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ABSTRACT

Most, if not all, photonic quantum computing (PQC) relies upon superconducting nanowire single-photon detectors (SNSPDs) typi-
cally based on niobium nitride (NbN) operated at a temperature <4 K. This paper proposes and analyzes 300 K waveguide-integrated
germanium-silicon (GeSi) single-photon avalanche diodes (SPADs) based on the recently demonstrated normal-incidence GeSi SPADs
operated at room temperature, and shows that their performance is competitive against that of NbN SNSPDs in a series of metrics for
PQC with a reasonable time-gating window. These GeSi SPADs become photon-number-resolving avalanche diodes (PNRADs) by deploy-
ing a spatially-multiplexed M-fold-waveguide array of M GeSi SPADs. Using on-chip waveguided spontaneous four-wave mixing sources
and waveguided field-programmable interferometer mesh circuits, together with the high-metric SPADs and PNRADs, high-performance
quantum computing at room temperature is predicted for this PQC architecture.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0219035

I. INTRODUCTION

The field of optical quantum information processing, includ-
ing sub-fields that use photons for quantum computing,’ quantum
communication,” and quantum metrology,” to name a few, has
greatly evolved in the past several decades. Particularly, due to
advancements in photonic integrated circuit (PIC) technologies,
quantum states represented by the polarization, path, energy, and
other degrees-of-freedom of single photons can now be efficiently
controlled. This enables the implementation of large-scale pho-
tonic quantum computing (PQC) systems, which usually consist
of three main building blocks:* (1) quantum sources that generate
single photons, (2) quantum circuits that manipulate single pho-
tons, and (3) quantum detectors that measure single photons. These
main three building blocks can be integrally or separately imple-
mented on chips, with fiber-optic interfaces sometimes between the
chips as well as sometimes between the chips and free-space optics.

Various quantum algorithms that may possess advantages over clas-
sical algorithms have been demonstrated, including photon-based
(or number-based) computations such as two-photon quantum
machine learning,” Gaussian boson sampling,® and qubit-based
(or gate-based) computations such as prime number factorization”
and variational eigenvalue solving.”

In the literature, there is a large body of PQC works, both the-
oretical and experimental, on operating at a cryogenic temperature,
usually <4 K, mainly because of the essential need to employ on-
chip superconducting nanowire single-photon detectors (SNSPDs)
typically based on nobium nitride (NbN). It has been universally
perceived-and-believed that SNSPDs have unmatched and supe-
rior performance metrics, and offer the most practical approach to
integrating quantum detectors with PICs. These SNSPD assump-
tions and reliance are called into question here. In this paper, a
new “room-temperature PQC paradigm” is proposed, based on the
recently demonstrated normal-incidence germanium-silicon (GeSi)
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single-photon avalanche photodiode (SPAD) operated at 300 K,’
and we show that it is the key enabler of the proposed room-
temperature PQC paradigm when a reasonable time-gating window
is applied. This paradigm operates at shortwave infrared (SWIR)
wavelengths and uses the Si-wafer-based Si-on-insulator (SOI) and
Ge-on-Si (GOS) technologies, which have been the standards for
silicon photonics (SiPh) to achieve complementary metal-oxide-
semiconductor (CMOS) fabrication compatibility. In the following,
we shall discuss (1) the general considerations of PQC operated
at room temperature, (2) the design and optimization of a pro-
posed waveguide-integrated GeSi SPAD featuring larger than 95%
quantum efficiency (QE) simultaneously at the C and O bands, (3)
the analysis on scaling the dark count rate (DCR) of the demon-
strated normal-incidence GeSi SPAD to estimate the DCR of the
proposed waveguide GeSi SPAD, (4) the considerations and deriva-
tions of figures of merit for the single-photon detector (SPD) as
well as the photon-number-resolving detector or “number-photon
detector” (NPD) used in PQC to benchmark the proposed 300 K
waveguide GeSi SPAD with the present-art <4 K waveguide NbN
SNSPD,'""'* and (5) the possibility of performing PQC in SiPh at
midwave infrared (MIR) wavelengths using SOI waveguide'’ and
GeSn-based detectors.'*™"”

