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We demonstrate highly sensitive photon counting in the infrared region based on two-photon absorp-
tion (2PA) in a silicon avalanche photodiode, where the required photon energy for inducing effective
conductivity is provided by an intense midinfrared (MIR) field at 3 um. The used MIR pumping scheme
can not only benefit from the enhanced 2PA coefficient in the nondegenerate regime, but also eliminate
the detrimental background noises due to the pump harmonic excitation of the pump. Consequently, the
enhancement factor for the signal counting rate unprecedentedly reached about 10° with input infrared
pulses at the femtojoule level. Additionally, the noise equivalent power is substantially improved by 2
orders of magnitude in comparison to conventional schemes with near-infrared pumping. Therefore, the
presented configuration might provide an alternative to realize sensitive infrared detection and imaging
with desirable features of room-temperature operation, no phase-matching requirement, and broadband
responding window, which can find a variety of applications, including remote ranging, sensitive sensing,

biochemical imaging, and trace spectroscopy.
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I. INTRODUCTION

Sensitive infrared detection plays an enabling role in
numerous applications such as laser ranging, optical com-
munication, environmental monitoring, biomedical sens-
ing, and photoluminescence analysis [1,2]. Generally, the
sensitivity of infrared detectors is limited by the relatively
large dark noise especially at room-temperature opera-
tion, which is partially due to the narrow semiconductor
bandgap [3]. This issue becomes more conspicuous for
optical detectors working at longer infrared wavelengths.
Cryogenic operation can help to suppress the thermal
radiation and dark current, yet it remains challenging
to approach single-photon sensitivity [4,5]. In compari-
son, high-efficiency and low-noise photon counters are
commercially available with silicon-based avalanche pho-
todiodes (SiAPDs) due to their higher bandgap [6]. In
this context, the so-called frequency up-conversion tech-
nique has recently attracted increasing attention, where the
infrared signal is spectrally translated into the visible band
before being detected by a high-performance Si detector
[7-9].
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This simple but effective protocol has mainly been
instantiated in two categories. The first one relies on
the nonlinear manipulation on the infrared field, such
as resorting to sum frequency generation [10—12] and
four-wave mixing [13,14]. In this case, a phase-matching
condition is typically required to realize efficient para-
metric interactions, yet usually at the price of a narrow
accepted wavelength window [15]. In parallel, the other
strategy is based on the material nonlinearity of the detec-
tor itself, which specifically involves the manipulation of
free charge carriers by two-photon [16,17] or multipho-
ton [18-20] absorption. The underlying generation and
recombination of charge carriers do not require phase
matching, thus favoring broadband operation and free of
optics alignment [21]. The degenerate two-photon absorp-
tion (D2PA) has long been recognized as being useful to
detect infrared photons in wide-bandgap semiconductors.
For instance, autocorrelators based on 2PA were com-
monly used to characterize ultrafast infrared pulses in the
infrared regions [22]. Recently, extreme nondegenerate
2PA (ND2PA) has been investigated to show a significant
enhancement for the absorption coefficient in comparison
to the D2PA case [23-26]. Consequently, sensitive midin-
frared imaging is demonstrated by using a direct-bandgap
GaN photodiode sensor [27] and indirect-bandgap Si CCD
camera [28]. Additionally, infrared photon counting has
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been demonstrated based on a GaAs photomultiplier tube
(MPT) [29] and a SiAPD [30].

However, in the reported demonstrations, the detector
sensitivity is inevitably limited by the D2PA of the inten-
sive pumping field. Although the sensitivity can typically
be improved by using the lock-in detection with a modu-
lated signal, the severe pump-induced noise may saturate
the detector, thus limiting the dynamic range of the detec-
tor [23,28]. To go beyond the demonstrated sensitivity,
a lower pump frequency can be chosen to eliminate the
severe background noises due to the harmonic excitation
of pump photons, whereas the parasitic process of three-
photon absorption (3PA) is many orders of magnitude
weaker and may be neglected [21,31,32].

