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Abstract— A novel resonant-cavity-enhanced (RCE) GeSn single-
photon avalanche photodiode (SPAD) detector is proposed and
optimized for high-efficiency single-photon detection at 1,550 and 80
2,000 nm wavelength at room temperature for sensing and optical hv=0.62 eV (1=2000 nm)
quantum applications. The corresponding fabrication methods based ./
on direct epitaxy and wafer bonding are proposed as well. The RCE 60 - 3
GeSn SPAD consists of a PIPIN GeSn/Si heterostructures embedded =
in an optical cavity form by a distributed Bragg reflector (DBR) and &
GeSn surface. The results show that high photon absorption UOJ
efficiency and avalanche triggering probabilities can be achieved by o
careful design of DBR reflectors, GeSn absorber, doping ¢ 20 4
concentrations of Si charge sheet layer and multiplication layer,
which lead to a high single-photon detection efficiency (SPDE) of

~80%, which is promising for emerging quantum applications 04 o
demanding high SPDE, such as linear optical quantum computing. : , : : : . :
The noise equivalent power (NEP) and dark count rate (DCR) as a 0 1 2 3 4 5 6 7

function of threading dislocations density (TDD) are examined as
well. It is found that the device could operate near room temperature
with a similar DCR level to that of Ge SPAD operating at low temperature . A NEP of ~3x10'5 W/Hz'2 is observed from
RCE GeSn SPAD for 1,550 nm wavelength at room temperature. This work shows that the proposed RCE GeSn SPADs
are promising candidates for high-efficiency single-photon detection in short-wave infrared (SWIR) regime for sensing
and optical quantum applications

Excess voltage (V)

Index Terms— Resonant cavity, GeSn alloys, single-photon avalanche diode photodetector, short-wave infrared.

responses to even a single photon absorption. For wavelength
below 1000 nm, Si SPADs have demonstrated excellent
performance and been used in a wide range of sensing and
quantum photonic applications [2]-[4]. However, there exists a
strong demand for extending the wavelength range into short-

|. INTRODUCTION

A single-photon detector (SPD), which has the capability of
single-photon detection, has been widely used during the past
two decades in numerous applications, including quantum

computing [l], quantum communication [2], [3], Light
Detection And Ranging (LIDAR) [4] and fluorescence medical
imaging [5]. At present, there are several SPDs available,
including photomultiplier tubes, superconducting SPDs [6]—[8]
and semiconductor single-photon avalanche diodes (SPADs)
[9]-[13]. Photomultiplier tubes have large active areas, but they
suffer from high dark count rate (DCR) and low single-photon
detection efficiency (SPDE). Superconducting SPDs can
provide high SPDE as well as low DCR. However, the
extremely low operating temperature (cryogenic temperature,
typically below 4 K) of them limits their practical applications.
Currently, SPAD is a more practical approach for single-photon
detections, which is biased above its reverse-bias breakdown
voltage, resulting in a self-sustaining avalanche that enables
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wave infrared (SWIR, typically defined as the wavelength
range of 1100~2500 nm), which is beyond the detection
coverage of Si SPAD. Firstly, the 1550 nm wavelength is the
optical fibre telecommunications window and SPADs at 1550
nm will benefit numerous fibre-based applications.
Furthermore, the 2000 nm low-loss hollow-core photonic band
gap (HC-PBG) fibre window is a promising window for the
next generation telecommunication [14]. The compatibility
with the 2000 nm window will be strategic for future
applications. Secondly, the eye-safety thresholds for SWIR is
higher than that of visible and NIR region in free-space
applications [15]. The atmospheric attenuation of SWIR bands
is lower than that of the visible and NIR bands [16]. Finally, the
background noise of single-photon LIDAR system due to solar
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radiation decreases considerably in the SWIR regime [17].

