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ABSTRACT Characterization of quanta image sensor pixels with deep sub-electron read noise is reported.
Pixels with conversion gain of 423µV/e- and read noise as low as 0.22e- r.m.s. were measured. Dark
current is 0.1e-/s at room temperature, and lag less than 0.1e-. This is one of the first works reporting
detailed characterization of image sensor pixels with mean signals from sub-electron (0.25e-) to a few
electrons level. Such pixels in a nearly-conventional CMOS image sensor process will allow realization
of photon-counting image sensors for a variety of applications.

INDEX TERMS CMOS image sensor, quanta image sensor, jot device, photon counting, high conversion
gain, low read noise, low dark current.

I. INTRODUCTION
The Quanta Image Sensor (QIS) is defined as a CMOS
image sensor containing a large number of specialized
pixels called jots, where all jots have photon counting capa-
bility and where each output image pixel is ultimately
formed from a “cubicle” of jots [1]–[3]. For many QIS
applications, an ideal jot should be sub-diffraction limit
in pitch, perhaps 500nm or less, and have a full-well
capacity of 1e- to ∼100e-. According to one theoreti-
cal model [4], besides high quantum efficiency, to achieve
photon counting the read noise needs to be less than
0.3e- r.m.s., though the model of [2] suggests a read noise
less than 0.15e- r.m.s. is ultimately desired. Noise below
0.5e- r.m.s., where single photoelectron detection becomes
possible, is referred to as the deep sub-electron read noise
regime.
Nearly all CMOS image sensors have an in-pixel source-

follower (SF) transistor. In low read-noise devices, the SF
output voltage noise currently dominates the pixel’s read
noise, typically about 1-2e- r.m.s. (input referred) in most
commercial devices, and below 1e- r.m.s. in some scientific
and experimental devices. Gain can be provided prior to the

SF to boost the voltage signal from a single photoelectron
above the voltage-noise of the SF.
One gain mechanism that has been used in CCDs

and recently used in a CMOS image sensor is
avalanche multiplication [5]–[7]. Single-photon avalanche
diode (SPAD) arrays of 8µm pitch were used to demon-
strate QIS devices [8], [9]. However, SPAD arrays are not
anticipated to scale well to the sub-diffraction-limit pitch
needed for reasonable flux capacity [10], nor be manufac-
turable in the multi-megajot to gigajot array size in the near
future as needed for QIS applications.
Deep sub-electron noise has been achieved by non-

destructive readout and summing hundreds or thousands of
reads without avalanche under cooled conditions [11], [12].
Dark current limits the maximum number of useful reads.
However, a non-destructive readout approach is not feasible
for QIS application due to low temperature requirements,
slow net readout speed and large pixel pitch.
Reducing the noise of the source-follower and subsequent

electronics is also an approach to achieve deep sub-electron
read noise. Use of PMOS for the source-follower has very
recently allowed low noise [13] and limited photon-counting
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capability at low temperature [14]. The lower speed of
PMOS transistors is a concern for QIS application.
Another way to achieve deep sub-electron read noise is to

reduce the capacitance of the floating diffusion (FD) sense
node in the pixel. There is usually some tension between
the resultant conversion gain (CG) and the full-well capac-
ity of the sensor, since high conversion gain means voltage
rail limits or other limits are encountered for fewer pho-
toelectrons. In the digital integration sensor [15] and QIS
concepts, loss in full-well capacity is compensated by higher
frame or field readout rate and digital integration of the
signal.
An approach for increasing CG to the 200-400µV/e- range

in a pump-gate jot implemented in a 65nm BSI CIS pro-
cess was recently proposed by our group [16], [17]. Two
techniques were used to reduce the FD capacitance, the
“pump-gate” transfer gate with distal FD, and a tapered reset
gate. Other approaches have also been recently proposed [18]
to achieve 240µV/e- in a 180nm CIS process. The pump-gate
jot is the first device to experimentally show photon-counting
capability by a single correlated-double sampling (CDS)
readout due to the reduction of read noise to below
0.3e- r.m.s. [19].
In this paper, which expands upon our previous letter [19],

further electrical characterization of the pump-gate jot imple-
mented in a 65nm BSI CIS process, and its design variations
are reported. Quantum efficiency was not measured since it is
expected to be similar to other BSI CIS devices fabricated in
the same process, and our fab run did not include microlenses
or color filter arrays. An available noise-reducing SF transis-
tor mask was (inadvertently) not utilized so our SF devices
are surface-channel, making the low-noise results of [19]
more remarkable. Our main interests at this time are conver-
sion gain, read noise, lag, dark current, and a rough idea of
the scatter of those parameters. The best measured device
(the “golden jot”) showed conversion gain after the in-pixel
SF of 423µV/e-, and read noise as low as 0.22e- r.m.s. at
room temperature with a single CDS readout. Dark current
is less than approximately 0.1e-/s at room temperature in the
1.4µm pitch devices.

