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Abstract—Visible light photon counters (VLPCs) offer many at-
tractive features as photon detectors, such as high quantum effi-
ciency and photon number resolution. We report measurements of
the single-photon timing jitter in a VLPC, a critical performance
factor in a time-correlated single-photon counting measurement,
in a fiber-coupled closed-cycle cryocooler. The measured timing
jitter is 240 ps full-width-at-half-maximum at a wavelength of 550
nm, with a dark count rate of 25 10� counts per second. The
timing jitter increases modestly at longer wavelengths to 300 ps at
1000 nm, and increases substantially at lower bias voltages as the
quantum efficiency is reduced.

Index Terms—Single photon detector, timing jitter, visible light
photon counters (VLPC).

I. INTRODUCTION

H IGH-PERFORMANCE single-photon detectors (SPDs)
that provide high quantum efficiency (QE), low

dark-count rate and low timing jitter are crucial components in
advancing quantum optics research. In addition to traditional
photomultiplier tubes and single-photon avalanche diodes,
several solid-state detectors have been demonstrated in recent
years [1]–[4]. Among them, the visible light photon counter
(VLPC) features a high QE ( 80%) and photon-number-
resolving (PNR) capability with low multiplication noise at
visible wavelengths [1], [5], [6]. Taking advantage of these
properties, VLPCs have been used, for example, to demonstrate
heralded photon-number-state generation [7].

Among SPDs with intrinsic PNR capability, only the tran-
sition edge sensor (TES) [8] outperforms the VLPC in both
QE and PNR capability. However, a TES suffers from a larger
timing jitter [ 100 ns full-width-at-half-maximum (FWHM)]
than most other SPDs [9], and requires a sophisticated cryo-
genic system to achieve the operating temperature of 100 mK.
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The timing jitter of a detector directly affects the fidelity of
a time-correlated single-photon counting measurement. Low
timing jitter enables high-clock-rate quantum communica-
tion experiments and leads to improved signal-to-noise ratio
(SNR) in gated photon-counting experiments by allowing short
time-window sizes [10]. In this letter, we report a quantitative
set of measurements on the single-photon detection timing
jitter in a VLPC and discuss the device physics that explain
these results.

II. MEASUREMENT SYSTEM

We constructed a VLPC system equipped with a He gas
closed-cycle cryocooler. The VLPC chip is mounted on a brass
chip holder and wire-bonded directly to a coaxial connector.
A brass fiber holder is used to align and hold the end of a
standard single-mode optical fiber (SMF) directly above the
VLPC, which has a circular active area of 1 mm in diameter.
The gap between the fiber and the VLPC is 1 mm, and the
expected light spot size ( width) varies from 100 m
at 470 nm to 200 m at 1000 nm. The detector package,
a thermometer, and a heater for temperature control are all
mounted on a brass structure serving as the low-temperature
stage. Temperature fluctuations are suppressed by using a thin
insulator to weakly couple the detector stage and the cold head
of the cryocooler. To reduce the blackbody radiation on the
detector [1], a low-temperature ( 4 K) shield is installed.
A bias-T and a low-temperature amplifier are mounted on
the intermediate cold stage ( 40 K) for the voltage bias
and readout. Another amplifier at room temperature further
amplifies the VLPC pulses. In our measurement setup, output
voltage pulses from the VLPC are 1 ns FWHM, with a rising
edge slope of 250 mV ns (inset in Fig. 1). We measured the
pulse height distribution with excess noise factor 1.03
( , : multiplication gain), similar to that of
previous reports [6], [11]. We also measured the dark count rate
as a function of detection efficiency by varying bias voltage at
a series of temperatures, and verified that these data all fall on
a single characteristic curve of a nearly exponential shape in
the dark count rate range from 20 counts per second (cps) to
25 kcps [4]. This implies that the background count rate from
blackbody radiation or room light leakage is negligible in our
system. Fig. 2 shows the measured system detection efficiency
and dark count rate as a function of bias voltage at a temperature
of 7 K and a wavelength of 633 nm. The peak system detection
efficiency at 633 nm of 40% occurs at a bias voltage of 7.2 V
and a temperature of 7 K. At higher bias voltages the dark
counts continue to increase but the QE flattens out. The peak
system detection efficiency is lower than the intrinsic QE of the
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Fig. 1. Schematic of VLPC system and timing measurement. PCF: photonic
crystal fiber, DBS: dichroic beamsplitter, Filters: color filters and neutral density
filters, GM: grating monochromator, SMF: standard single-mode fiber, PD: fast
photodiode, TIA: time-interval analyzer. Inset: VLPC pulse trace.

