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Analysis of Hot-Carrier Luminescence for Infrared
Single-Photon Upconversion and Readout

Hod Finkelstein, Student Member, IEEE, Matthias Gross, Yu-Hwa Lo, and Sadik Esener, Fellow, IEEE

Abstract—We propose and analyze a new method for single-
photon wavelength up-conversion using optical coupling between
a primary infrared (IR) single-photon avalanche diode (SPAD)
and a complementary metal oxide semiconductor (CMOS) silicon
SPAD, which are fused through a silicon dioxide passivation layer.
A primary IR photon induces an avalanche in the IR SPAD. The
photons produced by hot-carrier recombination are subsequently
sensed by the silicon SPAD, thus, allowing for on-die data pro-
cessing. Because the devices are fused through their passivation
layers, lattice mismatch issues between the semiconductor materi-
als are avoided. We develop a model for calculating the conversion
efficiency of the device, and use realistic device parameters to esti-
mate up to 97% upconversion efficiency and 33% system efficiency,
limited by the IR detector alone. The new scheme offers a low-cost
means to manufacture dense IR-SPAD arrays, while significantly
reducing their afterpulsing. We show that this high-speed compact
method for upconverting IR photons is feasible and efficient.

Index Terms—Avalanche photodiodes, single photon detectors,
wavelength upconversion.

I. INTRODUCTION

S INGLE-PHOTON detection at infrared wavelengths has
gained relevance in recent years due to its central role in

quantum communications [1], eye-safe laser detection and rang-
ing (LIDAR) [2], optical time-domain reflectometry (OTDR)
[3], and in semiconductor failure analysis [4]. IR single-photon
detectors should ideally operate at high frequencies (tens to
hundreds of megahertz), consume minimal power (<1 nW/bit),
operate reliably at noncryogenic temperatures over many cy-
cles, and be manufacturable at a low cost. When operated in
arrays, such devices should also have a small pitch and low
pixel-to-pixel crosstalk.

Several figures of merit are used to evaluate single-photon de-
tectors. The single-photon detection probability η is the product
of the probabilities of a photon being absorbed in the material
and of it initiating a detectable avalanche. The device’s spectral
response describes the wavelength dependence of this detec-
tion probability. These metrics depend on the percentage of
pixel area, which collect photons (fill ratio); on the absorbing
layer’s composition, depth and thickness; and on the electric
field distribution in the multiplication region, as will be detailed
in Section III.

During the recharge process following an avalanche, the
SPAD is temporarily biased below the breakdown voltage, and
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cannot generate an avalanche pulse in response to a photon.
This time is called the device dead time and depends on the
recharge mechanism, on the overbias above breakdown, and
most significantly, on the junction’s capacitance.

Dark counts result from avalanches, which are not induced
by absorbed photons. They can originate from thermally gen-
erated carriers; from band-to-band tunneling; via trap-assisted
tunneling; and by afterpulsing—the release of carriers trapped
in prior avalanches. The latter mechanism is an important factor
in determining the device dead time.

The time-delay spread between the photon absorption event
and the clocking of the resulting electrical signal depends on
the diameter of the SPAD as well as on the timing circuitry. It
determines the timing resolution of the single-photon detector.

Other factors such as active area, pixel pitch, and manufac-
turing cost are also important in the evaluation of single-photon
detectors.

Visible-wavelength single-photon detection has been exten-
sively investigated. Silicon SPADs have recently been demon-
strated on commercial deep submicron technologies, allowing
for compact pixels with 25% fill factor, with less than 5 ns of
dead time and with digital outputs [5]. Such devices can be inte-
grated into arrays with the quenching, recharge, and processing
circuitry on the same die.