In the SWIR regime, the development of a high-performance
SPAD, however, is challenging. InGaAs/InP SPAD detectors
are most widely used in the SWIR regime with detection
wavelengths up to 1600 nm and operating temperature between
220 and 255 K [18]-[20]. However, the group III-V SPAD
detectors are not compatible with current Si CMOS processing.
Besides, the after pulsing effect, where carriers trapped in the
defect levels are emitted after the detection to trigger new
avalanches events, also limits the count rates of the SPADs.
Alternatively, Group IV material, Ge, is a candidate that can
cover detection wavelengths up to 1550 nm at room
temperature and is CMOS compatible. Ge/Si SPADs with
different structures have been reported, such as mesa geometry
normal incidence Ge/Si SPADs [21], [22], waveguide Ge/Si
SPADs [12] and planar Ge/Si SPADs [13]. The waveguide
Ge/Si SPAD demonstrated an SPDE of 5.27% at a wavelength
of 1310 nm with an operating temperature of 80 K. The state-
of-the-art Ge SPAD is the planar Ge-on-Si SPADs,
demonstrating an SPDE of 38% and a noise-equivalent power
(NEP) of 2x10°'® WHz'2 at 125 K at 1310 nm wavelength,
which compares more favorably with commercial InGaAs/InP
SPADs. Although promising, Ge-on-Si SPADs suffer from
some issues. Firstly, the absorption coefficient of Ge at 1550
nm operating wavelength is low and insufficient for absorbing
photons. For the demonstrated Ge SPAD, detection wavelength
cutoff even reduced below 1550 nm at low temperature due to
the enlarged bandgap by the decreased operating temperature.
Besides, due to the low absorption coefficient, the thickness of
Ge absorbers has to be greater than 1 pm so as to achieve an
efficient absorption. However, the thick Ge will increase the
noise (DCR) and decrease the photon timing performance
(jittering time). Therefore, it is more preferred to improve the
sensitivity of SPAD with a thin absorption layer. Secondly, Ge
can hardly cover the wavelength beyond 1600 nm.

Here, we propose a novel SPAD structure of resonant-cavity-
enhanced (RCE) GeSn-based SPAD to realize high-
performance single-photon detection in the SWIR regime for
sensing and optical quantum applications. The proposed device
has the following innovations and advantages over the state-of-
the-art Ge-on-Si and InGaAs/InP SPADs: (i) Coupling with a
vertical optical cavity to enhance the absorption efficiency
(approaches 100%) with a thin absorption layer, resulting in
high detection efficiency and low noise of the SPAD. (ii) High
absorption coefficient (can achieve > 10000 cm™') at 1550 nm
and 2000 nm, resulting in high detection efficiency. (iii) Broad
detection wavelength coverage up to 2500 nm. (iv)
Compatibility with Si-CMOS technology and easy to be scaled
down and integrated with electronic devices, leading to low
costs.

This paper is structured as follows: The proposed device
architecture and corresponding fabrication methods are
presented in section II; Theoretical models for device design
and performance prediction are described in section III; Results
are analyzed and discussed in section IV, and conclusions are
summarized in section V finally.

[I. DESIGN AND PROPOSED FABRICATION FLOW OF GESN
RCE-SPADS

To achieve high SPDE, low DCR and high operation
temperature, several designs are made. Firstly, we select the
separate absorption and carrier multiplication (SACM)
structure which has been proved as an efficient approach to
reduce the DCR by avoiding band-to-band tunneling in
absorption layers. Photons are absorbed in GeSn layers and the
photo-generated electrons drift into Si multiplication layer to
trigger avalanche evens. Secondly, we sandwich the GeSn
absorber and Si multiplier with a resonant cavity in which the
photon absorption probability in the absorption layer will be
enhanced, thus increasing the SPDE. The Sn content of GeSn
will be tailored to achieve high absorption coefficients. In this
work, 3% Sn concentration is chosen for the absorption at the
wavelength of 1550 nm and 10% Sn concentration is chosen for
the absorption at 2000 nm. Other design considerations are the
electric field profile (high in Si multiplier and moderate in GeSn
absorber), the doping concentration and thickness of charge
sheet layer and threading dislocations density (TDD) effect.