Il. GENERAL CONSIDERATIONS OF PQC AT ROOM
TEMPERATURE

Figure 1 shows the proposed room-temperature PQC paradigm
with integrated SiPh. Starting with the quantum source part, gen-
erally, two types of solid-state implementations may be applied
for the quantum sources serving single photons: (1) on-demand
single-photon generation from single quantum dots, defects, or
impurities,'”"” weakly coupled to optical microcavities or nanocav-
ities, and (2) heralded single-photon generation from on-chip
optical waveguides through nonlinear optical processes such as
spontaneous parametric down-conversion (SPDC)*! or sponta-
neous four-wave mixing (SFWM).”> To produce single pho-
tons that are highly indistinguishable and pure, the approach of
applying quantum dots, defects, or impurities requires cooling
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the systems down to cryogenic temperatures typically <4 K to
avoid phonon broadening of spectral lines and therefore may not
be suitable for room-temperature PQC. On the other hand, with
the advancement of spatial, temporal, and spectral multiplexing
techniques to overcome the probabilistic nature of heralded single-
photon generation,”” ** quantum sources that generate single pho-
tons through on-chip optical waveguides with off-resonant optical
nonlinearities have become practical for room-temperature PQC.
Since the SOI waveguides commonly used in SiPh inherently possess
third order Kerr nonlinearity, the SFEWM source is assumed in the
proposed room-temperature PQC paradigm with integrated SiPh.
Moreover, an increased value of Kerr index n; can be attained if
SiGe alloy is employed as the ring-waveguide material in the SFWM
sources.

For the part of quantum circuits, we assume the use of a
field-programmable interferometer mesh (FPIM) implemented by
cascaded Mach-Zehnder interferometers (MZIs),”*”’ so that vari-
ous quantum algorithms can be performed by manipulating the path
degree of freedom of single photons at room temperature. Note that
although in Fig. 1 the quantum circuits are composed of SOI wave-
guides, lower-loss silicon nitride (SiN) waveguides can also be used.
Finally, for the part of quantum detectors, SPDs and NPDs based
on the proposed waveguide GeSi SPADs operated at room temper-
ature are assumed, which will be the main topic of discussion in the
following sections.

lll. WAVEGUIDE GeSi SPAD
A. Structural design

Translating the design of an avalanche photodiode (APD) from
normal incidence geometry to waveguide geometry is less straight-
forward compared to the case of a photodiode (PD). This is due
to the additional carrier multiplication layer that is typically much
thicker than the SOI layer thickness, making an efficient coupling
between the single-mode SOI waveguide and the waveguide GeSi
APD hard to achieve. As an example, even for the low-breakdown-
voltage design ~—10 V demonstrated in Ref. 9, the thickness of the

Quantum Sources

Quantum Circuits

Quantum Detectors

FIG. 1. Schematic plot of the proposed room-temperature PQC paradigm with integrated SiPh using the path degree of freedom of single photons: single photons are
generated through SFWM (green pulses converted to blue and red pulses) in SOI rings (orange circles), followed by active temporal multiplexers (orange boxes that block
the blue pulses), and active spatial multiplexers (orange boxes that convert serial pulses to parallel pulses) (quantum sources), manipulated by a FPIM using cascaded MZIs
(quantum circuits), and measured by the proposed waveguide GeSi SPADs as SPDs and/or NPDs (quantum detectors). An application-specific integrated circuit (ASIC)
layer is assumed to be flipped and bonded on the PIC layer with copper (Cu)-Cu pillars (yellow lines) connected wafer-level hybrid bond, or with metal bumps (yellow lines)
connected chip-on-wafer-on-substrate (CoWoS) packaging. The off-chip fiber couplings are either for the pump lasers or the optical delay lines.
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Si layer can be as thick as 670 nm and is not compatible with the
standard 220 nm SOI layer thickness. An inverse taper connecting
the SOI waveguide to the Si layer is one possible solution. How-
ever, the evanescent coupling between the Ge layer and the Si layer
is rather weak because of the effective index mismatch, especially for
thicker waveguiding layers. It is possible to create a butt coupling
between the end of the inverse taper and the beginning of the Ge
layer, but the fabrication processes may be much more complicated.
Here we consider a step coupler’® that connects the SOI waveguide
and the Si layer, and, due to the multi-mode interference (MMI) in
the vertical direction, the optical fields oscillate up-and-down in the
waveguide GeSi APD so that the Ge layer absorbs light efficiently. In
addition, an aluminum (Al) back mirror at the end of the device is
considered to induce reflections that effectively increase the absorp-
tion length so that the actual device length can be further minimized.
See Fig. 2 for the schematic plots of the proposed waveguide GeSi
APD.