II. REVIEW OF DEVICE CONCEPT
The pump-gate jot device is described in more detail
in [16], [17], and [19] and is briefly reviewed here. In
a conventional 4T pixel with a pinned photodiode [20],
the capacitance of the FD consists of 5 major components:
the junction capacitance of the FD, the overlap capacitance
between the FD and the transfer gate (TG), the overlap capac-
itance between the FD and the reset gate (RG), the effective
source follower (SF) gate capacitance and the inter-metal
capacitance. The SF gate capacitance is related to its area,
which is inversely related to 1/f noise [21]. The 1/f noise
cannot be fully suppressed by CDS [22].
To reduce the FD capacitance, the pump-gate jots use

an idea similar to the “virtual phase”, which is well-known
in CCDs, to create a specialized potential profile in the

FIGURE 1. Cross-section doping profile of a pump-gate jot in the TCAD
simulation from [17].

FIGURE 2. Simulated potential profile along the charge transfer path
when TG is “on” and “off” from [17].

charge transfer path which enables a distal FD that has no
overlap with the TG. The structure is shown in Fig. 1.
During the integration phase, the photoelectrons will accu-

mulate in the storage well (SW) underneath the TG. When
the TG is turned “on” by being pulsed to a positive voltage,
the potential in the PB and the PW region will be increased,
and there will be a monotonic potential increase from the
SW to the PW, as shown in Fig. 2. The photoelectrons in
the SW will flow to the PW. When the TG is turned “off”,
the potential in the PW and the PB will reduce and the
photoelectrons will be “pumped” over the VB region to the
FD. Because the PB region has a higher doping concentration
than the PW, it creates a potential to prevent photoelectrons
from flowing back to the SW when the TG is turned “off”.
With the pump-gate, a jot device can eliminate the over-
lap capacitance from the TG and still be able to achieve
complete charge transfer.
To further improve CG, we employed a tapered reset

gate [23]. The idea is to use shallow-trench isolation to taper
the channel of the reset transistor on the FD side, so as to
shrink the channel width and reduce the overlap capacitance
between the FD and the RG. It also helps to reduce the
junction capacitance of the FD, and the 3D effect caused by
the gradient channel width is also anticipated to reduce the
partition noise during the reset. Layout was shown in [17].
With these two techniques, both the pump-gate (PG)

jots and the tapered pump-gate (TPG) jots have lower FD
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FIGURE 3. Block diagram of the on-chip readout chain. A new symbol with
TG MOS gate and PNP photodiode underneath has been used for the
pump-gate photodetector. SUB is connected to ground in each jot.

capacitance compared to a typical pinned-photodiode pixel,
and thus higher conversion gain. Specifically, the TPG jots
have the highest conversion gain because of the reduced
RG overlap capacitance and a smaller SF area (WxL of
0.2 x 0.2µm compared to 0.2 x 0.4 µm for the PG jot).

III. READ OUT CHAIN DESIGN
A. ON CHIP
In the fabricated test chip, because of a severe limita-
tion of layout space and number of pads available to us,
a simple approach for the readout electronics was adopted.
Twenty small 32x32 jot arrays with different variations were
designed. Fig. 3 shows a block diagram of the on-chip read-
out signal chain. A single current-source bias at the bottom
of the column array is multiplexed to the columns of each
jot array. A switched-MOM-capacitor programmable gain
amplifier (PGA) with gains of 8, 16 and 24 was implemented
for each test array. A folded-cascode-topology amplifier with
current, Iamp = 5 µA, is used to achieve an open-loop gain
of 78dB and unity gain bandwidth of 60Mhz. The output-
referred noise of the PGA is 100uV r.m.s., so that at a gain
setting of 24, the input-referred noise is 4uV r.m.s. The
output of the amplifiers are multiplexed into a single source-
follower analog buffer, which drives the output pad. The
analog buffer uses twice the current of the amplifier since it
has to drive an output pad of capacitance ∼0.8pF. Because
the space and the number of pads was limited on the test
chip, the bias current for jot arrays is designed to be hard
wired to the amplifier current source with a fixed ratio
Icol = Iamp/12, which is sufficiently large to overcome the
parasitic capacitances, and the bandwidth is small to reduce
the noise contribution. Cascode current mirrors are utilized
to achieve accurate current ratios for the current sources of
the column, amplifier and analog buffer.