Various techniques have been employed for single-photon
detection in the IR. Superconducting transition-edge sensors
detect the subtle temperature change in small-volume tungsten
microcalorimeters in response to the absorption of a photon [6].
These devices offer excellent timing accuracy, a very low dark
current, and no afterpulsing. However, they are limited by their
microsecond recovery time, their dark count rate is excessive,
and they require cooling to 4.2 K. In addition, they also re-
quire very-low-noise amplifiers, which must also be cooled. Su-
perconducting niobium [7] and niobium-nitride [8] nanowires
have also been used for single-photon detection, achieving gi-
gahertz operation, but still requiring cryogenic cooling. Further-
more, production of such devices is expensive, and has not been
demonstrated in large arrays or in mass scale.

Solid-state IR SPADs have been demonstrated using a planar
geometry and a standard semiconductor processing flow [9].
These detectors traditionally have separate absorption and mul-
tiplication regions, whereby, for example, photons are absorbed
in a thick (several microns) lightly doped InGaAs layer. The
photo-generated carriers are swept towards an InP high-field
multiplication region where impact ionizations provide gain.
When the extraction rate of carriers from this multiplication
region falls below the creation rate, an avalanche breakdown
is said to occur and the gain becomes “infinite.” In this mode,
known as Geiger mode (GM), single-photon detection becomes

1077-260X/$25.00 © 2007 IEEE
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possible. The avalanche must be quenched to avoid damage to
the junction.

Quenching can be achieved either passively by using a
voltage-limiting resistor in series with the device, or actively by
using a circuit that senses the onset of the avalanche, and subse-
quently quenches it. Once the avalanche has been quenched, the
diode capacitance must be recharged—either passively, through
the quenching resistor; or actively, using a recharging circuit.

A new type of quenching mechanism has been demonstrated
by Golovin et al. [10], whereby, a resistive layer is deposited
on top of the p-n junction. When an avalanche occurs, charges
accumulate on the interface between this resistive layer and the
silicon, thereby, creating a negative feedback loop that quickly
quenches the avalanche. One of the main benefits of this scheme
is that it integrates the quenching function into the device. This
can have important benefits to devices manufactured in non-
commercial or nonsilicon processes, where resistors are not
available.

IR Geiger-mode single-photon avalanche diodes (GM-
SPADs) have been shown to have detection probabilities of the
order of 33% when operated 5% above their breakdown volt-
age [11]. They are amenable to integration in large arrays and to
mass production because they can be manufactured using stan-
dard lithographically defined processing techniques. However,
the support circuitry, including the quenching, recharging, and
processing circuitry must be implemented externally, usually
in silicon [12]. Recently, one of the authors demonstrated an
InP/InGaAs metal–oxide–semiconductor (MOS) SPAD, which
(similarly to [10]) integrates the quenching function into the
device [13]. We expect this to significantly reduce the junction
capacitance, and consequently, the recharging tine and power
dissipation.

The main deficiency of GM-SPADs lies in their excessive
noise, which originates from four sources [14]. Hole-electron
pairs, thermally generated at the edge of the high field region
through Shockley–Read–Hall generation and separated by the
strong electric field, can cause a “false” avalanche [15]. Trap-
assisted tunneling depends on the defect density in addition
to the doping, and may be exacerbated at high electric fields
by barrier lowering via the Poole–Frenkel effect [14]–[16]. Di-
rect band-to-band tunneling requires strong electric fields above
7 × 105 V/cm, and occurs in devices with a breakdown voltage
lower than 4EG/q, where EG is the bandgap energy and q is the
electron charge [15], [16]. Finally, afterpulsing which results
from the release of deep traps trapped during previous SPAD
cycles, increases with high defect densities, and is linearly de-
pendent on the total charge flowing during an avalanche [14].
The rate of emission of deep traps follows an exponentially de-
caying distribution, which depends on the activation energy of
each deep trap mechanism.