Fig. 1 shows the schematic of the architecture of the designed
RCE GeSn SPAD, which consists of a p++ GeSn, i GeSn, p Si,
i Si and n++Si heterostructures layers embedded in an optical
cavity form by a distributed Bragg reflector (DBR) and GeSn
surface. The thickness of the DBR layers is designed
specifically to obtain a high reflectance at a wavelength of 1550
nm or 2000 nm. The thickness of GeSn is designed to achieve
high absorption efficiency. The thickness and doping
concentration of the charge layer (p-Si layer) are optimized to
obtain a proper electric field distribution in the SPAD and a
high device performance. To achieve a high triggering
probability of an avalanche event, a thick Si multiplication layer
is chosen. Table I summarizes the thicknesses and doping
profiles of the GeSn SPAD.

Light

n-contact £ [

SiO, n++ Si
Si
Sio, Si substrate

Fig. 1. Schematic of the RCE GeSn SPAD, consisting PIPIN GeSn/Si
structure sandwiched by an optical cavity

TABLE |
DIMENSIONS AND DOPING CONCENTRATION OF RCE GESN SPAD

Doping concentration

Layer Thickness (nm) (em™)
p++ GeSn contact layer 50 5x10% (p)
i GeSn absorption layer d 1x10" (p)
p Si charge sheet layer 50 3x10" (p)
i Si multiplication layer 1000 1x10" (p)

n++ Si contact layer 220 1x10% (n)
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The fabrication flow of the device is proposed and shown in
Fig. 2. The SPAD is grown on n++ doped silicon substrates with
buried DBR fabricated by a double-SOI process [23]. Firstly, a
1050 nm Si multiplier is grown by a commercial RPCVD
system. The charge sheet layer is doped by ion implantation or
in situ doping, followed by rapid thermal annealing. Then, after
cleaning, an intrinsic GeSn and a 50 nm p++ GeSn top contact
layer are grown on Si charge sheet layer by RPCVD (step c-i).
Alternatively, GeSn/Ge/Si wafer can be bonded to the doped
double-SOI wafers by wafer bonding technique [24], followed
by Si grinding, Ge CMP and ion implantation (step c-ii), which
is expected to have lower TDDs than that of direct epitaxial
GeSn. Then the mesa is defined by lithography and dry etching.
Finally, metal contacts, passivation layers are deposited.
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Fig. 2. 3D schematic of the proposed fabrication process of the RCE
GeSn SPAD.

Ill. THEORETICAL MODELS

Theoretical models for the proposed GeSn RCE-SPAD are
presented in this section. The modeling parameters include
reflectivity of DBR, absorption efficiency, absorption
coefficient, SPDE, DCRs and noise equivalent power (NEP).
The parameters of GeSn alloys are calculated by linear
interpolation of parameters of Ge and a-Sn except bandgaps.
The bandgaps of unstrained GeSn alloy are described by
quadratic polynomials including bowing parameters (br=2.18
eV and b, =0.68 eV) [25].

A. Reflectivity and reflection phase of Si/SiO, DBR

Increase the absorption efficiency of GeSn within a resonant
cavity will first require a DBR optimized for high reflectivity
around the designed wavelength (1550 nm or 2000 nm). A
transfer matrix method is utilized to calculate the reflectivity
and reflection phase of the DBR considering the refractive
index, wavelength and number of DBR layers. The
characterized matrix for light transmitting through a single
layer is given by:

3 [ cos (koh)  isin(koh)/T 1)
~ |lil'sin (kgh)  cos (koh)
where
= \/Iiincow koh = ndcos6 - 2m/A @)
0

0 and A are the refractive angle and the wavelength of incident

light, respectively. n and d are refractive index and the thickness
of the layer, respectively. Then the characterized matrix for
light transmitting through multilayers can be obtained by

mi

m
M = My X My XX My, = [m21 2] G)

myz

Then the reflectivity R and reflection phase ¥ can be obtained
by:

() = Tomyy + Tplsmyy —myy — Iima, (4a)
Tomyq + [pTsmyy + myy + Tomy,

R = r(M)|? (4b)

Y(A) = —arg [r(D)] (4¢)

where subscripts s and 0 refer to the substrate and incident
material, respectively

B. Single-photon detection efficiency

In SACM SPAD, SPDE is the probability that photons
absorbed in the absorption layer and the photo-generated carrier
quickly drifts to the multiplication layer to trigger an avalanche.
The SPDE is given by [26]:

SPDE = ngps X Ninj X Pe(zp) 3

where 7,,s and 1;,; are the absorption efficiency and the
collection efficiency, respectively. Pe(z,) is the avalanche
triggering probability for electrons at the location of the
depletion region edge on the p-side. According to the previous
study on Ge SPAD, 7;,,; is not the limiting factor of SPDE[13].

The absorption efficiency 7., of the RCE SPAD is
estimated by the following equation [27]:

(1+Re™ (1 —R)(A —e™*)
1-2 Rlee_“d COS(ZﬁL + lpl + lpz) + Rlee—Zad
(6)

Nabs =

where R; and R; are the reflectivity values of the top and bottom
mirrors, respectively. ¥; and i, are the reflection phase shifts
introduced by the top and bottom mirrors, respectively. a, d and
L are the absorption coefficient, the thickness of the GeSn layer
and cavity length, respectively. The propagation constant can
be obtained by f=2zm/A . is The absorption coefficient of GeSn
considering absorption from direct bandgap is given by [28]:

1
i
a(hv) = W for hv > Eg +% (7)
where 4 and /v is the is a constant and the energy of the incident
photon, respectively. E g is the direct band gap, AE is the Urbach
width. The absorption from indirect band gap is neglected since
the absorption coefficient for indirect band gap transition is
small (<100 cm™).
The triggering probabilities of electrons P,, and holes P, at
the position z in the depletion region can be solved using the
following equations [29]:
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% =1 —-P)a.(E)Y(P, + P, — P.Py) (8a)
ap “
a_zh =—(1-Pay(E)(P, + Py, — P.Pp) (8b)

where @, (E) and aj(E) are the impact ionization coefficients
of electron and hole depending on the local electric field.

a,(E) = a2 e~ E/E) where v refers to e or 4 and E is the local
electric field, ay’ and E? are material constants.

The electrical information of SPAD, such as the breakdown
voltage, the electric field distribution can be calculated with the
aid of Technology Computer Aided Design (TCAD) software
Lumerical utilizing Poisson, drift-diffusion and continuity
equations.

C. Dark count rate

For SPAD in darkness, thermally generated carriers can
trigger avalanche events, which is known as the dark counts.
The DCR can be evaluated by [30]:

DCR =S f(Pe + P, — P.P,)G dz ©)

where S is the active area of the SPAD, and G is the net
generation rate of the carries. Three main generation
mechanisms are responsible for the DCR of SPAD, including
thermal generation and recombination (SRH), trap-assisted
tunneling (TAT) and band-to-band tunneling (BTBT).
According to the well-known Schockley-Read-Hall theory, the
thermal generation rate of carriers considering the TAT effect
and doping concentration effects is given by [31], [32]:

n;

Tnf —(E. —E)|, Wf
1+reXp[ | tTerexpl

Gsgu,ar = —(E, — E))
t i

T

(10)

where 7; is the intrinsic carrier concentration. 7, (7,) is the
lifetime of electron (holes). E; and E; are the intrinsic Fermi
level and recombination center levels, respectively. k and T are
the Boltzmann constant and absolute temperature, respectively.
Carrier lifetimes are related to the trapping density N; and TDD
Nrpp, which can be expressed by [33]:
1 (1n