Aside from enabling implementation of the test chip, this
architecture has several drawbacks. First, only one jot per
row can be readout, depending on which column is selected.
This makes characterizing arrays tedious and limited the
amount of data we could acquire on a practical basis. Second,
exploring the effect of bias current on noise was difficult
since the PGA would come out of optimum bias since its
current bias was hardwired to that of each column.

B. OFF CHIP
An off-chip 14-bit ADC is used to perform digital
CDS. Multiple samples of the reset level and then signal
level are taken to reduce noise due to the off-chip electronics.
With d.c. input, the noise of the off-chip electronics could
be reduced by averaging multiple samples. With actual chip
signals, it was found that increasing the number of samples
beyond 10 of each did not further reduce noise, likely due
to a concomitant increase in 1/f noise from the jot itself,
and we concluded we were then jot-noise limited. With an
improved board design with less board noise, we might be
able to achieve lower measured jot noise if the jot noise is
indeed 1/f-noise dominated.
The highest gain of the PGA is used to also help suppress

the noise from off-chip components. Although it makes the
useful input voltage swing limited, it is acceptable for the
jot application since the required signal range is from one
photoelectron to a few hundred photoelectrons, or a few tens
of millivolts.
Calibration of the readout signal chain was performed

using a test input pin to the on-chip PGA, with jot arrays
deselected. A 14kHz square wave analog input signal of
80mV p-p was applied to the test input pin and the ADC out-
put recorded. This procedure allowed calibration of DN/µV
for each PGA gain setting from after the in-jot SF to the
ADC. The PGA and analog buffer gain were calibrated by
applying the test input signal to the ADC board, and by
comparing to the first calibration.

IV. CHARACTERIZATION RESULTS
A. PHOTOELECTRON COUNTING HISTOGRAM
The photoelectron-counting histogram (PCH) was introduced
in [19] as a technique to accurately determine conversion
gain and read noise in QIS devices and will be discussed
in more depth in [24]. An example of a PCH is shown in
Fig. 4 for a TPG jot with 4 different levels of exposure
made by changing the integration time for constant light
intensity. The discrete peaks correspond to different numbers
of electrons, with amplitude corresponding to the Poisson
distribution. The peaks are broadened by the read noise
of 0.28e- r.m.s. as determined by the valley-peak modula-
tion (VPM) [19]. For accurate photoelectron counting, VPM
close to unity is desired, corresponding to 0.15e- r.m.s. or
less of read noise. For higher values of read noise, the peaks
become less distinct and are finally blurred by read noise
above approximately 0.50e- r.m.s., resulting in a smooth
distribution.
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FIGURE 4. Measured photoelectron-counting histograms (PCH) of a single
TPG jot for different exposures of 0.55e-, 1.24e-, 3.63e- and 6.97e-. Each
PCH is created from 200,000 samples. Read noise is 0.28e- r.m.s.

B. CONVERSION GAIN AND CONVERSION GAIN
VARIATION
The PG jots and the TPG jots were characterized with the
PCH method. Each jot is selected and read out using digital
CDS 200,000 times at a fixed illumination level to generate
one PCH. Each bin of the histogram corresponds to one
LSB or DN of the ADC. The peak spacing corresponds to
one electron, and can be used to determine DN/e- for that
jot. From the calibration of the gain of the PGA plus output
buffer (V/V), and the ADC (µV/DN), the conversion gain
(µV/e-) of the jot after its source-follower can be determined.
Due to the limitation of the number of pads, and the resul-

tant readout design, testing multiple jots was tedious since
manual intervention is required to select different jots within
the 32x32 array. Consequently, we focused on a 12x12 sub-
array of adjacent jots (144 jots, 200,000 samples each). CG
can be determined from peak spacing and read noise from
VPM. We also tried a best fit for the data from a PCH model
with both read noise and CG as fitting parameters. Excellent
agreement was found for the two PCH methodologies.
A histogram showing CG for the PG and TPG jots is

shown in Fig. 5. The mean CG of PG jots is 250.5µV/e-
with 2.1% standard deviation, and the mean CG of TPG jots
is 413.4µV/e- with 2.6% standard deviation. The reason
for the variation in CG is not known but area variation
due to lithography of small features resulting in capacitance
variation is a likely suspect.
Conversion gain variation will lead to errors in photoelec-

tron counting in a multi-bit QIS even with read noise less
than 0.15e- r.m.s.. In an n-bit multi-bit QIS, multiple photo-
electrons are collected and read out in one read, where n is
the bit depth of a hypothetical on-chip ADC with one LSB or
DN corresponding to one electron. For example, a 2-bit QIS
would have a 2-bit ADC with 4 conversion levels or bins,
corresponding to 0, 1, 2 and 3 or more electrons. A multi-bit
QIS requires the CG variation γ � �CG/CG to be less than
1/2n, and for fewer errors, less than 1/2n+3, where CG is
the nominal conversion gain [10]. The impact of γ on error

