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I. INTRODUCTION

Single-photon detection is a requirement for many
scientific, defense and commercial applications [1]]—[3].
The principle of photon counting relies on accurately
resolving the number of single photoelectrons generated
in the photosensitive area. The task of resolving such a
low signal can be difficult due to parasitic noise such
as thermal shot noise and electronic readout sources.
Commercial CMOS-based devices called quanta image
sensors (QIS) possess such low levels of dark current that,
in combination with their deep sub-electron circuit read
noise, enables single-photon counting [4f]. Characterizing
the noise of detectors is an integral part of determining
their viability for certain applications. In this work, the
dark current characteristics of a Gigajot QIS16 camera are
investigated [5]. The sensor uses 45nm/65nm backside
illuminated CIS process, with 1.1 um pitch pixels in a
4096 x 4096 array. In addition to the high conversion gain
and low dark current, the camera uses correlated multiple
sampling (CMS) during readout to reduce further noise
contributions [5].

In this study, we use dark signal histograms to
accurately discriminate the sensor’s offset, noise and mean
dark current at a single electron resolution. With the
extremely low noise levels of this sensor it is possible
to observe spatial and temporal dark current quantization.
We also study noisy pixels and find evidence of original
dark current and MOSFET random telegraph signal (RTS)
behaviors. Pixels with MOSFET RTS exhibit dark signal
histograms with multiple, equally-distributed peaks which
we attribute to the CMS operation. We support this claim
with CMS simulation results.

II. DARK SIGNAL QUANTIZATION

In a QIS, the histogram of pixel values from a
single dark frame, here called the Dark carrier Counting
Histogram (DCH) (Fig. [I), can provide the mean
conversion gain, the number of dark charges per pixel, the
mean dark current, the digital offset, and the noise. This
is similar to the Photon Counting Histogram technique
of QIS characterization [6[]-[9], but in the absence of
illumination.

The discrete peaks of the DCH demonstrate the dark
carrier population is quantized spatially, a result which
was previously seen in a much smaller region-of-interest
(ROI) by Ma et al. [8]. We find that the resolution of the
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Fig. 1: A histogram of the signal from a single full
sensor (16.7 Mpixels) dark frame (inset) at 35°C, with
8 s integration time. Each peak is fit with a Gaussian curve
which permits to extract the mean dark signal in the pixel
and the spatial noise.

quantized peaks does not vary with the size of the ROI,
demonstrating a very good uniformity of pixel response.

A DCH constructed from thousands of acquisitions of
the same pixel provides evidence of temporal quantization
of dark carrier generation (Fig.[2)). As each peak represents
the number of electrons in the pixel per integration time,
the thermal electron generation rate can be extracted, and
the dark current density can be estimated. By repeating
the data acquisition at several temperatures, we observe
the temperature-dependence of dark carrier generation on
a pixel-by-pixel basis. The resulting DCHs (Fig. 2)) exhibit
the expected shift of the mean to higher dark signal values
as the the mean thermal electron generation rate increases
with temperature.

The log of the mean dark current of the pixel
against inverse temperature is plotted to highlight a linear
dependence (inset of Fig. [2). This demonstration of the
Arrhenius law can be used to estimate the activation
energy of the dark current source of this particular
pixel. The temperature dependence of the dark current
follows the square of the intrinsic carrier concentration,
n?, with an apparent activation energy around 1.1eV.
This provides evidence that the source of this pixel’s
dark current is not dominated by Shockley-Read-Hall
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Fig. 2: DCH of single pixel depicted in at three
temperatures for 2s integration time. The histogram is
constructed by reading the pixel dark signal over 16,000
times. The inset shows the mean dark current plotted in
a log scale against inverse temperature to extract the dark
current activation energy.
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Fig. 3: Dark electron inter-arrival time distribution in
a single pixel over long-term acquisition at several
temperatures. The dashed curves represent an exponential
fit to the distribution.

generation from mid-gap states, which would exhibit
a temperature dependence similar to m; (i.e. activation
energy around 0.55eV) [10].

