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We describe the single-photon counting performance of a hybrid photomultiplier tube (HPMT) near-infrared
(950-1300 nm) detector with a transfered electron InGaAsP photocathode and a GaAs Schottky avalanche diode
anode. These devices have a lower photoelectron multiplication gain than conventional photomultiplier tubes,
but offer a greater linear dynamic range and electrical bandwidth. With the use of a low-noise preamplifier, they
can detect single photons with a greater than 20% quantum efficiency (QE) and a reasonably low dark-noise
count rate. The avalanche diode at the anode operates in a low gain analog mode and has no afterpulsing. As
a result, these HPMTs can detect single photons continuously at high count rates without gating. The relatively
large photocathode active area (1 mm diameter) is also attractive to many applications including laser altimetry,
ranging, and free-space communications through the atmosphere. We measured 25% photocathode QE and
nearly the same single-photon detection efficiency at 1064 nm wavelength with a dark count rate of 60,000 per
second at —22°C. The output pulse width in response to single-photon detection is about 0.8 ns. The maximum
count rate exceeded 100 million counts per second and was limited only by the speed of the electronics. The rms
timing jitter of the HPMT output was measured to be about 0.5ns. The jitter is dominated by the electron
diffusion time within the photocathode and can be improved by reducing the photocathode thickness at a small
loss in photocathode QE. We evaluated several of these HPMTs and detailed measurement results are reported in

this paper.
Keywords: photon counting; PMT; APD

1. Introduction

Single-photon counting detectors are necessary to
achieve the highest receiver sensitivity in low light
level detection and measurement systems. Many kinds
of photon-counting receivers are available at the visible
wavelengths, but only a few at near-infrared wave-
lengths. There is much interest in photon-counting
detectors in the 900 to 1600nm wavelength range
because of the availability of diode lasers from the
telecommunications industry, the maturity of the
technology of Nd:YAG lasers, and recent develop-
ments in fiber lasers. At present, the performance of
the near-infrared photon-counting detectors is still
poor compared to those for visible wavelengths.
Commercially available transfered electron (TE)
InGaAs photocathode photomultiplier tubes (PMT)
typically have a quantum efficiency (QE) of 2% from
the 900 to 1600 nm wavelength and a dark count rate
under 200,000 per second when cooled to —60°C [1].
Some hand-selected devices can have a QE as high as
10% over this wavelength range, but they often have
a higher dark count rate. Similar devices with an

InGaAsP photocathode that operate in the 950 to
1300 nm wavelength range have a similar QE but also
have a dark count rate as low as 1000 per second [2].
InGaAsP and InP/InGaAs single-photon avalanche
photodiodes (SPAD) have a relatively high QE but
also a high dark count rate and afterpulsing prob-
ability [3-6]. One can cool a SPAD to reduce the dark
count rate to an acceptable level, but the afterpulsing
probability and the delay time also increase signifi-
cantly. As a result, most InGaAsP and InP/InGaAs
SPADs are used in gated mode with a gating interval of
a few nanoseconds and a gate rate of a few kilohertz.
Most SPADs can only be used when the arrival times
of the photons to be detected are known to within the
gate interval, such as in satellite laser ranging or other
known target detection, quantum cryptography, and
nuclear physics experiments. Another type of near-
infrared photon-counting detectors are the InGaAsP
TE photocathode hybrid PMTs (HPMTs) that use
a GaAs avalanche diode in the gain stage [7-10].
The TE photocathode HPMTs developed by Intevac
have demonstrated a QE and a dark count rate similar
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to those from the best reported InGaAsP and InP/
InGaAs SPADs.