FIGURE 5. Measured histograms of the CG of PG jots and TPG jots in two
12x12 arrays. The CG of each jot is measured from the PCH method with
200,000 samples.

rate depends on the electron number N, quanta exposure
H (e-), and read noise σn (e- r.m.s.). The histogram peak
for electron number N is shifted by relative amount γN
in the ADC conversion bin. The shift in the peak position
increases the false negative bit error rate for that bin, and
false positive bit error rate for adjacent bins, by an amount
that depends on the shift, read noise and quanta exposure.
The relationship among these factors will be discussed in
a separate paper [25], but total bit error rate (BERT) for all
bins can be written as:

BERT =
2n−2∑

N=0

1

2

e−HHN

N!
erfc

[
1 − 2γN√

8 σn

]

+
2n−1∑

N=1

1

2

e−HHN

N!
erfc

[
1 + 2γN√

8 σn

]
(1)

Total bit error rate as a function of exposure is shown in
Fig. 6. The complexity of the graph reflects the complexities
of Eq. 1. The solid lines are BERT for a gain variation γ

of 2.6% and read noise of 0.29e- r.m.s., corresponding to
a nominal jot reported here. The BERT for n = 1, a single-bit
QIS, is about 4% for low exposures, and decreases for higher
exposure. The BERT for n = 2, a 4-level jot, is about 4.6% at
low exposures, rises to about 6.5% at H = 1, and then drops
with increasing exposure. For 3-bit and 4-bit jots, BERT rises
to higher levels before dropping with larger exposures. This
is primarily the effect of the read noise rather than the gain
variation, as evidenced by the dashed curves calculated for no
gain variation. Also shown are dotted curves that correspond
to a gain variation γ of 2.6% but a lower read noise of
0.22e- r.m.s.. It can be seen that the BERT is substantially
reduced by about 4x. The BERT rise for higher exposures
for the 3-bit and 4-bit QIS is attributable to conversion gain
variation since peak shift grows with bin number resulting
in more errors. Conversion gain variation and read noise are
both detrimental to higher bit depth multi-bit QIS realization.
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FIGURE 6. Theoretical total bit error rate for a jot of a multi-bit QIS as
a function of exposure for different bit depths, and for 3 combinations of
conversion gain variation and read noise.

FIGURE 7. Histograms of the read noise for PG jots and TPG jots in two
12x12 arrays. The read noise of each jot is measured from the PCH method
with 200,000 samples.

C. READ NOISE AND READ NOISE VARIATION
A histogram of read noise of the measured jots is shown in
Fig. 7. The average read noise of PG jots is 0.38e- r.m.s.
with 8.7% standard deviation, and the average electron read
noise of TPG jots is 0.29e- with 13.2% standard deviation.
A scatter plot is shown in Fig. 8 for the same data show-

ing read noise in volts on the vertical axis and conversion
gain on the horizontal axis. Lines of constant electron read
noise are shown for reference purposes. It is seen that the
PG jot scatter in voltage read noise is quite substantial, from
80µV r.m.s. to 120µV r.m.s. giving rise to the broad distri-
bution of electron read noise in Fig. 6. The TPG jot scatter
is greater, ranging from 90µV r.m.s. to 160µV r.m.s., likely
due to the smaller area of the SF gate for the TPG jots.
Because of the substantially higher CG of the TPG jots,
electron read noise is generally lower than that of the PG

FIGURE 8. Scatter plot of measured read noise vs. CG for 12x12 PG jots
and TPG jots.

FIGURE 9. PCH for a “golden jot” with 0.22e- r.m.s. read noise and CG of
423µV/e- for a mean signal of ∼9.0 e- at room temperature.

jots. The best (golden) jots achieve about 0.22e- r.m.s. read
noise. An example PCH from a golden jot is shown in Fig. 9.
Since the SF gate capacitance is the dominant contributor

to total FD node capacitance, one might expect that the dom-
inant cause of CG variation is variation in SF gate area. One
might then expect that variation in CG should be correlated
to variation in voltage read noise since 1/f noise or RTS
noise is directly related to SF gate area, that is, the number
of interface traps in the channel, However, from Fig. 7 it
appears this is not the case and the voltage read noise is ran-
domly distributed independently of CG, perhaps indicative of
random fluctuation in the actual number of traps at the Si and
gate-insulator interface. Since the total number of traps may
only be 10-100 per gate (e.g., 0.04µm2x5x1010/cm2 = 20)
high fluctuation in the number of traps between devices
might be expected even if the gate area had no variation,
leading to a variation in noise.
The scatter plot also suggests that further reduction of the

dominant source of capacitance, the SF gate area, will lead
to a further increase in 1/f, RTS noise and CG scatter, and
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FIGURE 10. Histogram of 1000 dark samples of one PG jot (top) and one
TPG jot (bottom) at 60C with 2.48s integration time.

