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Existing charge-coupled devices (CCDs) operate by detecting either the electrons or holes created
in an ionization event. We propose an imager, the dual-sided CCD, which collects and measures both
charge carriers on opposite sides of the device via a dual-buried channel architecture. We show that
this dual detection strategy provides exceptional dark-count rejection and enhanced timing capabili-
ties. These advancements have wide-ranging implications for dark-matter searches, near-infrared/optical
spectroscopy, and time-domain x-ray astrophysics.
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I. INTRODUCTION

Charge-coupled devices (CCDs) are broadly used as
scientific instruments, offering unsurpassed imaging qual-
ity [1–4]. Existing CCDs collect and read only either the
electrons or holes created in a bulk ionization event [4],
while the charge carriers with opposite polarities are dis-
carded. In this paper, we propose a device, the dual-sided
CCD (DCCD), that enables both charge carriers to be mea-
sured, and we show that this detector has two advantages
over standard single-polarity CCDs: improved rejection
of dark counts (DCs) from various sources, including
surface and spurious events, and enhanced timing capabil-
ities. These advancements are critical for several scientific
applications, including searches for dark matter [5–18],
neutrinos [19–21], spectroscopy [22,23], and time-domain
astrophysics [24–31].

In standard CCDs an event is detected by establishing
an electrostatic potential that drifts the charge towards the
“buried channel” [32], a potential extremum located close
to one of the detector surfaces where the charge is stored
away from gate insulating layers to avoid traps. The chan-
nel can be p-type, in which case it collects holes (h), or
n-type, for electron (e) collection [4]. To collect both posi-
tive and negative charge carriers, a DCCD is equipped with
channels of opposite polarities on the detector’s front and
back, as illustrated in Fig. 1.
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The advantages of such a design can now be made
apparent. As shown in Fig. 1, bulk signal events populate
both the front and back channels with opposite-polarity
charges. Various DC sources, on the other hand, lead pre-
dominantly to single-channel events. Surface DCs, which
are a leading background in state-of-the-art devices [4,7–
9,14,33], occur thermally or from charge leakage in thin
regions in between the buried channels and the surface
detector gates where the traps from insulating layers are
located [4,34–41]. Given the potential profile in these
regions, such DCs only populate either the front or back-
side channels with a hole or electron respectively, as
any charge with the opposite polarity is drifted away
towards the gates. Spurious or clock-induced charge gen-
erated during charge transfer, a dominant source of DCs
in several devices [4,8,42–45], and all events that occur
in the serial registers, transfer gates, or amplifiers, also
lead to single-channel backgrounds. By discriminating
such single-channel backgrounds from the dual-channel
signals of bulk events, DCCDs can provide strong DC
rejection.

Improved timing is also enabled by the readout of both
charges. Standard CCDs have a time resolution that is typ-
ically limited by the time it takes to read out all the pixels
of the array. In a DCCD this resolution can be signifi-
cantly improved to be the time needed to read out a single
serial register (a “row” of pixels). In megapixel devices
this represents a three-order-of-magnitude improvement,
and leads to time resolutions that can be as low as 10 µs
in EMCCDs [42] and 1 s in subelectron-noise Skipper-
CCDs [8]. Enhanced timing is achieved by reading out the
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FIG. 1. Cross-section of a standard p-channel CCD collecting holes in its buried channel at the front of the sensor (left) and of a
DCCD that collects holes at the front channel and electrons at the back channel (right).

device continuously and looking for correlations between
the charges collected on the front and back channels. While
these correlations can be obscured by event pileup, we
show with simulations that this technique can be used in
realistic applications.

We organize this paper as follows. We first discuss the
basic design of a DCCD, device inversion, and present
simulations demonstrating improved DC rejection and tim-
ing. We then discuss an example application of the DCCD
as a dark-matter detector. We conclude by commenting
on future directions. Natural units � = c = 1 are used
throughout.

II. DETECTOR ARCHITECTURE

A. Dual buried channel

We design a DCCD starting from a standard three-
phase [46], buried-channel [32], high-resistivity [47–49]
p-channel [50–52] Si CCD [53]. In a p-channel CCD, a
frontside buried channel to collect signal holes is formed
with a gate insulator layer, placed on top of a layer of
p-doped material, itself located atop the n-type (bulk)
substrate. The channel p-doping density and the gate volt-
ages are chosen so that for a depleted device, a potential
minimum (the “buried channel”) is formed near the p-
n interface due to the interplay of the potential bias and
opposing electric fields sourced by the negative ions in the
p-Si, as seen in Fig. 1 (left). Signal holes are collected in
this minimum.

To equip the device with a buried channel on the sub-
strate’s backside, we add a backside gate, an insulator
layer, and a layer of n-Si with a doping density and thick-
ness commensurate with the frontside’s p-Si, as shown in
Fig. 2. The addition of the n-Si on the backside allows
for the formation of the backside buried channel; under

full depletion and for a negative front bias relative to the
back gates, the positive ions of the n-Si induce an electric
field that opposes that set by the bias, creating a potential
maximum where signal electrons are collected, as in Fig. 1
(right). Intuitively, the addition of the backside’s n-Si mir-
rors the p-type structure on the front, but with an opposite
polarity.