The use of an electron bombarded photodiode as
the photoelectron multiplication stage inside a PMT
was first reported by Kalibjian in 1965 [11]. It was
found that photoelectrons from the photocathode can
be multiplied upon impact in the space charge region
of a reversely biased photodiode. The multiplication
gain depends on the energy of the primary photoelec-
trons at impact, which can be as high as 1000 with
a SkeV electron energy. The resultant hybrid photo-
multiplier tube consists of only two eclements,
a photocathode and a semiconductor diode as the
anode. The first measurement result of such a hybrid
device was reported by DeSalvo et al. in 1992 [12].
The device achieved a gain of several thousand, which
was high enough to outperform most avalanche
photodiode (APDs) operating in analog mode but
still too low for single-photon detection [13]. Cushman
and Rusack [14] later developed a hybrid PMT using
a large-area APD as the anode to provide additional
gain. The total photoelectron multiplication gain
reached 10,000, which, in combination with a low-
noise preamplifier, is sufficient for single-photon
counting applications. The devices are also known as
vacuum APDs, electron bombarded APDs, intensified
photodiodes  (IPDs), hybrid photodiodes, etc.
The greatest advantages of HPMTs are the wide
dynamic range and low afterpulsing rate, because the
photocathode and the APD are operated in linear
mode with the bias voltage well below the break-down
point. It is also possible to estimate the number of
photons within a pulse from the amplitude of the
HPMT output. Because there is no dynode chain, the
photoelectrons inside an HPMT have a well confined
trajectory, and consequently a much lower transit time
spread. HPMTs usually have a relatively large active
area compared to SPADs, which is a major advantage
in receiver optics design and optical alignment.
HPMTs are inherently more rugged than conventional
PMTs because there are no dynode plates in between
the photocathode and anode. Multi-pixel HPMTs can
also be constructed by incorporating a multi-element
avalanche diode at the anode [7].

HPMTs for visible wavelengths have been available
on the market from several manufacturers and they
have been used in many applications [15]. Much
progress has been made in recent years in InGaAsP
and InGaAs photocathode HPMTs for the 950 to
1600nm wavelength range. The photon-counting
detection efficiency (PDE) is now 20-35% over this
wavelength range and is comparable to the best
InGaAsP SPADs [7,16]. The dark count rate has
been reduced to under 60,000 per second at —22°C
with a multi-stage thermal electrical cooled (TEC)

PMT housing. The afterpulsing rate is negligible and
independent of the device temperature. These devices
have become very attractive for use in photon-counting
laser ranging, atmospheric lidar, and free space optical
communications at 950 to 1600 nm wavelengths. They
can now be purchased as custom-developed devices.

2. Description of TE photocathode HPMT

A schematic diagram of a TE photocathode HPMT is
shown in Figure 1. It consists of a photocathode, an
electron bombarded avalanche diode anode, and a set
of electron optic focusing baffles. The device is 30 mm
in length and 30 mm in diameter and usually potted to
protect the high-voltage terminals. The red traces
shown in the figure are the electron trajectories which
emanate from the 1.0 mm diameter photocathode and
which impact on the anode. The design is optimized to
provide as tight a focus spot size as possible based on
the initial conditions at the cathode with a 45° angular
spread in azimuth and elevation and a 0.5eV starting
electron energy. The small spot size intercepting the
anode is crucial for reducing anode capacitance and
optimizing the bandwidth of the HPMT. The actual
spot size is approximately 300 pm in diameter and an
oversized 500 um diameter avalanche diode is used to
ease mechanical alignment. At the base of and around
the avalanche diode is a half cylinder of metal
approximately 3mm in diameter and 2mm in length
connected to the anode ground plane. When the
HPMT is biased, a lateral electric field is produced.
The lateral electric field deflects sideways positive ions
generated at the anode by the impinging electrons.

(GaAs avalanche diode
0.5mm diameter

Figure 1. Cross-section of an HPMT and the applied biases
(adapted from a SIMION 7.0 electron optics simulation).
Photoelectrons (red) from the photocathode are accelerated
and focused onto the GaAs avalanche diode anode where
a two-stage gain process occurs. Positive ions (green) from
the impact are deflected off-axis by the ion deflector electrode
at the base of the anode to protect the photocathode and to
reduce afterpulsing.
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The resulting ion trajectories, shown in green in
Figure 1, avoid the photo-active area of the photo-
cathode. This not only protects the photocathode from
positive ion bombardment but also minimizes
afterpulsing.

The photocathode voltage is typically at —8kV. A
small positive bias voltage (2-4 V) is applied across the
TE photocathode. The avalanche diode at the anode is
reversely biased at 0.90 to 0.95 times the breakdown
voltage. The breakdown voltage varies from device to
device and ranges from 35 to 70V for this type of
avalanche diode. Figure 2 shows a photograph of
a single-element HPMT from Intevac and the TEC
housing made by Products For Research (PFR), Inc.

