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Abstract: Silicon nitride (SiN) photonic platforms offer outstanding optical properties, making
them suitable for diverse applications in communications, sensing, and nonlinear/quantum
technologies. However, the absence of native active components, such as photodiodes, significantly
limits the functionality of these platforms. This work addresses this gap by integrating O-band
InGaAs/InP photodiodes onto a low-pressure chemical vapor deposition (LPCVD) SiN photonic
platform using micro-transfer printing (µTP). The photodiodes exhibit a low dark current below
38 nA at −2 V bias voltage and a high responsivity of 1 A/W at 1310 nm, facilitated by an
efficient waveguide coupling structure. Moreover, the adoption of a modified uni-traveling carrier
(MUTC) design enhances the 3-dB bandwidth to 32 GHz, an improvement of 12 GHz compared
to a reference PIN photodiode with the same absorber thickness. The photodiodes successfully
demonstrated high-speed data reception of non-return-to-zero (NRZ) signals up to 40 Gbps
with clear open eye diagrams. The µTP technique holds significant promise for co-integrating
photodiodes with other active components, paving the way for multifunctional SiN-based PICs
for next-generation data communications, interconnects, and on-chip signal processing.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Silicon nitride (SiN) is a widely used material in CMOS foundries as a diffusion barrier or
passivation layer in electronic integrated circuits [1]. In photonics, SiN is rapidly emerging as
a complementary platform to the well-established silicon-on-insulator (SOI) counterpart due
to its superior optical properties. It offers a broad transparency window from 400 to 4000 nm,
enabling applications in atomic physics [2], life sciences [3], LiDAR [4], telecom/datacom, and
molecular spectroscopy [5]. Additionally, its negligible two-photon absorption (TPA) allows it
to handle watt-level power, making it ideal to leverage nonlinearity for Kerr frequency comb
[6–8] and supercontinuum generation [9–11]. Compared to SOI waveguides, SiN waveguides
exhibit a moderate refractive index contrast, reducing scattering losses caused by sidewall
roughness. State-of-the-art SiN waveguides achieve losses below 1 dB/m [12], enhancing laser
noise performance by increasing photon lifetime [13–15].

A key limitation preventing SiN from evolving into a fully functional PICs platform is its
lack of native active components. However, this challenge is being addressed through hybrid
and heterogeneous integration with materials such as III-V semiconductors [16–23] and lithium
niobate (LiNbO3) [24,25]. These approaches enable the realization of low-noise lasers with
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sub-Hz fundamental linewidths [18] and modulators with electro-optic bandwidths exceeding 50
GHz [24].

In addition to optical amplification and modulation, the integration of photodiodes is of
critical importance as well. Table 1 summarizes the recent progress on photodiode integration
on SiN PICs. So far, research efforts have been focused on photodiodes operating at C-band
telecom wavelength. A high-speed uni-traveling-carrier (UTC) photodiode integrated through
µTP demonstrated a 3-dB bandwidth of 155 GHz, targeting terahertz communication [26].
Additionally, advanced balanced photodetector configurations have been achieved through die-to-
wafer bonding [27], and graphene has shown its potential for high-performance photodiodes [28].
For near-visible wavelengths, essential in applications such as biosensing, imaging, and quantum
photonics, silicon PIN photodiodes [29] and MoSe2/WS2 heterojunction structures [30] have
been developed for light detection.

Table 1. Recent progress on photodiode integration on SiN PICs

Photodiode [Ref.] Wavelength Quantum efficiency Bandwidth Dark current

III-V UTC [26] 1550 nm 24% 155 GHz 10 nA @ −1 V

InGaAs/InP PD [27] 1550 nm 58% 30 GHz 100 nA @ −3 V

h-BN/MoS2/graphene [28] 1550 nm 19% 28 GHz 10 nA @ 10 V

Si PIN [29] 800 nm 30% 6 GHz 107 pA @ −3 V

MoSe2/WS2 [30] 780 nm 159%a 0.02 GHz 50 pA

InGaAsP MUTC [31] 1310 nm 40% 54 GHz 6 nA @ −3 V

PbS colloidal QD [32] 1275 nm 68% 0.1 GHz 70 nA @ −1 V

InGaAs/InP MUTC [This work] 1310 nm 95% 32 GHz 38 nA @ −2 V

aThis photodiode has an internal gain mechanism.