B. Electrostatic potential profile

To demonstrate the formation of the buried channels,
we examine the idealized situation where the dopant con-
centrations are spatially constant within each layer [54].
Figure 2 shows five material layers that from left to right
correspond to: frontside oxide, frontside p-Si, bulk n−−
Si, backside n-Si, and backside oxide. We label these lay-
ers with the letters A, B, C, D, and E, respectively, and
solve for the electric fields across them. We work in a one-
dimensional approximation along the depth of the DCCD.
Using Gauss’s law and continuity of the normal compo-
nent of the displacement field across dielectric interfaces,
we obtain the electric fields as a function of the depth

-

xcxi

nspc

SiO2 p Si n−− Si

VbVf
nc

SiO2n Si

xixcxs

FIG. 2. Layers of a DCCD, from the front (left) to the back
(right) of a pixel. Vf and Vb are front and backside gate voltages.
The insulating layer, channel, and substrate widths are xi, xc,
and xs. The p- and n-type doping concentrations of the channels
and substrate are pc, nc, and ns.
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coordinate x (with x = 0 at the DCCD frontside):

EA(x) = ESiO2 ,

EB(x) = εSiO2

εSi
ESiO2 − qpc(x − xi)

εSi
,

EC(x) = εSiO2

εSi
ESiO2 − qpcxc

εSi
+ qns

εSi
(x − xc − xi),

ED(x) = εSiO2

εSi
ESiO2 − qpcxc

εSi
+ qnsxs

εSi

+ qnc

εSi
(x − xc − xs − xi),

EE(x) = εSi

εSiO2

ED(xi + 2xc + xs),

(1)

where q = √
4πα is the electron charge (α being the fine-

structure constant). For the static dielectric constants we
use the room-temperature values, εSi = 11.6 and εSiO2 =
4.4 [55]. ESiO2 is the (constant) electric field on the
frontside oxide. These equations must be complemented
with the bias voltage boundary condition [56]

∫ 2xi+2xc+xs

0
dx E(x) = Vf − Vb, (2)

which can be used to solve for ESiO2 , resulting in

ESiO2 = − 1
2εSiO2(2xiεSi + (2xc + xs)εSiO2)

× [
qεSiO2(ncx2

c − 3pcx2
c + 2nsxcxs

− 2pcxcxs + nsx2
s ) + qεSi(2(nc − pc)xcxi

+ 2nsxsxi) + 2εSiεSiO2(Vb − Vf )
]

. (3)

Using Eq. (3) in Eq. (1) gives the solutions for the electric
field and the corresponding electrostatic potential across
the DCCD.

With the above solutions we present the potential
profile of a DCCD design example by taking a high-
resistivity substrate with thickness 200 µm and n-doping
density ns = 3 × 1011 cm−3 (resistivity � 15 k� cm),
channel with thickness xc = 1 µm and dopings pc = nc =
1016 cm−3, and SiO2 insulators with thickness xi = 50 nm.
The bias between the backside and frontside is taken to
be Vb − Vf = 100 V, while the reference frontside volt-
age is set to Vf = 0 V. The resulting potential profile is
shown in Fig. 3, where we see the emergence of a potential
minimum and maximum on the front- and backside near
the p − n−− and n−− − n junctions respectively, appropri-
ately separated from the oxide interfaces. These distinct
extrema correspond to the dual buried channels, which are
the essential elements of our DCCD.
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FIG. 3. Solid black: potential profile of a DCCD for ns = 3 ×
1011 cm−3, pc = nc = 1016 cm−3, xc = 1 µm, xi = 50 nm, Vb =
100 V and Vf = 0 V (cf. Figure 2). Front and back are located on
the left and right of the plot. The upper-left and lower-right insets
zoom in on the profiles around the potential extrema. p , n−−,
n doped, and oxide regions are shown in orange, white, green,
and blue. Dashed black: potential of a standard p-channel-only
CCD obtained by removing the backside doping (setting nc =
ns = 3 × 1011 cm−3) and oxide, shown for comparison.

Further insight into the solutions for the electrostatic
potential can be obtained by taking advantage of the hierar-
chies between the substrate and channel or insulator thick-
nesses, xc/xs, xi/xs � 1, and between the substrate and
channel doping concentrations ns/nc, ns/pc � 1, which
allow us to find simple expressions for the channel loca-
tions and depths by expanding on these small ratios. First,
we find that with the above hierarchies and at leading order
in the expansion parameters, the front and back channels
are located at the p − n−− and n−− − n junctions respec-
tively, which is consistent with the results shown in Fig. 3,
where we see that the potential extrema approximately
align with the junctions. The depth of the potential of the
front channel is given by the difference of the front gate
voltage and the overall profile minimum Vmin, which at
leading order is

Vf − Vmin � qpc

(
x2

c

2εSi
+ xcxi

εSiO2

)
, (4)

where εSi, εSiO2 are the permittivities of the substrate and
oxide layers. The potential depth of the backside channel
is similarly approximated by

Vmax − Vb � qnc

(
x2

c

2εSi
+ xcxi

εSiO2

)
, (5)

where Vmax is the maximum of the potential. Taking the
design parameters of Fig. 3, these expressions lead to well
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depths of about 10 V, approximately matching the results
presented in the figure. Note that with the above approxi-
mations, both the physical position and potential depth of
the channels are independent of the bias potential Vb − Vf ,
and are set instead by the channel widths, doping con-
centrations, and insulator properties as in a standard fully
depleted single-sided CCD [49].

