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Quanta Image Sensor Jot With Sub 0.3e- r.m.s.
Read Noise and Photon Counting Capability

Jiaju Ma, Student Member, IEEE, and Eric R. Fossum, Fellow, IEEE

Abstract— The first quanta image sensor jot with photon
counting capability is demonstrated. The low-voltage device
demonstrates less than 0.3e- r.m.s. read noise on a single read
out without the use of avalanche gain and single-electron signal
quantization is observed. A new method for determining read
noise and conversion gain is also introduced.

Index Terms— CMOS image sensor, quanta image sensor, jot
device, photon counting, high conversion gain, low read noise.

I. INTRODUCTION

FOR the first time, an image sensor sense node is
reported that has sufficiently low capacitance that a single

electron’s direct effect on the node voltage is clearly
visible above background noise with a single correlated-
double-sampling (CDS) read-out at room temperature, thus
enabling photon (or photoelectron) counting without the use of
avalanche gain. Such a capability will enable a new generation
of high resolution image sensors for studying life-science phe-
nomena, operation in ultra-low light conditions, and possible
use in quantum encryption, among other applications.

The Quanta Image Sensor (QIS) has been proposed as a
specialized CMOS image sensor in which each pixel has
sufficient sensitivity to count photoelectrons, either as a single-
bit QIS or multi-bit QIS [1], [2]. Each specialized pixel in
a QIS is called a “jot” where multiple jots are needed to
create an image pixel. The single-bit QIS needs a full-well
capacity (FWC) of at least one electron, and multi-bit jots
require a FWC of at most a few hundred electrons.

A single-photon avalanche diode (SPAD), 8µm pitch “jot”
array has been used as a QIS image sensor and showed
interesting results [3], [4]. SPADs, while excellent for photon
timing applications, inherently require avalanche, resulting
in high internal electric fields and high dark count rates
that limit pitch and manufacturing yield. Thus, they are not
expected to scale well to the sub-micron pitch and multi-
megajot resolution needed for anticipated QIS applications.
Avoiding avalanche-mode operation is a goal in the image
sensor field.

Recently, a non-avalanche, low voltage “pump-gate” jot was
proposed [5], [6] to achieve very low sense node capacitance
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Fig. 1. The TCAD simulation cross-section doping profile of a pump gate
jot device.

and high conversion gain (CG). The pump-gate (PG) jot and
a pump-gate jot with tapered reset gate (tapered PG) were
both simulated in TCAD showing CG of 250µV/e- and
380µV/e- respectively. The devices use intra-pixel charge
transfer from a vertically integrated storage site to a distal
floating diffusion (FD). Implemented in a 65nm backside-
illumination (BSI) commercial CMOS image sensor process,
known to have high fill factor and quantum efficiency, with
some implant and mask changes (but no additional masks),
the pixels readily achieved 1.4µm pixel pitch for non-shared
readout, and 1.0µm pitch for shared readout layout. Additional
shrink of size in the same process is possible in the future.
Layout of the jots was shown in [6].

According to one theoretical model [7], to achieve photo-
electron counting, a jot device needs an input-referred read
noise level as low as 0.3e- r.m.s., though the model of [2]
suggests that read noise less than 0.15e- r.m.s. is ultimately
desired. In this letter, the first jot device with sub-0.3e- r.m.s.
read noise is demonstrated and signal quantization observed.

II. PUMP-GATE JOT DEVICE DESIGN AND OPERATION

The simulated doping profile of a jot device with a pump-
gate type charge transfer gate is depicted in Fig. 1. With
a distal floating diffusion bridged to the transfer gate (TG)
by a virtual barrier (VB) region, the FD has no over-
lap with TG, and with the pump-gate doping profile, the
charge in the storage well (SW) will be transferred to the
PW region underneath the TG when TG is pulsed “on”, and
then be laterally pumped over the VB region to the FD when
TG turns “off”. With small FWC in the SW, complete charge
transfer can be achieved. Using this technique, the overlap
capacitance between TG and FD can be eliminated.