Whereas the first three mechanisms can be reduced by cool-
ing the device, deep trap lifetimes increase exponentially as
temperature is decreased. Because thermal generation and tun-
neling increase as the bandgap decreases, it is necessary to cool
IR SPAD, usually to about 200 K. At these temperatures, af-
terpulsing becomes the dominant noise source with rates in the
order of tens of kilohertz, and it becomes the main bottleneck for

device bandwidth [9]–[17]. Time gating can reduce the effect
of afterpulsing [11]–[18], but due to its exponential time dis-
tribution, the separation between gates (device dead time) must
be made long enough compared with the afterpulse lifetime,
in order to sufficiently reduce the probability of experiencing
an afterpulse during an exposure time gate. Furthermore, time
gating is only possible when the arrival time of the photon is
known to be within the duration of the gate. At low temperatures,
SPADs can still be operated in free-running mode with minimal
afterpulsing effects, but only if a sufficiently long hold-off time
is ensured following an avalanche, thereby, severely limiting the
detection rate [19].

For a given technology, afterpulsing can be reduced by limit-
ing the charge flowing during an avalanche. This may be done
by active quenching but is achieved more efficiently by reduc-
ing the junction capacitance. The capacitance in IR SPADs is
dominated by the capacitances of the readout, recharge, and
quenching circuitry, because these operations are implemented
off-chip, either on a board or on a silicon die. Connections are
made either by wire bonding [9] or by using indium bumps [20].
This limits the pixel pitch, and may result in capacitances of the
order of picofarads, thus, deteriorating the noise performance of
the device due to afterpulsing.

Recently, a scheme was described for integrating the vari-
ous SPAD components using three-wafer direct bonding with
crossvias [21]. While this technique holds much promise for
reducing the junction node’s capacitance, it requires complex
and expensive processing, and has yet to be demonstrated for
large arrays.

Another recent report demonstrated sum-frequency gener-
ation using a periodically poled lithium-niobate waveguide
coupled to a low-jitter silicon SPAD as a means of reducing
afterpulsing and jitter in IR single-photon detection [22]. A
continuous wave laser is used to seed the nonlinear conversion.
Dark counts are suppressed thanks to the superior performance
of silicon SPADs. Optimal performance has been achieved with
a pump power of approximately 300 mW and an overall con-
version efficiency of 5%–7%. Because the scheme is targeted at
quantum key distribution, only single-detector upconversion has
been studied. Power-sensitive applications including IR SPAD-
arrays will benefit from a more power-efficient scheme.

In this paper, we propose and model a new interconnection
and readout scheme, which does not require any electrical in-
terconnection between the IR SPAD and the complementary
MOS (CMOS) readout circuitry, offers superior upconversion
efficiencies with low power, and is scalable to large arrays. By
bypassing the requirement of electrical bonding between the
SPAD pixels and the readout circuitry, the capacitance seen by
the junction is significantly reduced. As discussed earlier, this
results in a reduction in afterpulsing, which is the dominant noise
source at low temperatures, while simultaneously decreasing the
device dead time. The proposed method also promises to greatly
simplify the manufacturing of integrated IR-SPAD devices and
to improve their fill factor.

The proposed scheme is based on wavelength upconversion
using a byproduct of the avalanche process, namely hot-carrier
luminescence from the multiplication layer of the device. This
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Fig. 1. InP energy band diagram illustrating hot-carrier luminescence in a
direct recombination processes. A hot electron accelerated by the strong electric
field recombines with a hole at the valence band. The excess energy is released in
the form of a photon with energy h̄ω > Eg d . A low-energy infrared component
due to transitions between the light and heavy hole bands is also observed.

luminescence is shown to have a significant component at higher
energies than the bandgap of the absorbing material, and can
therefore be extended to many IR detection materials. Readout
of the luminescent photons is achieved by a coupled silicon
single-photon avalanche diode.