Note also that within the approximations, the depths of
the front (p-type) and backside (n-type) wells in our DCCD
are equal to the corresponding p- or n-type well depths
of single-sided CCDs sharing the same p- or n-type chan-
nel design parameters. This can be seen by noting that the
DCCD’s front and backside well depths [Eqs. (4) and (5)]
are independent of nc and pc, respectively. As an exam-
ple, taking nc → ns. our device reduces to a single-sided
p-type CCD with a well depth that matches the frontside
well depth of a DCCD that instead has nc � ns. This can
also be seen in Fig. 3 by comparing the well depths of
the solid (DCCD) and dashed-black (single-sided p-type
CCD) lines.

For thin devices where substrate widths are of the order
of O(10) µm the approximations (4)–(5) are numerically
inexact, but we have checked using the exact electrostatic
solutions [Eqs. (1)–(3)] that for such devices dual wells
can still be easily designed with typical channel doping
densities.

C. Inversion

As in a standard CCD, the DCCD can be inverted to
reduce surface DCs [35,57] by populating the Si-oxide
interfaces with minority carriers. We envision that the
minority carriers on the interface between the oxide and
n-Si on the backside could be provided by p-type channel
stops, or if these are depleted, by other p-Si contacts. Sim-
ilarly, the minority carriers at the oxide and p-Si interface
on the frontside could stem from the n-type front channel
stops or contacts.

We illustrate the steps leading to inversion by con-
sidering a DCCD with design parameters as in the pre-
vious section, namely xi = 50 nm, xc = 1 µm, xs =
200 µm, nc = pc = 1016 cm−3, and ns = 3 × 1011 cm−3.
We assume that the minority carriers from the channel
stops or extra contacts are kept at 0 V. Starting from normal
biasing conditions, as in Fig. 3 (Vf = 0 V, Vb = 100 V),
we begin by decreasing the backside voltage down to neg-
ative values. We find from our electrostatic solutions [Eqs.
(1)–(3)] that at Vb = −2.3 V the potential at the n-Si/oxide
interface is reduced to 0 V, as shown in Fig. 4. At this point
holes from the channel stops or contacts flow into the inter-
face with the oxide, pinning the potential at that value.
As in a standard CCD in inversion, further reductions of
the backside gate potential are screened by the interface
charges so that the bulk potential remains unaffected, as
represented by the dashed black lines in the figure, and the
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FIG. 4. Potential profile of a DCCD (with a geometry and
material coloring as in Fig. 3) with a frontside gate poten-
tial equal to 0 V and a backside gate potential that has been
reduced to invert the backside channel. The upper-left inset
zooms into the front channel potential, which is noninverted,
while the lower-right inset zooms into the n-Si/oxide interface
at the inverted back channel. At that interface, the potential is
pinned at 0 V, as shown by the black circle.

reductions are compensated by an increase in the magni-
tude of the oxide electric field. This leads to inversion of
the backside channel.

At this point the frontside channel can be inverted by
raising the frontside gate potential. To calculate the point
of inversion, we solve the first four electrostatic equa-
tions in Eq. (1), which describe the electric field up to the
interface with the backside oxide, subject to the bound-
ary condition that the potential at the backside n-Si/oxide
interface is pinned to 0 V,

∫ xi+2xc+xs

0
dx E(x) = Vf − 0. (6)

By solving these equations, we find that at Vf = 2.3 V, the
potential at the frontside p-Si/oxide interface reaches 0 V.
Here the n-type minority carriers flow into the interface
and screen further reductions in the frontside potential, as
shown in Fig. 5. Note that the front and backside gate
potentials required for front and back inversion are equal
in magnitude but opposite in sign, Vf = −Vb = 2.3 V, as
expected from our symmetric design.

A DCCD offers the possibility of inverting both front
and back channels, only the front channel, or only the back
channel. This versatile operational capability could be
valuable for the characterization of surface dark currents
in CCDs.

Current CCDs with record low DCs are operated by
first driving the device into inversion to fill interface traps
[8,58]. The device is then driven back to the noninverted
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FIG. 5. Potential profile of a DCCD (with a geometry as in
Fig. 3) with front and backside gate potentials that have been
respectively raised and lowered to invert both front and back
channels. The insets at the upper-left and lower-right zoom into
the doped-Si/oxide interfaces at both inverted channels, where
the potentials are pinned at 0 V as shown by the black circles.

state to benefit from the efficient channel charge transfer
and reduced lateral charge diffusion in this mode [4,49].
Data is taken in noninverted mode, but while interface
traps are still filled. This procedure allows one to exploit
the main advantages of both inverted and noninverted
operation, and is critical to reduce DCs and, for exam-
ple, increase the sensitivity of the device for dark-matter
detection. We envision that under normal operating condi-
tions a DCCD would function in an analogous way: first
the DCCD would be driven to dual-channel inversion to
fill front and backside interface traps; and then data would
be taken in noninverted mode to facilitate charge transfer
in both channels and to reduce charge diffusion.