The structure shown in Fig. 2 may be fabricated by either a
top—down or a bottom-up approach. For the top—down approach,
blanket epitaxy of the Si layer and the Ge layer is first applied, fol-
lowed by a series of dry and wet etches to sequentially define the
Ge mesa, Si mesa, and SOI waveguides. In this case, special atten-
tion should be paid to the surface roughness of the SOI waveguides
since both their top surface and the sidewalls are formed by etching,
which may be challenging to achieve ultralow waveguide loss. Alter-
natively, as previously mentioned, SiN waveguide may be applied
instead and fabricated right before the Al back mirror fabrication
to serve as the main waveguiding backbone. For the bottom-up
approach, selective epitaxy of the Silayer in a patterned oxide trench
is applied, followed by chemical-mechanical polishing (CMP) to
form the Si mesa. Then, similar processes are repeated to form the Ge
mesa. In this case, complex fabrication steps such as selective epitaxy
and mesa CMP are involved, so it may be challenging to determine
the recipes for selective epitaxy and mesa CMP that effectively main-
tain high material quality and planarize the mushroom-shape-like Si
and Ge mesas, respectively. In both approaches, the Al back mir-
ror is fabricated by first forming a trench right after the end of
the waveguide GeSi SPAD by etching oxide, followed by deposit-

Al

Ge . Al Sidewall Mirror
- s tayen) GeSi SPAD

Si (rib etch)
B si (¢ layer)

si0, Step Coupler

Si Taper

Si Waveguide
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ing and patterning Al to serve as the back mirror. Afterward, the
large topography may be filled by oxide deposition and planarized
by oxide CMP, before finally going through the backend metal
processes.

B. QE optimization

Next, finite-difference time domain (FDTD) simulations are
performed to optimize the QE of the proposed waveguide GeSi
SPAD. Following Ref. 9, the Ge layer and the Si layer thicknesses
are set to be 450 and 670 nm, respectively. The SOI layer thickness
is assumed to be 220 nm, and the buried oxide (BOX) thickness is
assumed to be 2 ym. Due to the tensile strain induced by the ther-
mal expansion coefficient mismatch between Ge and Si during the
epitaxy process, to accurately account for the Ge absorption coeffi-
cients around the C bands, experimental data in Refs. 9 and 29 are
used in the FDTD simulations. The standard simulation procedure
to calculate the QE is to (1) define the material n/k values, the device
geometry, and the operation wavelength, (2) excite the SOI wave-
guide with its fundamental mode, and (3) monitor the absorption in
the Ge region.