With the ultra-low (~ 0.29 e,;) noise of the QIS, it is
possible to probe the nature of dark current generation.
Figure [3] shows the distribution of the time between
dark electron emissions at several temperatures. The
time between dark electron generation events appears to
be exponentially distributed, which is an experimental
confirmation that dark electron generation is a Poisson
process [11]. The distribution is parametrized by one
value, A\ - the mean number of events per unit time.
Multiplying by the integration time directly gives the dark
current Iq,,, While the dark carrier lifetime in the pixel
can then be computed through 74a,x = 1/Igark. This result
has previously been experimentally elusive, since legacy
electron-counting technologies exhibited much higher dark
currents such that the generation rate was generally
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Fig. 4: Temporal noise distribution for studied sensor area
of 500 kpixels. The gray vertical line is the mean of the
distribution (u), while colored lines show the distance
from the mean in factors of the distribution’s standard
deviation (o). The percentage of pixels with noise values
greater than these thresholds is indicated above the arrow.

continuous rather than discrete.

III. RANDOM TELEGRAPH SIGNAL

The improvements to the CIS process have driven down
the pixel dark currents to historic lows such that the
majority of the pixels in this QIS retain nearly no dark
charges at short integration times. We study the noise
characteristics of a 512 x 1023 region of the Gigajot
camera by taking 5000 dark frames with 1 ms integration
time at a fixed temperature of 35°C. Temporal noise
is calculated as the standard deviation of the pixel dark
signal over the total number of frames. The resulting
histogram (Fig. ) shows that most pixels have very low
noise, with a mean of 3.5 DN (equal to 0.29 e, with
the nominal conversion gain of 12 DN/e™) and spread
(standard deviation) of 2.88 DN. The pixels residing in
the peak of the distribution are like those of Fig. 3] (a),
where there is nearly no dark charge present throughout
the multi-thousand frame measurement. However, it is
interesting to investigate the dark signals of the pixels
residing in the tail of the distribution. We classify the
noisiest pixels by their distance from the mean of the
distribution.

Less than 5% of pixels are located 5 standard deviations
away from the mean of the distribution in Fig. [ Pixels
at this threshold have dark signals which are uniformly
spread out (Fig. |§| (c)). Above 10 standard deviations from
the mean, pixel dark signal traces show discrete bands
(Fig. E] (e) and (g)). These pixels’ histograms have a single
prominent central peak and several small, equally spaced
side peaks (Fig. 5] (f) and (h)).

In a separate measurement of a 1024x1024 region
of the sensor, 45 pixels were identified to exhibit dark
current-RTS, with a transition amplitude proportional to
integration time, such as the pixel of Fig. [f] Some have
an ON/OFF behavior with nearly 0 e~ /s emitted in the low
state and dozens of e~ /s in the high state. This represents
a 0.0043% incidence of such a noise signature.
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Fig. 5: Examples of observed pixel dark signal traces and
their respective histograms.
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Fig. 6: Dark signal trace exhibiting a two-level RTS at
various integration times.

The discrete bands of dark signal in Fig.[5](e) and (f) are
attributed to RTS induced somewhere in the readout chain
(the source follower, a floating node, the column amplifier
or the ADC), as they are independent of integration time.
Evidence of SF-RTS is well-documented in other CIS
technologies ( [12]-[16]), and noted in passing by the
Gigajot team [5]], [17]]. The appearance of discrete dark
signal bands and related multi-peak DCH is present in
approximately 80% of the noisiest pixels. We observe
that there are always six peaks present to the side of the
central peak, although there can be a strong asymmetry
(Fig. ] (f)). Generally, the separation between peaks is
very uniform (~18 DN) but varies from pixel to pixel.

