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Photon number resolving detectors that can count number of photons in the pulses precisely
are the important devices for developing universal photonic quantum gates, by combination with
non-classical light. This technology will be used to establish quantum decoders that offer a sig-
nificant upsurge in the capacity of communications channel. We describe our research activities
for developing of photon number resolving detectors.
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1 Infroduction

A photon-number resolving detector is a
device that can count the number of photons
in the optical pulses. This device is distin-
guished from a single photon detector, which
detects the presence of one or more photons.
Simply stated, a photon-number resolving
detector must be able to provide an accurate
count of the number of photons in even
extremely short pulses. Development of a
highly sensitive detector that can do so will be
welcome news in the fields that require pre-
cise spectroscopy, including solid-state
physics, astronomy, and biology. Such a
device would also be used for applications in
the field of quantum information, as described
below.

(1) Construction of universal photonic quan-
tum gate in combination with squeezed
light and single photon light sources
Please refer to References(11-[3] for the

theoretical demonstration and more detailed

information. Realization of this quantum gate
will greatly advance technologies to realize
optical quantum computers. This component
can be applied to diverse technological areas

as a quantum information device, and as such

will be indispensable in this field.

(2) Improved reliability of quantum cryptogra-
phy key distribution system

The quantum cryptography key distribu-
tion system now being developed for commer-
cialization uses extremely weak coherent
light. In order to avoid photon-number split-
ting attacks and to increase security, we need
to reduce the probability of the multiphoton
states asymptotically close to zero. Thus, the
average photon number used per bit must be
attenuated to approximately 0.1, which corre-
sponds to an extremely low probability that a
given bit will contain two or more photons.
However, the number of photons in coherent
light follows a Poisson distribution, such that
there is a finite probability that a given bit will
contain two or more photons. Even when a
single photon light source is used, a photon-
number resolving detector can be used to eval-
uate the reliability of the light source.

As shown in the above examples, photon-
number resolving technology is fundamental
in the field of optical quantum information.
Nevertheless, many technical problems cur-
rently remain in the development of this tech-
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nology. Researchers all over the world are
now investigating photon-number resolving
detectors using various materials and struc-
tures to improve the performance of these
devices. Promising candidates have been pro-
vided by the groups of Stanford University
visible light photon counter (VLPC)[4], and
the US National Institute of Standards and
Technology (NIST) transit edge sensor(5].
Here, we consider the affinity between optical
fiber communications and the visible and near
infrared region—now a cutting-edge research
topic in quantum optics—and focus on a pho-
ton-number resolving detector with sensitivity
in the 1.5-um wavelength band, the so-called
telecommunications wavelength. In particular,
we describe the high-sensitivity charge inte-
gration photon detector (CIPD) now under
development by the National Institute of
Information and Communications Technology
(NICT) with the aim of arriving at the imple-
mentation of a photon-number resolving tech-
nology.

2 CIPD for telecommunication
wavelength

To begin, the charge integration photon
detector (CIPD) is a combination of a pho-
todetector and a charge integration readout cir-
cuit. The readout circuit used here has previ-
ously been applied to devices such as those for
precise spectroscopy. Originally, it was not
designed as a readout circuit for communica-
tions. Generally speaking, this is a readout cir-
cuit that improves the signal-to-noise ratio
(S/N) by sacrificing readout bandwidth. We
will describe the telecommunications wave-
length CIPD below.

We used an InGaAs PIN photodiode with
high sensitivity in the telecommunications
wavelength as the photodetector. An InGaAs
PIN photodiode generates an electron-hole
pair per photon. If the quantum efficiency is
sufficiently high, the number of photons can
be resolved by accurately counting the number
of charges generated. Figure 1 shows a
schematic diagram of the CIPD. We cooled
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Fig_ I Schematic diagram of telecommu-
nications wavelength charge inte-
gration photon detector (CIPD)

the part enclosed in the frame in the figure
down to 4.2 K to suppress thermal noise and
leakage current. As the first-stage amplifier,
we adopted a GaAs JFET, and used it in the
source follower connection. A GaAs JFET
does not generate kinks or hystereses at low
temperatures and provides excellent static
characteristics. It has also been confirmed that
a GaAs JFET produces only low levels of
dielectric polarization noise, which is the ther-
mal noise generated in the absence of charge
compensation. The charges generated in the
PIN photodiode are accumulated in the gate
electrode of the GaAs JFET, and the voltage
induced by the accumulated charges is reflect-
ed in the source electrode. The accumulated
charges must be reset before the device exits
the linear operation range of the FET. General-
ly, a FET is also used for this resetting
process. However, as the FET increases noise
and capacitance, we used a mechanical probe.
The probe can maintain a physical distance
from the electrodes except at resetting; this
distance minimizes the increase in additional
capacitance. The output voltage Vou is
expressed in the following equation.
MQ

Vou =Gu C. (1)
Here, Gu is the source follower gain, M is the
number of charges, Q is the elementary
charge, and Cin is the input capacitance. For
simplicity, we assume Gu = 1; the voltage
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generated when a single charge is accumulat-
ed in the gate is then 1.6 4V for an input
capacitance of 0.1 pF. If the noise in the read-
out circuit can be suppressed to this output
voltage or below, the photo-carriers (i.e., the
charges) can be counted, which consequently
allows us to count the number of photons.