Timing jitter of the HPMT output can be analyzed
as follows. An incident photon, once absorbed to
create a photoelectron, undergoes a sequence of events
that includes diffusion and drift to the photocathode
surface, acceleration in vacuum to the anode, multi-
plication from the bombardment, and multiplication
and diffusion inside the avalanche diode at the anode.
The subsequent electronic circuit and threshold detec-
tion also introduce jitter. Electron optics analysis using
SIMION 7.0 shows that the timing uncertainty for an
electron traveling from the photocathode to the anode
is less than 13 ps, which is determined by the cathode
to anode distance (approximately 2 cm) and the sizes of
the photocathode and anode active areas (1.0 mm and
0.5mm diameters, respectively). The average electron
transit time is approximately 3 ns. Timing jitter due to
the electron bombardment gain at the anode is also
very small because high-energy electrons deposit their
kinetic energy in a fraction of a picosecond and within
a lum thickness layer of the avalanche diode.
The GaAs avalanche diodes used in these devices
also have a fast response time with an electrical
bandwidth well beyond 1 GHz. The dominant source

Figure 2. Photograph of a potted HPMT and the TEC
housing. An aluminum outer shell was added for ease of
alignment. The housing was originally designed for a full-
sized PMT and an adapter had to be used to hold the HPMT
at the focal point. (The color version of this figure is included
in the online version of the journal.)

of HPMT timing jitter is the random walk of the
minority carrier electrons across the InGaAsP absor-
ber layer inside the TE photocathode. This can be
calculated by solving the time-dependent diffusion
equation using a Green’s function with appropriate
image sources to satisfy the boundary conditions at the
front and back of the InGaAsP absorber layer.
The resulting expression is algebraically intensive, but
an empirical fit to the calculated results can be
expressed as

WZ
2.62D,°

where W is the InGaAsP absorber thickness and D, is
the electron diffusion coefficient. For a 2.5 um lattice
matched InGaAsP absorber layer with a mobility of
3000cm?V~'s™!, the photocathode timing jitter is
307 ps, which compares favorably to measured data.
One way to reduce the timing jitter is to reduce the
InGaAsP absorber layer thickness at the cost of a small
loss in quantum efficiency at longer wavelengths. For
example, one can reduce the absorber thickness to
1.25um to achieve a timing jitter of 77 ps with
approximately a one-fifth reduction in quantum
efficiency (i.e. from 25% to 20%).

As mentioned earlier, both the InGaAsP TE
photocathode and the GaAs avalanche diode within
a HPMT are biased below the breakdown voltage and
they are not subject to the type of afterpulsing caused
by trapped charges filled during the avalanche break-
down, which is the major source of afterpulsing in
SPADs. Two potential sources of afterpulsing in an
HPMT are positive ion feedback and X-ray feedback
to the photocathode. Energetic electrons that intercept
the anode can either generate a positive ion at the
surface of the anode or an X-ray in the volume of
the anode. The positive ion or X-ray can then intercept
the cathode creating a pulse of electron charge that is
subsequently detected by the anode as an afterpulse.
These afterpulses always occur 3ns or 6ns after the
signal pulse due to the ion and electron transit time
between the photocathode and the anode. This has
been verified using a Tektronix optical impulse
generator (OIG) and a fast oscilloscope. The effect of
positive ion feedback has been minimized by the anode
electrical field design that deflects the ions away from
the active area of the photocathode. The rate of the X-
ray generation by the electron bombardment was
determined using a special HPMT with an 8 mm
diameter GaAs negative electron affinity (NEA)
photocathode and a known incident photon rate.
The afterpulsing rate was measured to be 2.62 x 107>
events per incident photoelectron. Since X-rays are
emitted from the GaAs anode in random directions,

)

0j = Odiff ~
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the afterpulsing efficiency for the HPMT with a 1 mm
diameter TE photocathode can be scaled from the
above results by the ratio of the solid angles, or
4.1 x 1077 events per detected photon.

The reliability of the HPMT with InGaAsP photo-
cathodes is under study. Intevac has conducted an initial
life test on similar devices. The shelf lifetime was first
monitored and devices stored at 20°C for more than 5000
hours have not shown any QE degradation. HPMTs used
in the visible wavelength have been commercially
available for many years. PMTs with the same type of
photocathode have been commercially available and no
major lifetime issues have been reported. We are hopeful
that the lifetime of these HPMTs will be comparable to
that of conventional PMTs.

