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Abstract—Integrated photodetectors are key building blocks of
scalable photonics platforms. Many recent improvements have
been made for integrated avalanche photodetectors (APDs) op-
erating at infrared telecommunications wavelengths, but their
visible-spectrum counterparts remain relatively unexplored. Here,
we demonstrate PIN-doped silicon APDs for visible light detection,
monolithically integrated with a silicon nitride photonics circuit
via end-fire coupling. An in-depth study of multiple PIN doping
profiles reveals different optimal designs based on the desired
operating regimes. At −49 dBm input power, they show 0.25 A/W
(0.8 A/W) responsivity at reverse bias as low as 0.5 V (5.5 V), with
corresponding dark current of <3 pA (50 pA). We also report
fast RF response with an optimal 3 dB bandwidth of 11 GHz and
gain-bandwidth product of 142 GHz, with all devices yielding open
eye diagrams at 25 Gbps or above. Coupled with CMOS-compatible
fabrication, our APDs will enable scalable photonics applications
in sensing, communications, and quantum technologies at visible
wavelengths.

Index Terms—Avalanche photodiodes, optoelectronic and
photonic sensors, photodetectors, photonic integrated circuits,
silicon photonics.

I. INTRODUCTION

INTEGRATED photonics are becoming increasingly impor-
tant in numerous cutting-edge technologies, not only in

high-speed communications and information technologies [1]
but also in emerging quantum computing and quantum sensing
devices [2], [3]. Much focus is now being placed on the integra-
tion of multiple photonics device elements such as light sources,
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modulators, and photodetectors into a single platform, as well as
leveraging CMOS foundry capabilities for scalable fabrication
and deployment [4], [5], [6].

Avalanche photodetectors (APDs) are an essential component
of integrated photonics as they are fast, highly sensitive, and
are compatible with established silicon photonics platforms [7].
Due to widespread applications in communications networks as
high-speed interconnects, the development of integrated APDs
has been largely focused on infrared telecommunications wave-
lengths [8], [9], [10], [11].

However, visible-spectrum integrated APDs have not been
extensively developed, despite their numerous potential appli-
cations in visible-light communications [12], [13], bioimag-
ing [14], [15], [16], quantum sensing [17], [18], quantum infor-
mation [2], [19], [20], and LiDAR [21], [22]. Moreover, unlike
superconducting detectors used in many quantum photonics
demonstrations [23], [24], integrated APDs would not require
cryogenic cooling [25], and thus are well-suited for developing
systems for scalable deployment. A key technical challenge for
the development of visible-light devices is the coupling of the
APD to the input waveguide: while interlayer transitions are the
common approach for infrared devices, it is challenging for vis-
ible wavelengths due to the long coupling lengths required, and
may lead to trade-offs in noise and bandwidth performance [26].
However, we also note that several recent reports have utilized
this approach at or near visible wavelengths [27], [28], [29].

Recently, our group demonstrated the first integrated APDs
for visible light [26] based on doped silicon (Si) waveguides,
where we developed an end-fire coupling interface to achieve
efficient input coupling to a silicon nitride (SiN) photonics
circuit. We found that devices with a lateral PN doping profile
showed superior performance compared to an interdigitated
PN doping profile. However, we were only able to study one
lateral doping profile. Here, we extend the development of the
visible-spectrum integrated APDs by performing an in-depth
study of PIN doping profiles, which are widely used in Si-Ge
integrated APDs for infrared wavelengths [30], [31], [32]. The
magnitude of avalanche gain is closely related to the electric
field strength, and thus the addition of an intrinsic region could
enhance the APD responsivity by widening the high-field de-
pletion region. However, the peak electric field strength would
also be lowered, which might affect avalanche multiplication
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Fig. 1. Device structure and schematics. (a) Schematic of the APD device,
showing the asymmetric Si rib waveguide end-fire coupled to an input SiN
waveguide. The red arrow denotes the propagation direction of input light.
The inset shows the simulated optical mode in the Si rib waveguide. (b)
Scanning electron microscope (SEM) image of the Si-SiN coupling interface of
a fabricated device, without the top SiO2 cladding. (c) Cross-section schematic
showing the doping profile of the Si rib waveguide. The intrinsic region has a
widthΔw, and its center is displaced byΔj from the right edge of the waveguide
core.

efficiency [33]. Changes in the depletion region width, and hence
junction capacitance, would also influence the bandwidth.

