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Photon Counting with Silicon Avalanche Photodiodes 
Xiaoli Sun, Member, IEEE, and Frederic M .  Davidson, Senior Member, IEEE 

Abstract-Avalanche photodiodes (APD’s) are studied for use 
as photon counting detectors. The APD may be biased slightly 
above (Geiger mode) or slightly below its voltage breakdown 
point. In the latter case, if the photon absorption rate is low 
enough, each individual photoelectron current pulse may be 
resolved with the use of a discriminator. APD’s used in this 
photon counting mode are shown to give the best performance 
at low light levels. Experimentally, overall photon detection 
probabilities of 5.0 and 0.33% were obtained at X=820 nm and 
k1.064 pm, respectively, with a photon counter dead time as 
low as 15 ns and a dark current counting rate of 7000/s. The 
APD photon counter exhibited an exponential photon interarrival 
time probability density and a near Poissonian photon counting 
probability. 

I. INTRODUCTION 
lGaAs laser diodes and diode laser pumped Nd:YAG A lasers are among the most attractive laser sources for 

industry and scientific research because of their small size, 
high electrical to optical conversion efficiency, high output 
power, and long lifetime. In many applications, photon count- 
ing is required in order to achieve the highest, or quantum 
limited, detector performance. The quantum efficiencies of 
conventional photomultiplier tubes (PMT) start to decreases 
rapidly at the wavelengths of AlGaAs laser diodes (A N 800 
nm) and drop to about 0.1% at the fundamental wavelength 
of Nd:YAG lasers (A = 1.064 pm) [l]. Silicon avalanche 
photodiodes (APD) have relatively high quantum efficiencies 
which are 70-90% at X = 800 nm [2], and typically 6% 
but can be as high as 40% at X = 1.064 pm [3]. This paper 
investigates the use of APD’s as individual photon counting 
photodetectors, and reports the results of photon counting 
experiments carried out with a silicon APD biased below its 
breakdown voltage. 

APD’s are normally operated in either analog or avalanche 
breakdown photon counting (Geiger) modes. In analog mode, 
an APD is biased slightly below the breakdown voltage such 
that the average output current is proportional to the incident 
optical power and equal to the primary photocurrent multiplied 
by an average internal avalanche gain. In the avalanche 
breakdown photon counting mode, an APD is biased above 
the breakdown voltage such that individual detected photons 
trigger an avalanche breakdown which results in a strong 
output current spike that can then be individually counted [4]. 
The performance of APD’s in analog mode are limited by 
the amplifier thermal noise and the APD excess noise due to 
the randomness of the APD gain mechanism. On the other 
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hand, APD’s in avalanche breakdown photon counting mode 
are subject to afterpulsing and a relatively long dead time due 
to the slow recovery process after each avalanche breakdown. 

When the received light level is low enough, individual 
photoelectron current pulses may be resolved in the out- 
put photocurrent with the APD biased slightly below the 
breakdown voltage. Each photon absorption will result in a 
photocurrent pulse but the amplitude of the pulse is much 
smaller than that output by an APD biased above the break- 
down point. Consequently, a high gain low noise amplifier 
and discriminator are required to detect these relatively weak 
photocurrent pulses. The APD should be biased such that the 
highest stable value of average gain is achieved. The dead 
time of this type of photon counter is limited only by the 
gain-bandwidth product of the APD and the bandwidth of the 
subsequent circuits. The major obstacle toward implementation 
of this type of APD photon counter has been the lack of 
wide band and low noise APD preamplifiers. Kikuchi et al. 
(1985) first implemented and tested such a nonbreakdown 
APD photon counter, in which the APD and preamplifier were 
held at 77°K in order to reduce thermal noise [5]. Lightstone 
and McIntyre (1988) gave a partial characterization of this 
type of APD photon counter along with some measurement 
data at room temperature [6]. However, the dead time of 
their experimental photon counter was rather long (> 0.5 ps) 
because the electrical bandwidth had to be kept relatively small 
in order to find a preamplifier with sufficiently low thermal 
noise. 

We have developed a complete theoretical model to char- 
acterize this type of nonbreakdown APD photon counter. 
Preliminary experimental results were shown to agree with the 
theoretically predicted values. The measured photon counts 
appeared to have a Poisson distribution and the interarrival 
times fit an exponential distribution, as expected. The dead 
time was measured to be about 15 ns, which is the shortest 
yet reported for APD photon counters operated in either non- 
breakdown or breakdown mode. The overall photon detection 
probability was about 5.0% at X = 820 nm and about 0.33% 
at X = 1.064 pm. It is predicted that the overall photon 
detection efficiency can be improved to as high as 20% at 
X = 820 nm and 1.5% at X = 1.064 pm with a dead time 
of a few nanoseconds by using a state-of-the-art silicon APD 
and a more advanced commercially available transimpedance 
preamplifier. Such photon counters will have wide applications 
in photo-electric sensing instruments, optical communications, 
lidars, laser altimeters, and light scattering spectroscopies. 