3. HPMT photocathode responsivity measurements

The HPMT photocathode QE was determined by
measuring the photocurrent as a function of the
incident light at room temperature. The light source
consisted of an incandescent light bulb followed by
an interference filter of about 10 nm bandwidth and
centered at the desired wavelength. The light was then
coupled into an optical fiber, through a programmable
attenuator, and focused to a 20 pm spot on the HPMT.
A beam splitter and an optical power meter were used
to monitor the amount of light falling onto the detector
in real time. The photocathode was biased at 1000 V
and the TE bias was 2.0V. There was no electron
bombardment gain at this bias level. All other
terminals including the avalanche diode were shorted
together and connected to the high-voltage ground
through an electrometer (Keithley 617).

Figure 3 shows the measured photocurrent as
a function of the incident light. The dark current was

about SpA after warming up. The photocathode
quantum efficiency is given by QF = Al ,04c/(¢P/hf),
where Al 040 18 the total anode current minus the dark
current, ¢ is the electron charge, P is the incident light
power, and /f is the photon energy. A linear fit of this
data, excluding the saturated region, shows that the
photocathode QE for this device is 25% at 1064 nm
wavelength.

The photocathode QE as a function of the TE
photocathode bias was measured and the results are
plotted in Figure 4. There is a turn-on bias voltage but
the shape of the curve varies from device to device. It is
often required to turn on the TE photocathode bias
1 hour before the rest of the power supplies in order to
achieve the highest responsivity.

Figure 5 shows the photocathode responsivity in
nA nW~" as a function of the light spot position across
the device active area. QE can be obtained by
multiplying the responsivity by 0.855 for a 1064 nm
wavelength. The amount of light on the detector was
about 54 pW. The light spot size on the detector was
less than 20 pm full width at half maximum (FWHM),
which was verified with a CCD camera. The step size
of the scan is 50um. The test results show that
photocathode diameters are 1 mm at the base and
about 0.8 mm on the top with the responsivity equal to
or greater than 90% of its maximum value.

4. HPMT photon-counting performance
measurement

4.1. Measurement setup

The HPMT was configured for photon-counting
measurement as shown in Figure 6 during the early
phase of the measurements. The HPMT was placed
inside a vacuum chamber and cooled by a closed-cycle

HPMT SN 201
Cathode = 1kV, Bias=2V, Room temperature

2.0E-10

1.8E-10
1.6E-10
1.4E-10
1.2E-10
1.0E-10
8.0E-11
6.0E-11
4.0E-11
2.0E-11
0.0E+00

Net photocurrent (A)

+ QE=26%

0.0E+00 1.0E-10  2.0E-10

3.0E-10 4.0E-10 5.0E-10 6.0E-10

Incident light (W)

Figure 3. Net HPMT photocurrent as a function of the incident light at 1064 nm wavelength.
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Figure 4. (a) QE as a function of the TE photocathode bias at 1064 nm wavelength, and (b) the dark current as a function
of the TE photocathode bias voltage.
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Figure 5. Photocathode responsivity in nA/nW as a function of the light spot position across the device active area. The light
spot size on the detector was about 20 um FWHM and the step size was 50 um.
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Figure 6. Test setup used in the early phase of the HPMT photon-counting testing. The Joule-Thomson cooling system and the
vacuum chamber were later replaced with a TEC PMT housing.



05: 58 28 Septenber 2010

Downl oaded By: [ CAS Chi nese Acadeny of Sciences] At:

Journal of Modern Optics 289

Joule-Thomson cooling system. The device tempera-
ture was set and maintained via a set of heaters and an
automatic temperature controller. The APD was
reverse biased through the use of a 10k current
limiting resistor. The preamplifier used was an MITEQ
AM-1309 with 51 dB gain, 0.01-1000 MHz bandwidth,
and 1.7dB noise figure. The AC coupling capacitor
inside the amplifier had to be replaced to accommodate
the relatively high avalanche bias voltage. There was
about a 1 m long coax cable between the HPMT output
and the amplifier, which caused a small degradation in
the signal-to-noise ratio. The noise figure of the entire
system was measured to be about 3 dB. The coax cable
was later replaced with a semi-rigid coax cable and the
signal-to-noise ratio was significantly improved.