Fig. 2. The system detection efficiency and dark count rate as a function of bias
voltage. The system detection efficiency was measured at a temperature 7 K and
a wavelength of 633 nm.

VLPC ( 95% [4]) but could be improved in the future with
optimization of fiber coupling, reducing fiber connector losses,
and anti-reflection coatings.

Fig. 1 shows a schematic of the experimental setup. We used
a pulsed supercontinuum light source to measure timing jitter
over a wide wavelength range. Optical pulses of 100 fs du-
ration from a Ti:Sapphire laser at 780 nm central wavelength
and 82 MHz repetition rate pump a 2 m long photonic crystal
fiber to generate a supercontinuum of light pulses spanning from

470 nm to 1300 nm. After the fiber, a dichroic beamsplitter
diverts most of the pump laser to a fast silicon photodiode, pro-
viding a reference clock synchronized with the laser pulse train
that serves as the start for the timing electronics. The transmitted
supercontinuum light is spectrally filtered to 4 nm bandwidth
by use of color filters and a grating monochromator, and then
coupled into an SMF and guided to the VLPC. A time-interval
analyzer (TIA) measures the VLPC timing jitter by recording
a histogram of the time difference between clock pulses from
the fast photodiode and output pulses from the VLPC. The TIA
uses a constant-fraction discriminator, which reduces the ef-
fect of pulse-height distribution on the pulse-arrival timing. By
replacing the VLPC with a superconducting nanowire single-

Fig. 3. Wavelength dependence (black circles) and bias voltage dependence
(gray triangles) of the measured FWHM values of the timing jitter. The bias
voltage dependence was measured at 633 nm and at a temperature of 7.0 K. The
wavelength dependence was measured at a bias voltage of 7.2 V and at a temper-
ature of 7.0 K. (b) Photon detection time histograms at different wavelengths.

photon detector, which has little wavelength-dependent jitter
[12], we determined that the timing jitter of the measurement
setup is less than 100 ps FWHM for all wavelengths. Electrical
noise on the amplified VLPC pulses further degrades the total
jitter by , where is the
jitter from an ideal noiseless measurement setup and is the
jitter that can be measured due the electrical noise by the TIA
from a jitter-free signal. We estimate 100 ps FWHM.

III. RESULTS AND DISCUSSION

We measured VLPC detection time distributions for wave-
lengths ranging from 470 nm to 1000 nm at a fixed temper-
ature (7.0 K) and bias (7.2 V), adjusting the optical attenua-
tion at each wavelength to keep the count rate 50 kcps (av-
erage detected photon number per pulse ). This
count rate is well below the level at which performance degra-
dation begins to occur due to saturation effects [4], [13]–[15].
Fig. 3(b) shows normalized, background-subtracted histograms
of the VLPC at three wavelengths. The histograms approxi-
mately follow a Gaussian distribution at early time delays, fol-
lowed by a long tail. Fig. 3(a) plots the extracted jitter FWHM
over the full measurement range. The jitter increases slowly with
increasing wavelength, from 240 ps at 470 nm to 300 ps at
1000 nm. The jitter increases rapidly with decreasing bias, from
210 ps to 480 ps as the bias is reduced from 7.6 V to 6.4 V at a
wavelength of 633 nm and 7.0 K.
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Fig. 4. Schematic of (a) VLPC structure, (b) calculated electric field distribution and (c) associated drift velocity of the electrons (solid line) and holes (dashed
line) [19]. The total thickness of the shown epitaxial layers is � 30 �m [16] and the schematic is drawn roughly to scale.

These characteristics can be understood by considering the
operating principle of a VLPC. The VLPC consists of several
silicon epitaxial layers grown on a degenerately doped Si
substrate, as shown in Fig. 4(a), with total layer thickness of

30 m [16]. The gain and drift layers [distinguished only by
the electric field profile, as shown in Fig. 4(b)] are highly doped
with arsenic (donors) and slightly counterdoped with boron
(acceptors). At operating temperature, the arsenic dopants in
the gain/drift layer form a populated impurity band 54 meV
below the conduction band. At operating bias, an electric field
in the VLPC is established, and field-assisted thermal ioniza-
tion of donors leads to a stable “bias current” flowing through
the device. The bias current sets up the region of constant
electric field that defines the drift layer, crucial for achieving
high QE [17]. The primary electron-hole pair generated by the
absorption of a photon in the intrinsic layer is separated by
the applied field, and the hole accelerates into the drift layer.
The presence of the drift layer ensures that the hole has high
probability of impact ionizing at least one neutral donor atom
to provide an electron (referred to as a secondary electron) in
the conduction band. The secondary electron drifts towards
the front contact and initiates a local avalanche inside the gain
layer, resulting in a pulse containing several tens of thousands
of electrons. Long-wavelength visible and infrared photons
may propagate beyond the intrinsic layer before they produce
a primary ionization, in which case the primary electron will
trigger the avalanche.