CNrpp

Tnp =

where C is a material parameter, which is related to trap capture
cross-section, carrier thermal velocity and number of traps per
unit length of dislocation. Since there is few study on GeSn, we
use results for Ge photodiodes [34] to extract the parameter C,
which is estimated to be 0.19 cm?/s. Additionally, the correction
term I’ accounting for the field-effect of TAT is given by
Hurkx’s model [35]. The correction term f accounting for
doping concentration effects is given by Fossum’s model [36],
[37]. When the electric field is high, BTBT generation rate will
be significant. The BTBT generation rate of carriers for indirect
bandgap semiconductors is given by Hurkx’s model [35]:

0

E, 12
Gprpr = B|E|*%exp (‘f) (12)

where B and Ej are material parameters. Based on the simulated
SPDE and DCR, NEP can be estimated as [13]:

hv
NEP = W\/ZDCR

(13)

IVV. RESULTS AND DISCUSSION

A. Optimized optical absorption efficiency of RCE GeSn
SPAD at 1550 nm and 2000 nm

Fig. 3(a) and 3(b) illustrate the simulated reflectivity of
DBRs with different Si/SiO; pairs (N) which are designed to be
highly reflective at 1550 nm and 2000 nm wavelength,
respectively. Since both Si and SiO, are transparent to the 1550
nm and 2000 nm wavelength, there is no absorption loss in the
DBR. The reflectivity increases significantly with the increase
of Si/Si0O; pairs. Due to the large refractive index between Si
and SiO,, DBR with one pair of Si/SiO, (SOI substrate) can
provide considerable reflectivity, but the transmission is high as
well for the RCE structure. The DBR with 2 pairs of Si/SiO»
(double SOI substrate) can provide greater than 90% free-space
reflectivity over a wide band around 1550 nm and 2000 nm,
which is sufficient for a high absorption efficiency. Though
increasing N>4 will make the reflectivity of DBR approaches
to 100%, the fabrication burden will increase as well.
Therefore, 2 pairs of Si/SiO2 is the preferred choice considering
both the efficiency and fabrication complexity.
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Fig. 3. Simulated reflectivity of Si/SiO, DBRs with (a) a thickness of 112
nm/269 nm for 1550 nm wavelength and (b) a thickness of
144nm/347nm for 2000 nm wavelength.
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Fig. 4 shows the calculated absorption coefficient of Ge;.xSny
alloys with different Sn concentration for 1550 nm wavelength
and 2000 nm wavelength at room temperature. It worth noting
that the absorption coefficient of GeSn at both 1550 nm and
2000 nm wavelength can be enhanced by increasing Sn
concentration. Therefore, GeSn, as the active absorption layer,
has advantages over Ge at 1550 nm wavelength and is able to
cover 2000 nm wavelength. In this work, the Sn concentration
is tuned to achieve an absorption coefficient as large as 12500
cm’!, which is comparable to conventional III-V absorption
materials. Higher absorption coefficients can be achieved with
higher Sn concentration. However, the lattice mismatch
between GeSn and substrate will increase and growth
temperature will decrease, resulting in the degradation of the
material quality. Besides, the bandgap will shrink further. Both
effects will increase the noise (DCR) of the SPAD
considerably. Thus Sn concentrations x=3% and x=10% are
chosen for 1550 nm wavelength and 2000 nm wavelength,
respectively.

' 3.0x10*4{ |—3=1550 nm -
o —— 4=2000 nm

2.5%10% -

)

cm

& 2.0x10*

1.5x10%

1.0x10%

Absorption coefficient

5.0x10% 1

00 T T T
0 5 10 15 20

Sn concentration (%)

Fig. 4. Absorption coefficient of pseudomorphic GeSn on Ge as a
function of Sn concentration for light wavelength of 1550 nm and 2000
nm, respectively. Dotted line represents an absorption coefficient of
12500 cm™".

