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Outline
‣ Direct charge measurement. 
‣ General scheme. 
‣ Noise sources. 
‣ Correlated double sampling (CDS). 
‣ Multiple uncorrelated measurements. 
‣ Skipper CCD. 
‣ RNDR DEPFET. 
‣ Dark current. 
‣ Requirements for 1 kg and beyond.
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Our Approach

Use very low capacitance sense node
DV = DQ / C

1mV = 1.6e-19 / 160aF

One pixel

4

light

electrons
in silicon

amplifier

correlated
double
sampling (CDS)Ionizing	par+cles

target

�V = �Q/C

For C ~ 10 fF: ΔV/ΔQ ~ 16 µV/e-

C

Signal that you can measure

I will focus on low-capacitance pixelated devices 
from integrated-circuit (IC) microfabrication.

Small capacitance can be achieved 
with physically small components, 
e.g., C ~ A/d.    ~ linear scaling for a 

parallel plate capacitor.
C / A/d

Charge measurement
*Direct charge measurement. I will not consider secondary 

detection mechanisms like electroluminescence or Luke phonons.
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�V = �Q/C

For C ~ 10 fF: ΔV/ΔQ ~ 16 µV/e-

C

Signal that you can measure

Small capacitance can be achieved 
with physically small components 
clever geometric arrangements:

P-type point-contact Germanium 
detectors, e.g., CoGeNT. 

Concentric conductive spheres, 
e.g., NEWS.

Amplify the signal here by avalanche 
multiplication, e.g., EMCCD and SPAD.

Charge measurement
*Other possibilities for direct charge measurement I will not consider.
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Particle deposits energy

General scheme

Charge generation

Charge collection

Charge transfer Charge-to-voltage 
conversion

Charge-to-voltage 
conversion Signal transfer

DigitizationCCD DEPFET, CMOS
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We can use probabilistic ionization on the 
continuous differential spectrum to 
account for charge production differences  

X
M = 10 MeV
σref =1E-37cm2

f=1

Electronic 
recoils

Mean: 
E

3.8 eV



Pixelated sensors
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Few µm dead layers on the 
surface, otherwise fully active

Distribution of charge on the pixel 
array allow to discriminate against 

surface backgrounds Run in integration mode: 
not triggered
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DM Motivation CCDs Particle detection Quenching DAMIC Near future Summary BACK UP

CCD: readout
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Output MOSFET
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30Beletic – Single Photon Counting in X-ray, Visible and Infrared – January 2010

MOSFET  Principles
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Turn on the MOSFET and 
current flows from source to 
drain

Add charge to gate & the 
current flow changes since the 
effect of the field of the charge 
will reduce the current

Drain

Gate Metal

SemiconductorSource
current

Top view

Side view

MOSFET  =  metal oxide semiconductor field effect transistor

Oxide

Fluctuations in current flow produce “readout noise”
Fluctuations in reset level on gate produces “reset noise”
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Fluctuations in current flow produce “readout noise”
Fluctuations in reset level on gate produces “reset noise”

Gate connected to 
the sense node

Change in potential at the Gate (by 
adding charge to the sense node) 

controls the flow of charge from the 
source to the drain, i.e.,

Current is proportional to 
charge on the sense node.

Fluctuations in the current are a source 
of noise but main uncertainty is the 

initial state of the gate potential, which 
can only be “zeroed” to ±100 e-.
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CDS readout

ΔV is ~15 µV per e-

Slow CDS readout 
achieves pixel 

noise <2 e-

Amplifier 1/f 

noise

CDS: “Correlated double sampling”

C5 is ~10 fF

Output 
MOSFET

Reset 
MOSFET Removes reset noise by making a 

differential measurement



Skipper CCD
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Measure ΔV N times

ΔV

Reference

Signal

Reference Signal

R S

Conventional readout

Skipper readout1 2 N

T

Effect on low frequency noise

Technology proposed 
in the 1990s

move charge back and forth

“Skipper” readout: Perform N 
uncorrelated measurements of 

the same pixel.



Technology will allow 2 
e- (few eV) threshold.