The electron drift velocity under voltage bias is shown
schematically in Fig. 4(c). The mobility of the electrons
in the drift and gain layers is limited by neutral-impurity
scattering, and can be estimated using Erginsoy’s formula
( 1330 cm V s ) [18]. Due to the low mobility and
reduced field, the drift velocity of the secondary electron

decreases rapidly in the drift layer. As the generation of a
secondary electron occurs deeper in the drift layer, the delay
between photon absorption and avalanche generation is pro-
longed, leading to an asymmetric shape and a long tail in the
timing jitter distribution. At optimum bias condition, the impact
ionization of secondary electrons occurs between the tail end
of the gain layer and the top portion of the drift layer [marked
by the arrow in Fig. 3(a)] [17], and the timing jitter, 240 ps
at 470 nm, is attributed to this secondary-electron transit-time
distribution convolved with our measurement system jitter
( 100 ps).

The wavelength dependence of the VLPC jitter is a result of
the distribution in transit times of the photogenerated holes and
electrons before it triggers the avalanche. The hole drift velocity
in the VLPC is cm s (for electric fields in a range
of 1–10 kV cm) [19]. At a photon wavelength of 500 nm,
the absorption coefficient (absorption length) of Si at the oper-
ating temperatures is about 5 10 cm (2 m), whereas at
900 nm it is about 1 10 cm (100 m) [17]. The timing
jitter resulting from this hole transit-time spread is expected to
be 20 ps at 500 nm and 130 ps at 900 nm. Near 900 nm,
the photons are also absorbed in the gain and drift layers, where
the primary electron will trigger the avalanche. The transit time
before a primary electron generated deep in the drift layer can
trigger an avalanche can be long ( 1 ns) due to its low drift
velocity, which increases the size of the tail in the distribution
at longer wavelengths. When convolved with the timing jitter of

240 ps associated with secondary-electron generation and its
initiation of the avalanche, these mechanisms explain the wave-
length dependence of the timing jitter.

The bias dependence of the VLPC jitter is associated with a
lower electric field resulting in lower drift velocities and lower
impact-ionization probability of the hole to generate the sec-
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ondary electron [17]. Due to lower electron drift velocity in the
drift region, the spread in the region of secondary-electron gen-
eration leads to a much broader timing distribution. The reduc-
tion of secondary-electron impact-ionization probability is also
consistent with the reduction of the device QE as the bias voltage
is reduced. A more quantitative model for the timing-jitter dis-
tribution is under development.

As the operating temperature is modified at a constant bias
voltage, we find only a slight increase in the jitter with reduced
temperature ( 70 ps K). As the temperature is reduced, the
series resistance of the substrate increases resulting in a lower
effective bias voltage. Decreasing the temperature is equivalent
to reducing the bias voltage of the device and the temperature
dependence of the jittter is consistent with the corresponding
reduction in effective bias voltage [4].

IV. CONCLUSION

Our study indicates that a VLPC system can achieve a timing
jitter similar to that of common single-photon avalanche diodes
(SPADs) at a reasonable dark count rate and detection efficiency
[20] while providing PNR capability [5], [7] not offered by
SPADs. A detailed understanding of the physical origins opens
up the possibility for designing improved versions of VLPCs
featuring better timing jitter characteristics.

ACKNOWLEDGMENT

The authors thank M. “Dutch” Stapelbroek for his insights
on VLPC operating principles, J. Van Lanen for technical assis-
tance, and S. Diddams for providing the photonic crystal fiber.

REFERENCES

[1] B. Cabrera, R. M. Clarke, P. Colling, A. J. Miller, S. Nam, and R. W.
Romani, “Detection of single infrared, optical, and ultraviolet photons
using superconducting transition edge sensors,” Appl. Phys. Lett., vol.
73, pp. 735–737, Aug. 1998.

[2] G. N. Gol’tsman, O. Okunev, G. Chulkova, A. Lipatov, A. Semenov, K.
Smirnov, B. Voronov, A. Dzardanov, C. Williams, and R. Sobolewski,
“Picosecond superconducting single-photon optical detector,” Appl.
Phys. Lett., vol. 79, pp. 705–707, Aug. 2001.

[3] E. Lorenz, J. –J. Gebauer, D. Kranich, M. Merck, and R. Mirzoyan,
“Progress in the development of a high QE, red extended hybrid pho-
tomultiplier for the second phase of the MAGIC telescope,” Nucl. In-
strum. Methods A, vol. 504, pp. 280–285, May 2003.