The original band (O-band), covering wavelengths from 1260 to 1360 nm, is particularly
valuable due to its minimal chromatic dispersion in standard single mode fiber, making it suitable
for intra-data center connections and other short-distance, cost-sensitive applications. Fengxin
Yu et al. showcased a modified uni-traveling carrier (MUTC) waveguide InGaAsP photodiode
on a SiN photonic platform using µTP, achieving a 3-dB bandwidth of 54 GHz. However, the
butt-coupling scheme used resulted in a relatively low responsivity of 0.42 A/W at 1310 nm,
corresponding to a quantum efficiency of 40% [31]. PbS colloidal quantum dots have also been
explored for making 1275 nm wavelength photodiodes because of the benefits of being a low-cost
material and its ease of processing. However, a 1.7 ns response time (100 MHz 3-dB bandwidth)
limits their use in high-speed applications [32].

In this paper, we demonstrate an O-band InGaAs/InP photodiode integrated on a LPCVD SiN
photonic platform using µTP. An earlier state of the research has been presented at a conference
[33]. By implementing an efficient waveguide coupling structure, we achieve a high responsivity
of 1 A/W at 1310 nm (95% quantum efficiency). To enhance high-speed performance, we
incorporate a partially doped absorber layer in the III-V epitaxial stack, forming a MUTC
photodiode. To benchmark this design, we also fabricate a reference PIN photodiode that uses an
undoped absorber layer but is otherwise identical in structure, fabrication process, and integration
on SiN PICs using µTP. This allows for a direct and fair comparison to isolate the impact of the
absorber layer design. The MUTC photodiode achieves a 3-dB bandwidth of 32 GHz, which
is 12 GHz higher than the reference PIN photodiode with the same absorber thickness. For
demonstration, non-return-to-zero (NRZ) signal reception experiments are performed at data
rates up to 40 Gbps, with clear and open eye diagrams obtained. Such a photodiode meets the
requirements for O-band short distance applications, including datacom and interconnect. Its
high responsivity also helps minimize system power consumption. Moreover, µTP is a versatile
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heterogeneous integration technology compatible with Back-End-Of-Line (BEOL) processing
[34,35], enabling the dense co-integration of diverse devices—such as semiconductor optical
amplifiers (SOAs) [19], lasers [19–23], modulators [24], and photodiodes [26,29]—on established
SiN photonic platforms from several foundries, offering a scalable path toward multi-functional
SiN PICs. Our demonstrated photodiode shows the technological feasibility toward realizing this
vision.

2. Design and fabrication

2.1. Epitaxial layer stack of MUTC

The photodiodes are fabricated on an InGaAs/InP wafer. The epitaxial layer stack of the
MUTC-type photodiode is presented in Table 2. To achieve both large bandwidth and high
responsivity, the functional layers incorporate a partially doped absorber consisting of 350 nm
p-doped InGaAs and 500 nm intrinsic InGaAs. The carrier transit time is determined by the
electron diffusion velocity in the neutral region, and the hole drift velocity in the depleted region.
By optimizing the ratio of p-doped and intrinsic InGaAs layer, the carrier transit time is reduced
compared to traditional PIN photodiode while maintaining the same absorber thickness and
absorption efficiency [36–38]. To isolate and evaluate the effect of absorber layer doping, a
reference PIN photodiode was also fabricated. This reference device shares an identical epitaxial
structure with the MUTC photodiode, except for the absorber layer, which is fully intrinsic
InGaAs with the same total thickness of 850 nm. Table 3 summarizes the key similarities and
differences between the MUTC and reference PIN photodiodes. All other aspects—including
mesa geometry, fabrication process, and integration on LPCVD SiN photonic platforms using
µTP—are kept constant to ensure a fair and direct comparison. The reference PIN photodiode
is not commercially available and was purposefully designed and fabricated for this study.
Theoretically, the transit-time bandwidth of the partially doped design is 65 GHz, significantly
higher than the 25 GHz transit-time bandwidth of the reference PIN photodiode (see Appendix

Table 2. Epitaxial layer stack of MUTC photodiode

Feature Material Thickness (nm) Doping level (cm−3)

Cap InP 100 p = 1×1018

Contact InGaAs 40 p = 2 × 1019

Band smoothing Q1.4 10 p = 8 × 1018

Band smoothing Q1.25 10 p = 4 × 1018

P-contact InP 300 p = 3 × 1018

Band smoothing Q1.15 10 p = 3 × 1018

Band smoothing Q1.26 10 p = 3 × 1018

Band smoothing Q1.46 10 p = 3 × 1018

Neutral absorber InGaAs 350 p = 3 × 1018 (top) to 2.5 × 1017 (bottom)

Depleted absorber InGaAs 500 n.i.d.