One of the main advantages of the proposed device lies in its
simple manufacturing flow. Heterogeneous integration severely
limits the combinations of materials, which can be directly in-
terfaced. Moreover, electrical connections from III-V devices
require additional masking layers, and reduce the pixel pitch
to tens of microns [20], which is unacceptably high for large
arrays. Here, we propose to utilize a mature wafer-level glass-
to-glass fusing technology [21] in order to connect between a
III-V SPAD, which detects the primary IR photon and a sili-
con CMOS SPAD, which detects the up-converted photons and
which processes the information on the same die.

Section II of this paper reviews the physics of hot-carrier lu-
minescence in avalanche photodiodes. Section III describes the
model of the optical readout and derives an expression for the
upconversion efficiency as well as the power consumption per
avalanche. Section IV provides a numerical calculation of up-
conversion efficiency and power consumption, and compares the
proposed scheme’s performance with traditional readout setups.

II. HOT-CARRIER LUMINESCENCE IN AVALANCHE

PHOTODIODES

A. Physics of Hot-Carrier Luminescence

Hot-carrier luminescence has been extensively studied since
the 1950s [23], [24]. It is believed to be the primary mechanism
responsible for avalanche spreading [25], and has traditionally
been viewed as a detrimental side product of the avalanche,
resulting in optical crosstalk [14] and a potential source for
eavesdropping in quantum communications channels [26]. Hot-
carrier luminescence in MOSFET channels has also been widely
used to investigate defects in switching integrated circuits [4].

Hot-carrier luminescence most likely results from recombi-
nation of hot electrons with holes (Fig. 1) [27], [28]. In direct

Fig. 2. Calculated spectrum of electroluminescent photons emitted at the
junction of an InP p-n junction.

bandgap materials, a photon is emitted whose energy equals
the difference between the hot electron’s initial energy and the
bandgap. In an indirect recombination process, both energy and
momentum must be exchanged, and the probability of such
events is considerably lower, depending on the availability of
suitable phonons. This is manifested by the different electron
temperatures in these processes. In GaAs, the direct recombi-
nation process is characterized by an electron temperature of
800 K while the indirect process in the same material exhibits
a temperature of 3000 K [28]. The higher temperature stems
from a longer mean lifetime, consistent with a less probable
recombination event.

For a direct bandgap material, such as GaAs or InP, the photon
emission rate is given by

Rd(h̄ω) ∝ h̄ω(h̄ω − Egd)1/2f(E)[1 − f(E − h̄ω)] (1)

where hω is the emitted photons’ energy, Egd is the direct
bandgap, E is the electron energy above the bottom of the con-
duction band, f(E) and [1 − f(E − h̄ω)] are the hot electron
and the hole distributions, respectively, both of which strongly
depend on the hot-carrier temperature [28]. The emission spec-
trum of InP was calculated using (1), and is shown in Fig. 2.
Because the photons carry the excess energy after the recombi-
nation, hω ≥ Egd , thereby, achieving energy upconversion.

The efficiency of this upconversion strongly depends on the
electroluminescence yield, i.e., the photon emission rate per unit
avalanche charge. This figure is quite difficult to measure due
to self-absorption by the emitting device, the detector’s spec-
tral response, the effect of defects, and collection uncertainties
due to reflections. Kurtsiefer et al. reported a figure of 39 pho-
tons per sr in an avalanche with 4 × 108 electrons, resulting
in a lower limit of 2.5 × 10−6 photons per electron, where the
detector’s spectral response has been partly accounted for, and
self-absorption was not [26]. A measurement accounting for
both the optical system and self-absorption was presented by
Lacaita [29], with an emission efficiency of 2.9 × 10−5 photons
with energy higher than 1.14 eV per carrier crossing the junc-
tion. Electroluminescence yield for InP has not been reported
till date. As outlined earlier, it is expected to be significantly
higher than that of silicon, and is conservatively estimated to be
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Fig. 3. Cross section of the proposed device: an InGaAs SPAD is direct-
bonded to a Si SPAD for optical readout. IR photons are incident on the back
surface of the InGaAs SPAD (e.g., [9], [11]). As carriers recombine during the
avalanche, they release NIR and visible photons, which are detected by the
silicon device (e.g. [5]). The devices are fused through their silicon-dioxide
passivation layer, eliminating the need for lattice matching between the two
semiconducting materials.