0741-3106 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



MA AND FOSSUM: QIS JOT WITH SUB 0.3e- r.m.s. READ NOISE AND PHOTON COUNTING CAPABILITY 927

Fig. 2. Photon transfer curve (PTC) of jot devices with best fit lines (solid).
Also shown are lines (dashed) corresponding to PCH results.

To further reduce the FD capacitance a tapered gate reset
transistor [8] was employed. It uses a tapered shallow trench
isolation (STI) to reduce the width of the channel of the
reset transistor on the FD side so that the overlap capacitance
between the reset gate (RG) and the FD can be reduced.

Both devices were taped out to the TSMC
65nm BSI process. Implantation conditions were modified
according to simulation and the requirements of the jot
devices.

The fabricated chip contains twenty 32×32 jots arrays with
different mask variations. Each array connects to an on-chip
switched-capacitor programmable gain amplifier (PGA) with
designed gains of 8, 16 and 24. The PGAs output the analog
signal to a pad through a single source-follower buffer. In this
letter, two of the twenty variations are reported.

III. TESTING RESULTS

A. Photon Transfer Curve

For noise measurement, the chip was tested with an off-chip
14-bit ADC yielding over 10DN/e-, jot-referred. Correlated
double-sampling and subsequent noise measurements are per-
formed within the digital domain. The conversion gain of the
two types of jots were obtained using the well-known photon
transfer curve (PTC) method. The jots in a 32×32 array were
selected and read out in sequence for multiple frames, and the
variance of each jot’s signal with different light intensity was
measured. As shown in Fig. 2, the PTC of the PG jot array
has a mean slope of 12.1 DN (19.9µV/DN), yielding a CG
of 242µV/e- after the in-jot source-follower, which matches
the result obtained with TCAD. The measured FWC is 288e-.
The same method was used to test a 32 × 32 array of tapered
PG jots. The PTC has a mean slope of 20.1 DN (20.0µV/DN)
that yields a CG of 403µV/e-. The testing also shows the
tapered PG jots have smaller FWC of 210e- compared to the
PG jots.

B. Read Noise and Dark Signal

The read noise of both types of jots was measured in the
dark with an integration time less than 5µsec and a CDS period
of 20µsec. The measured total output-referred read noise of
the PG jots is 96.9µVr.m.s., or 0.40e- r.m.s., input referred.

The total output-referred read noise of the tapered PG jots is
136.9µVr.m.s., or 0.34e- r.m.s., input referred. The PG jots
may have a lower voltage read noise because they have
bigger source-follower gate area, so that lower 1/f noise is
expected [9]. Room temperature dark signal was observed to
be less than 1e-/s in the measured devices.

C. Photoelectron Counting Histogram

For the photoelectron counting histogram (PCH), jots are
readout multiple times under fixed light level, and a histogram
of signal levels is made. According to the theoretical model
in [2], if the read noise is zero, the histogram should ideally
consist of a series of narrow “spikes” corresponding to integer
photoelectron numbers with amplitudes determined by the
Poisson distribution. But, due to read noise, these spikes
broaden and overlap. For read noise greater than approxi-
mately 0.5e- r.m.s., the peaks are so broad that no modulation
in the histogram can be discerned and the quantized response
is fully blurred by read noise. As was depicted in [2], for
read noise below 0.5e- r.m.s., peaks and valleys emerge in
the histogram and are fully formed when the read noise
drops below 0.15e- r.m.s.. We term this condition where peaks
and valleys are discernible, the deep sub-electron read noise
regime.

Using the expressions derived in [2], it is possible to plot
the valley-to-peak modulation (VPM) for the highest peak Pp
and its highest adjacent valley Pv as a function of read noise,
where VPM = 1−Pv/Pp. The results are shown in Fig. 3
along with an approximate analytical expression for VPM.
The accuracy of photoelectron counting increases as the mod-
ulation approaches unity due to reduction in bit error rate.
By experimentally measuring the valley-to-peak modulation,
one can use Fig. 3 to deduce read noise. VPM is a new
method for determining read noise suitable for QIS devices
and can readily allow noise measurements with sub-electron
accuracy independent of CG determination. By measuring the
distance between peaks, the CG can be measured since the
peak separation should be one electron. This can be a new
method to measure the CG in jot devices.