Here, we demonstrate highly sensitive detection for
infrared photons by ND2PA in a SiAPD under midinfrared
(MIR) pumping. The chosen pump wavelength at 3070
nm made the pump photon energy of 0.4 eV much lower
than the semiconductor midgap about 0.56 eV, which thus
eliminated the D2PA in spite of the high pump inten-
sity. As a result, the residual background noise is mainly
ascribed to the negligible three-photon absorption pro-
cess, which allows us to improve the noise equivalent
power by 2 orders of magnitude than that in conventional
schemes with near-infrared pumping. Thanks to the sub-
stantial suppression of background noise, infrared pulses
with femtojoule energy can be identified, which exhibit an
enhanced counting rate by a factor closed to 10° in com-
parison to the case of direct detection based on D2PA.
Additionally, we experimentally investigate the thermal
effect on the 2PA behavior, which shows a degradation
of count rates as increasing the MIR pump power. This
finding may provide useful guidance to employ the pre-
sented configuration of infrared detection in subsequent
applications.

I1. BASIC PRINCIPLES

The underlying mechanism of the infrared detection
scheme is based on absorbing two photons in a semicon-
ductor with a bandgap of E,. The photon energy of signal
and pump fields is hw; and hw,. hwy + hw, > E, should
be satisfied to generate electro-hole pairs, thus giving rise
to a photocurrent. In the nondegenerate scenario, the car-
rier density has a linear dependence on the pump power.
On one hand, efficiency detection requires sufficiently
high pump power. On the other hand, intensive pump
intensity inevitably induces background noises due to har-
monic absorption processes. The trade-off can be mitigated
by choosing a lower pump photon energy. For instance,
the condition of hw, < E,/2 excludes the appearance of
D2PA for the pump. Consequently, the pump-induced
noise is substantially suppressed due to the much weaker
3PA process, hence leading to an enhanced sensitivity of

the 2PA-based detector. Furthermore, theoretical investi-
gation has revealed that infrared single-photon detection is
possible in a SIAPD if the pump frequency is small enough
to avoid the unwanted higher-order absorption processes
[21].

Notably, the nondegenerate operation can significantly
enhance the nonlinear absorption [23,24]. Specifically, in
the scattering matrix formalism with two parabolic bands,
the 2PA coefficient «; for direct bandgap semiconductors
can be written as [33]

o (wy,w) =K
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where K is a material-independent constant, £, is the Kane
energy parameter, nj, are the refractive indices. And the
function F, is given by
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which indicates that dramatically enhanced 2AP is avail-
able when either w; or w, becomes small. Note that for an
indirect bandgap semiconductor, such as Si, the enhance-
ment behavior has also been observed experimentally
[25,26] and theoretically [34].

In our experiment, the pump wavelength is chosen to be
3070 nm for detecting the signal at 1550 nm, which corre-
spond to photon energy of 0.4 and 0.8 eV. The combined
photon energy of 1.2 eV exceeds the Si bandgap of 1.12
eV, while the pump photon energy is lower than the semi-
conductor midgap. In this case, the count rate recorded by
a SiAPD can be expressed as

Nital = P} + yP;5 + B'P1 P, 3)

where P and P, represent the signal and pump powers. In
a practical situation of sensitive detection, the faint signal
is typically gated by a strong pump, i.e., P; < P,. Hence
the background noise induced by the pump is reduced to
be

Npspa = yP3, 4)
while the effective signal due to the ND2PA is
Nxpoea = B'P1Ps. (5)

As a comparison to the detection scheme based on D2PA
of the signal, the enhancement factor G for the resulting
count rate can be defined as

G = Nxpara/Npopa = B'P1P2/BP; o 1/Py.  (6)

Indeed, the strong pump field serves as a local oscillator for
amplifying the photocurrent, which thus enables detection
of extremely weak signals.
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III. EXPERIMENTAL SETUP

Figure 1 presents the experimental scheme. The ini-
tial light source is from a passively synchronized fiber
laser system, which has been detailed in Ref. [35]. The
involved YDFL and EDFL are mode locked at a repe-
tition rate of 15.8 MHz to deliver picosecond pulses at
1030 and 1550 nm, respectively. The power of generated
pulses is then boosted by Yb- and Er-doped fiber ampli-
fiers (YDFA and EDFA). The amplified dual-color pulses
can facilitate the preparation of MIR pulses at 3070 nm by
performing difference-frequency generation within a peri-
odically poled lithium niobate (PPLN) crystal. A delay
line (Delayl) consisting of two fiber collimators is used
to precisely tune the temporal overlap for reaching an opti-
mized conversion efficiency. After a long-pass filter, the
spectrally purified MIR light serves as the pump source
for implementing the subsequent 2PA-based detector. The
other branch from the EDFL is used to prepare the near-
infrared (NIR) signal source. The signal and pump powers
can be continuously tuned by rotating the half-wave plate
(HWP) before the polarization beam splitter (PBS) or the
polarizer. Finally, the signal and pump sources are spa-
tially combined by a dichroic mirror before being coupled
into a ZrF4 single-mode patch cable (Thorlabs, P3-23Z-
FC-1). The fluoride fiber has a high intrinsic transmission
above 97% at the two relevant wavelengths. The mixed
beam is steered into the a single-photon detector based on
SiAPD. The count rate from the detector output is mea-
sured by a frequency counter (Tektronix, FCA3100). Note
that another delay line (Delay2) is used to determinate the
contributions of degenerate and nondegenerate responses
[30]. More details about the experiment setup can be found
in Appendix A.