The rest of this paper is organized as follows. Section I1 
gives a brief review of APD’s in avalanche breakdown photon 
counting mode. Section 111 gives a detailed description and 
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Fig. 1. Typical circuit diagram of an avalanche breakdown type APD photon 
counter according to [2]. 

performance analysis of APD photon counters under non- 
breakdown operation. The experiments and measurement data 
are presented in Section IV. Section V contains conclusions 
along with some predictions of performance of APD’s in 
nonbreakdown photon counting mode when used with more 
advanced electro-optical and electronic devices. 

11. REVIEW OF APD’s UNDER AVALANCHE 
BREAKDOWN PHOTON COUNTING OPERATION 

An APD can be biased several volts above its breakdown 
point for photon counting operation [2], [4]. Avalanche break- 
downs are triggered by both absorbed photons and thermally 
generated hole-electron pairs inside the device. Each avalanche 
breakdown results in a large current spike which can be easily 
detected by a discriminator. Fig. 1 shows a diagram of a typical 
APD breakdown photon counting circuit [2]. 

Since not all the received photons can trigger avalanche 
breakdowns, the average number of photons counted by the 
discriminator, fi,, is always less than the average number of 
absorbed photons, f i .  The overall photon detection probability, 
Pd, can be written as 

where QQ is the quantum efficiency of the APD, Ptrig is 
the probability that an absorbed photon triggers an avalanche 
breakdown which results in a discriminator threshold crossing. 
The average number of absorbed photons, f i ,  over a counting 
interval, T ,  is related to the received optical power, Po, by 

where hf is the photon energy. The number of photons being 
counted, n, should be a Poisson random variable with mean 
equal to fi,. A signal to noise ratio (SNR) may be defined as 
the ratio of the mean to the standard deviation of the number 
of detected photons. Considering the background noise counts 
and dark counts, the SNR of the detected number of photons 
is given by 

where f i ,  and f i b ,  are the average numbers of absorbed signal 
and background photons, and ?idark is the average number of 
total dark counts caused by the APD dark current and circuit 
thermal noise. 

The probability of triggering, Ptrig, increases with the bias 
voltage and so does the dark count rate. The value of Ptrig 
is typically 7% with 15 OOO/s dark counts at 22OC when the 
APD is biased approximately two volts above the breakdown 
point [2]. Although higher values of Ptrig (50-80%) can be 
achieved at even higher bias voltages [4], they cannot be used 
in most applications because of the excessively high dark 
count rates and other nonlinear effects. The dark counts can be 
reduced by cooling the APD. However, the quantum efficiency 
of the APD may also decrease with temperature over certain 
wavelength ranges. For example, for a RCA-C30902S silicon 
APD, the dark count rate decreases from 15 OOO/s at 2OoC to 
300/s at -25”C, but the quantum efficiency also decreases by 
about a factor of two at A = 1.064 pm [2]. 

A major disadvantage of breakdown type APD photon 
counters is the existence of so called “afterpulsing” due to 
excess avalanche breakdowns which appear randomly after 
each avalanche breakdown. The cause of afterpulsing is at- 
tributed to the presence of charges trapped at dislocations and 
impurities in the high voltage region of the APD after each 
avalanche breakdown [6]. At room temperature, afterpulsing 
occurs randomly at IO-’ to IO3 s after each avalanche 
breakdown but they are mainly distributed within the first few 
microseconds [Z], [4]. The probability of afterpulsing from 1 
ms to 60 s is typically 2-15% [2] and increases with the APD 
bias voltage. Afterpulsing is a nonlinear effect and has not 
been well understood except for some simplified mathematical 
modeling [7]. Afterpulses appear as a source of correlated and 
signal dependent random noise, which can be overwhelming 
in many sensitive measurements. 