2.9 × 10−4 photons per hot-carrier for the purposes of our
calculation.

III. MODEL FOR UPCONVERSION EFFICIENCY

A. Upconversion Model

The model proposed in this work is based on the hot-carrier
luminescence effect described earlier. Fig. 3 illustrates a device
based on this concept, comprised of an InGaAs/InP SPAD fused
to a silicon CMOS SPAD. A primary IR photon is absorbed
in the narrow-bandgap InGaAs layer, and the photogenerated
charges are swept to the high-field multiplication region. During
avalanche multiplication, secondary photons are emitted from
the multiplication layers and are detected by the silicon SPAD,
and processed on the same die. This upconverting hybrid pixel
can be scaled to large arrays for parallel operation, for example
in single-photon near-infrared (NIR) imaging applications. A
metal masking layer is used to minimize interpixel crosstalk.

We wish to investigate whether a sufficient number of sec-
ondary photons are emitted per primary avalanche for them to
be detected with high probability, how their detection will affect
the bandwidth of the hybrid system, and what will be the power
consumption of such a scheme.

In order to calculate the overall detection probability of the
up-conversion scheme, we need to multiply the primary NIR
detection probability in the InGaAs/InP SPAD, by the emission
probabilities (as a function of wavelength) of the electrolumi-
nescent photons emitted toward the silicon SPAD. We should
then account for self-absorption in the InP device. Finally, we
need to determine the probability of absorption of these pho-
tons in the silicon SPAD’s depletion region, and calculate the
avalanche initiation probability of the photogenerated charge

carriers. Mathematically, the upconversion probability can be
expressed as

ηuc =
∫ Emax

Egs

∫ xj 2+xd

xj 2

Ω
4π

Nsp(h̄ω)[1 − Psa(h̄ω, xj1)]

× Pabs(h̄ω, xabs)Pav(xabs)d(h̄ω)dxabs (2)

where Ω is the solid angle subtended by the silicon junction
when seen from the InP junction; Nsp is the number of elec-
troluminescent photons at energies h̄ω; emitted in a primary
avalanche; Psa(h̄ω, xj1) is the probability of self-absorption of
the secondary photons, which is a function of their energy and
generation depth xj1; Pabs is the absorption probability in the
silicon SPAD’s depletion region, which extends from xj2 to
xj2 + xd ; and Pav(xabs) is the probability for an electron–hole
pair photo-generated at xabs to induce a detectable avalanche.

In Section II-B–E, we will develop expressions for these pa-
rameters that will allow us to compute the overall up-conversion
efficiency of the device.

B. Secondary Photon Emission Toward the Silicon Junction

An avalanche event in a SPAD can be viewed as a discharge
of the junction capacitance Cj from an initial voltage, in excess
of the diode’s breakdown voltage to approximate the break-
down voltage. The total number of electrons flowing during an
avalanche is

Ne =
1
q
(Cj + Cp)Vob (3)

where q is the electron charge (in Coulomb), Cj is the junction
capacitance, Cp is any additional capacitance seen by the junc-
tion, including interconnection and sensing capacitances, and
Vob is the overbias above breakdown.

The number of secondary photons emitted from the primary
junction is

Nsp(h̄ω) = ηes(h̄ω)Ne (4)

where ηe is the luminescence yield per electron (in relevant en-
ergies for Si absorption) and s(h̄ω) is the normalized spectral
distribution of the secondary photons, shown in Fig. 2. In reality,
additional photons are expected to be emitted from the charge re-
gion between the absorption and multiplication regions, where
the high electric field is lower than the breakdown field, and
thus, recombination events are highly likely. In this analysis,
we conservatively disregard these photons, and assume all sec-
ondary photons are emitted from the maximum field region at
the junction plane.