SENSEI
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LDRD at Fermilab: Skipper CCDs (LBNL design) successfully tested 
with sub e- noise. X-ray spectroscopy demonstrated.
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RNDR DEPFET

!13

Repetitive Non-Destructive Readout DEpleted P-channel Field Effect Transistor
905 Page 4 of 11 Eur. Phys. J. C (2017) 77 :905

Fig. 3 Structure (top) and circuit representation (down) of a conven-
tional spectroscopy-grade DEPFET cell

implementation of a DEPFET device capable of RNDR. In
case the charge is not cleared away during a CDS cycle, but
transferred to an adjacent storage node, where the charge
is still preserved and where it has also no influence on the
DEPFET channel conductivity, mimics a clear process and a
nondestructive CDS cycle can be implemented. Transferring
the charge back to the DEPFETs internal gate again after
the CDS cycle has been finished starts a new CDS cycle
for the identical signal charge. In case of the DEPFET, the
second storage node can even be the internal gate of a second
DEPFET adjacent to the first one, and the transfer can be
conducted by means of an additional so-called transfer gate
interposed between the two DEPFETs. The second DEPFET
can also be used to conduct a CDS measurement, where the
clear is replaced by the transfer back to the original DEPFET.
This process can be repeated arbitrary times, until the charge
is removed by the ClearFET after the final acquisition. In this
way, one device pixel can be considered to be a superpixel
being composed of two DEPFET subpixels, whose internal

Fig. 4 Structure (top) and circuit representation (bottom) of RNDR
DEPFET superpixel consisting of two DEPFET subpixels with linear
geometry

gates are connected by the transfer gate. An example for a
circuit representation and the respective layout is shown in
Fig. 4.

3.2 Performance model and prototype results

In practice, however, the RNDR process is disturbed by the
advent of additional signal- and leakage electrons from the
bulk during the signal evaluation process. This leads to a
deviation from the ideal behaviour, which has been described
by Bähr’s equation [19]:
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where ∆σ is the expected increase in noise during one CDS
acquisition in the RNDR cycle. For given ∆σ and σ , an
optimum number of transfer cycles can be derived:

nopt =
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75 x 75 µm2 superpixel 
Also 36 x 36 µm2 Readout on pixel



Signal transfer
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Many DEPFET pixels 
can be put in a matrix 
and shift registers can 

be used to select which 
row is live to read.

Inactive pixels remain 
“exposing” and 

collecting charge from 
ionizing particles.

A CMOS active pixel 
sensor would operate 

in a similar way



DEPFET Results

!15

905 Page 6 of 11 Eur. Phys. J. C (2017) 77 :905

Fig. 6 Compact RNDR DEPFET superpixel layout in circular geom-
etry as operated for the prototype tests (top) and equivalent circuit rep-
resentation (bottom)

front- and backside, which is expected to be in the range of a
few percent, needs to be determined by simulation using the
final sensor layout.

3.3 Planned improvements for future devices

In addition to the leakage current, a more serious perturba-
tion of the RNDR process arises from the DEPFET’s per-
manent sensitivity. In case signal charge arrives during the
RNDR cycle, the signal charge is altered and the resulting
mean value of the n measurements does not represent the
original signal charge. This is mainly a problem for applica-
tions were the incoming radiation is not synchronized with
the readout cycle and for the background events for applica-
tions where it is. Although running average techniques can be
applied during the RNDR process to detect the occurrence of
these so-called misfit events, it is better to reduce their overall
influence or even to completely avoid it. In this respect, two
different approaches have been pursued to optimize RNDR-
based detectors for future applications:

– A substantial reduction of the initial noise figure σ for a
single reading decreases not only σ

opt
eff (see Eq. 5), but also

Fig. 7 Example of measurement results for RNDR DEPFET proto-
types operated at −40 ◦C: agreement between measured σeff and σeff
predicted both by Monte Carlo and Bähr’s equation (top), single elec-
tron spectra taken for weak (middle) illumination intensities exhibiting
the expected poisson distribution, and peak separation for higher illu-
mination intensities (bottom). From the distance of the single electron
peaks, a σ

opt
eff of 0.2 e− ENC can be derived
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Excellent 
dynamic 

range (also 
skipper 
CCD)