In this work, we explore numerous PIN doping profiles to find
the optimal device design based on the performance metrics of
dark noise, device responsivity, bandwidth, and eye diagrams.
Besides generally strong performance based on these metrics
across the device variants, we also show that the doping profiles
can be optimized for different required operating regimes.

II. DEVICE DESIGN AND SETUP

The device design is shown in Fig. 1. The APD comprises
of a Si rib waveguide of 16 µm length, sufficiently long for
almost complete light absorption at visible wavelengths (>99%
at 685 nm). The waveguide core width is 900 nm; the slab and
rib heights are 180 nm and 70 nm, respectively. The device
is cladded with 3 µm and 2 µm of SiO2 above and below,
respectively. We note that apart from ratio of the slab height
to the overall waveguide height, the device dimensions follow
that of the optimal design of our previous work [26].

The devices have a lateral p-i-n+ doping configuration which
is uniform over the length of the Si waveguide. Here, we study
the variation of the width Δw of the intrinsic region, and the
displacement Δj of its center from the edge of the waveguide
core. In total, we investigate 16 device variants with Δw and Δj
each having a value of 200, 300, 400, or 600 nm. The target n+ (p)
doping concentrations are 1× 1019 (2× 1017) dopants/cm3.

Electrical contacts are established via metal contacts on top
of heavily doped p++ and n++ regions at the far ends of the
3 µm-wide Si slab.

We integrate the APD with a SiN photonics circuit via end-fire
coupling to a rectangular SiN waveguide on the same device
layer. The SiN waveguide dimensions match those of the Si
waveguide core to minimize coupling losses, which are theoret-
ically estimated to be<1 dB, limited mostly by Fresnel reflection
losses [34]. Inverse-taper edge couplers with a minimum width
of 150 nm allow for efficient light coupling from lensed optical
fibers.

A. Device Fabrication

The devices were fabricated at Advanced Micro Foundry on
an 8-inch silicon photonics platform. Starting with silicon-on-
insulator (SOI) wafers with 340 nm Si thickness, the process
flow is similar to our previous work [26], except that Si epitaxy
was replaced with an etching process to obtain the required Si
layer thickness.

We have tested over 100 devices across all design variants,
chosen from different parts of the wafer. All tested devices were
working and show repeatable results, indicating a robust and
high-yield fabrication process.

B. Device Characterization

A full description of the characterization methods can be
found in Appendix B. Briefly, a lensed fiber (2 µm spot diam-
eter) delivers 685 nm continuous-wave (CW) laser light to the
waveguides. The input light is horizontally-polarized, exciting
the fundamental TE waveguide mode. Electrical probes establish
electrical connections to on-chip contact pads.

Via cutback measurements [26], we obtain a total insertion
loss of 3.1 ± 0.2 dB, consisting of the fiber-waveguide coupling
loss (1.3± 0.1 dB), SiN waveguide propagation loss (∼ 0.1 dB),
and SiN-Si end-fire coupling loss (1.7 ± 0.2 dB). We obtain the
input powerPin by subtracting the insertion loss from the optical
power output of the lensed fiber.

III. CURRENT-VOLTAGE (I-V) CHARACTERISTICS

We study the current-voltage (I-V) characteristics of the de-
vices by measuring the device current Idev while varying the
reverse bias voltage VB for different optical input powers Pin,
as well as the dark current Idark for Pin = 0. From the data, we
calculate the responsivity R = (Idev − Idark)/Pin. Results for a
typical device with Δw =Δj = 200 nm are shown in Fig. 2(a).