There are two mechanisms which could lead to the
observed dark signal noise: (1) the existence of multiple
traps in the same SF, or (2) correlated multiple sampling
(CMS), which differs from double sampling (CDS) in
that several samples are averaged during the reference
and signal sampling phases (Fig. [7). The first proposed
mechanism is considered by Chao et al. [13]], where up to
7-peaks are observed in a pixel with CDS. The effects of
multiple sampling on the output voltage of the sampling
stage are discussed in Chao et al. [15]], with a hypothetical
5 sample CMS output histogram demonstrating several
peaks, but experimental data was not conclusive.
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Fig. 7: (a) Dark signal of pixel; (b) RTS trace schematic
with correlated multiple sampling (CMS); (c) the dark
signal histogram for the same pixel. Discrete peaks arise
from the combination of possible output voltages after
CMS, depending on the RTS level during the two sampling
phases.

IV. SIMULATION OF RTS wiTH CORRELATED
SAMPLING

To investigate which mechanism is more likely in the
studied QIS, we simulate the output of the sampling
circuit considering: (1) a pixel with multiple traps in
the SF (resulting in a RTS with more than two discrete
levels), followed by CDS, or (2) a two-level RTS but
with CMS. The random switching of the SF voltage is
determined by drawing from an exponential probability
distribution parametrized by the trap emission and capture
time constants, 7, and 7., respectively. In the case of CDS,
the simulated signal is sampled at a fixed rate of t.qs. In
the case of CMS, the signal is sampled m times at a rate of
tsample << tems per reference and per signal phase of the
CMS period. A SF MOSFET with multiple traps would
exhibit multi-level RTS signals. These are implemented
by generating several separate traces of varying RTS
amplitudes and time constants then superimposing them.

Figure 8] shows a simulated dark signal trace before and
after CDS, and the dark signal histogram of a RTS signal
resulting from three traps. The side peaks are not evenly
space or well-separated, and the presence of only three
peaks implies that more traps would have to be present to
emulate the experimentally observed six side peaks. It is
possible to simulate six equally spaced peaks on each side
of a large central peak, but only if the traps’ amplitudes
are constrained to specific multiples of each other. The
possibility that a SF in a pixel of such dimensions to
have three traps with the exact time constants and RTS
amplitudes necessary to observe equally spaced peaks on
the CDS output histogram is extremely unlikely.

By comparison, the output histogram after CMS with
six samples per phase on a RTS signal resulting from
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Fig. 8: Simulated dark signal resulting from

superimposition of RTS signals created by 3 different
traps (a) before CDS, (b) after CDS, and (c) the resulting
histogram.

a single trap resembles more closely the observed
experimental data (Fig. ). 13 peaks are visible, six on
each side of the center peak; the side peaks are equally
spaced, and, similar to Fig. |§] (h), the peaks closest to the
center are taller than those at the extremes.

The strong asymmetry observed in Fig.[5] (h) is believed
to be related to the SF strong inversion condition during
the CMS sampling, as discussed in and [[13]): due
to the short inter-sampling period, there is a higher
probability of the trap being occupied (i.e. low RTS level
in an NMOS) during the signal sampling phase, resulting
in a positive voltage after the sample subtraction. The
SF inversion condition is taken into consideration in our
simulation: the RTS trace in Fig.[9](a) is probed during the
reference sampling phase, while the trace in (b) is probed
during the signal sampling phase.

V. CONCLUSION

In this study the dark signal of a quanta image sensor
is characterized with single-electron resolution. Thanks to
the ultra-low dark current and noise of this sensor, Dark
carrier Counting Histograms can be used to extract several
sensor metrics such as conversion gain and mean dark
current. On average the pixels posses very low temporal
noise but among the noisiest pixels we observe dark
current and MOSFET random telegraph signal. Correlated
multiple sampling appears to influence the dark signal
outputs of these noisy pixels, causing discrete bands in the
temporal traces and multiple, evenly spaced peaks in their
histograms. Understanding and mitigating the discussed
noise sources in such state-of-the-art sensors will allow
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Fig. 9: Simulated two-level RTS signal (a) during the CMS
pulse when the SF is in saturation and (b) between CMS
pulses when the SF in weak inversion. (c) The signal after
CMS, and (g) the resulting histogram.

for further innovation in the field of CIS photon counting
technologies.
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