Band smoothing Q1.46 10 n = 3 × 1018

Band smoothing Q1.26 10 n = 3 × 1018

Band smoothing Q1.15 10 n = 3 × 1018

N-contact InP 300 n = 3 × 1018

Release InGaAs 550 n = 1 × 1018

Buffer InP 100 n = 1 × 1018

Substrate InP N.A. n type
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A). However, the actual bandwidth is influenced by factors beyond transit-time, including total
device thickness, material properties, resistance, and capacitance. In this work, both MUTC
and PIN photodiodes are experimentally characterized to assess their high-speed performance.
Additionally, a 550 nm InGaAs sacrificial layer is introduced between the InP substrate and the
functional layers to release the device coupons from the substrate for the µTP process.

Table 3. Comparison between MUTC and reference PIN photodiodes used in this work

Aspect MUTC photodiode Reference PIN photodiode

Absorber layer 350 nm p-doped InGaAs + 500
nm intrinsic InGaAs

850 nm intrinsic InGaAs

Total absorber thickness 850 nm 850 nm

Other epitaxial layers Identical Identical

Mesa geometry Identical Identical

Integration method µTP on SiN PICs µTP on SiN PICs

Availability Custom-fabricated for this study Custom-fabricated for this study

Intended role Bandwidth-optimized design Baseline for comparison

2.2. Waveguide-coupled device structure

The waveguide-coupled device structure is illustrated in Fig. 1(a). The III-V photodiode coupon is
integrated onto a stripe LPCVD SiN waveguide (300 nm SiN layer thickness, 1.1 µm waveguide
width) and is supported by the SiN layer outside the trenches. The 850 nm thick InGaAs absorber
layer is processed into a wide mesa with a width of 6 µm for better alignment tolerance during
µTP. The photodiode is cladded with a plasma-enhanced chemical vapor deposition (PCVD) SiN
layer for passivation and a 2 µm thick benzocyclobutene (DVS-BCB) layer on top as cladding.
Metal contacts are placed on the top and both sides of the device, serving as the anode and
cathode. The thicknesses of the InP N-contact layer and the DVS-BCB adhesive layer between
the InGaAs absorber and the SiN waveguide are 300 nm and ∼ 30 nm, respectively—thin enough
to minimize any negative impact on light absorption. Figure 1(b) presents a simulated side
view of the power distribution of the fundamental TE mode launched into a photodiode with
a 10 µm long mesa. Optical power is evanescently coupled from the SiN waveguide into the
photodiode mesa and is rapidly absorbed within the first 5 µm of propagation. The simulated
absorption efficiency of this 10 µm long mesa photodiode is 88%. This efficient absorption
structure contributes to the realization of high-responsivity photodiodes.

Fig. 1. An efficient waveguide-coupled photodiode structure. (a) Schematic of the device
cross-section (not to scale). (b) Side view of the power distribution of the fundamental TE
mode launched into a photodiode with a mesa length of 10 µm.
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Fig. 2. A complete process flow of the O-band InGaAs/InP photodiode on SiN PICs,
including the fabrication of transfer-printable photodiode coupons, the µTP and the post-
printing process.

2.3. Process flow

The whole fabrication process can be divided into 3 parts: the fabrication of transfer-printable
photodiode coupons, µTP, and the post-printing process, which are shown in Fig. 2.