Figure 3(a) shows the simulated QE at 1550 nm wavelength as
a function of step coupler length (Lcyyprer) and Ge length (L), with-
out the addition of the Al back mirror. The beat lengths of the MMI
can be clearly observed at 1.4, 5.3, and 9.2 ym, and the highest QE
achievable for Ge length <15 ym is about 90%. Figure 3(b) shows
the simulated QE at 1550 nm wavelength as a function of gap length
(Lcap) and Ge length (L), with the addition of the Al back mirror.
It is observed that QE larger than 95% can be obtained when Leouprers
Lgap, and Lg, are appropriately chosen. In Fig. 3(c), the spectral QEs
centered at 1550 and 1310 nm wavelengths are plotted, and in both
cases, the QEs can be larger than 95% at the two center wavelengths.
The rapid decrease of QEs at wavelengths >1550 nm is due to the
rapid decrease in absorption coefficients when the photon energy
becomes smaller than the Ge T valley energy bandgap. Note that
while not shown here, the QEs at 1310 nm are scanned in similar
manners as in Figs. 3(a) and 3(b), so that when picking the final val-

(b)

Step Coupler

Si Waveguide

Si Taper

si0,

FIG. 2. (a) Top view of the proposed waveguide GeSi SPAD, in which the materials assumed are listed. (b) Cross-sectional view of the proposed waveguide GeSi SPAD, in

which the variables for optimizing QE are illustrated.
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FIG. 3. (a) QE of the proposed waveguide GeSi SPAD without the Al back mirror, simulated at 1550 nm as a function of coupler length and Ge length. (b) QE of the proposed
waveguide GeSi SPAD with the Al back mirror, simulated at 1550 nm as a function of gap length and Ge length. (c) QE of the proposed waveguide GeSi SPAD with the Al
back mirror, simulated as a function of wavelength centered at 1550 + 50 nm (around the C band) and 1310 + 50 nm (around the O band), given the optimal conditions, that
is, coupler length equal to 1.4 um, gap length equal to 0.36 m, and Ge length equal to 14.2 um. While the above data are obtained by 2D FDTD simulations, we also verify

that for Ge width >1 um and mesa design rule <200 nm, there is little difference between the data obtained by 2D and 3D FDTD simulations.

ues for parameters Lcouplers LGaps and Lg,, the QEs at the two center
wavelengths can be examined and maximized at the same time.

C. DCR scaling

In Ref. 9, at room temperature, a normal-incidence GeSi SPAD
with a 15 ym active region diameter exhibits DCRs as low as 5 and
10 MHz at excess biases of 1 and 2 V, respectively, along with a low
breakdown voltage of —10.26 V. Note that the active region diameter
is defined as the diameter of the Ge mesa. For the proposed wave-
guide GeSi SPAD, the estimated sizes of Ge mesa would be 14.2 ym
long based on the simulations in Sec. III B, and 2 ym wide so that
there is sufficient surface area to place contact vias without perturb-
ing the light in the Ge layer. To estimate the DCR more accurately
when scaling the sizes of the Ge mesa, we refer to the dark cur-
rent data measured over five reference PDs different in diameters.” "’
These reference PDs were originally designed to locate the unity gain
point of the corresponding APDs but they can also be used to extract
the device bulk and surface dark current densities. In Fig. 4, the mea-
sured dark currents at —1 V reverse bias normalized by the Ge mesa

circumference are plotted as a function of Ge mesa diameter. In this
representation, the intercept and the slope of the curve correspond
to the surface dark current density and bulk dark current density,
and they are found to be 4.12 yA/cm* and 0.7 nA/cm, respectively.
These are the lowest values reported in the literature to the best of
our knowledge, which enable the room-temperature operation of
GeSi SPAD reported in Ref. 9. Based on the above numbers on areas
and dark current densities, the DCRs of the proposed waveguide
GeSi SPAD are estimated to be ~0.8 and 1.6 MHz at excess biases
of 1 and 2V, respectively.