Because the amplifier accumulates
charges, the amplifier used in this case is
referred to as the charge integration amplifier.
Circuits generally require a readout method
known as “correlation double sampling”
(CDS)61. In other words, accumulated charge
is estimated based on the difference in the out-
put readout before and after the signal is input.
In the estimation, the effective noise is deter-
mined by the readout rate, the average time of
voltage readout, and the system noise spec-
trum. When a CDS is used, not only output
but also noise is integrated over the band-
width, so the readout rate must be optimized
in signal detection. First, we can express the
sampling at the time interval T as g(¢) = 6(7 +
T)-0(t), and the corresponding Fourier trans-
formation is expressed in the following equa-
tion.

A =| [swesp(-2n )i
= 2|sin(z /T )|

2

This equation shows that the CDS effectively
works as a comb filter within the given sam-
pling period. The average over the readout
time, To, is defined as in the following equa-
tions.
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As is clear from this equation, the CDS acts as
a lowpass filter. Finally, the noise voltage in
the CDS is expressed in the following equa-
tion.

__— J’ani,-,w|F(f)2H(f)z|

noiseCDS — g 1 +(%)2

Here, Viwise is the noise spectrum of the entire
system, and f is the cutoff frequency of the
external lowpass filter.

As shown in Equation (1), the important
issues in this circuit are to increase the gain by
reducing the input capacitance and to suppress
readout noise. To suppress readout noise at or
below the output voltage induced by a single
charge, we inevitably need to determine the
optimum operating conditions for the GaAs
JFET. An effective means of reducing the
capacitance is to miniaturize the gate size of
the JFET. However, miniaturization of the
gate is accompanied by an increase in 1/f
noise and in random telegraph signal noise;
gate size must therefore be optimized.
Accordingly, we have applied our own
unique noise reduction method(7], which we
refer to as the “thermal cure”, and have opti-
mized the relevant operating conditions. As a
result, we succeeded in reducing noise to
below 500 nV/Hz"* at 1 Hz for a sample with
a gate width of 5 um and gate length of 10 um,
and produced a small input capacitance of
0.037 pF for the GaAs JFET.

Reducing the photosensitive area is an
effective means of reducing the capacitance of
the remaining component, the InGaAs PIN
photodiode. However, when the coupling effi-
ciency with the fiber is taken into considera-
tion, further miniaturization is difficult. On the
other hand, a sample with a thick depletion
layer can produce low capacitance. Accord-
ingly, we have discovered that commercially
available samples with high dopant concentra-
tions simultaneously feature thick photoab-
sorption layers. Cooling such a sample to an
extremely low temperature freezes the carriers
and increases the depletion layer; as a result
we have reduced capacitance to 0.017 pF.

By arranging the GaAs JFET and the
InGaAs PIN photodiode on a CaF: board
using the hollow mounting method, we have
obtained a total input capacitance of 0.054 pF.

4 )
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The output voltage is 3 4V with the accumula-
tion of a single charge. The noise spectrum
indicates a readout rate of approximately
50 Hz when resolving the number of photons
with an S/N greater than 2 using the CDS. We
conducted a readout test at 40 Hz.

Figure 2-1 shows a histogram for output
when light is not input. The standard deviation
is 0.26 electrons converted to a number of
photo-carriers, so that we can expect an S/N
value of approximately 4 with the accumula-
tion of a single charge. However, in an actual
application, the S/N will be approximately 2
to 3 due to effects such as those induced by
power supply noise.
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photo-carrier number

\le}7& l| Dark count at readout rate of 40 Hz

Figure 2-2 shows a histogram with an
average photo-carrier number of 1.04-
2.85 electrons/pulse(s]. The resolution is
0.1 electrons. The curve in the figure is an
approximation with a Poisson distribution and
a Gaussian distribution approximating the
noise in the readout circuit. The curve is
expressed in the following equation.

max

_; | _ 2 2
N(x)= Jz—mzla(nexp{(x ’[26°} (5)

Here, P» is the Poisson distribution with an
average n number of photo-carriers; max is the
cutoff number of photo-carriers (here, 20), and
o is the standard deviation of the readout
noise of the CIPD.