D. Readout

Charge stored in the channels is read out as in a stan-
dard CCD [4], so we comment only briefly on the addi-
tional design features that enable dual-charge readout. In
a DCCD there are both front and backside gates with syn-
chronized clocked voltages that move the charges along
front and back vertical (“parallel”) registers (VR) into two
distinct serial registers (SR), one designed to read holes
at the front, and the other dedicated to electrons at the
back. Charge is confined within the VR by separate sets
of channel stops at the front and back. A schematic design
of the device is shown in Fig. 6(left). In the DCCD, elec-
trons and holes are shifted in opposite directions along
the VR; this feature enables enhanced timing as discussed
below. With this scheme, the order in which charges are
read is illustrated in Fig. 6 (right). Additional schematics

3D VIEW

FRONT

BACK

RO

RO

6 4 2

5 3 1

2 4 6

1 3 5

y

x

FIG. 6. View of a 3 × 2 pixel DCCD. Front and backside pix-
els are shown in dark orange and green, channel stops appear in
magenta and brown, and gates are shown in blue and red, respec-
tively. Arrows indicate the direction of charge transfer towards
readout. The numbers indicate the pixel readout order on each
side. The x is the coordinate along both serial registers, and
y along the vertical register of the front CCD. RO stands for
readout.

are presented in Figs. 7 and 8, where we show trans-
verse views along the different cross-sectional directions
of the device and a three-dimensional representation of the
device, respectively.

III. DEVICE CAPABILITIES

The DCCD can be operated in timed exposure or contin-
uous readout mode, with each mode presenting advantages
that can be selected based on the specific application.

A. Timed exposure mode: DC rejection and other
capabilities

DCCDs distinguish surface or spurious charge back-
grounds from bulk signals by discriminating single versus
dual-channel events. Such backgrounds are thus reduced
to the rare cases where front and back DCs coincide at the
same sensor location within the exposure time.

The single-channel DC rejection factor can be computed
analytically under the large-CCD approximation (negligi-
ble edge effects) and for low occupancy (negligible DC
overlap). Given a single-hole event in the front face, a
coincident event is obtained if a corresponding single-
electron event is registered in the back [59]. This occurs
with a probability Pn=1 = λ exp(−λ). The noncoincidence
probability is then given by

Pnoncoincidence = (1 − Pn=1)
npix = [1 − λ exp(−λ)]npix

≈ 1 − npixλ, (7)

where λ is the expected number of single-channel DCs
per pixel per exposure time, npix is the number of pix-
els around the frontside event that will be considered as
a possible match in the backside, and the approximation is
valid in the low-DC limit where npixλ � 1. The parameter
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FIG. 7. Schematic view of a 3 × 2 pixel DCCD with three-phase CCDs on each side. The parallel clocks on the front are shown in
shades of orange and the ones in the back are in shades of green (as in all the other pictures in this paper). The three-phase gate voltages
facilitating charge transfer down the vertical registers are labeled Vi, i = 1, 2, 3, while the three-phase voltages used to transfer charge
along the SR are labeled Hi, i = 1, 2, 3.

npix is introduced to account for the possibility that carriers
created in a bulk event can move to adjacent pixels. The
matching technique for these true events has to account
for diffusion by enlarging the search “radius” r around the

collected carriers to find their complement on the other
channel. The diffusion radius r defines a square centered on
the event’s frontside pixel location, with side-length equal
to 2r + 1. For thin sensors diffusion is negligible and r = 0,

3D VIEW FROM TOP 3D VIEW FROM BOTTOM

3D VIEW FROM TOP
w/transparent transfer-gate 

and parallel clocks

3D VIEW FROM TOP
outlining the pixels
and RO directions

FIG. 8. Top two images:
schematic 3D view of a 3 × 2
pixel DCCD with three-phase
CCDs on each side. Bottom
left: same as top-left but with
transparent front transfer gate and
parallel clocks to show internal
structure. Bottom right: schematic
view with the pixels outlined.
Arrows indicate the direction of
charge transfer leading to readout.
RO stands for readout.
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but thick sensors can be several hundreds of micrometers
across in which case diffusion can lead to inter-pixel migra-
tion. Following the results of [8], for sensors thicker than
≈600 µm, r = 2 should typically be used. For timed expo-
sure (TE) operation the range of values that npix is thus
given by

nTE
pix =

⎧⎨
⎩

1, no diffusion (thin sensor) r = 0,
9, 1-pixel diffusion radius r = 1,
25, 2-pixel diffusion radius r = 2.

(8)

The coincidence probability sets the DC rejection factor,
and is given by

Pcoincidence = 1 − Pnoncoincidence

= 1 − [1 − λ exp(−λ)]npix ≈ npixλ, (9)

where again the approximation is valid for npixλ � 1.
To confirm our analytic results with a more realistic cal-

culation that accounts for edge effects and DC overlaps,
we perform single-e/h DC Monte Carlo simulations on a
1000 × 1000 pixel DCCD. The results are shown in Fig. 9,
where we see the rate of dual-channel DCs from the coin-
cidences of single-channel events as a function of their
per-pixel rate within an exposure time λ, assumed to be
the same on both sensor sides. The dual-channel rates are
shown for different assumptions regarding the diffusion of
bulk es and hs, that is, for different search radii r. The rates
shown in the figure are thus the coincidences that occur
within the search radius for each assumption. For each
simulated point, the ratio between the horizontal and verti-
cal coordinates represents the DCCD’s single-channel DC
rejection factor.

As expected, we find that the dual-channel rate for all
diffusion scenarios is significantly lower than the single-
channel rate, with a larger reduction for lower single-
channel DCs, since this leads to a lower probability of
coincidental occurrences. In the absence of diffusion the
dual-channel rate is simply the per-pixel single-channel
rate squared, as expected from coincidences within a pixel.
When diffusion is added, the dual-channel DCs increase,
since the allowed area for coincidences is larger, but
we still find strong DC rejection. In all cases, we find
that the coincidence DC rates obtained from the Monte
Carlo analysis are accurately described by the analytic
estimate in Eq. (9). Note that dual-channel surface DCs
grow quadratically with exposure time, as longer expo-
sures increase the coincidence probabilities. For DCs of the
order of λ = 10−4 per pixel per day and day-long expo-
sures as in [8], our results show that a DCCD could lead
to a three-order-of-magnitude reduction of single-channel
DCs.