First, photodiode coupons are made on an InP-InGaAs source wafer. The InP cap layer is
removed and the anode contact is then deposited [Fig. 2(a)]. The wafer is then cleaved into
smaller samples for further processing. Next, the 40 nm InGaAs contact layer is etched through
using inductively coupled plasma (ICP), with the anode metal serving as a hard mask. A 200 nm
PCVD SiN layer is subsequently deposited to protect the anode metal and the 40 nm InGaAs
contact layer [Fig. 2(b)]. The photodiode mesa is then defined using a combination of ICP dry
etching and wet etching, utilizing the SiN protection layer as a hard mask [Fig. 2(c)]. The wet
etching recipes are HCl:H3PO4 = 1:4 for InP and H2O2:H3PO4:deionized (DI) water = 1:1:20
for InGaAs, respectively. When encountering band smoothing layers, where the wet etching rate
decreases, ICP dry etching is used. After mesa patterning, the SiN protection layer is removed by
reactive ion etching (RIE), which offers high selectivity between SiN and III-V materials. Before
cathode metal deposition, the sample is treated with diluted HCl to remove native oxidation
on the InP N-contact layer, thereby reducing contact resistance. A Ni/Ge/Au cathode metal
layer is deposited on both sides of the mesa [Fig. 2(d)]. The sample then undergoes a mesa
surface cleaning step by treatment with diluted enchants before a 300 nm SiN passivation layer
is deposited. This SiN layer is patterned via RIE and serves as the hard mask for wet etching
through the 300 nm InP N-contact layer [Fig. 2(e)], thereby isolating the photodiodes. To prepare
for device release, the InGaAs sacrificial layer is patterned using another 200 nm SiN hard mask
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to expose the InP substrate [Fig. 2(f)]. The SiN layer on photodiodes is then thinned down using
RIE, followed by the deposition of a 700 nm SiN encapsulation layer. Contact metal via opening
and SiN tether definition are performed in the same SiN RIE step. A 3.5 µm thick photo-resist
layer is spin-coated and patterned to planarize the photodiodes and protect them during release
[Fig. 2(g)]. The release process is carried out by immersing the sample into an aqueous FeCl3
solution in a 5 °C chiller for 1 hour. This step removes the InGaAs release layer beneath the
photodiodes, leaving the device coupons suspended and anchored to the InP substrate via SiN
tethers—ready for µTP [Fig. 2(h)].

The second phase is the µTP. A pre-fabricated passive SiN target PIC is spin-coated with a
100 nm thick DVS-BCB adhesive layer, which reduces to ∼ 30 nm after the printing process. A
pre-bake is performed for reflow. Then, the target SiN PIC sample and the photodiode coupon
source sample are loaded onto an X-Celeprint µTP-100 tool. When laminating and pulling-back
the polydimethylsiloxane (PDMS) stamp to the photodiode coupon, the SiN tethers break and the
coupon is picked-up [Fig. 2(i)]. The photodiode coupon is aligned with the SiN waveguide on
the target sample under a microscope and printed onto it [Fig. 2(j)]. By slowing down the speed
of lifting the stamp, the photodiode coupon detaches from the stamp and settles on the SiN target
sample [Fig. 2(k)]. After µTP, the photo-resist on top of the photodiode is removed by oxygen
plasma using RIE and the DVS-BCB is cured at 270 °C [Fig. 2(l)].

Finally, several post-printing process steps are still required before the photodiodes can be
measured. A 2 µm thick DVS-BCB cladding layer is spin-coated and cured at 270 °C [Fig. 2(m)],
followed by the via opening on top of the anode and cathode electrodes [Fig. 2(n)]. Finally,
an 800 nm thick Ti/Au metal layer is deposited to form the probe electrodes, completing the
fabrication process [Fig. 2(o)].

Figure 3 presents a microscope image of the resulting waveguide-coupled photodiode. The
device features a pair of grating couplers for light input and GSG electrodes for electrical probing.
A reference waveguide is positioned next to the device for input optical power calibration. The
insets show a zoomed-in view of the photodiode and the photodiode coupons on the III-V source
sample. Photodiode coupons of 8 different mesa lengths, ranging from 11 to 25 µm, are prepared.

Fig. 3. Microscope image of a resulting waveguide-coupled photodiode. Insets show a
zoomed-in view of the photodiode and the photodiode coupons on the III-V source sample.

3. Characterization and discussion

3.1. Electrical properties

The dark current and impedance were investigated.
The current-voltage characteristics of the MUTC photodiodes with varying mesa lengths were

measured in the dark, as shown in Fig. 4. At a bias voltage of −2 V, the dark current ranges from
11 to 38 nA. As the photodiode mesa length increases, the dark current increases.



Research Article Vol. 33, No. 16 / 11 Aug 2025 / Optics Express 34159

Fig. 4. The MUTC photodiode current-voltage characteristics in the dark for different
device mesa lengths.