The PCH-VPM method was used to characterize the
devices. A single jot was selected and read out 200,000 times
under fixed light intensity and integration time. The histogram
of the signals from a pump-gate jot is depicted in Fig. 4. The
histogram clearly shows a quantization effect. Peaks are evenly
separated (33.0DN at 7.7µV/DN), yielding a CG of 256µV/e-,
which is 6% higher than the result from the PTC. The relative
heights of peaks corresponds to the Poisson distribution with
an average signal of ∼6.5e-. VPM indicates a read noise of
0.32e- r.m.s. which is 0.08e- r.m.s. lower than obtained from
the dark measurement.

The histogram of the tapered PG jot shows a stronger
quantization effect. As shown in Fig. 5, the average signal
level is ∼5.2e-, and the distance between peaks is 59.3DN
at 7.2µV/DN, and the CG of 426µV/e- is 6% higher than
the PTC result. VPM yields a read noise 0.28e- r.m.s.,
0.06e- r.m.s. lower than obtained from the dark measurement.
The ADC input-referred calibration (µV/DN) in the PCH mea-
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Fig. 3. Valley-to-peak modulation as a function of read noise for different
histogram mean values H (e-). Read noise of less than 0.15e- r.m.s. is desired.
For read noise above 0.5e- r.m.s., peaks become indistinct.

Fig. 4. Histogram of 200,000 reads of PG jot with average signal level
of ∼6.5e- and 33DN/e-.

Fig. 5. Histogram of 200,000 reads of tapered PG jot with average signal
level of ∼5.2e- and 59DN/e-.

surements is different from the PTC measurements because a
higher PGA gain is used in the PCH method.

Measurements are summarized in Table 1. We believe that
PCH and VPM methods yield a more accurate measurement
of CG and read noise in this low-light regime since they
are made directly under actual imaging operation, without
artificial timing and with fewer sources of error. They also
relate to what we care about most, photon counting capability.

TABLE I

JOT CHARACTERISTICS

PTC measures CG using a broad range of signal (hundreds
or thousands of electrons), whereas PCH measures CG with
a signal of a few electrons. Thus, the voltage-dependent
FD capacitance can reduce the measured CG when using PTC.
In Fig. 2, straight lines using PCH measurement can be used
to visually compare the results of the two methods. Note that
the PCH measurement corresponds to very low values of DN
in Fig. 2.

IV. CONCLUSION

In this letter, the testing results of a jot fabricated with a
65nm BSI CIS process is reported. The results show that the
tested jot device has read noise as low as 0.28e- r.m.s., and a
strong quantization effect was observed. For the first time, pho-
toelectron counting is proven to be feasible in CMOS image
sensors without avalanche gain, enabling a new generation of
highly sensitive, high resolution image sensors.

ACKNOWLEDGMENTS

The authors appreciate discussions with M. Guidash, the
fabrication work done by TSMC, and the technical assistance
of A. Rao and other members of our group at Dartmouth.

REFERENCES

[1] E. R. Fossum, “What to do with sub-diffraction-limit (SDL)
pixels?—A proposal for a gigapixel digital film sensor (DFS),”
in Proc. IEEE Workshop CCDs Adv. Image Sensors, Sep. 2005,
pp. 214–217.

[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] N. A. W. Dutton et. al, “320×240 oversampled digital single photon
counting image sensor,” in Symp. VLSI Technol. Dig. Tech. Papers,
Jun. 2014, pp. 1–2.

[4] N. A. W. Dutton et. al, “Oversampled ITOF imaging techniques
using SPAD-based quanta image sensors,” in Proc. Int. Image Sensor
Workshop (IISW), Jun. 2015, pp. 170–173.

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

[6] 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.

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

[8] M. Guidash, private communication, Apr. 2014.
[9] C. T. Rogers and R. A. Buhrman, “Composition of 1/f noise in metal-

insulator-metal tunnel junctions,” Phys. Rev. Lett., vol. 53, no. 13,
pp. 1272–1275, Sep. 1984.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /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 true
  /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
    /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
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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

  /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 "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