The dead time of a breakdown APD photon counter is 
mainly determined by the recovery process of the APD after 
each avalanche breakdown. Every time a breakdown occurs, 
the APD current has to be quenched to prevent “latching” into 
a continuous discharge state. There are two types of quenching 
circuits: passive quenching and active quenching. One example 
of passive quenching is shown in Fig. 1. When a breakdown 
occurs, the voltage drop across the resistors in series with 
the APD effectively reduces the APD bias voltage to below 
the breakdown point. The APD bias voltage is then gradually 
restored as the APD shunt capacitance gets recharged. Since 
the resistors have to be relatively large to limit the maximum 
APD current, the recovery process is relatively slow. The 
typical dead time of this type of photon counter is about 
one microsecond [2], [8]. An active quenching circuit can 
significantly shorten the dead time by momentarily reducing 
the resistance in series with the APD after each breakdown 
has been quenched, so that the APD shunt capacitance can 
be charged with a much shorter time constant than that of a 
passive quenching circuit. Brown et al. [9] have reported an 
active quenching circuit which achieved a dead time of a few 
tens of nanoseconds. 

Because of the existence of a finite dead time, photons which 
arrive within the dead time cannot be resolved and the number 
of detected photons is no longer a Poisson random variable. 
Cantor and Teich [lo] have shown that the probability that n’ 
photons are counted over a T second interval in response to 
f i  average absorbed photons for a given dead time, Td,  can 
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(4) 

The maximum likelihood (ML) estimator, n, of the average 
number of actually absorbed photons, Ti ,  given n’ detected 
photons under this condition is given by [ll] 

When the dead time is zero, i.e., Td = 0, (4) reduces to a 
Poisson distribution and (5) reduces to f i  = n’ = n which 
is the actual number of photons counted. The mean of the 
ML estimator is the same as the average number of absorbed 
photons, f i ,  and the SNR under this condition is equal to Ti1/’. 

When the dead time is not zero, the ML estimator given 
by (5)  always results in a nonzero average estimation error 
and a larger standard deviation, i.e., IE{h} - fil = E > 0 
and a{n}  > fill2. As a result, the signal to noise ratio is 
always smaller than that when the dead time is zero, i.e., 
SNR6 < fil/’. Figs. 2 and 3 show the normalized average 
estimation error and SNR as a function of average number of 
absorbed photons. 

111. APD’s UNDER NONBREAKDOWN 
PHOTON COUNTING OPERATION 

APD’s may be used to count single photons while biased 
below the breakdown point as in analog mode [SI, [6]. The 
photocurrent pulses resulting from a single photon absorption 
can be detected via a discriminator threshold crossing with 
a relatively high probability as long as the APD gain is 
sufficiently large and the circuit thermal noise is relatively 
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Fig. 3. Normalized SNR of the ML estimator as a function of the average 
number of absorbed photons, li, for a given dead time, r d ,  and a counting 
interval, T .  

low. There is effectively no afterpulsing since the APD is 
operating in its linear regime at much lower gains than in 
breakdown mode. The dead time can also be much shorter than 
that of a breakdown type APD photon counter since the APD 
bias voltage does not need to be restored after each photon 
detection. The receiver could be operated in both photon 
counting and analog modes simultaneously by diverting part of 
the APD preamplifier output to an analog channel. The analog 
channel can operate linearly after the photon counting channel 
is saturated due to a strong input light intensity. Therefore, the 
dynamic range of the entire receiver can be greatly extended. 

A. Principle of Operation 
The circuit used for this type of photon counter is shown 

in Fig. 4. The APD and preamplifier are exactly the same as 
those in the analog mode except that the average APD gain 
is set to the highest achievable value but not necessarily the 
value which optimizes SNR of the output. This requires a 
very stable bias voltage supply and may need some form of 
APD temperature control or compensation. The output of the 
preamplifier is compared against a threshold with the use of 
a comparator or a discriminator whose output is connected 
to an electrical pulse counter. The threshold level of the 
discriminator has to be carefully set in order to achieve a high 
photon detection probability while maintaining an acceptable 
noise count rate. The dead time of this type of photon counter 
is limited by the photocurrent pulse width which is about equal 
to the reciprocal of the bandwidth of the APD and preamplifier. 
The bandwidth of the APD is limited by its maximum gain- 
bandwidth product. In practice, the dead time is longer than 
the pulse width because of the limited time resolution of the 
discriminator and the electrical pulse counter. Since the APD 
gain is random, the pulse width is a random variable and so 
is the dead time. The actual dead time distribution usually has 
to be determined experimentally. 

The number of detected signal photon counts and the 
number of dark counts are both Poisson random variables. The 
signal to noise ratio can be computed using (3) by substituting 
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Fig. 4. Circuit diagram of a nonbreakdown type APD photon counter 

the threshold crossing (discrimination) probability, Pdisc, for 
the triggering probability, Ptrig. 