Besides DC rejection, the DCCD can distinguish bulk
events that occur during readout from those that occur
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FIG. 9. Rate of coincident e-h events versus the per-pixel
single-channel DC rate within an exposure time (λ in the text),
assumed to be the same on both detector sides. Colored circles
show the rates for different assumptions regarding bulk car-
rier diffusion; red corresponds to a search radius r = 0, blue is
r = 1, and green is r = 2 pixels. Black circles show the DC rates
for a standard CCD. The plotted range of single-channel DCs
represents realistic rates for day-long exposures [8]. The solid
black lines are analytic calculations assuming an infinite CCD
[Eq. (9)]. Note that in a DCCD the DC rates depend quadrati-
cally on the single-channel DC rate, since DCs are obtained only
when front and back DCs coincide in the same sensor location.

during the exposure, as the former are registered as elec-
trons or holes without a counterpart of opposite polarity
within the same pixel. Charge-transfer inefficiencies are
also single-channel issues, and can be mitigated using our
dual-imaging strategy.

B. Continuous readout mode: timing and DC rejection

When standard CCDs are read out continuously an
ambiguity between the location of the interaction on the
VR and its time arises, as events that occur on a pixel at a
given time can be mimicked by events that occurred earlier
upstream in the VR, leading to a loss of vertical localiza-
tion [6,60]. DCCDs overcome this limitation by reading
the front and back active areas in opposite directions. This
allows one to disambiguate the absolute position of the pri-
mary interaction by looking for correlations in the recorded
charge packages (up to event pileup, discussed below), as
shown in Fig. 10.

For an event occurring at an absolute coordinate y in the
CCD parallel direction (distance y in pixels between the
VR pixel location and the frontside SR) and time t from
the start of the readout, the times of arrival tf (tb) of the
corresponding holes (electrons) at the front (back) SR are
given by

tf = y + t,

tb = LVR − y + t,
(10)
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FIG. 10. Left: cross section of a DCCD, with electrons and holes, in the front and back VRs respectively, being moved in opposite
directions towards readout. Vi, i = 1, 2, 3 are the three-phase voltages of a pixel. Right: in continuous readout, one can determine the
event vertical-register position by matching the back and front charges. There is only one position that produces the recorded values
(2 and 7 in this example).

where LVR is the physical number of pixels of the CCD
in the vertical or parallel direction (the number of pixels
in the VR) and times are measured in integer numbers of
VR pixel shifts required to place charges in the SR. As
charges stay on a VR pixel for the time it takes to read
out the SR, TSR, times are thus quantified in units of TSR.
Given the measured tf and tb, from these equations we can
reconstruct the event’s position as

y = 1
2
(tf − tb + LVR). (11)

Furthermore, from the event’s position and the time of
arrival at the SR the event’s timestamp is determined by

t = tf − y = 1
2
(tf + tb − LVR), (12)

with a time resolution TSR [61]. Thus, while an event’s
timing in a standard CCD is given by the time it takes
to read the whole VR, TCCD, in our DCCD this is signif-
icantly improved as TSR ≈ TCCD/LVR � TCCD, especially
in large devices where LVR � 1. In megapixel arrays
LVR � 103, and this represents a three-order-of-magnitude
improvement with respect to conventional devices.

Correlations between electron and holes, however, are
only unique up to event pileup. Pileup occurs when the
time difference between the events matches the time it
takes to move their charges between their VR locations,
in which case their charge packets are summed. Either the
h or e packets of different events can be summed, lead-
ing to overlapping events in the front- or backside images,
respectively. This issue can be mitigated by correlating
the front- and backside images [62]. A second type of
pileup arises when events with the same number of es or
hs occur in a VR within TCCD, in which case multiple pair-
ings between the e and h packets may be possible and the

event’s location and time are lost in pairing ambiguities
(but it is still possible to veto such events). Optical/near-
infrared photons always lead to single e-h pairs, so pairing
ambiguities often arise if another such photon or DC falls
in a given VR within TCCD. X-ray events, on the other
hand, rarely lead to the same number of e-h pairs and are
thus less prone to pairing ambiguities.

The above considerations indicate that our DCCD’s
timing is most effectively utilized in situations with low
illuminations, where pileup is limited. To exemplify a con-
crete application, we present in Fig. 11 a GEANT4 [63]
simulation in a 70 × 60 pixel DCCD of three energetic
events, one being spot-shaped, and two being tracklike,
with the shortest one leading to isolated single e-h events
by, for example, secondary luminescence [14]. Given
LVR = 70, for the lower-left end of the shorter track we
register tf = 25 and tb = 45, which, using Eqs. (11) and
(12), results in y = 25 pixels and t = 0 in units of TSR.
Similar arguments indicate that the secondary photons hap-
pened concurrently, from which they can be associated to
the track, while the spot-shaped x ray and the longer track
occurred at t = 20 TSR and t = 60 TSR, respectively. The
spotlike event in the image recorded by the front CCD
would be considered as part of the halo of the high-energy
event in a standard device, but the timing provided by the
DCCD allows it to be separated.