In Fig. 2-2, multipeak structures can be
recognized in up to four photon numbers. This
phenomenon occurs as the photoelectrons gen-
erate a discrete output voltage. The standard
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deviation used in the approximation equation
indicates that the photo-carrier is counted at
approximately S/N = 3. Quantum efficiency is
approximately 80%, and coupling efficiency
between the fiber and the detector is 80% at
maximum. The discrete output distribution
indicates that our estimation of the input
capacitance is adequate. The low-capacitance
measuring technique can also be applied to the
assessment of material characteristics in cryo-
genic device technologies. Further, our CIPD
does not perform multiplication in the pho-
todetector, so there is no risk of additional
multiplication noise. Thus, the detector is
expected to function even with an increase in
the number of received photons. We have
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measured the distribution of coherent light up
to an average of approximately 10 photo-carri-
ers.

Figure 3 shows the results of photo-carrier
distribution measurement conducted for an
average of 1.58 to 10.18 photo-carriers per
pulse with a resolution of 1 electron. The
dashed curve is the Poisson distribution. The
histogram in the figure agrees well with the
Poisson distribution. Figure 3 clearly shows
that the detector is capable of measuring the
number of photons even when several tens of
photons are input, as no multiplication
processes are involved. This demonstrates the
advantageously large operating range of this
telecommunications wavelength CIPD. Based
on the present performance of this detector,
we can estimate the signal to noise ratio (S/N)
and quantum efficiency in the construction of
a universal photonic quantum gate. For the
S/N, the photon-number resolving detector is
required to perform measurement with preci-
sion corresponding to the cube root of the
number of photons(1] when constructing a
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universal photonic quantum gate. When three
photons are used for the signal, the acceptable
error is approximately 1.4 photons; when
10 photons are used for the signal, the accept-
able error is approximately two photons. Thus,
the present performance of the detector is suf-
ficient for application to a universal photonic
quantum gate. On the other hand, almost
100% quantum efficiency is required, whereas
quantum efficiency is presently at approxi-
mately 80%. If coupling loss with the fiber is
included, performance is even lower. We need
to improve sensitivity by combining optimiza-
tion of the coating in the photodetector, an
increase in the photo-absorption layer, and the
high-precision alignment technique. For prac-
tical applications, we also need to increase the
present operation rate from 40 Hz. The most
obvious technique to do so is to reduce the
noise in the FET. However, the noise spectrum
of the present FET indicates a plateau at or
above 1 kHz in an optimistic estimation, and
we can easily imagine that a further increase
in the rate will increase the integration of
noise power, which leads to rapid debasement
of the signal-to-noise ratio. We thus need to
determine the cause of FET noise and to opti-
mize the structure accordingly. On the other
hand, although we do not use a multiplication
process in the photodetector at present, in
order to increase speed in the future, we
should hope to develop an APD for the
telecommunications wavelength featuring
extremely low multiplication noise. To devel-
op such an APD, we must improve various
semiconductor processes; this will include
development of a superstructure to control the
mobility of electron-hole pairs and improve-
ments in the crystallinity of the compound
semiconductor, to suppress leakage current.

3 CIPD for visible and
near-infrared

We are also developing a CIPD with sensi-
tivity in the visible and near infrared regions.
Today, most cutting-edge demonstrations in
the field of quantum information based on
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photons and squeezed light use free-space
optical systems in the visible and near-infrared
wavelength region, due to the technological
maturity of the relevant light sources and
detectors. Thus a CIPD in the visible and near-
infrared regions is expected to contribute sig-
nificantly to these cutting-edge demonstra-
tions. Due to these boundary conditions, the
performance requirements for a visible and
near-infrared CIPD are summarized as fol-
lows.

(1) Extremely high quantum efficiency (90%
or greater) in the visible and near-infrared
regions

(2) Superior coupling efficiency (approximate-
ly 100%) with free-space optical systems
In terms of the feasibility of achieving

high quantum efficiency, VLPC based on Si

have obtained approximately 100% quantum
efficiency, therefore we have a strong chance
of achieving the required high efficiency in
the future by optimizing the thickness of the
photoabsorption layer of the Si-based pho-
todetector. On the other hand, in order to
obtain superior coupling efficiency, we need
not only to optimize the optical system for sig-
nal light input but also to avoid using cryo-
genic cryostats and to select large photosensi-
tive areas. Avoiding operations at extremely
low temperatures and using detectors with
large photosensitive areas will increase the
leakage current and the dielectric polarization
noise generated in the detector, which in turn
will make it difficult to count photoelectrons.

Thus, we have adopted a Si avalanche photo-

diode (Si APD), which features a multiplica-

tion function for the photoelectrons. We
assume operation at 77 K, which is relatively
easy to implement, and have adopted a Si

JFET for the first-stage amplifier of the read-

out circuit, as this component features low

noise at this operating temperature. It has been
reported that dielectric polarization noise is
dominant at 77 K(o1. This dielectric polariza-
tion noise is proportional to capacitance,
therefore low-capacitance mounting leads
directly to low noise.