We can assume an isotropic emission from the junction plane.
Consequently, only a fraction of the emitted photons Ω/4π, is
actually transmitted towards the silicon junction. The solid an-
gle Ω for the case of a planar InP junction emitting towards a
parallel planar silicon junction can be approximated by assum-
ing all photons are emitted from one of the vertices of the InP
rectangular junction (Fig. 4). This will provide a lower bound on
the actual flux emitted towards the silicon SPAD. The solid an-
gle subtended by the detector from this vertex is approximated
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Fig. 4. Geometrical construction for calculating the percentage of photons
emitted from an InP junction plane onto a Si junction plane. A conservative ap-
proximation places all avalanching charges at one of the vertices of the emitting
plane.

by [30]

Ω= tan−1 d2

S
√

2d2 + S2
(5)

where d is the side dimension of the Si junction and S is the
vertical distance between the junctions.

On combining (3)–(5), we get

Ω
4π

Nsp(λ) =
1

4πq
tan−1 d2

S
√

2d2 + S2
ηes(λ)(Cj + Cp)Vob.

(6)

C. Secondary Photons Self-Absorption Probability

Self-absorption in InP reduces the number of photons that
reach the surface. For simplicity, we assume all luminescence
occurs at the junction plane, a distance xj1 from the surface.
The emitted photon population will be

Nsurf(h̄ω) =
Ω
4π

Nsp(h̄ω)[1 − Psa(h̄ω, xj1)] =

[tan−1 d2

S
√

2d2+S2 ηes(h̄ω)(Cj + Cp)Vob] exp(−αInP(h̄ω)xj1)

4πq

(7)

where αInP (h̄ω) is the absorption coefficient in InP.

D. Secondary Photon Absorption Probability in Silicon

Having calculated the spectral distribution of the emitted pho-
tons, we can estimate the probability for these photons to be ab-
sorbed by the Si SPAD, as well as their probability of generating
an avalanche. Here, we assume that reflections at the interfaces
do not substantially affect the number and spectral distribution
of secondary photons.

We have shown that in a shallow trench isolation (STI)-
bounded shallow junction, the high field region is highly lo-
calized in the depletion region of the junction [5], so we can
assume all absorption occurs within the depletion region. The
probability for N photons of energy h̄ω to generate an electron–
hole pair within this layer is

PN
abs (h̄ω) = 1 − {1 − Pabs (exp [−αSi (h̄ω) wd ]

− exp [−αSi (h̄ω) (xj2 + wd)])}N (8)

where αSi is the absorption coefficient in silicon, wd is the
depletion width, and xj2 is the junction depth in the silicon
device. The depletion width of the junction can be determined
from the analytical expression for a one-sided linearly graded
junction (e.g., as given by Sze [15])

wd =
(

3VB εs

2qa

)1/3

(9)

where VB is the sum of applied and built-in voltages, εs is the
dielectric constant of silicon, q is the electron charge, and a is
the grading coefficient of the linearly graded junction.

The total upconverted photons’ absorption probability in sili-
con can now be calculated using (7)–(9) over all relevant wave-
lengths.

E. Secondary Avalanche Initiation Probability

Next, we need to calculate the probability that an absorbed
photon will induce an avalanche. For a one-sided, linearly
graded p–n junction, Poisson’s equation translates to a field
distribution

E (z) =
qa

2εs

(
w2

d − z2
)
. (10)

We approximate the avalanche probability as a function of
the position of generation of the electron–hole pair by solving
the coupled differential equations [31]

dPbe

dz
= (1 − Pbe) αPbp (11a)

dPbh

dz
= (1 − Pbh) βPbp (11b)

where Pbe and Pbh are the avalanche initiation probability by
an electron and a hole, respectively, α and β are the ionization
rates of electrons and holes, respectively, and Pbp is the joint
avalanche initiation probability

Pbp = 1 − (1 − Pbe) (1 − Pbh) = Pbe + Pbh − PbePbh .
(12)

These equations can be solved numerically to provide the
avalanching probability (Fig. 5).