The impedance of the MUTC photodiodes was extracted by fitting the S11 parameter, which
was measured with a vector network analyzer (VNA), based on an equivalent circuit model (see
Appendix B). When operating at −2 V bias voltage, the junction capacitance and series resistance
of the MUTC photodiodes range from 15 to 37 fF and 90 to 41 
, respectively, as the photodiode
mesa length varies from 11 to 25 µm, as shown in Fig. 5(a) and (b). The unit capacitance is 0.24
fF/µm2, consistent with the expectation for a 500 nm-thick InGaAs depleted absorber. The series
resistance is relatively high but can be further optimized through improved metal-semiconductor
contact processing. Compared to reference PIN photodiodes, the MUTC photodiodes exhibit
a higher junction capacitance but a lower series resistance. This difference is attributed to the
thinner intrinsic InGaAs layer in the absorber.

Fig. 5. Impedance of the MUTC photodiodes with mesa length from 11 to 25 µm when
operating at −2 V bias voltage, comparing with the reference PIN photodiode. (a) Junction
capacitance. (b) Series resistance.

3.2. Responsivity

Responsivity measurements were conducted on both MUTC and reference PIN photodiodes of
varying lengths at a wavelength of 1310 nm under a bias voltage of −2 V. The input optical power
was calibrated by accounting for the loss of the grating coupler, which was measured on the
reference waveguides (see Appendix C). The responsivity results are presented in Fig. 6(a). At
1310 nm, the responsivity remains approximately 1 A/W as the mesa length increases from 11 to
25 µm for both MUTC and reference PIN photodiodes, which is consistent with the simulation
result. A slight difference between the measured and simulated responsivity can be attributed
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to the calibration inaccuracy of the optical power, caused by variations in coupling efficiency
between the grating couplers. The corresponding quantum efficiency is 95%, which is a result
of the effective waveguide coupling structure. Figure 6(b) shows the photo-current of a 17 µm
MUTC photodiode as a function of the on-chip input optical power, which shows good linearity.

Fig. 6. Responsivity characterization results at a wavelength of 1310 nm and a bias voltage
of −2 V. (a) Responsivity of photodiodes with mesa lengths ranging from 11 to 25 µm,
comparing with the simulation result. (b) Photo-current of a 17 µm MUTC photodiode as a
function of the on-chip input optical power.

3.3. 3-dB bandwidth

The dynamic performance of the photodiodes was evaluated through small-signal S21 characteriza-
tion. A 1310 nm laser was modulated using a Mach-Zehnder modulator (MZM) and sent into the
photodiode under test, which was biased at −2 V. The S21 parameter was subsequently measured
and recorded using a 43.5 GHz VNA. The normalized S21 response of a 17 µm-long MUTC
photodiode is shown in Fig. 7(a). Details of the measurement calibration and de-embedding
procedure are provided in Appendix D.

Fig. 7. Measured dynamic performance. (a) The measured S21 characteristic of a 17 µm-
long MUTC photodiode at −2 V bias voltage, comparing with a reference PIN photodiode
with the same length. (b) Summary of the 3-dB bandwidths for MUTC photodiodes and
reference PIN photodiodes with mesa lengths ranging from 11 to 25 µm.

The measured S21 trace shows noticeable noise, primarily due to the low RF output power
from the photodiode. This was caused by limited optical input power, which is resulted from
significant insertion losses in the grating coupler and modulator. No optical amplifiers were
used. To ensure consistency, the DC photo-current was maintained at 0.1 mA by adjusting the
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input power. Operating the modulator in a small-signal regime further reduced the photo-current
modulation, yielding a weak RF signal output and a correspondingly noisy S21 response.

After smoothing, a 3-dB bandwidth of 32 GHz was extracted, which is 12 GHz higher than that
of the reference PIN photodiode with the same length. This confirms the bandwidth advantage of
using the MUTC-type epitaxial layer stack. Figure 7(b) summarizes the 3-dB bandwidths for
MUTC photodiodes and reference PIN photodiodes with mesa lengths ranging from 11 to 25 µm.
For the reference PIN photodiodes, the results align with expectations derived from combining
transit-time bandwidth simulations and impedance measurements (see Appendix E). For the
MUTC photodiodes, the measured bandwidth is lower than the simulated value. This difference
is attributed to an overestimation of the transit-time bandwidth caused by uncertainties in the
electron diffusion coefficient and hole drift velocity. The bandwidth of the MUTC photodiode
decreases as the photodiode length increases, whereas the bandwidth of the reference PIN
photodiode remains consistent. This behavior indicates that the bandwidth of the reference PIN
photodiode is transit-time limited, while the MUTC photodiode bandwidth is more significantly
influenced by the RC constant.