Next, under the optimized DBR and Sn concentration, the
thickness of GeSn layer is studied to obtain a resonance and
achieve a high absorption efficiency at 1550 nm or 2000 nm.
Based on equation 6, the absorption efficiency of Geg.o6Sno.03 at
1550 nm and Geo.90Sng.10 at 2000 nm as a function of Sn
concentration are simulated and shown in Fig. 5(a) and 5(b),
respectively. The absorption efficiency of the RCE GeSn SPAD
periodically increases as the GeSn thickness increases which is
due to the resonance in the optical cavity. For 1550 nm band,
with a GeSn thickness of 423 nm, the theoretical absorption
efficiency tends to saturate (~97%) for RCE GeSn SPAD and
only 25% for the same thickness of GeSn without a cavity.
Absorption at 2000 nm shows a similar high absorption
efficiency. With a GeSn thickness of 368 nm, the theoretical
absorption efficiency at 2000 nm is 97% for RCE GeSn and
only 22% for the same thickness of GeSn without a cavity. The
absorption efficiency of RCE GeSn structures is 4~5 times of
that of GeSn without a cavity which will benefit the SPDE
enhancement of SPAD. It is attractive that the GeSn RCE
structure without top DBR reflector could achieve such high

absorption efficiency. In the following study, the optimized
GeSn thicknesses are used for further analysis.
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Fig. 5. (a) Absorption efficiency of RCE Geg¢7Sno 03 SPAD and reference

structure (same structure without DBR) as a function of the GeSn

thickness at the wavelength of 1550 nm. (b) Absorption efficiency of

RCE Geog0Sno.10 SPAD and reference structure as a function of the
GeSn thickness at the wavelength of 2000 nm.
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B. Electrical characteristics and single-photon
performance of RCE GeSn SPAD

The simulated electrical characteristics and avalanche
triggering probabilities of the RCE GeSn SPADs with 10 pm
diameters are shown in Fig. 6. Firstly, the dark current density
versus the reverse voltage (J-V) characteristic of GeSn SPAD
operating at room temperature is simulated and shown in Fig.
6(a). Ge SPAD is also simulated as a reference device. Due to
the lack of the ionization coefficient values for GeSn, impact
ionization coefficients of Ge are used. The carrier lifetime 7,, =
T, = 0.2 ns of GeSn are used in this simulation. The J-V curves
indicate avalanche effects of the SPADs with a breakdown
voltage of 36 V. The punch-through voltage, which is the
voltage at which the electric field penetrates into the GeSn
absorption layer resulting in an efficient collection of photo-
carriers, is estimated to be ~23 V. Both breakdown voltage and
punch-through voltage are almost the same for GeSn SPAD
with different Sn concentrations. The dark current density of Ge
SPAD is ~1.3 A/em? for 90% of the breakdown voltage. The
value is comparable to the results of reported Ge APDs [38].
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The dark current density of GeSn SPADs, especially biased
above punch through voltage, increases due to the increased
intrinsic carrier densities of GeSn by bandgap shrinkage. This
result is consistent with reported GeSn/Si APDs [39].

(a
Ge SPAD
E GeSn SPAD (3% Sn)
3 GeSn SPAD (10% Sn
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Fig. 6. (a) Dark current density versus the reverse voltage (J-V) of GeSn
and Ge SPADs at room temperature. (b) 2D Electric field distribution in
the RCE Geg97Sno 03 SPAD for a reverse voltage of 39 V.

X (um)