In continuous readout, single-channel DCs can mimic
signal events when front and back DCs coincide within
TCCD in a given VR. Since these coincidences are more
likely than the per-pixel or search radius ones leading to
DCs in timed exposure operation (and given that contin-
uous readout results in increased spurious charge [6,8]),
in this mode the DC rejection capabilities are partially
reduced when compared to timed exposure operation. In
other words, the number of pixels npix that need to be
considered for a front-back single-channel DC match [cf.
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FIG. 11. Simulated events as seen by the front (top) and back (middle) readout stages of a DCCD. Serial and vertical registers are
along the vertical and horizontal directions, respectively. Note that the diffusion of the charge carriers is mirrored. The lower panel
shows the reconstructed image. The colors indicate the time of arrival in units of TSR. px and py stand for pixel coordinate in the
horizontal and vertical directions.

Eq. (9)] is larger in continuous readout mode than in timed
exposure operation, and this results in a larger coincidence
DC rate. Accounting for the coincidences within a whole
VR, in continuous readout (CR) we have

nCR
pix =

⎧⎨
⎩

LVR, no diffusion (thin sensor) r = 0,
3LVR, 1-pixel diffusion radius r = 1,
5LVR, 2-pixel diffusion radius r = 2,

(13)

where LVR is the VR length in pixels. Using Eqs. (8) and
(13) in Eq. (9), we see that in the low-DC limit npixλ � 1,
single-channel DC rejection in timed exposure mode is
stronger than in continuous readout by a factor of LVR

(about 103 in megapixel arrays). Nonetheless, sizable DC
rejection capabilities can still be achieved in continuous
readout operation; for typical values λ = 10−4 per pixel
per day with day-long exposures and LVR ∼ 103 as in
[8], one-order-of-magnitude single-channel DC suppres-
sion can be achieved in thin sensors under continuous
readout.

IV. DARK-MATTER REACH

In this section, we compare the anticipated dark-matter
(DM) detection capabilities of forthcoming large-exposure
Skipper-CCD-based experiments, like [64], with those of
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equivalent experiments that use instead dual-sided Skip-
per CCDs (Skipper DCCDs). To perform projections we
follow the procedure in [33], briefly summarized here as
follows. We consider experiments looking for DM scatter-
ing on electrons by measuring ionization signals in CCD
pixels. We focus on models where DM scatters with elec-
trons via a light mediator, that is, models with a scattering
form factor FDM(q) = 1/q2 where q is the momentum
transfer [65]. We parametrize the strength of the scatter-
ing rate by the cross section on electrons σ̄e at a fixed
momentum transfer q = αme, where α is the fine-structure
constant and me the electron mass [65]. For a given σ̄e and
DM mass, we compute the number of ionized electron-hole
pairs in Si using QCDark [66]. Based on the number of
ionized electron-hole pairs for a DM signal event within
pixels of the CCDs, we divide the search into one- to
four-electron bins; the precise definition of each signal bin
and the corresponding analysis cuts follows closely the
strategy used by the SENSEI experiment at the MINOS
cavern [8].

We project limits when the rate of DM ionization events
for any of the electronic bins exceeds the rate expected in
the background-only hypothesis, accounting for statistical
uncertainties at a 95% confidence level. The background
hypothesis is obtained from the assessment of dark counts
in Skipper CCD-based DM experiments presented in [33],
and is summarized as follows. For the one-electron bin,
following the analysis in [8] we drop backgrounds coming
from spurious charge, as these are measured and removed
from the analysis. Consistent with the measured data in
[8] and the simulations performed in [33], we assume
that the remaining one-electron rate has two components.
First, it has a component due to low-energy Cherenkov
photons with a rate R1e = 185 g−1 d−1. We assume that
forthcoming detectors will be able to remove radiative
backgrounds with improved radiopurity and shielding (see,
for example, [64]), so we simply neglect this component.
The second component is nonradiative in origin, is homo-
geneous across the whole CCD, and has magnitude R1e =
300 g−1 d−1. While its origin is unknown, as argued in
[33] and in this paper, it is likely associated with detec-
tor DCs that occur on surfaces. Since DCs of this type can
be mitigated by the dual-readout strategy proposed in this
paper, we assume that this background component is sup-
pressed in DCCDs by a factor of 103 with respect to its
rate in standard (single-sided) Skipper CCDs, consistent
with the estimates presented in Fig. 9. We acknowledge,
however, that assuming that all DCs arise on the surface is
a favorable assumption for our device, as it maximizes its
DC rejection capabilities.

For the higher-electron bins, following the results in
[33] we assume that the 2-, 3- and 4- electron background
rates are dominated by coincidences of the aforemen-
tioned surface one-electron background events and spuri-
ous charge. As in the analysis of [8], we do not perform
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10 kg-year

Skipper CCD

Skipper DCCD

FIG. 12. Projected exclusion regions at 95% confidence for a
light-mediator DM model (scattering form factor FDM = 1/q2)
for an experiment using standard single-sided Skipper CCDs
(solid black) and the Skipper DCCDs proposed in this paper
(dashed black). The detector exposure is taken to be 10 kilogram-
years, and backgrounds are accounted for as described in the
body of the text. Gray shaded regions are already excluded by
existing direct-detection experiments, with leading constraints
coming from the Skipper CCD-based experiments [8,13,67,68].

any background substraction for these bins. This amounts
to taking R2e = 0.51 g−1 d−1, R3e = 0.035 g−1 d−1, and
R4e = 4.22 × 10−6 g−1 d−1 in single-sided Skipper CCDs,
correspondingly [33]. Since the one-electron dark count
rate is dominated by surface events, and since spuri-
ous charge is associated with clock-voltage swings that
also occur near detector surfaces [4], under our assump-
tions all multielectron events stem from coincidences of
one-electron single-channel events. As a consequence,
the DCCD is effective at suppressing multielectron back-
grounds, and the 103 reduction of the single-electron back-
grounds considered above translates into a 103n reduction
in the backgrounds for the n-electron bins, n = 2, 3, 4, with
respect to the rates in single-sided Skipper CCDs.