In general, Idev increases with VB, and grows more sharply for
VB > 10 V (see Fig. 2(a)). This indicates greater avalanche mul-
tiplication as the applied bias approaches the breakdown voltage,
which we define here as the reverse bias where Idark reaches
0.1 mA. Unlike our previous PN-doped integrated APDs [26],
the responsivity R of the current PIN-doped devices varies
nonlinearly with increasing Pin, even for low VB (see Fig. 2(b)).
In particular, besides the responsivity saturating at large Pin, all
device variants exhibit a positive nonlinearity — also referred to
as supralinearity — at intermediate Pin ∼ −30 dBm. This effect
has been studied in other Si photodetectors [35], [36], [37], [38],
and may be caused by higher optical powers increasing the filling
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Fig. 2. Current-voltage (I-V) characteristics of a device with
Δw = Δj = 200 nm. (a) Device current Idev for varying reverse
bias VB at different input optical powers Pin. (b) Device responsivity
R = (Idev − Idark)/Pin for varying Pin at VB = 2 V. Insertion losses are
accounted for in the reported Pin values. Error bars reflect uncertainties in fiber
alignment, insertion losses, and input power.

of traps at the Si-SiO2 interfaces, which decreases recombination
losses.

We are unable to obtain data for Pin < −60 dBm due to
difficulties in reliably measuring such low input optical powers
in our setup. Nonetheless, using the responsivity values obtained
atPin =−58 dBm, we estimate that our devices have a minimum
detectable power ofPin ∼−70 dBm, where Idev approaches Idark.

A. Comparing Different Doping Profiles

Next, we compare the I-V characteristics across all 16 device
variants. Overall, the breakdown voltage increases with the
intrinsic region widthΔw due to lower peak electric fields across
a wider depletion region. For a fixed Δw, we observe consistent
trends related to the intrinsic region displacement Δj. We focus
here on the results forPin =−49 dBm, as shown in Fig. 3, though
we note that the observed trends hold for other input powers.

For low reverse bias VB < 10 V, all devices have similarly low
dark currents Idark, with Idark ∼10 pA at VB = 2 V, increasing to
∼100 pA or less at VB = 8 V.

With input light, devices with a smaller Δj yield a larger
Idev (and responsivity R) even at zero bias. This is likely due to
the optical mode in the Si waveguide having a larger overlap
with the depletion region when it is less displaced from the
center of the waveguide, leading to greater interaction of the
photogenerated charge carriers with the higher electric fields.

As such, we do not focus on the device “gain,” typically defined
as the ratio of the responsivity at a target bias to that at zero or
low bias: since the responsivities are different even at zero bias,
a larger gain does not necessarily imply an overall larger device
response.

At high reverse bias VB > 10 V, the trend is reversed, and
devices with largerΔj show a larger Idev and a lower breakdown
voltage. With the depletion region displaced further away from
the waveguide core, the photogenerated charge carriers travel a
longer distance over which impact ionization can occur, leading
to greater avalanche multiplication. This effect would be more
significant at higher bias, and also agrees with the results of
Geiger-mode simulations for single-photon detection where the
devices are biased beyond the breakdown voltage [33].

B. Optimal Device for Different Bias Ranges

In practice, it is advantageous to operate the APDs at a lower
reverse bias VB, assuming the responsivity is not sacrificed. The
benefits include lower dark noise, lower power consumption, as
well as cost-effectiveness in producing the required bias voltage.
Here, for a given input power ofPin =−49 dBm, we consider two
use cases with different target responsitivies R of 0.25 A/W and
0.8 A/W, corresponding to a lower and higher range of operating
bias that is not too close to the breakdown voltage. The optimal
device is then the one that achieves the target responsivity at the
lowest bias VB. We focus here on devices with Δj = 200 nm
(see Fig. 4), having shown above that these devices show the
highest responsivities except at highVB near breakdown. We also
consider the power consumption levels in the “standby” and “on”
states, where “standby” power dissipation is given by the dark
current only, and “on” state assumes constant continuous-wave
input.