Fig. 6(b) shows the simulated 2D spatial electric field
distribution of SPAD for a reverse voltage of 39 V (3 V above
the breakdown voltage). The electric field satisfies the two
design considerations: (1) The high and homogeneous electric
field is confined in the Si multiplication layer; (2) a moderate
electric field in GeSn absorption layer to drift photo-carriers
into the multiplication layer. Fig. 7 shows the 1D electric field
distribution (black solid line) as well as triggering probabilities
(red solid and dashed lines) of electrons and holes along z-
coordinate across the center of the SPAD with 3 V excess
voltage above breakdown voltage at room temperature. It is
worth noting that the maximum value of the electric field in the
Si multiplication layer is lower than 7x103 V/cm, which makes
the contribution of BTBT for DCR negligible. The electric field
in GeSn absorption layer is ~5x10* V/cm, which makes photo-
generated carriers drifted at a saturation velocity and can be
injected into the Si multiplication layer effectively before
recombination. The SPAD employed in this work is an
electron-avalanche SACM structure, which means only photo-
generated electrons will drift into the multiplication layer and
contribute to the SPDE. Therefore, the triggering probability of
electrons P, is more interesting for the design, as shown in the
red solid line in Fig. 7. The electron triggering probability P.,
as expected, is 0 at the bottom of Si multiplication layer and
increases to a maximum value of 0.66 at the bottom of the GeSn

absorption layer due to the high electric field in the Si
multiplication layer. P, keeps unchanged in the GeSn layer due
to the relatively low electric field within it.
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Fig. 7. Electric field distribution, triggering probabilities of electrons and
holes along z-coordinate across the center of the SPAD with 3 V excess
voltage above breakdown voltage at room temperature.

Next, the figures of merit for single-photon detection
including SPDE, DCR and NEP are simulated as a function of
excess bias voltage above breakdown voltage at room
temperature, for different TDD values. The performances of the
Geo97Sngo3 SPAD for photons with 0.8 eV energy (1=
1550 nm) are shown in Fig. 8. When the excess bias voltage is
0 (Reverse voltage = 36 V), the triggering probability is 0,
which means carriers can not trigger any avalanche events,
resulting in no response to a single photon and the SPDE is 0.
The result also indicates that the electrical simulation predicts
an accurate breakdown voltage. As the excess bias voltage
increases to 5 V, the SPDE reaches a value of 79%. The high
value of the SPDE is due to the high absorption efficiency and
high avalanche triggering probability of the RCE structure.
Since the absorption efficiency does not limit the SPDE, the
SPDE of RCE SPAD mainly depends on the triggering
probability which can be controlled by reverse excess voltages.
Therefore, the proposed SPAD with such high SPDE is
interesting for some emerging quantum applications demanding
a high SPDE, such as linear optical quantum computing (needs
> 67% SPDE [40]).

Unfortunately, the DCR also increases as excess bias voltage
increases (Fig. 8(b)). The straightforward way to decrease the
DCR is to cool SPADs to suppress the thermally generated
carriers. However, considering SPAD without an extra cooling
system is more preferred in practical applications, DCR
improved by the engineering of material quality of GeSn in
terms of TDD is the better routine. Except extremely defective
GeSn layers (TDD>1x10'? c¢m?) [41], most reported TDD
values of GeSn on Si substrates are in the order from 10° to 10°
cm? [39], [42]-[47] Therefore, TDD-dependent DCRs of
Geo.97Sn0.03 SPADs with different excess voltages are simulated
(Fig. 8(b)). According to the simulation, when the TDD
decreases from 1x10'" to 1x10° cm2, the DCR reduces 4 orders
of magnitude. As a consequence, NEP decreases 2 orders of
magnitude as well (Fig. 8(c)). Besides, different from DCR,
NEP improves further as excess bias increases due to the
significant enhancement of SPDE. The lowest NEP of the
SPAD at room temperature from the simulation is ~3x10'
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W/Hz'"2, However, GeSn SPAD for 2000 nm wavelength suffers from
higher DCR than GeSn SPAD for 1550 nm even with the same
(a) level of TDD (Fig. 9(b)). Better material quality control or
' - ' ' ' smaller device dimensions will help to keep the DCR of GeSn
807 MERB eI /' " SPAD for 2000 nm wavelength to a relatively low level.
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< .\%._____. Fig. 9. (a) Calculated SPDE as a function of excess voltage at 2000 nm.
% Nypp=1x10° cmi? (b) Calculated DCR as a function of the excess voltage for different TDD
a 44 i values at room temperature at 2000 nm wavelength.
w
z
—_— Finally, it is interesting to compare the proposed RCE GeSn
Nppo=1x10° cm2 SPAD with the reported results of Ge SPADs (Table II). The
. most reported Ge SPAD demonstrates relatively poor SPDE
10_ T T T T T

1 2 3 4 5
Excess voltage (V)

Fig. 8. (a) Calculated SPDE as a function of excess voltage at 1550 nm.
Calculated (b) DCR and (c) NEP as a function of the excess voltage for
different TDD values at room temperature at 1550 nm wavelength.