IV. NUMERICAL CALCULATIONS AND DESIGN

CONSIDERATIONS

In order to test the feasibility of the proposed upconversion
scheme, we use the model developed in the previous sections.
The self-quenched InGaAs/InP SPAD has an active area of
15 µm per side and a junction capacitance of 150 fF, dominated
by the capacitance of the depleted region. Due to the optical
readout, the off-chip routing and the sensing circuit’s capaci-
tance, which can be of the order of a picofarad in SPADs with
electrical readout, are eliminated. The passivation thickness of
a 6-metal-layer silicon device (as was used in [5]) is of the order
of 7 µm, so InP-SPAD/Si-SPAD capacitance is negligible. The
SPAD operates at an overbias of 5 V with a junction located
200-nm below the surface. For the silicon detector, we com-
pare the performance of two commercially available detec-
tors [32], [33].
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Fig. 5. Numerical analysis of electron, hole, and total avalanche initiation
probabilities (Pe , P h , and Pp ) as a function of photon absorption depth in a Si
SPAD, following (11) and (12).

Fig. 6. Junction and surface electroluminescence spectral densities for the
200-nm deep InP junction. The latter accounts for only those photons emitted
towards the silicon junction. Absorption coefficients were taken from [34].

From (3), we can estimate that 4.7× 106 electrons flow during
an avalanche, and from (4), we calculate that 131 photons are
emitted isotropically in the silicon absorption band from the
junction. The spectral density of these photons is shown in
Fig. 6, both at the junction and using (7), at the surface of the
InGaAs/InP SPAD.

The upconversion efficiency can now be determined using
the emitted spectral density and the sensitivity of the silicon
detector. Results indicate a 97% detection probability for the
Cova device (at 5 V overbias) [33] and 91% for the Rochas
SPAD [32]. These numbers can be further raised if the total
charge flowing in the InGaAs/InP SPAD is increased (Fig. 7),
or by increasing the silicon junction’s depletion width, thereby,
increasing its detection efficiency for long wavelengths.

Because the silicon SPAD will also generate electrolumines-
cent photons, it is important to prevent a positive feedback loop
between the junctions. This can be achieved by controlling the
dead time of the IR SPAD, so that it overlaps the avalanche time
of the silicon device.

The power dissipated during the upconversion process is
the sum of the powers dissipated during the InP and silicon

Fig. 7. Numerical simulation of internal up-conversion efficiency as a function
of primary SPAD’s junction capacitance.

avalanche. These can be estimated as the product of the junc-
tion capacitances by their overbias, resulting in approximately
1 pW per detected photon, significantly lower than reported
schemes [35].

V. CONCLUSION

We proposed and analyzed a novel method for singe-photon
upconversion. The benefits of the proposed scheme are fourfold:
it offers wire-free, parasitic-free, and massively parallel inter-
connection between the IR-SPAD and the CMOS silicon SPAD,
enabling large-scale array integration of III–V SPADs; the elim-
ination of bumps allows for high pixel density and high fill
factors; the low-temperature glass-to-glass bonding processes
replaces large-array flip-chip bonding, which would be other-
wise required and greatly simplifies the manufacturing of the
hybrid devices; and it reduces avalanche charge, resulting in
lower power and reduced afterpulsing.

In order to achieve upconversion, this method utilizes a natu-
ral byproduct of the avalanche process, specifically the spectral
component of the electroluminescent photons, which is higher
than the bandgap of the absorbing material of the detector. We
demonstrated analytically that a silicon SPAD with a spectral
response similar to commercially available devices, can detect
these secondary photons with a 91%–97% detection probability,
resulting in a high-efficiency low-power upconversion scheme.
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