Delayl -L

IV. RESULTS AND DISCUSSION

Now we turn to characterize the photon-counting perfor-
mance of the 2PA-based detector. Figure 2(a) presents the
relevant transitions within the energy diagram of a silicon
detector, which include D2PA at 1550 nm, D3PA at 3070
nm, and ND2PA between them. The corresponding experi-
mental data are shown in Fig. 2(b). The log-log plot shows
a linear dependence between the recorded count rate and
the input pulse energy. As expected, the fitted slopes for
the cases of D2PA, D3PA, and ND2PA are found to be 2, 3,
and 1, respectively. Details about the fitting parameters are
given in Appendix B. It can be seen that the pump-induced
noise due to D3PA is about 6 orders of magnitude lower
than that due to D2PA for a given pump power. This obser-
vation validates the efficacy of the MIR-pumping approach
to enhance the detection sensitivity. Practically, the pump
power can be optimized to reach a background noise close
to the dark counts, about 100 Hz defined by the Si detec-
tor itself. In the two aforementioned scenarios, the allowed
power for MIR pumping is about 40 dB higher than that
for NIR pumping, thus resulting in a much higher detection
efficiency. In Fig. 2(b), an example of the linear response
for the ND2PA is given under a MIR pulse energy of
0.32 nJ. The detection floor of about 1 kHz is defined by
the pump-induced 3PA noise. As a result, the resolvable
signal power can reach the femtojoule level correspond-
ing to about 8 x 10° photons per pulse. It is worth noting
that the sensitivity is achieved without the need of lock-
in detection. Therefore, the detection speed and dynamic
range will be significantly improved by using the presented
configuration.

Then we systematically investigate the responding
behavior for the ND2PA on the input signal power. In the
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FIG. 1.

DM2

Schematic of 2PA-based infrared detection based on temporally synchronized fiber lasers. The synchronized pulses at 1030

and 1550 nm originate from two Yb- and Er-doped fiber lasers (YDFL and EDFL), respectively. The pump source at MIR is prepared
by the difference-frequency generation between the dual-color beams, while the signal source is obtained after a series of calibrated
attenuators. The signal and pump sources are then spatially coupled into a section of fluoride fiber before being detected by a SiAPD.
Col, collimator; BP, band-pass filter; LP, long-pass filter; HWP, half-wave plate; PBS, polarization beam splitter; DM, dichroic mirror;
PPLN, periodically poled lithium niobate crystal; APD, avalanche photodiode.
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FIG. 2. Highly sensitive infrared photon counting via two-photon absorption under midinfrared pumping. (a) Energy diagram of an
indirect bandgap silicon detector. The relevant transitions for comparison include linear absorption (LA) at 1030 nm, D2PA at 1550 nm,
D3PA at 3070 nm, and ND2PA. In the presence of intense midinfrared pump, the infrared photon can promote a valence-band electron
to a conduction-band state with the help of an intermediate phonon. (b) Recorded count rates by the SiAPD as a function of input pulse
energy for various energy-level transitions. Note that the MIR pulse energy at 3070 nm is set at 0.32 nJ for the nondegenerate curve.
The dark count of 100 Hz is measured by blocking the injecting light onto the detector. The detection floor about 1 kHz is defined by

the noise level with the presence of 0.32-nJ MIR pump pulses.

experiment, the contribution of the ND2PA is identified by
the difference between the count rates corresponding to the
full overlap and well separation for the signal and pump
pulses. Figure 3(a) illustrates the expected linear depen-
dence on the signal pulse energy for various settings of
MIR pump power, as predicted by Eq. (5). Also, the count
rate increases in the presence of a higher pump power,
which implies a higher detection efficiency. Additionally,
the ND2PA count rate is greatly amplified due to the pres-
ence of the pump in comparison to the D2PA scheme.
Following the definition by Eq. (6), the enhancement factor
will be inversely proportional to the signal power, as man-
ifested in Fig. 3(b). Thanks to the significant suppression
of the pump-induced noise, much lower signal power can
be resolved. Consequently, an unprecedented enhancement
factor about 6 x 10 is obtained for a signal pulse energy
of 1 fJ under a 40-mW pump, thus showing a hundred-
fold improvement over previous demonstrations [28—30],
as listed in Appendix C.