The performances of the RCE Ge.90Sno.10 SPAD for photons
with 0.62 eV energy (4 = 2000 nm) are shown in Fig. 9.
Different from Ge SPAD that the SPDE will decrease
dramatically for longer wavelength detection, RCE GeSn
SPAD can maintain a high SPDE even the detection wavelength
is extended from 1550 nm to 2000 nm. As shown in Fig. 9(a),
with an excess bias voltage of 5 V, the SPDE is as high as 80%.

(4~14%) at 1310 nm wavelength at low operation temperature
(80~200 K) with a thick Ge layer (1 pm). The state-of-the-art
planar Ge SPAD shows a maximum SPDE of 38% at 1310 nm
wavelength at 125 K, representing a significant improvement in
the performance. However, the SPDE of the planar Ge SPAD
drops significantly to 0.5% at 1550 nm telecom wavelength due
to the low absorption coefficient (460 cm™ at 1550 nm
wavelength). For the proposed RCE GeSn SPAD, due to the
introduction of Sn and the cavity enhancement effect, the
device could cover the detection wavelength to 2000 nm
effectively with a thin absorber layer. Besides, by engineering
the substrate to a low TDD level, the device could operate near
room temperature with a similar DCR level to that of Ge SPAD
operating at low temperatures.
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TABLE Il
COMPARISON BETWEEN PROPOSED RCE GESN SPAD AND REPORTED GE
SPAD AT SWIR WAVELENGTH.

Structure SPDE DCR Operation ~ Diameter ab:g:;
U @>(mm)  (Hz) T (K) (um) i
(nm)

Mesa Ge/Si 14% < 1o

SPAD [22] @ 1310 10°~10 200 K 30 1000

Mesa Ge/Si 4% 6 17

SPAD [21] @ 1310 10°~10 100 K 25 1000

Waveguide 0

GelSi o 10 80K NA NA

SPAD [12]

Planar 38%

Ge/Si @0 1530}0; 10107 125K 100~200 1000
. (1]

SPAD[13]  7edy

RCE ~80%

GeSn/Si @1550- ~107 300K 10 320

SPAD 2000

V. CONCLUSIONS

In conclusion, a novel RCE GeSn SPAD detector is proposed
and optimized for high-efficiency single-photon detection at
1,550 and 2,000 nm wavelength at room temperature for
sensing and optical quantum applications. The corresponding
fabrication methods based on direct epitaxy and wafer bonding
are proposed as well. The results show that high photon
absorption efficiency can be achieved by careful design of DBR
reflectors, Sn concentration and GeSn thickness. High
avalanche triggering probabilities can be achieved with proper
doping concentrations of charge sheet layer and multiplication
layer thickness. High absorption efficiency and high triggering
probability lead to a high SPDE of ~80%, which is interesting
for some emerging quantum applications demanding high
SPDE, such as linear optical quantum computing. The effects
of the TDD on the DCR and NEP are examined as well. The
investigation demonstrates that the device could operate near
room temperature with a similar DCR level to that of Ge SPAD
operating at low temperatures by engineering the substrate to a
low TDD level. A NEP of ~3x10'> W/Hz!? is observed from
RCE Geo97Sng03 SPAD for 1,550 nm wavelength at room
temperature. This work shows that the proposed RCE GeSn
SPADs are promising for high-efficiency single-photon
detection in SWIR regime for sensing and optical quantum
applications
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