IV. BENCHMARKS BETWEEN GeSi SPAD
AND NbN SNSPD FOR PQC

A. Considerations on the figures of merit of SPD
and NPD for PQC

To evaluate the performance of SPDs, noise-equivalent power
(NEP) that is proportional to the square root of the DCR and
inversely proportional to the single-photon detection efficiency
(SPDE) has been commonly used. This is a signal-to-noise-ratio-like
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FIG. 4. Dark current of GeSi PD at —1 V reverse bias, normalized by its active
region circumference, plotted as a function of active region diameter. The exper-
imental data (blue dots) consist of the average dark current between two device
repeats (the ratio of the standard deviation to the average is <2%) for five dif-
ferent active region diameters. The linear fitting (red line) shows the bulk dark
current density and the surface dark current density with its slope and intercept,
respectively.

figure of merit and is useful for applications where the lowest optical
power of a continuous wave (CW) or a pulse that can be detected
is concerned. For example, in light detection and ranging (LiDAR)
applications, it is often desired to know the maximum distance that
a LiDAR system can perceive, which is directly related to the NEP of
SPDs. However, it has been pointed out that in quantum key distri-
bution (QKD) applications, the contribution to quantum-bit error
rate by SPDs is directly related to the ratio of the DCR to the sifted
photon count rate (PCR),’! so that a signal-to-background-ratio like
figure of merit, for example, DCR multiplied by timing jitter (T7)
divided by SPDE, should be used. Here, the timing jitter refers to the
minimal time-gating window that can be applied. Therefore, choos-
ing the right figure of merit highly depends on the key metrics of
interest in different applications.

For the quantum detectors in PQC applications, the key metric
should be whether a photon state can be faithfully detected in the
presence of the DCR for each run of the experiment. In this sense,
signal-to-noise-ratio or signal-to-background-ratio like definitions
are not only loosely related to this metric but also put too much
emphasis on the DCR due to its placement in the denominator of
these ratios. In the following, we derive several figures of merit that
are suitable for the quantum detectors used in PQC in general.

B. Derivation of figures of merit for SPD
and NPD for PQC

First, we assume all photon detection events occur in a single
or multiple pre-defined time-gating windows with a temporal width
T > T]. While this is not a valid assumption for LIDAR applications
because it is not possible to know the time-of-flight of all photons
reflected from a scene in advance, this is a reasonable assumption
for PQC applications because the time-of-flight of single photons in
pre-defined quantum circuits can be predictable. This is especially
true for the FPIM assumed in Fig. 1, in which single photons reach
the quantum detectors at multiple instances separated by a constant
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temporal period that is associated with the delay introduced by an
individual MZI. As to be shown in the following, with a resonable
time-gating window the deleterious effects of the SPAD DCR in the
proposed room-temperature PQC paradigm can be negligible.

For the scheme of photon-based PQC, we assume each of the
output ports of the FPIM is terminated with an NPD consisting of a
spatially-multiplexed array of waveguide SPDs. When an N photon
state is measured, the “click” and “success” probabilities of photon
detection can be defined as

Paick = Poo(Pec(1 = Ppc)+(1 = Ppc)Ppc + PrcPnc)™ (1-Ppc)™ V.

Psuccess = POO(PPC)N(1 - PDC)M_N> (1)

where Ppc and Ppc are the probabilities that the “click” is due to
DCR and PCR, respectively, M is the number of waveguides for
SPDs, and N is the number of photons into an NPD. Pgo is the
probability corresponding to the “one-to-one” assignment of a single
photon to a waveguide SPD, and can be derived as

N
1 _
N!EI(M+1 n)  n Milon

Poo = = .
M2N CcM+N-L a1 M+N-n

2)

Assuming the dark counts arrive with Poisson distribution and the

photo counts arrive deterministically, Ppc and Ppc can be further
rewritten as
—RpeTe
Ppc=1-¢ 7¢°¢,

(3)

Ppc = yspp,

where Rpc is the DCR and #spp is the SPDE. Finally, we define
the “fidelity” of photon detection by the ratio between the “success”
probability and the “click” probability, and it can be derived as