B. Effective Quantum Eficiency 

Since the APD gain is random, not all the photon absorp- 
tions result in photocurrent pulses whose peak amplitudes are 
large enough to cross the discriminator threshold. The photon 
detection probability can be written, similarly to (l), as 

E{photons counted} 
pd = '' E{photons absorbed} = rlQpdisc (6) 

where Pdisc is the probability that a photocurrent pulse in 
response to a photon absorption is discriminated against the 
noise floor. The computation of Pdisc is given as follows. 

Ideally, the photocurrent pulse output from an APD in 
response to a photon absorption should be an impulse and the 
preamplifier consists of equivalently a resistor and a capacitor 
in parallel. The pulse shape output from the preamplifier is 
an exponential function and the average area under the pulse 
shape function is mq with m the instantaneous APD gain and 
q the electron charge. The peak amplitude of the pulse is given 
by i phnsaz  = mq/RC = 21rmqBsd~ with B3dB = 1/21rRC, 
the 3-dB bandwidth of the preamplifier. In practice, the APD 
output cannot be true impulses and the frequency response of 
the preamplifier is not exactly the same as that of a RC filter. 
As a result, the shapes of the actual photocurrent pulses output 
from the APD preamplifier are not true exponential functions 
but have a finite rise time, a round peak, and a slower trailing 
edge. Empirically, we choose 

which seems to yield results consistent with the measurements. 
A photon is detected whenever the peak amplitude of a 

photocurrent pulse exceeds the threshold current, I t h r .  The 
value of zphmal:  is a discrete random variable. The probability 
of discrimination, Pdzsc, is given by 

0 1 2 3 

Mthr  IG 
Fig. 5. Probability of discrimination, PdLsr, of a nonbreakdown APD photon 

counter versus the equivalent threshold gain, > l f t h r .  

where hfthr  is the equivalent threshold crossing APD gain 
given by 

(9) 

and Pr(m) is the the probability distribution of the APD 
gain. McIntyre and Conradi [12], [13] have shown that the 
probability of the APD gain can be written as 

with I?(.) the Gamma function. The photon detection prob- 
ability of this type of photon counter can be evaluated by 
substituting (9) and (10) into the right-hand side of (8) and 
then (6). Fig. 5 plots Pdisc as a function of the equivalent 
threshold crossing APD gain normalized with respect to the 
average APD gain, G, for G=1000 and the APD ionization 
coefficient ratios k , f f  = 0.005, 0.010, and 0.020, respectively. 
It is seen that the smaller the k , f f ,  the larger the Pdisc. 

C. Dark Counts 

There are two sources of dark counts: the APD dark current 
and the circuit thermal noise. The APD dark current consists of 
surface leakage current and bulk leakage current. The former 
does not pass through the high gain region of the APD and 
hardly causes any dark counts. The latter does pass through 
the high gain region of the APD and acts as a source of 
background radiation. The number of dark counts due to a 
bulk leakage current, Ib, can be modeled as a Poisson random 
variable with the mean equal to 

(11) 
1 IbT ndarkl = p d i s c p  

4 

where Piisc is the average probability that an electron of the 
APD bulk leakage current causes a discriminator threshold 
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crossing. The value of PA,,, should be smaller than that for a 
primary photoelectron, since part of the APD bulk leakage 
current is generated inside the APD high field region and 
is not multiplied by the full APD gain. We have found 
experimentally that Pi,,, M O.17Pdts,  for a RCA-C30902S 
silicon APD which had a bulk leakage current of Ib M 0.1 PA. 

The number of dark counts due to circuit thermal noise 
should also follow a Poisson distribution if the correlation time 
of the noise is less than the dead time of the photon counter. 
The average number of counts due to circuit noise, n d a r k 2 ,  

over a counting interval of T seconds can be written as [14] 

f i d a r k 2  = ( T /  At)  Pfa (12) 

where dt is the average threshold crossing time or pulse width 
which is about equal to the reciprocal of the bandwidth, and 
P f ,  is the threshold crossing probability due to the circuit 
thermal noise at a fixed sampling time. 