[4] S. Takeuchi, J. Kim, Y. Yamamoto, and H. H. Hogue, “Development
of a high-quantum-efficiency single-photon counting system,” Appl.
Phys. Lett., vol. 74, pp. 1063–1065, Feb. 1999.

[5] J. Kim, S. Takeuchi, Y. Yamamoto, and H. H. Hogue, “Multiphoton
detection using visible light photon counter,” Appl. Phys. Lett., vol. 74,
pp. 902–904, Feb. 1999.

[6] J. Kim, Y. Yamamoto, and H. H. Hogue, “Noise-free avalanche multi-
plication in Si solid state photomultipliers,” Appl. Phys. Lett., vol. 70,
pp. 2852–2854, May 1997.

[7] E. Waks, E. Diamanti, and Y. Yamamoto, “Generation of photon
number states,” New J. Phys., vol. 8, p. 4, Jan. 2006.

[8] A. E. Lita, A. J. Miller, and S. W. Nam, “Counting near-infrared single-
photons with 95% efficiency,” Opt. Express, vol. 16, pp. 3032–3040,
Mar. 2008.

[9] D. Rosenberg, J. W. Harrington, P. R. Rice, P. A. Hiskett, C. G. Pe-
terson, R. J. Hughes, A. E. Lita, S. W. Nam, and J. E. Nordholt, “Long-
distance decoy-state quantum key distribution in optical fiber,” Phys.
Rev. Lett., vol. 98, p. 010503, Jan. 2007.

[10] B. Baek, L. Ma, A. Mink, X. Tang, and S. W. Nam, “Detector per-
formance in long-distance quantum key distribution using supercon-
ducting nanowire single-photon detectors,” in Proc. SPIE, Apr. 2009,
vol. 7320, p. 73200D-1.

[11] G. B. Turner, M. G. Stapelbroek, M. D. Petroff, E. W. Atkins, and H. H.
Hogue, A. D. Bross, R. C. Ruchti, and M. R. Wayne, Eds., “Visible light
photon counters for scintillating fiber applications: I. Characteristics
and performances,” in Proc. SciFi 93-Workshop on Scintillating Fiber
Detectors, pp. 613–620.

[12] M. J. Stevens, R. H. Hadfield, T. Gerrits, T. S. Clement, R. P. Mirin, and
S. W. Nam, “Infrared wavelength-dependent optical characterization
of NbN nanowire superconducting single-photon detectors,” J. Mod.
Optics, vol. 56, pp. 358–363, Jan. 2009.

[13] A. Bross, J. Estrada, P. Rubinov, G. Garcia, and B. Hoeneisen, “Local-
ized field reduction and rate limitation in visible light photon counters,”
Appl. Phys. Lett., vol. 87, pp. 6025–6027, Dec. 2004.

[14] A. Bross, V. Büscher, J. Estrada, G. Ginther, and J. Molina, “Gain dis-
persion in visible light photon counters as a function of counting rate,”
Appl. Phys. Lett., vol. 87, p. 214102, Dec. 2004.

[15] J. Kim, S. Somani, and Y. Yamamoto, Nonclassical Light from Semi-
conductor Lasers and LEDs. New York: Springer, 2001.

[16] K. McKay, J. Kim, and H. H. Hogue, “Enhanced quantum efficiency
of the visible light photon counter in the ultraviolet wavelengths,” Opt.
Express, vol. 17, pp. 7458–7464, Apr. 2009.

[17] M. G. Stapelbroek and M. D. Petroff, A. D. Bross, R. C. Ruchti, and
M. R. Wayne, Eds., “Visible light photon counters for scintillating fiber
applications: II. Principles of operation,” in Proc. SciFi 93-Workshop
on Scintillating Fiber Detectors, pp. 621–629.

[18] C. Erginsoy, “Neutral impurity scattering in semiconductors,” Phys.
Rev., vol. 79, pp. 1013–1014, May 1950.

[19] C. Jacoboni, C. Canali, G. Ottaviani, and A. A. Quaranta, “A review of
some charge transport properties of silicon,” Solid-State Electron., vol.
20, pp. 77–89, Feb. 1977.

[20] R. H. Hadfield, “Single-photon detectors for optical quantum informa-
tion applications,” Nature Photon., vol. 3, pp. 696–705, Nov. 2009.

Burm Baek was born in Seoul, Korea on February
15, 1975. He received B.S., M.S., and Ph.D. degrees
in physics from Seoul National University, in 1997,
1999, and 2004, respectively.