In the following, we proceed to investigate the evo-
lution of ND2PA count rate as a function of the MIR
pump power. According to Eq. (5), the count rate should
be linearly proportional to the pump power. However, the
expected linear dependence is only confirmed in the low-
power pumping regime as shown in Fig. 4(a). Under higher
pump powers, the count rate tends to be saturated before
starting to decrease dramatically. This phenomenon might
be related to the thermal effect due the intensive MIR radia-
tion. Indeed, we experimentally observe that the count rate
slowly decreases to a stabilized value when the pump is

launched. Empirically, the ND2PA coefficient g’ can be
expanded in a Taylor series as ' = 8'© + gV P,. The
resulting expression of count rate due the ND2PA is given
by Nxpaea = P1[B' VP, + BV P3]. Furthermore, identical
behavior exhibited for the measured count rate due to
D2PA. In this case, the signal and pump pulses are tempo-
rally separated in order to exclude the nonlinear interaction
between them. Similarly, the D2PA coefficient 8 can be
expanded as g = B + B P,, which results in a count
rate Npopa = P?[B? + BV P,]. The inhibiting effect due
to the MIR pumping can be quantitatively characterized by
ANpopa = BVP,P?. As given in Fig. 4(b), the decrement
of the D2PA count rate for the signal is indeed more pro-
nounced as augmenting the pump power. Further studies
show that this inhibiting phenomenon can also be observed
for single-photon absorption at 1030 nm and three-photon
absorption at 3070 nm. A possible reason may lie in the
slight variation of the optimal value for the reverse-biased
voltage in the presence of the non-negligible heat on the
APD chip. Since the APD is operated in the Geiger mode,
the photon-counting performance is usually sensitive to
the change of the reverse-biased voltage. Our observations
here may stimulate further theoretical and experimental
investigations to unveil the underlying mechanism.
Finally, we analyze the noise equivalent power (NEP),
which is a useful figure of merit for characterizing the sen-
sitivity of optical detectors. It is desirable to have an NEP
as low as possible, which corresponds to a lower noise
floor and hence a more sensitive detector. Particularly,
the NEP for a photon counter is typically defined as [9]
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FIG. 3. Near-infrared detection performance based on the

ND2PA in the presence of different pump powers. (a) Count rate
for the ND2PA increases linearly with the input pulse energy.
For comparison, D2PA for the infrared signal is also included,
which indicates a significant enhancement on the detection effi-
ciency. (b) Enhancement factor for the recorded count rates due
to ND2PA effect with a comparison to the detection scheme
based on the D2PA of the signal alone.

N = hvy/2N,/n, where hv represents the signal photon
energy, NV, denotes the background count rate, and 7 is the
detection efficiency. For a 2PA-based detector, n is given
by the ratio between the detected count rate Nnpzpa and
input phOtOH flux N12 n= NNDZPA/NI = ﬂ/Plpz/Pl/hl) =
B'Pyhv. And Nj, is comprised of the dark noise Ny of the
SiAPD and the pump-induced noise: NMR = Ny + yP3
and NEIR =Ny + ,3P§, which correspond to MIR and NIR
pumping, respectively. Therefore, the expressions of NEP
for the two cases are given by

APMIR _ V2(No + v P3)

B'P ’

AR J2(No + BP2)
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FIG. 4. (a) Count rates for the ND2PA vary as the MIR pump

power for various settings of signal power. The solid lines are
given by the theoretical model in the text, where the dependence
of the absorption coefficient on the pumping power is taken into
account. (b) Decrement of count rates for the D2PA at 1550
nm with increasing the MIR pump power. Note that the sig-
nal and MIR pulses are temporally separated for performing this
measurement.