3.4. High-speed large-signal measurement

The high-speed, large-signal reception characteristics of the MUTC photodiodes were evaluated
using an eye diagram test (refer to Appendix F for details of the measurement setup). A
non-return-to-zero (NRZ) signal composed of a pseudo-random binary sequence (PRBS) with a
length of 27 − 1 was generated at the wavelength of 1310 nm. A 17 µm-long MUTC photodiode
was tested under a −2 V bias voltage. Additionally, an RF amplifier was employed after the
photodiode during this measurement.

The measured eye diagrams are shown in Fig. 8(a). An optical power of −6.06 dBm was fed
into the photodiode, generating a photo-current of 0.23 mA. Clear eye diagrams were observed
for bit rates up to 40 Gbps. High signal-to-noise ratios (SNRs) were achieved for the 20 Gbps
and 30 Gbps tests, with values of 11.9 and 9.51, respectively. However, at 40 Gbps, the SNR
dropped to 4.49. This reduction in performance is attributed to speed limitation imposed by the
modulator of the measurement system, as confirmed by additional eye diagram tests conducted
using a 43 GHz commercial photodetector (see Appendix F). Due to this limitation, a higher bit
error rate (BER) was achieved at 40 Gbps, as shown in Fig. 8. At a BER of 10−6, the sensitivity
was −12 dBm and −11 dBm for 20 and 30 Gbps, respectively.

4. Conclusion

This work presents the successful integration of high-speed, high-responsivity O-band InGaAs/InP
photodiodes on an LPCVD SiN photonic platform using µTP. The demonstrated photodiodes
exhibit a high responsivity of 1 A/W at 1310 nm and maintain a low dark current below 38 nA at
−2 V bias voltage. By employing a MUTC-type epitaxial layer design, the 3-dB bandwidth is
extended to 32 GHz, a 12 GHz improvement over a reference PIN photodiode, demonstrating
enhanced high-speed performance. The photodiodes support NRZ signal reception at rates up to
40 Gbps, with clear eye diagrams observed. Excellent sensitivity performance is achieved at a
BER level of 10−6 for 20 Gbps and 30 Gbps signals. In addition to the demonstrated photodiodes,
we have also successfully implemented other active components, such as SOAs [21,39] and
electronic integrated circuits [40], using the same µTP approach. As a next step, we aim to
co-integrate these elements to realize advanced receiver architectures, including pre-amplified
receivers [41] and coherent receiver modules. The versatility and scalability of µTP thus open a
path toward fully integrated, multifunctional photonic systems on SiN platforms, with promising
applications in data communications, optical interconnects, and on-chip signal processing.
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Fig. 8. The measured high-speed data reception performance of a 17 µm long MUTC
photodiode when operating at −2 V bias voltage. (a) The measured eye diagrams for 20, 30,
and 40 Gbps NRZ signals at a received optical power of −6.06 dBm. (b) The measured bit
error rate as a function of received optical power for 20, 30, and 40 Gbps NRZ signals.

A. Comparison of MUTC and PIN transit-time bandwidth

The epitaxial layer stack of the reference PIN phodiode is shown in Table 4 and is identical to
that of the MUTC, expect for replacing the partially doped absorber layer with a 850 nm intrinsic
InGaAs absorber layer. The dependence of the transit-time bandwidth on the ratio of p-InGaAs
to total absorber thickness is calculated based on the charge-control model in Ref. [37]. The
effective transit-time is expressed as

τtr ≃
W2

N/vN + W2
D/vD

W
(1)

Table 4. Epitaxial layer stack of reference PIN photodiode

Feature Material Thickness (nm) Doping level (cm−3)

Cap InP 100 p = 1×1018

Contact InGaAs 40 p = 2 × 1019

Band smoothing Q1.4 10 p = 8 × 1018

Band smoothing Q1.25 10 p = 4 × 1018

P-contact InP 300 p = 3 × 1018

Band smoothing Q1.15 10 p = 3 × 1018

Band smoothing Q1.26 10 p = 3 × 1018

Band smoothing Q1.46 10 p = 3 × 1018

Absorber InGaAs 850 n.i.d.