For the lower responsivity of R = 0.25 A/W, the largest
intrinsic region width Δw = 600 nm gives the lowest required
bias of VB = 0.5 V with Idark < 3 pA. This also reflects the effect
of larger overlap of the depletion region with the optical mode, as
mentioned above. The “standby” and “on” power consumption
levels would be <1.5 pW and 1.6 nW, respectively. On the other
hand, for the higher responsivity of R = 0.8 A/W, it is the
smallest Δw = 200 nm that gives the lowest required bias of
VB = 5.5 V with Idark = 50 pA. This seems to indicate that the
higher peak electric field of a narrower depletion region induces
a greater device response in this bias range. This device would
consume for 0.28 nW and 55 nW for “standby” and “on” states,
respectively.

Thus, choosing an optimal device design would depend on
the operating conditions and requirements. A full set of data for
all device variants can be found in Appendix A.

C. Comparison With PN-Doped Device

Here we compare a representative PIN-doped device
(Δw = Δj = 200 nm) with a PN-doped device similar to
those reported in our previous study [26]. Both device types
have almost identical waveguide dimensions (900 nm width,
250 nm height), except that the PN device has a symmetric
rib waveguide, with both slab and rib heights being 125 nm.



2446 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 41, NO. 8, APRIL 15, 2023

Fig. 3. Current-voltage (I-V) characteristics of all device variants. Each subfigure shows devices with the same intrinsic region width Δw, but different intrinsic
region displacement Δj. Solid lines show measurements with input optical power Pin = −49 dBm (after accounting for insertion losses); dashed lines show dark
current Idark. All subfigures share the same legend.

Fig. 4. Reverse bias voltage VB required to achieve two target responsivities
for devices withΔj= 200 nm, under a constant input power ofPin =−49 dBm.
The corresponding power consumption PON is also shown. For the devices in
this plot, the power dissipation due to dark current contributes negligibly to PON
(see also Table II).

However, we do not expect this to significantly influence our
comparison.

From the I-V characteristics shown in Fig. 5(a), the PIN device
has a lower current response Idev across a range of input pow-
ers Pin, but also has a lower dark current Idark. Hence, for a more
meaningful comparison, we discuss the signal-to-noise ratio
SNR = (Idev − Idark)/Idark of the two devices (see Fig. 5(b)).
For a low Pin =−58 dBm, the PN device generally has a higher
SNR than the PIN device. At higher Pin, we observe a high-bias

regime at VB > 10 V where the PIN device performs better than
the PN counterpart; both devices have comparable SNR at lower
bias. We note that in general, SNR decreases for highVB near the
breakdown voltage as the avalanche gain of dark current starts
to become dominant.

As the PIN devices exhibit low Idark and high SNR, they
could be a more suitable choice for applications that are sensitive
to dark current levels and passive power consumption, such as
optical power monitors in integrated photonic circuits [39], [40].

IV. RF PERFORMANCE

To characterize the RF response of the devices, we modulate
the input light and measure the frequency-dependent device
current at different reverse bias voltages VB (see Fig. 6(a)). We
then extract the 3 dB bandwidth, which we define with respect to
a reference frequency of 1 GHz, as well as the gain-bandwidth
product (GBP).

Fig. 6(b) and (c) compare the 3 dB bandwidth and GBP,
respectively, of devices with varying intrinsic region width Δw;
we do not observe any significant influence of the intrinsic region
displacementΔj on the RF response. We observe the bandwidth
increasing with VB due to a larger bias widening the depletion
region and lowering the junction capacitance. However, we do
not observe the same trend with increasingΔw, as the bandwidth
and GBP become lower. This could indicate that across these
wider depletion regions, the bandwidth becomes transit-time
limited [41], due to lower electric fields leading to slower drift
velocities.
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Fig. 5. Comparison of I-V characteristics of a PIN-doped device
(Δw = Δj = 200 nm) with a PN-doped device of similar structure and
design [26]. (a) The device current Idev for three different input powers Pin,
as well as the dark current Idark. (b) The signal-to-noise ratio SNR = (Idev −
Idark)/Idark. Data forVB < 1.5 V is not shown as Idark is below the measurement
noise floor.