4.2. Avalanche diode I - V curves

The avalanche anode current as a function of the bias
voltage was first measured at different temperatures
and the results are plotted in Figure 7. At —20°C, the
avalanche breakdown voltage is about 34V and it
varied with temperature at about 0.2V°C~'. The
avalanche diode bias voltage was set to 0.9 to 0.95
times the breakdown point, or 31.5V in this case.

4.3. Optimal discriminator threshold level

Figure 8 shows the typical pulse shape at the output of
the preamplifier from a single-photon detection.
The pulse amplitude varied randomly with a standard
deviation equal to 15 to 20% of the mean. The pulse
rise and fall time was about 0.45ns, which implies an
electrical bandwidth of 780 MHz using the empirical
formula that the rise time is 0.35 times the reciprocal of

the bandwidth. The preamplifier had a wider cutoff
frequency (1 GHz) and should have little effect on the
measurements. The pulse width was about 0.9ns
FWHM, which should be the lower limit for the
HPMT dead time. In our measurements, the photon-
counting dead time was actually limited by the
discriminator, which had a recovery time of 10ns.
Any additional photon counts within this 10ns dead
time were not registered.

To determine the optimal threshold for the
discriminator, the HPMT output count rate was
measured as a function of the threshold, first in the
dark and then at a constant incident light level
(21.3pW). The results for 10°C are plotted in
Figure 9. Note that the threshold level in the plot
was taken at the ORTEC 9327 discriminator monitor
port. The actual threshold was 0.0617 times the
monitored ones. Note also that the photon count
pulses and the discriminator input both had negative
pulse polarity. Figure 9 shows that the dark counts and
the photon counts increased as the threshold level
decreased. The optimal threshold is the point where the
difference between the photon counts and the dark
counts is the highest, or 0.4 to 0.5V at the monitor, or
25 to 31mV at the input. The optimal threshold at
different temperatures may be determined by shifting
it by the same amount as the avalanche diode
breakdown voltage, or 0.2V°C~! at the input to the
discriminator.

4.4. Photon-detection efficiency

The photon-counting efficiency (PDE), defined as the
ratio of the number of detected photons to the number
of incident photons, and the dark count rate were

|

HPMT S/N 201
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Figure 7. APD anode current as a function of the bias voltage (I~} curves) at 10, 0, —10, and —20°C.
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Figure 8. Typical HPMT photon count pulse shape measured at the output of the preamplifier (51 dB gain). The oscilloscope
scales were set to 16 mV div™" and 0.3 ns div™', respectively. The positive hump in the waveform prior to the pulse was probably
an artifact caused by the preamplifier.

HPMT S/N 201, 10°C
Cathode=8kV,Baffle=8.2kV, Bias=3V, Incident power=21.3pW
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Figure 9. HPMT output count rates (green and pink) and the difference (blue) versus the discriminator threshold at dark and
under 21.3 pW incident light and 10°C. The optimal threshold is shown to be —0.4 to —0.5 V. Note that the threshold level
plotted was measured at the discriminator monitor port. The actual threshold level should be that multiplied by 0.0617.

measured as a function of temperature at 1064 nm
wavelength and the results are plotted in Figure 10.
The results show that the PDE is nearly unchanged,
about 25% at 1064 nm, over the entire temperature
range, and the dark count rate decreased exponentially
with temperature. Furthermore, the test results in
Figure 10 show that the dark count rate decreased by
a factor of ten for every 24°C reduction in temperature.
Although not tested by us, these HPMTs in the current

package have been shown to operate at —40°C without
compromising their electrical properties and mechan-
ical integrity. Therefore, the dark count rate of the
HPMTs may be further reduced by a factor of five if
cooled to —40°C.

The PDE and dark count rate were also measured
against other parameters, including the TE photo-
cathode bias, APD anode bias, and photocathode
voltage, and the results are shown in Figures 11-13.
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Figure 11. PDE and dark count rate of the HPMT as a function of the TE photocathode bias voltage at 1064 nm wavelength.

It was from these measurements that the optimal bias
conditions were determined.