P 1-
| o 1 success N 1 - NRpeTe HspD . (4)
Pjick NRocTy<1 1sPD

given a good #spp and negligible NRpcT. Note that SPD corre-
spondsto M =1and N = 1, whereas NPD corresponds to M > N and
N > 1. Experimentally, we consider two types of spatial multiplexing
schemes to assemble an NPD from an array of SPDs. The first type
is shown in Fig. 5(a), in which the input SOI waveguide is butt cou-
pled to a star coupler and then directed into an array of waveguide
SPDs. The length and width of the star coupler are estimated to be
78 ym at 1550 nm (92 ym at 1310 nm) and 28 ym, respectively, when
the input/output waveguides are tapered to/from 1 ym wide and the
output waveguide separation is tapered from 200 nm to cover an
array of 20 waveguide SPDs. Note that a similar concept for NbN
SNSPDs to be photon-number-resolving has been discussed,”” and
the areas of the GeSi SPAD version and the NbN SNSPD version
should be similar. The second type is shown in Fig. 5(b), in which
the input SOI waveguide is evanescently coupled to a side waveguide
and then directed into an array of waveguide SPDs. The length and
width of the side waveguide are estimated to be 2 ym at 1550 nm
(3 pm at 1310 nm) and 0.5 um, respectively, when the input wave-
guide is 110 nm (120 nm) away from the side waveguide to cover an
array of 20 waveguide SPDs. Again, note that a similar concept for
NbN SNSPDs to be photon-number-resolving has been discussed,’’
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(b)

FIG. 5. Possible configurations of a waveguide NPD based on a spatially-multiplexed array of waveguide SPDs. The input SM waveguide is coupled to an array of waveguide

SPDs through (a) a star coupler or (b) cascaded evanescent waveguide couplers.

and the area of the GeSi SPAD version may be larger than that of the
NbN SNSPD version mainly because the superconducting NbN can
be used for optical absorption and electrical conduction at the same
time.

For the scheme of qubit-based PQC, we assume the dual-rail
representation for the path degree of freedom of a single photon,**
and each of the output ports of the FPIM is terminated with an
SPD. When an N qubit state is measured, the “click” and “success”
probabilities of qubit detection can be defined as

Pick = (Prc(1 - Ppc) + (1 — Ppc)Ppc + PPcPDc)N(l - PDC)N
(5)

Psuccess = PPCN(I - PDC)N~

Similarly, the “fidelity” of qubit detection can be defined by the ratio
between the “success” probability and the “click” probability, and it
can be derived as

P, 1-
F-= success N 1 - NRpeTe 1spD , (6)
Pick NRocTy<1 1spD

given a good #spp and negligible NRpcT . Note that coincidently
Eq. (6) is identical to Eq. (4). In the following, we shall apply these
figures of merit to compare the performance between GeSi SPAD
and NbN SNSPD for PQC.

C. Comparison between GeSi SPAD and SNSPD
for PQC

The following parameter values are used for comparing GeSi
SPAD at 300 K and NbN SNSPD at 4 K. For the case of GeSi SPAD
at 300 K, SPDE is assumed to be 95% and DCR is assumed to be
1.6 MHz based on the above simulations and calculations, consid-
ering 100% avalanche trigger probability at 2 V excess bias. For the
case of NbN SNSPD at 4 K, SPDE is assumed to be 91% and DCR
is assumed to be 5886 Hz based on Ref. 12. In both cases, T is
assumed to be 1 ns, which can be easily generated by high-speed
electronics and is larger than the TJs of GeSi SPAD at 300 K and

NDN SNSPD at 4 K, which are usually between tens and hundreds of
picoseconds.