From Fig. 6(b) and (c) we see that the bandwidth and GBP do
not appear to have saturated yet for Δw = 400, 600 nm devices
at VB = 20, 25 V. However, we do not measure at even higher
bias as the devices would then be in the breakdown regime,
where the noise is high due to dark current amplification, and
the high-speed response would also be limited by avalanche
buildup time [40], [42].

The highest 3 dB bandwidth of 11 GHz is measured
for a device with {Δw,Δj} = {200, 200} nm, while the
largest GBP of 142 GHz is achieved by a device with
{Δw,Δj} = {200, 300} nm.

We also measured eye diagrams to demonstrate the high-speed
communications capabilities of our devices. Despite the differ-
ences in bandwidth and GBP, all device types show open eyes
up to at least 25 Gbps, but not above 35 Gbps; a typical result is
shown in Fig. 7. There are no obvious trends between variations
of Δw or Δj.

V. BENCHMARKING

In Table I, we benchmark the performance of our devices
against other recent reports of integrated APDs. We do not
restrict the comparison to only visible-spectrum devices, but
also include those operating at infrared wavelengths, though we
note that our list is not exhaustive. A more detailed comparison

Fig. 6. RF performance of the PIN devices. (a) RF response at different reverse
bias VB for a device with {Δw,Δj} = {200, 300} nm. Dashed lines indicate
the 3 dB rolloff point with respect to the reference frequency of 1 GHz. (b) 3 dB
bandwidth for devices with Δj = 200 nm. (c) Gain-bandwidth product (GBP)
for devices with Δj = 300 nm. The input power is Pin =−7.4 dBm for all plots
in this figure.

Fig. 7. Open eye diagram at 25 Gbps for a device with {Δw,Δj} =
{200, 300} nm, measured with Pin = 1.1 dBm. All devices show open eye
diagrams up to 25 Gbps or higher.

with the PN-doped devices from our previous work [26] is given
in Section III above.

Compared with other APDs, our devices exhibit strong per-
formance as they have high responsivity R and low dark current
Idark. While the 3 dB bandwidth and GBP are somewhat lower
than the highest values in the table, our devices could still
be advantageous for applications where low noise and power
consumption are more critical than very high speeds, such as in
imaging and sensing.
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TABLE I
BENCHMARKING OF DEVICE PERFORMANCE AGAINST OTHER RECENT REPORTS OF INTEGRATED APDS

VI. CONCLUSION

We have reported visible-light APDs based on Si rib waveg-
uides with PIN doping profiles that are integrated with a SiN
photonics circuit. The devices are fabricated at a commercial
Si photonics foundry with a CMOS-compatible process. A sys-
tematic characterization of multiple device designs at 685 nm
has identified optimal doping profiles for different operating
bias voltage ranges: At −49 dBm input power, responsivities of
0.25 A/W (0.8 A/W) can be achieved at low reverse bias of 0.5 V
(5.5 V), with a corresponding dark current of <3 pA (50 pA).
The highest bandwidth and GBP are 11 GHz and 142 GHz,
respectively, and the devices show open eye diagrams at 25 Gbps
or above.

Our PIN devices show strong performance, including better
SNR in some operating regimes, when compared to PN devices
with similar waveguide designs detailed in our recent report [26].

Given that the doping profile design is a significant determin-
ing factor of APD performance, our in-depth study is a valuable
contribution to the development of integrated APDs for visible
light, and could also provide insights for improving integrated
APDs based on other material platforms for other wavelengths.
Moreover, this study provides an important milestone in advanc-
ing towards Geiger-mode operation for single-photon counting.
Preliminary testing has shown that further optimization of device
design and fabrication processes is required for stable, low-
noise Geiger-mode operation. The advent of CMOS-compatible
visible-spectrum integrated single-photon detectors would pave
the way for widespread deployment of such devices in integrated
quantum photonics platforms for applications in quantum com-
munications, photonic computing, and quantum sensing.