4.5. Photon-counting timing jitter measurements

The timing jitter of photon detection by the HPMT
was measured using an ultra-short-pulse laser source
(PicoQuant PDL 808 with a LDH-P-1060 laser head).
The laser pulse width was 60 ps FWHM. The timing
jitter of the test equipment was verified with a fast
pulse generator and found to have a 50ps standard
deviation. The laser light was attenuated such that
there was on average less than one detected photon
per laser pulse. The time difference between the laser
synchronization signal and the HPMT output was
measured with a fast oscilloscope. The timing jitter was

found to be sensitive to the TE photocathode bias
voltage. Figure 14 shows a plot of the measured time
jitter as a function of the photocathode bias voltage.
The pulse arrival time was defined as the centroid of
the pulses. As mentioned earlier, the timing jitter may
be improved by reducing the thickness of the InGaAsP
absorber layer.

4.6. HPMT output versus incident photons per pulse

We measured the HPMT output pulse amplitude as
a function of the number of incident photons per pulse
using the same short pulse width laser and the results
are shown in Figure 15. Since the laser pulse width was
much shorter than the HPMT impulse response, all the
photons could be assumed to arrive at the same time.
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Figure 15. HPMT output pulse amplitude as a function of the number of detected photons in the incident light pulse. The roll-
off at high signal level was caused by the saturation of the preamplifier.

As expected, the HPMT pulse amplitude increased
almost linearly with the number of incident photons at
the beginning and started to roll-off due to amplifier
saturation at about 10 detected photons per pulse.
The saturation was caused by the preamplifier used
rather than the HPMT. The actual HPMT linear
dynamic range can be as high as 1000 based on the
results from other measurements at Intevac. These
results indicate that one can resolve the number of
photons in a pulse from the HPMT output pulse
amplitude.

4.7. Afterpulsing probability

The HPMT afterpulsing was estimated from the
autocorrelation function of the HPMT output counts.
The HPMT output count arrival times were recorded
with the use of a multichannel scaler (FAST ComTec
P7887) in its single sweep mode. The light source in this
case was an incandescent light bulb followed by an
1064 nm bandpass filter. The autocorrelation can then
be calculated as

1
G(k) = N;nl * Mgk, ()

where 7 is the photon count over the time bin at k7,
and Tp;, is the time bin width. The afterpulsing
probability per time bin is given by

G(kThin) — G(o0)

PO =760 - 6o

3)

Figure 16 shows the measurement results with a 5Sns
bin width and approximately 2.8 million counts per

second. The afterpulsing at the first time bin (5ns)
shown in Figure 16 was caused by the ringing at the tail
of the pulses due to impedance mismatch at the input
of the multichannel scaler, not by the HPMT.
The discriminator had a 10ns dead time and could
not have an output of more than one pulse within
10 ns. There was no measurable afterpulsing from 10 ns
to 1ps.

Figure 17 shows the histogram of the counts under
the same test conditions and a theoretical Poisson
distribution of the same mean number of counts.
The close agreement between the measurement and
theory further proves that the HPMT outputs were
from single-photon detections and there were little
nonlinear effects.

4.8. Photon-counting spectral response and output
dynamic range

We also measured the PDE as a function of the
wavelength of the incident light. The light source was
an incandescent light bulb followed by a set of
interference bandpass filters with about 10nm
FWHM passband. Figure 18 shows the measurement
results.

Finally, the HPMT output count rate was mea-
sured as a function of the incident photon rate at
1064 nm wavelength. Figure 19 shows the net photon
count rate versus the incident photon count rate at
—22.5°C. The dark count rate was 50 to 60 thousand
counts per second and the maximum count rate
reached 100 million counts per second, which was the
limit of the discriminator (10 ns dead time). The actual
device dead time was limited by the impulse response
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Figure 19. HPMT net photon count rate versus the incident photon rate.

width (0.8ns FWHM). We observed consecutive
photon pulses 1 to 2ns apart on an oscilloscope
while illuminating the HPMT with 6 ns laser pulses.

5. Summary

We have demonstrated that an InGaAsP TE photo-
cathode HPMT can have a 25% PDE at a 1064 nm
wavelength, 60,000 per second dark count rate, a few
nanosecond dead time, 780 MHz electrical bandwidth,
a wide dynamic range, 0.8 to 1 mm active area, and no
afterpulsing. Such devices should have many applica-
tions where non-gated operation is required, including
laser altimeters, atmospheric lidars, and free-space
laser communication systems.
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