At the weak-pumping condition of P, — 0, the back-
ground noise is dominated by the detector dark noise,
which leads to N o P; ! At the other extreme condition

with P, — +o0, NMR Pé/ * and N'NIR approaches to be
constant. These evolutions are illustrated in Fig. 5, which
indicates a significant improvement of NEP under MIR
pumping by 2 orders of magnitude. Note that the wave-
length in the NIR-pumping scenario is set to 1550 nm.
Actually, other wavelengths below 2200 nm will be
expected to exhibit similar behavior, albeit with tolera-
ble deviations. The parameters used in the simulation are
obtained from the fitted values for the experimental data
shown in Figs. 3 and 4.

It is worth noting that the MIR-pumping strategy should,
in principle, be applicable for broadband sensitive detec-
tion at the infrared region. For instance, wavelengths up
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FIG. 5. Noise equivalent power as a function of the pump

strength in the cases of using two typical pump wavelengths at
3070 and 1550 nm. Comparatively, much lower NEP can be
obtained in the MIR-pumping scenario. Note that the dashed
line represents the model by including the thermal effect due the
strong pump intensity.

to 1.7 um are applicable for the operational MIR pump
at 3 um. Furthermore, a spectrum over 1.2-2 pum can
be covered with an adapted pump wavelength of about
2.4 um. This particular wavelength can be readily accessed
by MIR lasers based on Cr**:Zn-Se or Cr’**:Zn-S [36].
In our presented configuration, the high overall detec-
tion efficiency requires synchronous pump pulses. The
adopt of continuous-wave pump allows us to implement
passive detection of signal photons. To approach a compa-
rable detection efficiency, the average pump power should
be much higher than that in the pulsed scenario, which
may surpass the damage threshold of the optical detec-
tor. This limitation might be mitigated by resorting to
the waveguide geometry or microcavity structure [25,26],
where the light intensity can be boosted by the tight spatial
confinement.

V. CONCLUSION

In summary, we demonstrate sensitive infrared detec-
tion in the SiAPD using ND2PA based on a MIR-pumping
scheme. In this nondegenerated regime, the improvement
of nonlinear absorption coefficient for the signal and the
elimination of second-harmonic noises of the pump enable
us to increase the detection efficiency and reduce the back-
ground noise. Consequently, femtojoule-level pulse energy
can be identified, which represents a record sensitivity
for 2PA-based detectors. The corresponding enhancement
factor of the ND2PA count rate unprecedentedly reached
about 10° in comparison to the scheme based on D2PA.

To go beyond the achieved sensitivity, lower pump pho-
ton energy can be employed with a MIR wavelength over
3300 nm. The 3PA noise might thus be removed, which

holds potential to ultimately realize single-photon sensitiv-
ity as theoretically predicted [21]. Furthermore, the detec-
tion performance will also be enhanced by using waveg-
uide geometry or microcavity structure with the help of
the tight spatial confinement and long nonlinear interaction
length [25,26]. It is worth noting that the efficacy of our
implemented configuration can immediately facilitate sen-
sitive infrared imaging via a Si electron-multiplying CCD,
thus favoring desirable features of high spatial resolution
and high-speed frame rate. Additionally, the gated detec-
tion by pulsed pumping provides a high-precision temporal
resolution for sensitive infrared detection and imaging,
which may be useful for relevant applications, such as
time-resolved molecular spectroscopy and dynamic pho-
toluminescence analysis.
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APPENDIX A: EXPERIMENTAL SETUP

The whole experimental setup mainly consists of three
parts, corresponding to realizing synchronized fiber lasers,
preparing signal and pump sources, and implementing
2PA-based detection. The synchronized laser system is
based on the Er-doped and Yb-doped fiber lasers in a
master-slave layout. The master pulses at 1550 nm are
injected into the laser cavity of the YDFL based on a non-
linear amplifying loop mirror (NALM). The induced peri-
odic nonreciprocal phase shift via the cross-phase modu-
lation effect within the NALM initiated the synchronous
mode locking of the slave laser, which results in a pas-
sive locking of the relative repetition rates between the two
lasers [35].

The pulse durations of the YDFL and EDFL are mea-
sured to be 36 and 5 ps by using an autocorrelator (APE,
pulseCheck SM). The relative timing jitter is measured
to be about 20 fs, which is negligible comparing to the
pulse duration. In order to prepare the midinfrared pump
source, we perform difference-frequency generation in a
PPLN crystal. The pulse duration of the generated MIR
field is inferred to be 5 ps from the cross-correlation trace
as given in Fig. 6. Then a long-pass filter with a cut-off
wavelength of 2.4 pum is used to remove the near-infrared
fields. The MIR power can be varied by using a combi-
nation of a nanoparticle linear film polarizer (Thorlabs,
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FIG. 6. Measured cross-correlation trace between the signal at
1550 nm and the pump at 3070 nm. The background due to D2PA
and D3PA is recorded by solely injecting either the NIR or MIR
light.