The equivalent circuit noise current at the input of the 
preamplifier can be modeled as a zero mean Gaussian random 
process. The preamplifier usually contains an FET as the input 
stage. The variance of the equivalent noise current at any time 
t is given approximately by [15], as 

5" - '  ] I  Hf 

where K is Boltzmann's constant, T, is the FET temperature 
in Kelvin, Rf  is the feedback resistance, I, is the FET gate 
leakage current, gm is the transconductance of the FET, y is 
a numerical factor close to unity, Ci is the total input capaci- 
tance, and Z(w) is the transfer function of the transimpedance 
amplifier. For most commercial high-speed transimpedance 
preamplifiers, the integrand in (13) can be assumed to be 
constant over its useful bandwidth. Under this condition, an 
equivalent noise temperature, T, ("K) can be defined such that 
the total amplifier noise is equal to the thermal noise generated 
by the feedback resistor at temperature T,. The total amplifier 
noise can then be written approximately as 

where B, is the noise bandwidth given by 

If the transimpedance preamplifier can be modeled as a RC 
filter, the noise bandwidth is 1.57 times the 3-dB bandwidth 
[ 161. The threshold crossing probability can be expressed as 

30 L I Z  

e - c d u ,  (16) 
P f a  = Lhr 4% 

There is always a trade-off between the photon detection 
probability and circuit noise Counts. Both P d i s c  and f i d a r k 2  

decrease as the threshold Ithr increases. For best performance, 

the threshold level should be set such that the total number of 
dark counts is much less than that of the photon counts, i.e., 
a d a r k 1  + f i d a r k 2  << 6 P d i s c .  If the value of the average number 
of absorbed photons, n, is completely unknown and needs to 
be determined through the measurement, the threshold level 
should be set such that the dark counts due to circuit noise are 
much less than those due to the APD bulk leakage current, 

a few times the standard deviation of the circuit noise, i.e., 
It,Lr = f x gamp with f a multiplication factor. The equivalent 
threshold crossing gain in (9) can be expressed as 

i.e., ' i idark2 << f i d a r k l .  Usually, the threshold is set to be 

The probability of discrimination and the photon detection 
probability can be evaluated by substituting (17) and (10) into 
(8) and (6). If the photon counter is operating properly, the 
numbers of detected signal and background photons, the dark 
counts due to APD leakage current, and the dark counts due to 
circuit thermal noise should all follow Poisson distributions, 
and so should the total number of counts. 

As seen in (17), the equivalent APD threshold crossing 
gain Mthr is inversely proportional to the square root of 
the feedback resistance Rf and the 3-dB bandwidth of the 
preamplifier. Since the probability of discrimination, P d i s c ,  

increases as h f t h r  decreases, it is important to keep the product 
of the feedback resistance and the 3-dB bandwidth of the 
transimpedance preamplifier as large as possible in order to 
achieve a high photon detection probability. 

IV. EXPERIMENTS WITH NONBREAKDOWN 
APD PHOTON COUNTERS 

An experimental nonbreakdown APD photon counter was 
built and the performance was measured to verify the theoret- 
ical model developed in the previous section. 

A. Experimental Setup 

Fig. 6 shows the optical setup of the experiment. The light 
source consisted of a low voltage incandescent light bulb, a 
diffuser, a pinhole, and a collimating lens. The light bulb was 
powered by a stable dc voltage supply. The light beam was 
first attenuated and then filtered through two interference filters 
which were centered at X = 821 nm and had a combined 
bandwidth of AA = 7 nm. The light after the interference 
filter can be considered to have an almost perfectly constant 
intensity and the counting statistics of the photons can be 
shown to follow a Poisson distribution [17]. The received 
optical power was measured directly by substituting an optical 
power meter sensor head for the APD which could be moved 
aside. The experiment was conducted at room temperature 
and in total darkness. A universal counter (Stanford Research 
Systems SR620) was used to count the pulses output from the 
discriminator. 

The details of the electronics are shown in Fig. 7. The APD 
used was a RCA-C30902S silicon APD with k , f f  = 0.010, 
Ib z 0.1 PA, and I ,  = 12 nA [18]. The high voltage 
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Fig. 6. Optical setup of the experiment. 
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Fig. 7. Circuit diagram of the experimental nonbreakdown APD photon 
counter. 

APD bias supply was generated by a dc-dc converter (Analog 
Modules, Model 521). The APD preamplifier consisted of 
a GigaBit Logic 16G071 transimpedance amplifier (dc-700 
MHz, Rf  = 830R [20]). The signal was further amplified to 
a level which was appropriate (w 200 mV average peak pulse 
amplitude) for the discriminator. The lower cutoff frequency 
of the amplifier was about 100 KHz, which effectively filtered 
out l/f noise from the preamplifier. A lowpass filter was used 
to block out the high frequency noise and the cutoff frequency 
(200 MHz) was chosen to correspond to the maximum speed of 
the discriminator. The gain-bandwidth product of the APD was 
greater than 300 GHz at an average APD gain of G = 1000 
[2], which was sufficient for the experiment. The discriminator 
consisted of a high-speed comparator (Motorola MC1650). 