APPENDIX A
REVERSE BIAS VOLTAGE VB FOR DIFFERENT TARGET

RESPONSIVITIES

Table II shows the reverse bias VB required for achieving
two target responsivities R of 0.25 A/W and 0.8 A/W for
all 16 device variants, with their different values of intrinsic
region width Δw and its displacement from the waveguide core

TABLE II
REVERSE BIAS VB AND POWER CONSUMPTION AT TWO DIFFERENT

TARGET RESPONSIVITIES

Δj. The input power is Pin = −49 dBm. We also include the
power consumption for both “standby” and “on” conditions, as
described in the main text.

In Section III, we highlight the case for Δj = 200 nm, where
the required VB to achieve the lower target of R = 0.25 A/W
decreases with a larger Δw. We note that this trend reverses for
values of Δj >= 300 nm.

The trend for the higher target of R = 0.8 A/W is consistent
for all Δj values: the required VB increases with Δw.

APPENDIX B
CHARACTERIZATION METHODS

A. Current-Voltage (I-V) Measurements

Measurements of DC characteristics are typically performed
with DC electrical probes, but we use RF probes here for
practical reasons: to minimize the changing of probes in the
setup across different lab users.
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Each RF probe (Formfactor Infinity, GSG, 67 GHz) contacts
one of the pads (P or N) with the signal (S) pin; the ground
(G) pins rest on the SiO2 cladding. The coaxial RF probes are
connected to a sourcemeter (Keithley 2636B) via a triax-to-coax
adapter (guard disconnected). The noise floor is dominated by
the leakage current in the coaxial segments (RF probes and coax
cables). To minimize noise, the adapter is placed close to the
probes, with the coaxial cable length kept short (55 cm). The
resultant noise floor is < 2 pA.

For I-V measurements, the reverse bias voltage VB is swept
from 0 V up to a threshold voltage where the device current
Idev exceeds a limit of 200 µA. We note that this current limit
is slightly higher than threshold of 100 µA used to define
the breakdown voltage. We reset the device after each sweep
by applying a forward bias voltage to mitigate the effect of
breakdown voltage drifts, which have been discussed in our
previous work [26], though we note that the drifts occur much
more slowly in our current devices. Furthermore, to ensure
consistent results, the I-V measurements are repeated until the
threshold voltage of consecutive sweeps are consistent within
0.1 V (usually achieved within two to three measurements); only
the consistent measurements are considered in our data analysis.

Exceptions are made for input powers exceeding −20 dBm,
as Idev > 200 µA even for low VB, far away from breakdown.
Instead, we sweepVB from 0–10 V, not increasing the bias further
to avoid the risk of high Idev damaging the device permanently.
We also record an instance of instantaneous device failure due
to high Idev when input power Pin was increased to 7 dBm for
one device. As such, all other devices were tested only up to
Pin = 0 dBm.

B. RF Measurements

For RF bandwidth and eye diagram measurements, we use a
single RF probe in a GS configuration (each pin contacting one
of the two pads). Due to the aforementioned drift behaviour, the
devices require up to a few minutes to stabilize after the bias
is initally applied. Measurements are recorded only after the
devices have stabilized.

The CW input laser is modulated using a 40 GHz electro-
optic modulator (EOM, Eospace AZ-AV5-40-PFA-PFA-700).
The EOM is operated at 65 °C to suppress the photorefractive
effects. We maintain the EOM at its quadrature point, i.e. the
DC bias is adjusted such that the EOM output power is at
50% of its maximum value. The RF drive is supplied by an
Agilent E8363C network analyzer, which also measures the
output signal from the APD, giving the RF frequency response of
the devices. The measured data is corrected for the electro-optic
S21 response of the EOM, and smoothed with a Savitzky–Golay
filter.

For eye diagram measurements, a bit pattern generator (SHF
12104 A together with Anritsu MG3693C) is used to gener-
ate non-return-to-zero on-off keying patterns (NRZ-OOK) with
pseudorandom binary sequences (PRBS) of length 27-1. These
patterns are then amplified (Centellax OA4MVM3) and used to
modulate the RF signal driving the EOM.
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