He worked on construction and application of
HTS scanning SQUID microscopes for his thesis
in a joint project of Seoul National University and
LG Electronics Institute of Technology. He joined
the Quantum Voltage project at NIST, Boulder, CO,
as a Guest Researcher in April, 2005 to develop
Nb/�� �� /Nb Josephson junctions for voltage

standard and high-speed superconducting digital circuits. He joined the
Quantum Information and Terahertz Technology project at NIST, Boulder, in
May, 2007 and has been performing research on superconducting nanowire
single photon detectors and relevant technologies.

Kyle S. McKay (S’08) received the B.S. degree
in computer engineering from the University of
Maryland, Baltimore, in 2005 and the M.S. degree
in electrical engineering from Duke University,
Durham, NC, in 2008, where he is currently working
toward the Ph.D. degree.

His research interests include solid-state detectors,
wafer bonding, and photonics.

Authorized licensed use limited to: NIST Research Library. Downloaded on March 21,2010 at 13:45:58 EDT from IEEE Xplore.  Restrictions apply. 



BAEK et al.: SINGLE-PHOTON DETECTION TIMING JITTER IN A VISIBLE LIGHT PHOTON COUNTER 995

Martin J. Stevens received the B.S. degree in
physics from the University of Minnesota, in 1996
and the Ph.D. degree in electrical and computer
engineering from the University of Iowa, Iowa City,
in 2004.

He then attended the University of Iowa, where
he was a student of Prof. Arthur Smirl. There, he
studied fundamental interactions of charge carriers in
semiconductors using polarization-resolved spectral
interferometry. He also refined techniques for coher-
ently controlling electron spin in semiconductors,

including the all-optical injection and control of ballistic spin currents. He
received He then joined the National Institute of Standards and Technology
(NIST), Boulder, CO, where he was first a National Research Council (NRC)
Postdoctoral Fellow, and is now a staff Scientist. At NIST, his research has
focused primarily on characterizing single-photon sources and single-photon
detectors. His current research interests include implementing single-photon
sources and detectors in fundamental tests of quantum optics.

Dr. Stevens is a member of the Optical Society of America.

Jungsang Kim (M’04) received the B.S. degree
from Seoul National University, Seoul, Korea, and
the Ph.D. degree from Stanford University, Stanford,
CA, in 1992 and 1999, respectively, all in physics.

He joined the Bell Laboratories-Lucent Tech-
nologies, Murray Hill, NJ, in 1999, where he
carried out research on MEMS-based optical cross
connect switches for optical communications, and
base transceiver station architecture for wireless
communication systems. Since 2004, he has been an
Assistant Professor in the Department of Electrical

and Computer Engineering, Duke University, Durham, NC. His current re-
search interests include integrated optical systems technologies for atom-based
quantum information processors, devices for quantum communications, and
advanced optical imaging systems.

Prof. Kim is a member of the American Physical Society and the Optical
Society of America.

Henry H. Hogue received the Ph.D. degree in
physics from Duke University, Durham, NC, in
1977, and the BA degree in mathematics/physics
from Mississippi State University, State College, in
1972.

He is currently an Associate Technical Fellow
at DRS Sensors & Targeting Systems, a division
of DRS Technologies, a Finmeccanica Company,
Cypress, CA. He has held equivalent positions within
DRS and predecessor functional groups at Boeing
and Rockwell International for the past 22 years.

Before that he was a Member of Technical Staff at the Oak Ridge Y-12 Plant,
Oak Ridge, TN, for eight years. His current interests include the extension
of blocked impurity band (BIB) detector technology to airborne surveillance
applications in the long-wavelength infrared atmospheric window and to
space-based applications in the far-infrared spectral region and improvement
of the number-mode photon counters based on BIB technology.

Dr. Hogue is a member of the American Physical Society and the American
Geophysical Union.

Sae Woo Nam received the B.S. degree in physics
and the M.S. degree in electrical engineering from the
Massachusetts Institute of Technology, Cambridge,
in 1991 and the Ph.D. degree from Stanford Univer-
sity, Stanford, CA, in 1998.

Following his degree, he was awarded an NRC
Postdoctoral Fellowship at NIST to continue work
on advanced applications of superconducting transi-
tion-edge sensor (TES) based detectors. Currently, he
is a project leader for the Quantum Information and
Terahertz Technology project at NIST. And recently,

he has been involved in the first demonstrations of the use of superconducting
detectors in quantum information applications such as quantum key distribution
and single photon source and entangled photon source characterizations.

Authorized licensed use limited to: NIST Research Library. Downloaded on March 21,2010 at 13:45:58 EDT from IEEE Xplore.  Restrictions apply. 