We perform projections assuming an exposure of 10
kilogram-years, which is the order-of-magnitude target
exposure of future Skipper CCD-based detectors [64]. Our
results are presented in Fig. 12. The figure shows that
experiments using Skipper DCCDs have the potential to
deliver significant improvements in the reach to detect
DM with respect to those based on standard single-sided
Skipper CCDs, due to the DCCD’s enhanced background
mitigation capabilities. The most significant improvements
are achieved for lower DM masses, as in these models
the search is dominated by the low-energy bins that have
comparatively larger backgrounds than the higher-electron
bins. Quantitatively, we find that Skipper DCCDs could
outperform the reach of standard Skipper CCDs by factors
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of approximately 103, 80, and 20 for DM masses of 1, 10,
and 100 MeV, respectively.

V. DISCUSSION

We have presented the basic design and capabilities of
the dual-sided CCD (DCCD), a device that collects both
the electrons and holes created in an ionization event to
deliver improvements in DC rejection and timing with
respect to standard CCDs. By performing simulations of
realistic applications, we showed that a DCCD is able to
typically provide three-order-of-magnitude improvements
in DCs and timing with respect to existing megapixel
devices.

This paper begins the study of dual-sided imagers,
and opens up significant opportunities for research. First,
the advancements brought by DCCDs have far-reaching
implications for particle physics and astrophysics (see
Introduction). Second, the DCCD architecture can be inte-
grated with several existing CCD designs, further enhanc-
ing its relevance. A DCCD can be fabricated on thick,
high-resistivity Si to improve the red response [48,49,69].
A Skipper DCCD can be designed to reduce readout
noise [5,70–72]. A dual-sided electron-multiplying CCD
(EMCCD) [42] could be fabricated to achieve submillisec-
ond timing and would drastically reduce spurious charge
[43–45]. Given the similarities between CCDs and CMOS
imagers, several of the design features discussed here may
also be applied in the context of CMOS detectors to reduce
surface DCs [73]. Finally, this work motivates efforts to
begin the fabrication of a DCCD, which can be manu-
factured based on existing and demonstrated designs for
standard CCDs [64] by replicating these layouts on both
sides of a Si wafer. A preliminary assessment of the fab-
rication timeline indicates that, subject to funding, a first
working prototype could be available within 3 years.

ACKNOWLEDGMENTS

The authors would like to thank Steve Holland for use-
ful discussions, and Ezequiel Alvarez and the participants
of the Voyages Beyond the SM III workshop for discus-
sions during the early stages of this work. The work of
P.D. is supported by the US Department of Energy under
grant DE-SC0010008. DEU is supported by the Perime-
ter Institute for Theoretical Physics and by the Simons
Foundation. Research at the Perimeter Institute is sup-
ported in part by the Government of Canada through the
Department of Innovation, Science and Economic Devel-
opment Canada and by the Province of Ontario through
the Ministry of Colleges and Universities. R.E. acknowl-
edges support from DoE Grant DE-SC0009854, Simons
Investigator in Physics Award 623940, and the US-Israel
Binational Science Foundation Grant No. 2016153. R.E.
and J.T. acknowledge support from the Heising-Simons

Foundation under Grant No. 79921. This work was sup-
ported by Fermilab under U.S. Department of Energy
(DOE) Contract No. DE-AC02-07CH11359.

[1] W. S. Boyle and G. E. Smith, Charge coupled semiconduc-
tor devices, Bell Syst. Tech. J. 49, 587 (1970).

[2] G. F. Amelio, M. F. Tompsett, and G. E. Smith, Experimen-
tal verification of the charge coupled device concept, Bell
Syst. Tech. J. 49, 593 (1970).

[3] C. Damerell, F. Farley, A. Gillman, and F. Wickens,
Charge-coupled devices for particle detection with high
spatial resolution, Nucl. Instrum. Methods Phys. Res. 185,
33 (1981).

[4] J. R. Janesick, T. Elliott, S. Collins, M. M. Blouke, and
J. Freeman, Scientific charge-coupled devices, Opt. Eng.
26, 692 (1987).

[5] J. Tiffenberg, M. Sofo-Haro, A. Drlica-Wagner, R. Essig,
Y. Guardincerri, S. Holland, T. Volansky, and T.-T. Yu,
(SENSEI collaboration), Single-electron and single-photon
sensitivity with a silicon Skipper CCD, Phys. Rev. Lett.
119, 131802 (2017).

[6] M. Crisler, R. Essig, J. Estrada, G. Fernandez, J. Tiffenberg,
M. Sofo Haro, T. Volansky, and T. T. Yu, (SENSEI col-
laboration), SENSEI: First direct-detection constraints on
sub-GeV dark matter from a surface run, Phys. Rev. Lett.
121, 061803 (2018).