B. Circuit Thermal Noise 

The total circuit noise at the input of the comparator was 
measured with a RF power meter while biasing the APD about 
100 V below its breakdown point so that the APD gain was 
essentially zero and its noise could be neglected. The total 
RF noise power measured was 2.5 pW over a bandwidth of 
0.1-100 MHz. The net gain from the output of the preamplifier 
to the input of the discriminator was measured to be 46.5h0.5 
dB from 0.1 to 200 MHz with the -3 dB point at 220 
MHz. The resultant equivalent noise current at the front end 
of the transimpedance amplifier was 6.4 PA/- (0.1-100 
MHz), which was very close to that given by the data sheet 
(5.7-6.3 PA/&) [19]. The noise intensity rose by a few 
decibels over the frequency range of 100-200 MHz which 
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Fig. 8. Circuit thermal noise counts per second versus the absolute value of 
the threshold voltage applied at the comparator. 

was believed to be caused by the packaging of the APD and 
the preamplifier. The total noise power measured at the input 
of the comparator was about 7.0pW over the entire bandwidth. 
The corresponding equivalent noise current at the input of the 
APD preamplifier was oamp = 0.107 pA. 

C.  Measurements of Dark Counts and Photon Counts 

The average noise counts due to the circuit thermal noise 
were first measured as a function of the absolute value of the 
threshold level applied at the comparator. The result is shown 
in Fig. 8. The APD was biased well below its breakdown 
point so that the contribution from the APD noise could be 
neglected. The counting interval was set to one second in this 
measurement and each point in Fig. 8 was based on the average 
of 100 measurements (sample size). The threshold voltage was 
measured at the negative input terminal of the comparator 
with the use of a digital multimeter. It is noticed that the 
effective threshold levels were higher than those measured at 
the comparator since the comparator had only limited gain and 
pulses at the positive input terminal had to exceed the threshold 
by a certain amount in order to trigger the subsequent counter. 

The APD bias voltage was then increased to as close to 
the breakdown voltage (w 252 V) as possible without an 
avalanche breakdown occurring at any time. An oscilloscope 
was used to monitor the APD preamplifier output to detect any 
possible avalanche breakdowns which appeared as abnormally 
large spikes in the output waveform. The actual average APD 
gain could not be measured directly because the APD was 
under CW illumination and the amplifiers were ac coupled. 
However, we had measured the average gain of another APD 
of the same model number under pulsed illumination and the 
highest average gain achieved was found to be 1000-1300. 

The received optical power was adjusted to 1.0 pW. Fig. 9 
shows the average waveforms of input pulses (negative going) 
and output pulses (positive going) of the comparator. It is 
noticed that the measured average pulse width (5.9 ns) was 
only approximate since it depended on the triggering level 
of the oscilloscope. The numbers of total counts and dark 
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Fig. 9. Average waveforms of input pulses (negative going) and output 
pulses (positive going) of the comparator. 

counts were measured as a function of the absolute value of 
the threshold voltage. The means and the standard deviations 
(error bar) of the measured counts are plotted in Fig. 10. 
The dark counts were measured while blocking the incident 
light beam. The counting interval was set to 1.0 millisecond 
and the sample size was lo4. Fig. 10 also shows the means 
and standard deviations of the thermal noise counts measured 
over the same counting interval for the same sample size 
(dot-dashed curve). The number of photon counts increased 
relatively slowly with the threshold level as compared to the 
total dark counts which included the circuit thermal noise 
counts. At low threshold levels, the circuit thermal noise 
counts became overwhelming and the standard deviations 
became abnormally large, as shown in Fig. 10. The optimal 
threshold should be at the “knee” of the dark counts curve. 

Figs. 11-13 show the histograms of the thermal noise 
counts, the total dark counts, and the total counts under 1.0 
pW received optical power when the threshold level was set 
to 47.1 mV. The counting interval was set to 1 ms and the 
sample size was 5 x lo4. The data shown on Figs. 11-13 are 
subject to the quantization error of the counter used which only 
output integers. Theoretically, the numbers of counts should 
all follow Poisson distributions and the ratio of the variance 
to the mean should be equal to unity. It was difficult to tell 
from Fig. 11 if the circuit thermal noise counts followed a 
Poisson distribution since there were too few counts in the 1 
ms counting interval. The mean and the standard deviation 
measured over 1 s were about 900 and 100, respectively. 
Therefore the distribution of the circuit thermal noise counts 
was clearly not Poissonian in our experiment. This may be 
attributed to the fact that the circuit noise was somewhat 