diminishing returns for improving CG with scaling. While
some improvement will be achieved, a gross extrapolation
suggests that with an increase in CG to 1mV/e-, average
read noise might be in the 0.22-0.24e- r.m.s. realm. This
motivates us to consider either p-channel jots, or consider
a buried-channel MOS SF or JFET SF in future designs if
we wish to achieve 0.15e- r.m.s. read noise or lower.
The effect of bias current on SF noise was briefly exam-

ined. Unfortunately, increasing the bias current negatively
impacts the PGA gain in our design since they share a ratioed
current source. Backing out PGA gain deterioration to obtain
the electron noise as a function of bias current is tenuous,
but generally it seemed the noise might increase by approx-
imately 0.1e- r.m.s. as the SF bias current is increased from
the nominal level of 0.5µA to 5.0µA, which is important
for QIS applications.

D. DARK CURRENT
In a pump-gate device, the signal storage well SW is buried
underneath the TG and isolated from the Si-SiO2 interface
by a potential barrier. Interface-generated dark current flows
to the FD during signal integration which helps improve the
dark current performance because the Si-SiO2 interface at the
TG edge usually contributes a major part of dark current in
pinned-photodiode pixels. Consequently a low dark current
was anticipated for both PG and TPG jots.

FIGURE 11. Histogram of dark current among 32 PG jots in one column at
60C. The standard deviation of the dark current is 0.98e-/s. 1000 samples
are taken for each jot. Also shown is the histogram of dark current among
32 TPG jots in one column at 60C. The standard deviation of the dark
current is 0.78e-/s. 1000 samples are taken for each jot.

The SW dark current in the pump-gate jot was found to
be quite low, about 1 pA/cm2 at room temperature for both
PG and TPG jots, or about 0.1e-/s. This makes measurement
of many devices tedious since an integration time of about
a minute is needed per jot per measurement, and 1000 mea-
surements are taken per jot. Due to the readout electronics,
parallel integration and readout of the array is not possible.
Thus, only 32 jots were measured of each type, at room
temperature (25C) and at 60C.
A histogram showing 1000 samples of a single PG jot

and a single TPG jot at 60C is shown in Fig. 10. The
1000 samples are not enough to create a histogram that
shows quantization in electron number.
At room temperature, the mean measured dark current

for PG jots is 0.09e-/s or 0.73pA/cm2, and 0.12e-/s or
0.98pA/cm2 for TPG jots. At 60C, the measured dark cur-
rent for PG jots is 1.29e-/s or 10.5pA/cm2, and for TPG
jots, 1.26e-/s or 10.2pA/cm2. Histograms showing the data at
60C are shown in Fig. 11.
The measured dark current at 60C is about 14x of the

dark current at 25C, which suggests the dark current in the
jot devices has an activation energy of half the bandgap and
is likely dominated by mid-gap traps.
A second source of dark signal was also observed that

remains unresolved. The dark signal increases with the
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duration and amplitude of the TG “on” pulse width, and
corresponds to approximately 0.1e-/µsec when TG is on
at 3V. This dark signal does not depend on SW integration
time and seems to be TG related, and ranged from a few
tenths to a few electrons per transfer. It was subtracted as
an offset from the integration-time-dependent dark signal in
the reported dark current results. The anomalous dark signal
has a PCH signature with peaks and valleys and roughly
Gaussian shaped envelope, but with a peak amplitudes dis-
tribution different from the Poissonian model. The source
of this unresolved and interesting signal may be explored in
later work.