Charge collected by pixel 
during readout sequence



CMOS results
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Model vs. Data

H=2.12e- Un=0.188e- rms

3. METHODS FOR READ NOISE REDUCTION
WITHOUT USING AVALANCHE GAIN

One can either reduce the output voltage noise or increase the
CG to reduce the read noise down to photon-counting levels
(<0.5e − rms). Our approach involves minimizing the capaci-
tance of the FD node to increase the CG and overcome the volt-
age noise. As shown in Fig. 2(a), the FD capacitance in a CIS pixel
includes the junction capacitance between the FD n! node and
the p-type substrate, the overlap parasitic capacitance between
the FD and transfer gate (TG) as well as between the FD and the
reset gate (RG), the source–follower gate capacitance, and the
inter-metal coupling capacitance from the wiring. Previously, a
pump-gate (PG) jot device was developed by our group [19,20]
which significantly reduced the TG overlap capacitance with a
distal FD and maintained the charge transfer efficiency with a
specialized doping profile in the TG and FD regions. As shown
in Fig. 2(b), the specialized doping profile consists of a n-type
storage well (SW), a p-well region, a potential barrier (PB) region,
and a virtual barrier (VB) region. The PG jot and the tapered
reset PG jot (TPG) were prototyped in a 32 × 32 array, and
sub-0.3e − rms read noise was achieved with a 4 × improvement
in CG over the typical CIS pixels [21–23].

A punch-through reset (PTR) structure has been developed
and applied to the PG jot to eliminate the RG overlap capacitance
and further improve the CG. The PTR technique was previously
invented for faster reset [24] in a large CIS array and reduced reset
noise [25], without using correlated double sampling (CDS). The
architecture of the PTR diode is illustrated in Figs. 2(b) and 2(c).
The PTR diode is a n-p-n junction, and the reset starts when a
relatively high positive bias is applied on the reset drain (RD).
In the punch-through “on” state, the p-region becomes fully de-
pleted and punch-through occurs. A current path between the FD
and the RD is created, and in the “off” state, holes accumulate in

the p-region and create a potential barrier to stop current
flow between the FD and RD. A similar gateless reset device was
recently used to improve the CG of a conventional CIS [26].
Because of the large FWC required by the conventional CIS,
the previous use of the punch-through technique with CIS always
required a high voltage (>20 V) for proper operation. This high
voltage is not compatible with baseline CMOS processes, so the
implementation becomes more complicated [27]. Since the FWC
needed for a QIS is quite small, a PTR diode for QIS can function
with regular CMOS operating voltages, such as 2.5 V [28,29].

These read-noise-reduction inventions were implemented in a
test chip that contains 20 different 1Mjot QIS imagers. The chip
was designed in a TSMC stacked (3D) back-side-illumination
(BSI) 45 nm/65 nm CMOS process. The fabrication of the
new jots followed the baseline CIS process flow, while implanta-
tion modifications were made to realize the desired doping profile
for the pump-gate and PTR structures.

4. OVERVIEW OF THE 1MJOT STACKING
QIS CHIP

The QIS chip is designed in a two-layer stacked process; the jot
devices are fabricated on one wafer, and the readout circuits and
control signal drivers are located on the second wafer. The signal
from the jots is sent to the signal-processing electronics through
millions of tiny wafer interconnections. A cluster-parallel readout
architecture is used for the high-speed and low-power operation
required for a QIS. The illustrations of the cluster-parallel archi-
tecture are shown in Figs. 3(a) and 3(c). A 1Mjot sensor is divided
into multiple independent sub-arrays, or clusters. Each cluster has
its own dedicated readout unit, and the clusters function in par-
allel. The cluster-parallel approach allows for the simultaneous
improvement of sensor size and readout speed. Additionally,
since the cluster design is independent of the array size, this
architecture also helps to maintain the speed and performance

Fig. 2. Introduction of the technologies used for read noise reduction.
(a) Schematic of two-way shared readout pump-gate jots with conven-
tional reset mechanism or punch-through reset. (b) Simplified layout of a
pump-gate jot with punch-through reset. (c) Cross-section doping profile
of the pump-gate jot from 3D TCAD simulation.