500 

200 I\ 100 0 0 

I 

20 40 60 80 100 

Threshold Voltage (ImVl) 

Fig. 10. Average number and standard deviation of the detected counts per 
millisecond under 1 pW received optical power as a function of the absolute 
value of the threshold voltage applied at the comparator (solid curve). The 
dot-dashed and the dotted curves represent the circuit thermal noise counts 
(when average APD gain G = 0) and the total dark counts (when G x lOOO), 
respectively. 
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Fig. 11. Histogram of circuit thermal noise noise counts per millisecond. 
The sample size was 5 x lo4. 

correlated and the noise power spectrum was not perfectly 
flat (white). The distributions of the total dark counts and 
total counts under 1.0 pW received optical power appeared 
to be Poissonian within the quantization error of the counter, 
as shown in Figs. 12 and 13. 

D. Interarrival Times of the Photon Counts 

The interarrival times of the observed counts were measured 
by splitting the comparator output into both Channels A and B 
inputs of the counter which measured the time interval started 
by a pulse at Channel A and stopped by the next pulse at 
Channel B. The input at Channel A was delayed by 4.66 
ns through a coax cable to prevent the counter from being 
started and stopped by the same pulse. The two channels of 
the counter had to be well balanced so that the pulse sequence 
seen by Channel A was the same as that seen by Channel B. 
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Fig. 12. Histogram of the number of the total measured dark counts per 
millisecond. The sample size was 5 x lo4. 

30 
I 
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Fig. 13. Histogram of the number of the detected counts per millisecond 
under 1 pW received optical power The sample size was 5 x lo4. 

Fig. 14 shows a histogram of the measured interarrival 
time of the observed total number of counts under 1.0 pW 
received optical power. The sample size in this measurement 
was 2 x lo5. The heavy solid curve in Fig. 14 represents 
the theoretical values of the exponential distribution of the 
same mean. The measured interarrival times fit very closely 
to an exponential distribution which is an important prop- 
erty of a homogeneous Poisson random point process. Fig. 
15 is a magnification of Fig. 14 from 0 to 100 ns. The 
sharp decrease near the origin was due to the dead time 
of the photon counter. The fluctuations in the histogram 
were due to the finite sample size of the measurements. 
The average dead time can be approximated as 15 ns after 
considering the coax cable delay (4.66 ns) at Channel A of 
the counter. As mentioned in the previous section, the dead 
time was a random number due to the randomness of the 
APD gain, the measured interarrival times could occasionally 
be shorter than the average dead time, as shown in Fig. 
15. 

30 

I 
Time x 10+ bins- 250 

Fig. 14. Histogram of the interarrival times under 1 pW received optical 
power. The solid curve corresponds to the exponential distribution with the 
same mean (i.e., 3308 x exp[--t/4.78 x lo-']). The sample size was 2 x 10'. 
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Fig. 15. Same as Fig. 14 but over an interarrival time range from 0 to 100 ns. 

E. Dynamic Range of the Photon Counter 

Table I shows the mean and standard deviation of the total 
number of observed counts as a function of the received optical 
power. The fourth column shows the ratio of the variance 
to the mean of the measured counts (excluding the effect of 
the thermal noise counts). It is seen that the detected counts 
had a near Poissonian behavior up to 30 pW received optical 
power. The circuit seemed to start to saturate as the input 
optical power exceeded 30 pW. The threshold voltage was 
set to 47.1 mV so that the total number of dark counts was 
about 6 - 7/ms. Table I also lists the raw and the dead time 
corrected photon detection probabilities (excluding the dark 
counts). It is shown that the photon counter had a nearly 
constant photon detection probability of PdcoTT z 5.0% for up 
to IO pW received optical power (2 x IO6 cts/s). The dead time 
appeared to increase with the count rate due to the saturation 
of the electronics as the incident optical power exceeded IO 
pW. The total number of counts versus the received optical 
power, the data in the first and second columns of Table I, 
are plotted in Fig. 16. The data measured at X = 1.064pm 
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TABLE I 
MEASURED COUNTS VERSUS RECEIVED OPTICAL POWER 

Po(pW) cts/ms U var/mean* pt pS 
O T T  

0.0 6 3 1 .00 N/A N/A 
0.1 28 6 1.18 5.1% 5.1% 
0.3 69 8 0.88 5.0% 5.0% 
1.0 216 15 1.02 5.2% 5.2% 
3.0 629 26 1.07 5.1% 5.1% 
10 1990 43 0.93 4.8% 5.0% 
30 5270 72 0.98 4.2% 4.6% 
40 6510 87 1.16 3.9% 4.3% 
50 7500 99 1.31 3.6% 4.1% 
60 8670 107 1.32 3.5% 4.0% 
70 9630 127 1.67 3.3% 3.9% 