E. LAG
In the PG and TPG jots, charge is first transferred from the
SW to under the TG gate, and then from there to the FD.
The TG pulse “on” period was a relatively long 4µsec due
to the nature of the readout electronics, and TG “on” was
reduced to 2.5V to minimize the mean anomalous dark sig-
nal to less than 0.1e-. Incomplete charge transfer due to
barriers or trapping can occur leading to lag. Measurement
of lag is more difficult in the 0-10e- quanta exposure
range since the signal is strongly influenced by Poisson
statistics and will vary significantly from one read to
the next.
Lag was checked by pulsed illumination. PG jots were

illuminated for 5 frames and not illuminated for the next
5 frames, with this on-off cycle repeated. Signal for one
jot was accumulated over 200,000 cycles for each of the
10 frame positions, and then the resultant PCH data was
analyzed to obtain a mean signal value (and CG and read
noise) for each frame position. However, PCH is difficult to
use below about 1e- mean signal so conventional calcula-
tion of the mean signal was performed. Typical results are
shown in Fig. 12 for 12 different exposure levels. The lowest
exposure level was approximately 0.295e- (first bar of each
frame set) during the first 5 illuminated frames, with an aver-
age residual signal of 0.024e-, or 8% in the trailing 5 dark
frames. As the exposure is increased (successive bars in each
frame set) the residual signal also generally increases (but
not consistently as seen in frame set 7 vs. frame set 8). For
example, when the exposure is 1.6e-, the average residual
signal is 0.047e-, or 3%. At the highest exposure (last bar
of each frame set) the mean signal is 11.1e- with a residual
signal of 0.19e-, or 1.75%.
We hesitate to call the residual signal lag, because it per-

sists for at least dozens of frames if the light remains off.
The total signal in the discharge lag (frames 5 and beyond)
far exceeds the total signal lost in charging lag (possibly
seen between frame 0 and frame 1). It is also influenced by
TG “on” voltage level and “on” period, increasing with both,
counter to most models of lag. One conjecture is that pho-
toelectrons are collected in adjacent parts of the structure,
and transferred to FD as the residual signal. Note that for
most exposures of interest for the QIS, the residual signal
or lag is below 0.1e-.

FIGURE 12. Lag measurement for PG jot for 5 illuminated frames followed
by 5 dark frames and repeated (frame 0 follows frame 9). Note log scale of
vertical mean signal axis. Each frame set represents 12 different exposure
levels.

More detailed measurements such as the effect of TG
transfer time, temperature, and voltage levels, are warranted
in the future with more amenable readout circuits, but at this
time it is felt that pump-gate jot lag at the sub-0.1e- level
is acceptable for most photoelectron counting applications.

V. DESIGN VARIATIONS
In addition to the baseline PG jot design, there were 15 vari-
ations that were explored including 3 TPG jot designs. Most
of the changes involved adjusting relative sizing and spacing
of various mask layers. In fact, it appears the baseline PG
jot design and the baseline TPG jot design yielded the best
results, but the impact of variations appears minor.
We expected a stronger influence of spacing between

TG and the distal FD but saw little effect in the range
0.06um to 0.28um, where 0.28um was the baseline. It is
possible that the charge transfer efficiency from SW to FD
would be affected by the spacing between TG and FD, but
we saw no evidence of that. However, a more complete
assessment of lag is planned for the future.
Changes that would affect VB and SW, seemed to primar-

ily have a small influence on responsivity (a few percent)
and impacted full-well capacity as expected.
We noticed that the responsivity of the TPG jots seemed

to be slightly lower than the PG jots despite significantly
higher CG, suggesting that carrier collection efficiency needs
to be improved in future TPG jots.
While the design variations did not lead to a clear optimum

design for this process, the device performance appears to
be robust relative to design variations, suggesting that pixel
shrink in the process is a viable option for the future.

VI. SUMMARY AND DISCUSSION
In this paper, the characterization results of two
types of jot devices with single-CDS-read, room-
temperature photoelectron-counting capability were dis-
cussed. A summary of characterization results is listed in
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TABLE 1. Jot characterization results (average values).

Table 1. Implemented in a commercial BSI CIS process
with minimal changes, a pixel pitch of 1.4um was easily
achieved. The measured read noise of the PG jot devices
ranged from 0.32e- r.m.s. to 0.50e- r.m.s., with a mean of
0.38e- r.m.s.. The measured read noise of the TPG jots
ranged from 0.22e- r.m.s. to 0.38e- r.m.s. with a mean of
0.29e- r.m.s.. The low read noise, due mostly to high conver-
sion gain, will enable realization of practical photoelectron
counting image sensors in the near future, including the
Quanta Image Sensor. The measured CG variation is less
than 3% for both devices and is sufficiently low to permit
modest multi-bit QIS operation with low bit error rate. Both
devices have extremely low dark current. The measured dark
current at 60C is under 11pA/cm2 for both devices and is
one of the lowest dark current rates reported, for electron-
carrier image sensors, and far lower than dark count rates
reported for SPAD sensors. Lag was measured to be under
0.1e- for signals less than 10e-.
The use of the buried-channel SF option in the process

should further reduce read noise. It has been suggested by
colleagues elsewhere with image sensors fabricated in the
same multi-project wafer run that device parameter variation
was unusually high and perhaps this is related to the high
variation we observed in CG.
This is one of the first works on characterizing image

sensor pixels at mean exposures of a few electrons to as low
as 0.25e-, made possible in part by the high conversion gain
and deep sub-electron read noise. New characterization chal-
lenges were found in this regime due to the strong impact of
Poisson statistics, especially regarding dark current and lag.
The reported jot devices will have broad application

in low light imaging, scientific imaging, high dynamic
range applications, and possibly consumer photography.
Photon-counting capability in nearly-conventional CMOS

image sensors may also open up new opportunities for
replacing electron-multiplying CCDs in some applications
with improved resolution and performance.

