR DIFFERENT SIZES
Equivalent Circuit Element: 50 ym2 64 um2 80 um2
C; — Diode junction capacitance (fF): 21 25 33
R, — Diode series resistance (£2): 55 5.5 5.5
Cap — Pad airbridge capacitance (fF): 17 17 17
L,, — Pad airbridge inductance (pH): 40 40 40
C,— Pad access capacitance (fF): 20 20 20
L, — Pad access inductance (pH): 7.5 7.5 7.5
Cpaa — Pad capacitance (fF): 0.1 0.1 0.1
Lyq — Pad inductance (pH): 6 6 6
Rpaq — Pad series resistance (£2): 4.3 4.3 4.3
fre — RC limited cutoff (GHz): 156 150 88

impact of parasitic interconnects effects becomes noticeable
and should be accounted for in the equivalent circuit model.
A part of the updated small-signal equivalent circuit in Fig.d]
(a) is superimposed on the FIB/SEM image of the fabricated
UTC-PDs in Fig.[] (b) to indicate the physical association
between model elements and the device structure. R, and
C. at the input port mimic the frequency response roll-off
due to the transit time delay of the PDs, whereas the circuit
element at the output port determines the RC-limited roll-off.
The intrinsic device is represented by a junction capacitance,
Cj, describing the absorber-collector junction, and a series
resistance, Ry, representing the bulk resistance contribution
of the bulk absorber, as well as the collector and absorber
contact resistances. In parallel to the junction capacitance,
the transconductance of the voltage-controlled-current-source
(VCCS) is used to tune the absolute response (power) level
for different device sizes. To model the behavior of the pad
parasitics up to 110 GHz, three different LC sections were
added to the circuit model, as shown in Fig. ] (b) [19)]]. The first
section, L, and C,p,, represents the parasitic behavior of the
mesa bridge with Teflon underneath. The second section, L,
and C,, represents the access parasitic caused by the tapering
of the pads near the device, and the last section, Lp,q, and
Cpad, represents the pad parasitic of the GSG pads. Finally,
Rpaq represents the resistances of the metal contacts.

On completion of the measurements, both measured and
fitted photoresponses are normalized to the near DC (0.2 GHz)
value to obtain the normalized response curves plotted in
Fig.[3] At frequencies higher than 85 GHz, the devices show
an inductive coupling of the pads, resulting in the flattening
of the device RF response [20]. FigE] (c) shows the measured
and fitted Sy, on the Smith chart for different-sized devices,
demonstrating an excellent agreement with the measured data.
The fitted values for equivalent circuit elements of different
device sizes are given in Table[l}

The measured 3-dB cutoff frequency (f3gg) of a PD is
determined by the transit time limited bandwidth (f;) and the
RC-limited bandwidth, (frc) as:

1 1 1 5 1

2= + 72 (2rRC)* 4+ 7
where, R is the sum of PD series resistance and the load
resistance of 50 €2, and C is the PD capacitance inclusive
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TABLE Il
COMPARISON OF DIFFERENT UTC TECHNOLOGIES
Ref. Absorber Collector Technology Area (;Lmz) f3as (GHz) Resl;:;":,ivny
9] Zz%ﬁfgﬁ‘;’“ 263 nm InP Back-illuminated 52 65+ 0.3
22 lz%ﬁfgﬁlﬂ‘;As 300 nm InP Waveguide 45 90 035
zoo(gfageﬂ;‘“ 300 nm GaInAsP Waveguide 40 80 0.25
160(‘(‘}‘;‘“(;:;;1“ 250 nm InP Flip-chip bonded 50 90 0.15
23] 9032}3?(553 dz%;‘m 100 nm InP Flip-chip bonded 50 60 0.1
[26] 100 i oS 250 nm InP Back-illuminated 38 100 0.1
This 100?{}[‘1 i(fij’rllg‘)“s" 225nm InP Top-illuminated 50 >110 0.1
This 100 (“I‘J';i‘f;;llﬁ‘)“s" 225nm InP Top-illuminated 64 110 0.1

*Measured with a load resistance of 252
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Fig. 4. (a) Equivalent circuit model used to fit the measured response of the
UTC-PDs. (b) FIB/SEM cross-section of the fabricated UTC-PDs with the
superimposed small signal equivalent circuit model. (c) Measured and fitted
82, vs. frequency of UTC-PDs for two different sizes between 0.2-110 GHz.

of the junction capacitance at a given bias and the parasitic
capacitance. The transit time-limited cut-off frequency of a
100 nm GalnAsSb-based absorber has previously been demon-
strated to be around 274 GHz [11]]. The devices exhibit RC-
limited behavior and have significant scope for improving the
overall bandwidth by scaling the area. Table[l] compares the
present performances with published results for UTC-PDs of
similar sizes. Although the present devices are RC-limited,
uniform GalnAsSb based UTC-PDs exhibit superior overall
bandwidth in comparison to the graded GalnAs and GaAsSb-
based UTC-PDs [I1]]. This performance advantage can be
attributed to the enhanced transport properties of GalnAsSb
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and a thinner absorber. Further enhancement of the transit-time
limited cutoff can in principle be achieved through the use of
composition and/or doping grading schemes in the absorber.