For the scheme of photon-based PQC, in Figs. 6(a) and 6(b),
the success probability and the fidelity of photon detection consid-
ering 300 K GeSi SPAD are respectively plotted as a function of
M waveguides and N photons. In Figs. 6(c) and 6(d), the difference
in the success probabilities and the difference in the fidelities of pho-
ton detection considering 300 K GeSi SPAD and 4 K NbN SNSPD
are respectively plotted as a function of M waveguides and N pho-
tons. By inspecting Figs. 6(c) and 6(d), it is observed that the success
probability of 300 K GeSi SPAD is a few percents (e.g., 4% when
N = 1) higher than that of 4 K NbN SNSPD due to the assumed
SPDEs, and the fidelity of 300 K GeSi SPAD is 0.0084% lower than
that of 4 K NbN SNSPD. Note that it is expected that the success
probabilities shown in Fig. 6(a) go up when M is much larger than
N, due to the reduced probability of finding more than one excita-
tion in each waveguide SPD. For the scheme of qubit-based PQC, in
Fig. 7(a), the success probability and the fidelity of qubit detection
considering 300 K GeSi SPAD are respectively plotted as a function
of N qubits. In Fig. 7(b), the difference in the success probabilities
and the difference in the fidelities of qubit detection considering
300 K GeSi SPAD and 4 K NbN SNSPD are respectively plotted as
a function of N qubits. By inspecting Fig. 7(b), it is observed that
the success probability of 300 K GeSi SPAD is a few percents (e.g.,
3.848% when N = 1) higher than that of 4 K NbN SNSPD due to
the assumed SPDEs, and the fidelity of 300 K GeSi SPAD is again
0.0084% lower than that of 4 K NbN SNSPD.

These results showcase that for PQC, a SPDE as high
as possible plays the key role but an ultralow DCR is not a
must. Conventional figures of merit based on signal-to-noise-
ratio or signal-to-background-ratio like definitions do not fully
capture the needs of PQC, and the proposed waveguide GeSi
SPAD at 300 K can perform as well as a NbN SNSPD at 4 K
when considering new figures of merit suitable for PQC appli-
cation as discussed in this paper. Moreover, since the room-
temperature operation of normal-incidence GeSi SPAD fabricated
by CMOS compatible processes has been recently demonstrated,’
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FIG. 6. For the scheme of photon-based PQC: (a) The probability of successfully detecting N photon state and (b) the fidelity of detecting N photon state, using M spatially-
multiplexed waveguide GeSi SPADs at 300 K as an NPD. (c) The difference in the probabilities of successfully detecting N photon state, and (b) the difference in the fidelities
of detecting N photon state, using M spatially-multiplied waveguide GeSi SPADs at 300 K and NbN SNSPDs at 4 K as NPDs. Note that no approximation is used in the

formula for plotting these figures.
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FIG. 7. For the scheme of qubit-based PQC: (a) The probability of successfully detecting N qubit state, and the fidelity of detecting N qubit state, using single waveguide
GeSi SPADs at 300 K as SPDs. (b) The difference in the probabilities of successfully detecting N qubit state, and the difference in the fidelities of detecting N qubit state,
using single waveguide GeSi SPADs at 300 K and NbN SNSPDs at 4 K as SPDs. Note that no approximation is used in the formula for plotting these figures.

we expect that waveguide GeSi SPAD will soon be implemented
experimentally.

V. DISCUSSION AND CONCLUSION

So far, the operation wavelength of the proposed room-
temperature PQC paradigm is assumed to be at SWIR. It is known
that two-photon absorption (TPA) in SOI waveguide at SWIR may
affect the heralding efficiency of a SFWM source. In this context,
MIR based quantum optics experiments'’ have been proposed and

demonstrated, but the lack of appropriate SPD and NPD hinders
further progress. SPADs based on GeSn on Si,'* GeSn on Ge on
Si,'”'® and strained superlattice on Ge on Si'” may be feasible solu-
tions, but further investigations on the material quality are needed
to evaluate their applicability for room-temperature operation.

To conclude, we propose and analyze a room-temperature-
operated waveguide GeSi SPAD on the integrated SiPh platform
based on the recently demonstrated normal-incidence GeSi SPAD
at room temperature. We show that with a reasonable time-gating
window the proposed device is the key enabler for PQC systems to
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be operated at room temperature, with detailed performance para-
meters and suitable figures of merit. Our findings pave a new path
toward cryogenics-free PQC that will significantly increase the test-
ing throughputs and reduce the design iteration cycles, which are
essential for PQC to continuously evolve to full fruition.

SUPPLEMENTARY MATERIAL

The source codes for designing and simulating Figs. 3(a)-3(c)
with commercial FDTD software from Lumerical are included in the
supplementary material.
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