ACKNOWLEDGMENT
The authors appreciate discussions with M. Guidash, the
fabrication work done by TSMC led by H. Y. Cheng,
Forza Silicon for use of their facilities during the design
phase, and the technical assistance of other members of their
group at Dartmouth, especially S. Masoodian and R. Barry.

REFERENCES
[1] E. R. Fossum, “The quanta image sensor (QIS): Concepts and chal-

lenges,” in Proc. Opt. Soc. America Topical Meeting Comput. Opt.
Sens. Imag., Toronto, ON, Canada, Jul. 2011.

[2] E. R. Fossum, “Modeling the performance of single-bit and multi-bit
quanta image sensors,” IEEE J. Electron Devices Soc., vol. 1, no. 9,
pp. 166–174, Sep. 2013.

[3] R. Zizza, “Jots to pixels: Image formation options for the quanta image
sensor,” M.S. thesis, Dept. Thayer School Eng., Dartmouth Coll.,
Hanover, NH, USA, 2015.

[4] N. Teranishi, “Required conditions for photon-counting image sen-
sors,” IEEE Trans. Electron Devices, vol. 59, no. 8, pp. 2199–2205,
Aug. 2012.

[5] J. Hynecek, “Impactron—A new solid state image intensifier,” IEEE
Trans. Electron Devices, vol. 48, no. 10, pp. 2238–2241, Oct. 2001.

[6] P. Jerram et al., “The LLCCD: Low-light imaging without the need
for an intensifier,” in Proc. SPIE, vol. 4306. May 2001, pp. 178–186.

[7] P. Fereyre et al., “Electron multiplying device made on a 180 nm stan-
dard CMOS imaging technology,” in Proc. Int. Image Sens. Workshop,
Vaals, The Netherlands, Jun. 2015, pp. 328–331.

[8] N. A. W. Dutton, L. Parmesan, A. J. Holmes, L. A. Grant,
and R. K. Henderson, “320x240 oversampled digital single photon
counting image sensor,” in Symp. VLSI Circuits Dig. Tech. Papers,
Jun. 2014, pp. 1–2.

[9] I. Gyongy, N. Dutton, P. Luca, and R. Henderson, “Bit-plane process-
ing techniques for low-light, high speed imaging with a SPAD-based
QIS,” in Proc. Int. Image Sens. Workshop, Vaals, The Netherlands,
Jun. 2015, pp. 284–287.

[10] E. R. Fossum, “Multi-bit quanta image sensors,” in Proc. Int. Image
Sens. Workshop, Vaals, The Netherlands, Jun. 2015, pp. 292–295.

[11] S. Wolfel et al., “Sub-electron noise measurements on RNDR devices,”
in Proc. IEEE Nucl. Sci. Symp. Conf. Rec., vol. 1. San Diego, CA,
USA, Oct. 2006, pp. 63–69.

[12] Q. Yao, B. Dierickx, B. Dupont, and G. Ruttens, “CMOS image sensor
reaching 0.34 e-RMS read noise by inversion-accumulation cycling,” in
Proc. Int. Image Sens. Workshop, Vaals, The Netherlands, Jun. 2015,
pp. 369–372.

[13] A. Boukhayma, A. Piezerat, and C. Enz, “A 0.4e- rms temporal readout
noise 7.7um pitch and 66% fill factor pixel for low light CMOS image
sensors,” in Proc. Int. Image Sens. Workshop, Vaals, The Netherlands,
Jun. 2015, pp. 365–368.

[14] J. Janesick, T. Elliott, J. Andrews, and J. Tower, “Fundamental per-
formance differences of CMOS and CCD imagers: Part VI,” in Proc.
SPIE, vol. 9591. San Diego, CA, USA, Aug. 2015, Art. ID 959102.

[15] S. Chen, A. Ceballos, and E. R. Fossum, “Digital integration sensor,”
in Proc. Int. Image Sens. Workshop, Jun. 2013.