153 1.91 3.0% 3.6% 

214 2.58 2.1% 2.9% 

261 3.28 1.7% 2.4% 

294 3.80 1.4% 2.1% 

232 2.18 1.2% 1.9% 

12.3 x 
103 

103 

103 

103 

103 

200 17.7 x 

300 20.7 x 

4oo 22.7 x 

5oo 24.7 x 

*var/mean = (U:,,,, -  mean^,^,, - meanth,,) with the 
mean and the standard deviation of the circuit thermal noise counts, 
meanthe, = 1 and o t h e r  = 2, respectively. 

t p d  = (mean - meand,+)/(PoT/hf) with the counting interval, 
T = 1 ms, the received optical power, Po, and the photon energy, 
hf = 1.51 eV (A = 820 nm). 

the averaee number of detected counts. 
SPdcorr = p d / [ l  - (Td/T)fic] with Td the dead time (1511s) and f i ,  

are also plotted in Fig. 16. Those data were obtained by 
changing the interference optical filter in front of the APD. 
The statistical properities of the data at this longer wavelength 
were almost identical to those at X = 820 nm. The curves 
in Fig. 16 tend to level off as the received optical power 
becomes extremely low because dark counts start to dominate. 
The curves also start to level off as the received optical 
power becomes relatively high because of the saturation of the 
circuit. The center segment of the curve is approximately linear 
and corresponds to photon detection probabilities of 5.0 and 
0.33%, respectively. This closely agreed with the theoretically 
predicted value, 5.1 and 0.40% (Pdisc = 6.6%), according to 
@)-(lo) assuming that the average APD gain was G = 1000, 
APD quantum efficiency, VQ = 77% at X = 820 nm and 
VQ = 6.0% at X = 1.064 pm, the effective threshold current 
level, I thr  = 4.5 x oamp and oamp = 0.107pA. 

V. CONCLUSIONS 

We have demonstrated that an APD can be used to count 
photons while being biased below its breakdown point. The 
major advantages of this type of APD photon counter versus a 
conventional Geiger mode APD biased above the breakdown 
point are the significantly shorter dead times and the total 
elimination of afterpulsing. A theoretical model has been 
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incident Optical Power (pW) 
Fig. 16. Average number of detected counts per ms of the experimental 

nonbreakdown APD photon counter versus received optical power in pW. 

developed to fully characterize this type of nonbreakdown 
APD photon counter. The theoretically predicted performance 
agreed well with the experimental measurements. The experi- 
mental nonbreakdown APD photon counter achieved a photon 
detection probability of 5.0% at X = 820 nm and 0.33% at 
X = 1.064 pm under a dark count rate of about 7000/s at 
room temperature. The counting statistics appeared to follow 
a Poisson distribution and the interarrival times fit very tightly 
to an exponential distribution. The measured dead time of the 
photon counter was about 15 ns before the photon counter 
started to saturate and there was no afterpulsing observed. The 
experimental nonbreakdown APD photon counter has been 
shown to give better performance than a typical conventional 
breakdown type of APD photon counter. 

The performance of the experimental nonbreakdown photon 
counter may be further improved by using more advanced 
silicon APD’s and electronic components. One example is 
to use a state-of-the-art silicon APD developed by EG&G 
Canada [20], which has an extremely low hole-to-electron 
ionization coefficient ratio ( k , f f  M 0.005) and a 90% quantum 
efficiency at X N 820 nm. The gain-bandwidth product 
and dark currents should be about the same as or better 
than the one we used (RCA-C30902S). We propose to use 
the same transimpedance preamplifier as the one in EG&G 
C30998-350 APD preamplifier modules, which has a 3-dB 
bandwidth of 350 MHz and an equivalent input noise cur- 
rent lower than 2pA/& [21]. The equivalent threshold 
current is assumed to be still 4.5 times the rms circuit 
noise current so that the resultant dark count rate is still 
about 7000/second. The probability that an absorbed pho- 
ton is discriminated under the above conditions becomes 
Pdisc = 22%. The predicted photon detection probability 
will be 20% at X = 820 nm and 1.5% at X = 1.064 pm 
(VQ = 7%) with a dead time of a few nanoseconds. The 
linear dynamic range of the photon counter should also im- 
prove because of the wider electrical bandwidth. The per- 
formance of such a photon counter would be comparable 
to PMT’s at X N 800 nm and outperform PMT’s at A = 
1.064 pm. 
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