LPNIRAO050) and low-order half-wave plate (Thorlabs,
WPLHO05M-2940), which serves as the pump source for
the subsequent 2PA detection.

In parallel, the signal source is from the attenuated light
at 1550 nm. The near-infrared signal is filtered by a band-
pass filter centered at 1550 nm with a bandwidth of 40 nm.
A delay line is inserted into signal path to temporally tune
the overlap between the dual-color pulses. Then, the sig-
nal and pump sources are spatially combined by a dichroic
mirror before being coupling into a fluoride single-mode
fiber. The coupling efficiencies for both beams are about
45%. Both beams are finally detected by a commercial
APD detector (Excelitas, SPCM-AQRH-54-FC). By tak-
ing into account the 180-um diameter of the active area for
the SiAPD, the average pump power of 35 mW for achiev-
ing a peak detection efficiency is corresponding to the
intensity of 1.7 MW /cm?. Note that the commercial APD
sensor is optimized for visible wavelengths, the actual
pump intensity on the active area will be lower. The light
intensity of the signal at the femtojoule level is about 0.8
W /cm? at the detector.

APPENDIX B: FITTED PARAMETERS

The parameters for modeling the experimental data is
summarized in Table 1. Specifically, the D2PA and D3PA

TABLE 1. Fitted parameter for the involved 2PA and 3PA
processes within a SiAPD.

’3(0) ,3(1) /3/(0) lg/(l) Y
[Hz/W?] [Hz/W?]  [Hz/W?]  [Hz/W3] [Hz/W?3]

1.12 x 10" —1.65 x 105 4.53 x 10'? —6.33 x 10" 3.59 x 10°
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FIG. 7. Count rates as a function of the used power for the

MIR-pumping (a) and NIR-pumping (b) scenarios. The fitted
lines are used to estimate the values of 8 and y for D2PA and
D3PA processes in the SiAPD.

coefficients are obtained from the quadratic and cubit
fittings as shown in Fig. 7.

Based on the these fitting parameters, the peak detection
efficiency of the implemented detector based on ND2PA is
given by nxpapa = B'Prhv = 1.04 x 1078 in the presence
of 35-mW pump power. However, the minimum NEP is
optimized at the pump power of 4 mW, leading to VMR =

2(No + yP3)/B'Py = 1.4 x 107° W/HZ'/2.

APPENDIX C: PERFORMANCES FOR
COMPARISON

As shown in Table II, we list related works on 2PA-
based detection for direct comparison. It can be seen that
the ND2PA based on MIR pumping favors enhancing the
detection sensitivity performance. In Ref. [28], the degen-
erate background noise due the pump should be subtracted
to reveal the signal contribution. Since the noise is much
larger than the signal, long acquisition time at the sec-
ond scale is typically needed to improve the detection
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TABLE II.

Comparison of passive synchronization performance for mode-locked fiber lasers with comparable pulse durations. A

and A, indicate the employed signal and pump wavelengths. The photon energy of the pump and the bandgap of the detector are denoted
as E, and Eg, respectively. En, represents the minimum detectable energy. Gpax is the peak enhancement factor for the ND2PA in

comparison to the detection based on D2PA.

Ref. As (um) Ap (um) E, (eV) Detector E, (eV) Enin (1) Gmax
This work 1.55 3.07 0.4 Si 1.12 1 6 x 10*
[23] 5.6 0.39 3.19 GaN 3.28 10% 103
[28] 3.39 1.48 0.84 Si 1.12 200 10
[29] 1.55 1.9 0.65° GaAs 1.42 1072 300
[30] 1.85 1.55 0.8 Si 1.12 16 20

2These experiments are operated with a continuous-wave signal input.
bAlthough the pump photon energy is below the midgap of the Ga-As detector, the 2PA noise due to pump is dominated in the

experiment.

sensitivity. In contrast, the pump-induced noise is substan-
tially suppressed in our configuration, which enables us
to identify the weak signal in the presence of the pump.
Therefore, a high sensitivity can be obtained here within
a much shorter average time, which will be essential for
implementing infrared imaging at a fast frame rate. In our
experiment, the acquisition time is typically set at 1 ms.
Longer average time leads to even lower resolvable signal
energy.
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