[16] J. Ma, D. B. Hondongwa, and E. R. Fossum, “Jot devices and the
quanta image sensor,” in Proc. Int. Electron Devices Meeting (IEDM),
San Francisco, CA, USA, Dec. 2014, pp. 247–250.

[17] J. Ma and E. R. Fossum, “A pump-gate jot device with high conversion
gain for a quanta image sensor,” IEEE J. Electron Devices Soc., vol. 3,
no. 2, pp. 73–77, Mar. 2015.

[18] F. Kusuhara, S. Wakashima, S. Nasuno, R. Kuroda, and S. Sugawa,
“Analysis and reduction of floating diffusion capacitance compo-
nents of CMOS image sensor for photon-countable sensitivity,” in
Proc. Int. Image Sens. Workshop, Vaals, The Netherlands, Jun. 2015,
pp. 120–123.

[19] J. Ma and E. R. Fossum, “Quanta image sensor jot with sub 0.3e- r.m.s.
read noise and photon counting capability,” IEEE Electron Device
Lett., vol. 36, no. 9, pp. 926–928, Sep. 2015.

VOLUME 3, NO. 6, NOVEMBER 2015 479



MA et al.: CHARACTERIZATION OF QIS PUMP-GATE JOTS

[20] E. R. Fossum and D. B. Hondongwa, “A review of the pinned photo-
diode for CCD and CMOS image sensors,” IEEE J. Electron Devices
Soc., vol. 2, no. 3, pp. 33–43, May 2014.

[21] M. J. Uren, D. J. Day, and M. J. Kirton, “1/f and random telegraph
noise in silicon metal-oxide-semiconductor field-effect transistors,”
App. Phys. Lett., vol. 47, no. 11, pp. 1195–1197, Dec. 1985.

[22] R. J. Kansy, “Response of a correlated double sampling circuit to
1/f noise [generated in CCD arrays],” IEEE J. Solid-State Circuits,
vol. 15, no. 3, pp. 373–375, Jun. 1980.

[23] M. Guidash, private communication, Apr. 2014.
[24] D. Starkey, J. Ma, and E. R. Fossum, “Conversion gain and read

noise measurement using a photon-counting histogram method,”
to be published.

[25] E. R. Fossum, “Photon counting error rates in single-bit and multi-bit
quanta image sensors,” to be published.

JIAJU MA (S’12) was born in China. He received
the B.S. degree in applied physics from Nankai
University, Tianjin, China, in 2012. He is currently
pursuing the Ph.D. degree with the Thayer School
of Engineering, Dartmouth College, Hanover, NH,
USA, researching the fabrication and operation of
CMOS image sensors with a particular emphasis
on the jot device TCAD modeling and fabrication
process for quanta image sensors.

DAKOTA STARKEY (S’15) received the B.A.
degree in physics from Vassar College,
Poughkeepsie, NY, USA, in 2013, and the B.E.
degree in electrical engineering from Dartmouth
College, Hanover, NH, USA, in 2014, as part of
a dual degree program. He is currently pursuing
the Ph.D. degree with the Thayer school of
Engineering, Dartmouth College. His research
focus is developing the quanta image sensor (QIS)
with emphasis on low-power, high-speed readout
circuit design, and QIS applications.

ARUN RAO (S’14) received the B.E. degree
from Bangalore University in 2005, and the M.S.
degree from Utah State University in 2010, both
in electrical engineering. He is currently pursu-
ing the Ph.D. degree with the Thayer School of
Engineering, Dartmouth College. He is working on
novel circuits for image sensors and implantable
biomedical devices. His primary interests are in
the field of low-power analog and mixed-signal
IC design.

KOFI ODAME (S’06–M’08) received the B.Sc.
and M.Sc. degrees in electrical engineering from
Cornell University, Ithaca, NY, USA, and the
Ph.D. degree from the Georgia Institute of
Technology, Atlanta, GA, USA, in 2002, 2004, and
2008, respectively. He is currently an Associate
Professor of Electrical Engineering with the
Thayer School of Engineering, Dartmouth College,
Hanover, NH, USA. His interest is in analog
integrated circuits for nonlinear signal processing.

ERIC R. FOSSUM (S’80–M’84–SM’91–F’98) is
currently a Professor with the Thayer School
of Engineering, Dartmouth College. He is the
Primary Inventor of the CMOS image sen-
sor used in billions of camera phones and
other applications. He is currently exploring the
quanta image sensor. He was inducted into the
National Inventors Hall of Fame. He is the Co-
Founder and the Past President of the International
Image Sensor Society. He is a member of the
National Academy of Engineering.

480 VOLUME 3, NO. 6, NOVEMBER 2015



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