C. 288 Gbps Optical Transmission Measurements

To asses the potential of our UTC-PDs for high-speed
optical data communications, we performed eye diagram mea-
surements using Pulse Amplitude Modulation (PAM) signaling
(PAM-2/4/8). The experimental setup depicted in Fig. [3] (a)
relied on a 128 GSa/s arbitrary waveform generator (AWG) to
generate pre-amplified random bit sequences, which were then
fed to a Thorlabs MX70G electrical-to-optical modulator. The
signal was amplified by an EDFA up to 18 dBm and transmit-
ted via an optical fiber to the photodetector. The device was
measured at a photocurrent of 7 mA and was reverse-biased
at 3V through a bias-tee. The generated electrical signal from
the UTC-PD was then read out through the WR-10 waveguide
GSG probes by a digital sampling oscilloscope (DSO) without
any post-amplification of the RF signal. The high output power
of the UTC-PDs, attributed to the device’s high linearity,
provided the necessary signal power to perform experiments at
such high frequencies. Finally, common offline digital signal
processing (DSP) techniques were applied, including timing
recovery, a least mean square (LMS) equalization, and a
nonlinear pattern-dependent equalization. This was followed
by a second LMS equalization and symbol decision to evaluate
the bit-error rates (BER) and signal-to-noise ratio (SNR).
Figs.[3] (b)-(e) show the detected electrical eye-diagrams for
64 - 288 Gbps signals with PAM-2, PAM-4, and PAM-8
modulation using an NRZ pulse shape. The BER for up to
192 Gbps with PAM-4 and 128 Gbps with PAM-2 modulation
is below the hard decision forward-error-correction (HD-FEC)
limit of 3.8 x 1073. Similarly, the BER for 256 Gbps with
PAM-4 , as well as the 288 Gbps PAM-8, modulated signal
remains below the soft decision forward-error-correction (SD-
FEC) limit of 4.2 x 10~2 [21]). The maximum achievable bit
rate is limited by the measurement equipment (including the
modulator used in the experiment, which has a frequency limit
of 70 GHz). High SNR values ranging from 13 to 19 dB were
obtained for the specified data rates. The SNR encompasses
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Fig. 5. (a) Schematic of the measurement setup used for the eye-diagram measurements. Detected eye diagrams of (b) 96 Gbps (96 GBd, PAM-2), (c) 192
Gbps (96 GBd, PAM-4), (d) 192 Gbps (64 GBd, PAM-8), (e) 128 Gbps (128 GBd, PAM-2), (f) 256 Gbps (128 GBd, PAM-4), and (g) 288 Gbps (96 GBd,
PAM-8) for a 64 um? device size. The bit-error-rate (BER) and the Signal-to-Noise Ratio (SNR) are also indicated.

noise from the overall system, including the transmitter, the
optical amplifiers, and the receiver. The eye diagram noise
likely is dominated by contributions from the test set-up
including interconnects and notably the 70 GHz modulator
used for measurements, these make it impossible to extract the
UTC-PD noise contributions at this time. The present results
indicate that the data experiment is not intrinsically limited by
the detector performance, but rather by the overall test set-up.

IV. CONCLUSION

We have extensively characterized Type-II GalnAsSb-based
UTC-PDs through RF and eye-diagram measurements. The
Type-II band alignment of GalnAsSb with InP, combined with
the improved electron mobility with respect to GaAsSb, make
GalnAsSb an advantageous absorber material for UTC-PDs.
A record figg bandwidth exceeding 110 GHz was achieved
for a device area of 50 pum2. We developed an equivalent
circuit model that fully reproduces measured characteristics
response up to 110 GHz. In optical transmission experiments,
the present UTC-PDs achieved detection up to 288 Gbps under
PAM-8 signaling with a low BER and high SNR for a 64 pm?
device area without post-amplification. The results demon-
strate potential for next-generation optical and microwave pho-
tonic communication at bit rates approaching 300 Gbps with
minor device modifications. Reducing the active device area
and the implementation of a graded GalnAsSb absorber are
expected to further enhance the overall bandwidth of the UTC-
PDs. The present study highlights the interest in GalnAsSb ab-
sorbers in UTC-PDs using simple, easily manufacturable top-
illuminated structures for optical communication applications.
Future work will focus on improving the overall responsivity
with resonant cavity structures. Significant improvements in
responsivity are expected since optical electromagnetic sim-
ulations for the present UTC-PD show that the peak optical
field region is not aligned with the absorber layers.
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