Figure 4 shows the CIPD circuit in use.
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for Resetting Reset Switch

E Feedback
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VBias -V

Schemattic diagram of visible and
near-infrared CIPD. Operating tem-
perature is 77 K with the exception
of the operational amplifier

The components with the exception of the
detector form the so-called capacitive trans-
impedance amplifier (CTIA), which is widely
used in readout circuits for astronomical
observations. The n electrons generated in the
light receiving element are accumulated in the
feedback capacitance Cr and are converted
into voltage. The output voltage from the
operational amplifier is expressed in the fol-
lowing equation.

_no
V(mr - Cf (6)

Using a feedback circuit makes it possible to
stabilize bias at the accumulation of charge
and expands the operational range. We do not
use a standard reset FET for the reset mecha-
nism. Instead, we extract the charges by oper-
ating a diode with an extremely small capaci-
tance in forward bias for resetting, in order to
reduce dielectric polarization noise. The first-
stage amplifier, the Si JFET, has high input
impedance, low leakage current, and low
noise at this operating temperature relative to
other transistors. An effective means of reduc-
ing noise in the readout circuit is to reduce
dielectric polarization noise. To this end, we
must reduce the capacitance of each element.
The dielectric polarization noise is expressed
in the following equation with the complex
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dielectric constant C” of the dielectric materi-
al.

[} = 4kTwC”
Vi= 13/ (@ )2

Here, k is the Boltzmann’s constant, 7 is the
operating temperature, and w is the angular
frequency. The dielectric polarization noise
significantly depends on the crystallinity of
the material. By selecting a material with high
crystallinity, we can suppress noise. We have
selected a Si semiconductor with superior
crystallinity to construct a visible and near-
infrared CIPD in order to reduce capacitance,
and consequently noise, further. Table 1 sum-
marizes the results of reduced capacitance for
various elements.

)

i[e]0)[=2 ] Example of capacitance of vari-

ous elements

devices

Si APD
(Hamamatsu
photonics
S8890)

Si PIN PD
(Hamamatsu
photonics
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Feedback
capacitor
(fused

silica)

Si JFET
(MOXTEK,
MX30)

capacitance

0.52

0.23

0.074

0.33

(pF)

We measured the noise for a CIPD fabri-
cated based on these elements. The integration
time for the output signal was 40 msec, which
corresponds to a readout rate of 25 Hz. Figure
5 shows the noise distribution with frequency
of occurrence as the vertical axis and the
counts (converted to number of charges) as the
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#le}s) Charge-converted noise distribu-
tion of visible and near-infrared
CIPD circuit

horizontal axis. We obtained a standard devia-
tion of 4.3 electrons by Gaussian fitting the
measurement results. Compared to a past read-
out circuit[10], we were able to reduce noise
by 40%.

While the noise in the readout circuit cor-
responds to 4.3 electrons, the amplification in
the Si APD required to resolve the number of
photons is more than 10 times larger.

On the other hand, it is known that a Si
APD generates excess noise in multiplication.
Traditionally, it was believed impossible to
resolve photon numbers with a Si APD, as
multiplication noise becomes dominant. How-
ever, we have found a region within the oper-
ating conditions of low temperature and a low
multiplication factor in which it is considered
possible to resolve photon numbers. For a Si
APD with sensitivity to visible light, we
arrived at low multiplication noise with an
excess noise factor of 1.07 at a multiplica-
tion factor of 10.8 and an operating tempera-
ture of 77 K[111. Figure 6 shows the rate of
electron generation after multiplication with
an average of 1, 3, 7, and 10 generated photo-
carriers. As the system readout noise here is
7 electrons/pulse, the system does not resolve
the number of photons. However, we conclud-
ed that this system reads out a single photon
with a signal-to-noise ratio (S/N) of approxi-
mately 1. In the future, we plan to perform
photon-number resolving experiments at the
wavelength of 860 nm, for which a high-quali-
ty squeezed light source is now available,

Si APD (Matsusada
Precision Inc., M6612)

Probability

Electrons at APD anode

Rate of electron generation after
mulfiplication with Si APD for visible
light with average numbers of gener-
ated photo-carriers of 1, 3, 7, and 10
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combining our exploration for an APD struc-
ture suitable for the near-infrared regions with
a low-noise readout circuit.

4 Conclusions

This article mainly reports on research
conducted at the National Institute of Informa-
tion and Communications Technology (NICT)
in the context of activities to develop photon-
number resolving detectors. Of course, other
methods are possible. However, although
many research institutions all over the world
have made various attempts at developing
such detectors, not one of these attempts has
yielded sufficient performance. The impact of
photon-number resolving technology may
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