Band smoothing Q1.46 10 n = 3 × 1018

Band smoothing Q1.26 10 n = 3 × 1018

Band smoothing Q1.15 10 n = 3 × 1018

N-contact InP 300 n = 3 × 1018

Release InGaAs 550 n = 1 × 1018

Buffer InP 100 n = 1 × 1018

Substrate InP N.A. n type
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where WN and WD are thicknesses of the the neutral p-type InGaAs absorber layer and the depleted
intrinsic InGaAs absorber layer respectively. vN is the effective minority electron velocity in
the neutral layer, which is determined by the electron diffusion coefficient De (vN ≃ 3De/WN).
vD is the hole drift velocity. Here, values from Ref. [36] are adopted (De = 2.0 × 102 cm2/s,
vh = 5.0 × 106 cm/s). The transit-time bandwidth then can be estimated as

BWtr =
0.445

τtr
(2)

The calculation result is shown in Fig. 9. For the MUTC epitaxial layer stack we used in
this paper, the ratio of p-InGaAs to total absorption layer thickness is 0.4, and the transit time
bandwidth is 65 GHz. The ratio of zero corresponds to a PIN absorber layer, which has a transit
time bandwidth of 25 GHz.

Fig. 9. Calculated transit time bandwidth for an epitaxial layer stack with 850 nm total
absorber layer as a function of the ratio of the p-InGaAs layer to total absorber layer thickness.

B. Model for S-parameter fitting

The series resistance and junction capacitance of the photodiodes were extracted by fitting the
S11 parameter using an equivalent circuit model as shown in Fig. 10. The model is based on
established methods reported in Refs. [31,42], and includes contributions from the photodiode
itself, GSG pads, substrate effects, and the load. These four components were identified as the
dominant contributors through a process of iterative fitting, in which elements were introduced
or omitted to access their impact on fitting accuracy. The final model configuration yielded
satisfactory agreement between fitting and measurement, allowing other minor parasitic elements
to be safely neglected.

Fig. 10. Equivalent circuit model of the waveguide-coupled photodiodes for S11 fitting (Cj:
junction capacitance, Rsh: shunt resistance, Rs: series resistance, Cpad: capacitance of the
GSG pads, Lpad: inductance of the GSG pads, RSi: substrate resistance, COX : capacitance
of the buried oxide, Rload: 50 
 load resistance).
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The S11 parameter measurement was carried out using a VNA (R&S ZNB) up to 43.5 GHz.
To ensure accurate characterization of the device under test (DUT), open–short–match (OSM)
de-embedding was applied using a CS-5 calibration substrate. This procedure calibrated and
removed the parasitic effects of the GSG RF probe (T40A-GSG0100), and the RF cable via
one-port calibration. An example of the fitting for a MUTC photodiode with a length of 17 µm
at a bias voltage of −2 V is presented in Fig. 11. This photodiode was used to create the eye
diagrams in the high-speed signal reception experiment. The extracted capacitance of the GSG
pads (Cpad) is shown in Fig. 12, ranging from 20 to 28 fF for MUTC photodiodes and 20 to 23 fF
for the reference PIN photodiodes. Other parameters exhibit minimal variation between devices.
The inductance of the GSG pads (Lpad) is approximately 50 pH, while the capacitance of the
buried oxide (COX) and the substrate resistance (RSi) are around 40 fF and 500 
, respectively.

Fig. 11. Measured and fitted S11 parameter for a MUTC photodiode with a mesa length of
17 µm at a bias voltage of −2 V.

Fig. 12. GSG pads capacitance (Cpad) of the MUTC photodiodes with mesa length from 11
to 25 µm when operating at −2 V bias voltage, comparing with the reference PIN photodiode.

C. SiN grating coupler

The SiN grating coupler was characterized using an O-band tunable laser (TSL510-1310) and
an optical powermeter (Newport 1936-R). The measured transmission of the grating coupler is
presented in Fig. 13, showing a loss of 7.5 dB at 1310 nm.
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D. Bandwidth measurement setup

The experimental setup for the small-signal S21 response characterization is illustrated in Fig. 14.
The system consists of an O-band tunable laser (TSL510-1310), two polarization controllers
(PC), an O-band 40 Gbps MZM (MX1300-LN-40), a 43.5 GHz VNA (R&S ZNB), a GSG
probe (T40A-GSG0100), and a source meter (Keithley 2400). The 1310 nm laser is modulated
by the MZM and subsequently received by the photodiode under test. The MZM is connected
to Port 1 of the VNA, while the photodiode is connected to Port 2 via the GSG probe. The
source meter is connected to the bias port of the VNA to supply a −2 V bias voltage. During
calibration, the losses of the K-type cables were de-embedded using a ROHDE & SCHWARZ
ZN-Z129E calibration kit. The electro-optic (EO) response of the MZM was characterized using
a 50 GHz photodiode (XPDV2120R), and the insertion loss of the RF probe was accounted for
using datasheet values. Both the modulator response and the RF probe loss were removed from
the final S21 calculation.