Fig. 3. Illustrations of the architecture of the QIS prototype chip.
(a) Simplified architecture of one 1Mjot array with high-speed single-
bit digital outputs. (b) Schematic of one digital cluster. (c) Simplified
architecture of one 1Mjot array with analog output. (d) Schematic of
one analog cluster.

Research Article Vol. 4, No. 12 / December 2017 / Optica 1476

Optica  4, 1474-1481 (2017)

Recent results demonstrate 
excellent performance for 

CMOS sensors.

As a matter of fact, single 
photon counting in CMOS 

demonstrated at Max 
Plank a decade ago…

Challenge is building a 
thick fully depleted sensor 
with low leakage current.



For dark matter
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…it takes more than single electron counting!

‣ Devices must be thick and fully depleted for significant exposure. 
‣ Ionizing backgrounds from natural radioactivity must be low: 

1 d.r.u. for zero events with 2–10 e-  in a 0.1 kg-year exposure. 
‣ Ionizing backgrounds from photons must be low. 
‣ Device dark current must be low.

Leakage current!
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DAMIC has the lowest measured 
LC by orders of magnitude!



Dark current
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Dark Current
Undesirable byproduct of light detecting materials

• The vibration of particles (includes crystal lattice phonons, electrons and holes) has 
energies described by the Maxwell-Boltzmann distribution.  Above absolute zero, some 
vibration energies may be larger than the bandgap energy, and will cause electron 
transitions from valence to conduction band.

• Need to cool detectors to limit the flow of electrons due to temperature, i.e. the dark 
current that exists in the absence of light.

• The smaller the bandgap, the colder the required temperature to limit dark current 
below other noise sources (e.g. readout noise)
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Energy of vibration

Warmer
Temp

Colder Temp

Eg
These vibrations have 
enough energy to pop 

electron out of the valence 
band of the crystal lattice

Can cool down the device but not past the 
point of “freeze out” (~77 K) where free 

charge recombines with the donor atom!

Resistance of polysilicon increases, 
charge transfer suffers…

Valence

Conduction

Eg = 1.1 eV

Band structure

Defects in the silicon introduce 
levels in the between the band 
gap that generate dark current.

Extrinsic gettering is used by 
LBNL in the DAMIC CCDs to 

remove impurities



Upcoming developments
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9 cm

6 cm

24 Mpix CCD at UW: 10 g!‣ Devices should get 
larger to increase dark 
matter search exposure. 
Making them thicker is 
best because the 
increase in exposure 
does not introduce 
surface backgrounds 
(radioactive and dark 
current).

‣ Readout should get faster with the same readout noise performance: 
number of background events with 2 e- from leakage current 
decreases linearly with pixel readout time. 

‣ Dark matter search experiments in the 0.1–1 kg scale with hundreds 
of devices already under construction.



Conclusions
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‣ Silicon charge sensors are the most sensitive to 
ionizing particles. 

‣ They are microfabricated pixelated sensors. 
‣ Repititive, uncorrelated measurements of the 

pixel charges allow for single charge resolution. 
‣ Leakage current is now the dominant 

“instrumental” noise source and a significant 
challenge for large (100 g or more) detectors. 

‣ Current generation of sensors are <1 g but scale 
up should be fast.



… and thank you!
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Thanks for figures and slides to:

‣ J. Beletic 
‣ P. Mitra 
‣ K. Ramanathan 
‣ D. Starkey 
‣ J. Tiffenberg



Backups
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DAMIC CCD
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Buried
p channel

3-phase
CCD structure

Poly gate
electrodes

n——
(10-20 k -cm)

Bias
voltage

Dark matter particle

Ionization- e-

--

675 µm
-

MOS p-n junction

LBNL design



Irradiated CCD
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9

Post-activation Image Example

● Dark current forms a continuous “band” as CCD readout is nearly continuous (5 second exposure, 412 seconds 
of readout)