Fig. 13. Transmission of the SiN grating coupler.

Fig. 14. Setup for the small-signal S21 characterization.

E. Estimation of the photodiode overall bandwidth

The overall bandwidth of the photodiode can be estimated by combining the transit-time bandwidth
simulation results and the impedance measurement results, as expressed in the following formula:

BW =
1

r�
1

BWtr

�2
+

�
1

BWRC

�2
(3)

where BWtr is the transit time-limited bandwidth, and BWRC is the RC-limited bandwidth.
The RC-limited bandwidth is calculated based on the equivalent circuit model and is presented

in Fig. 15(a). The RC bandwidth ranges from 32 to 51 GHz for the MUTC photodiodes and 43
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to 60 GHz for the reference PIN photodiodes, respectively. Further estimation of the overall
bandwidth, as shown in Fig. 15(b), is based on the calculated RC bandwidth and the simulated
transit-time bandwidths: 65 GHz for the MUTC epitaxial layer stack and 25 GHz for the
reference PIN epitaxial layer stack. The overall bandwidth of the MUTC photodiode decreases
as the photodiode length increases, whereas the bandwidth of the reference PIN photodiode
remains consistent. This behavior suggests that the bandwidth of the reference PIN photodiode is
transit-time limited, while the MUTC photodiode bandwidth is more significantly affected by the
RC constant.

Fig. 15. Bandwidth Estimation. (a) Calculation of RC bandwidth based on photodiode
impedance measurement results. (b) Estimation of the photodiode overall bandwidth by
combining the simulated transit-time bandwidth with the RC bandwidth derived from the
measured impedance.

F. High-speed signal reception setup

The setup for the high-speed large-signal reception measurement is illustrated in Fig. 16. An
O-band tunable laser (Santec TSL510-131) was set to the wavelength of 1310 nm. The laser
signal was modulated using a 40 Gbps modulator (Photline MX-LN-40), which was packaged
with an RF amplifier (Photoline DR-DG-40). The modulator was driven by an arbitrary waveform
generator (AWG, Keysight M9502A) to load the signal onto the laser. To enhance the optical
signal, an O-band fiber amplifier (Thorlabs PDFA100) was used for inline optical amplification.
A variable optical attenuator (VOA) was placed after the amplifier to adjust the optical power
supplied to the photodiode. The laser output was then split, with 50% directed to the photodiode
under test and the remaining 50% monitored by an optical power meter (HP 81531A). The
photodiode was electrically probed using a GSG probe (MPI T40A-GSG0100), which was

Fig. 16. Setup for the high-speed large-signal measurement.
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connected to a bias-T (SHF BT65R-A). The photodiode was biased using a source meter (Keithley
2400). The RF signal generated by the photodiode was amplified using an RF amplifier (SHF
S807) before being measured by a sampling oscilloscope (Agilent DCA-X 86100D).

The performance of the measurement system was evaluated by replacing the photodiode with
a 43 GHz commercial photodetector (Discovery DSC 10H). Figure 17 shows its frequency
response, based on the test report provided by Discovery Semiconductor, Inc. The eye diagrams
for 20 Gbps, 30 Gbps, and 40 Gbps NRZ signals at a photocurrent of 0.23 mA are presented in
Fig. 18. A significant SNR drop, from 9.04 to 4.93, was observed when the bit rate was increased
from 30 Gbps to 40 Gbps. This observation indicates that the performance of the system is
limited by the modulator at 40 Gbps operation.

Fig. 17. Frequency response of the 43 GHz commercial photodetector (Discovery DSC
10H). Data points are taken from the test report provided by Discovery Semiconductor, Inc.

Fig. 18. Eye diagrams of a 43 GHz commercial photodetector for 20 Gbps, 30 Gbps, and
40 Gbps NRZ signals at a photocurrent of 0.23 mA.
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