[7] O. Abramoff, L. Barak, I. M. Bloch, L. Chaplinsky,
M. Crisler, V. Dawa, A. Drlica-Wagner, R. Essig, J. Estrada,
E. Etzion, G. Fernandez, D. Gift, M. Sofo-Haro, J. Taenzer,
J. Tiffenberg, T. Volansky, and T.-T. Yu, (SENSEI col-
laboration), SENSEI: Direct-detection constraints on sub-
GeV dark matter from a shallow underground run using
a prototype Skipper-CCD, Phys. Rev. Lett. 122, 161801
(2019).

[8] L. Barak, et al., (SENSEI collaboration), SENSEI: Direct-
detection results on sub-GeV dark matter from a new
Skipper-CCD, Phys. Rev. Lett. 125, 171802 (2020).

[9] L. Barak, et al., (SENSEI collaboration), SENSEI: Charac-
terization of single-electron events using a Skipper charge-
coupled device, Phys. Rev. Appl. 17, 014022 (2022).

[10] A. Aguilar-Arevalo, et al., (DAMIC collaboration), Search
for low-mass WIMPs in a 0.6 kg day exposure of the
DAMIC experiment at SNOLAB, Phys. Rev. D 94, 082006
(2016).

[11] N. Castelló-Mor, (DAMIC-M collaboration), DAMIC-M
experiment: Thick, silicon CCDs to search for light dark
matter, Nucl. Instrum. Meth. A 958, 162933 (2020).

[12] A. Aguilar-Arevalo, et al., (DAMIC collaboration), Results
on low-mass weakly interacting massive particles from a 11
kg-day target exposure of DAMIC at SNOLAB, Phys. Rev.
Lett. 125, 241803 (2020).

[13] I. Arnquist, et al., (DAMIC-M collaboration), First con-
straints from DAMIC-M on sub-GeV dark-matter particles
interacting with electrons, Phys. Rev. Lett. 130, 171003
(2023).

[14] P. Du, D. Egana-Ugrinovic, R. Essig, and M. Sholapurkar,
Sources of low-energy events in low-threshold dark-matter
and neutrino detectors, Phys. Rev. X 12, 011009 (2022).

014008-11

https://doi.org/10.1002/j.1538-7305.1970.tb01790.x
https://doi.org/10.1002/j.1538-7305.1970.tb01791.x
https://doi.org/10.1016/0029-554X(81)91191-5
https://doi.org/10.1117/12.7974139
https://doi.org/10.1103/PhysRevLett.119.131802
https://doi.org/10.1103/PhysRevLett.121.061803
https://doi.org/10.1103/PhysRevLett.122.161801
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevApplied.17.014022
https://doi.org/10.1103/PhysRevD.94.082006
https://doi.org/10.1016/j.nima.2019.162933
https://doi.org/10.1103/PhysRevLett.125.241803
https://doi.org/10.1103/PhysRevLett.130.171003
https://doi.org/10.1103/PhysRevX.12.011009


JAVIER TIFFENBERG et al. PHYS. REV. APPLIED 22, 014008 (2024)

[15] A. Aguilar-Arevalo, et al., (Oscura collaboration), The
Oscura Experiment, ArXiv:2202.10518.

[16] B. A. Cervantes-Vergara, et al., (Oscura collaboration),
Skipper-CCD sensors for the oscura experiment: Require-
ments and preliminary tests, JINST 18 (2023).

[17] S. Perez, et al., (Oscura collaboration), Early science with
the oscura integration test, ArXiv:2304.08625.

[18] P. Du, D. Egaña Ugrinovic, R. Essig, and M. Sholapurkar,
Doped semiconductor devices for sub-MeV dark matter
detection, Phys. Rev. D 109, 055009 (2024).

[19] A. Aguilar-Arevalo, et al., (CONNIE collaboration),
Exploring low-energy neutrino physics with the Coherent
Neutrino Nucleus Interaction Experiment, Phys. Rev. D
100, 092005 (2019).

[20] G. Fernandez-Moroni, P. A. N. Machado, I. Martinez-
Soler, Y. F. Perez-Gonzalez, D. Rodrigues, and S. Rosauro-
Alcaraz, The physics potential of a reactor neutrino exper-
iment with Skipper CCDs: Measuring the weak mixing
angle, J. High Energy Phys. 03, 186 (2021).

[21] G. Fernandez-Moroni, R. Harnik, P. A. N. Machado,
I. Martinez-Soler, Y. F. Perez-Gonzalez, D. Rodrigues, and
S. Rosauro-Alcaraz, The physics potential of a reactor neu-
trino experiment with Skipper-CCDs: Searching for new
physics with light mediators, J. High Energy Phys. 02, 127
(2022).

[22] A. Drlica-Wagner, E. M. Villalpando, J. O’Neil, J. Estrada,
S. Holland, N. Kurinsky, T. Li, G. Fernandez Moroni,
J. Tiffenberg, and S. Uemura, Characterization of skipper
CCDs for cosmological applications, Proc. SPIE Int. Soc.
Opt. Eng. 11454, 114541A (2020).

[23] D. J. Schlegel, et al., (DESI collaboration), A spectroscopic
road map for cosmic frontier: DESI, DESI-II, Stage-5,
ArXiv:2209.03585.

[24] K. Arnaud, R. Smith, and A. Siemiginowska, Handbook
of X-Ray Astronomy (Cambridge University Press, 2011),
Vol. 7.

[25] P. Uttley, E. Cackett, A. Fabian, E. Kara, and D. Wilkins,
X-ray reverberation around accreting black holes, Astron.
Astrophys. Rev. 22, 1 (2014).

[26] A. Ingram and S. Motta, A review of quasi-periodic oscil-
lations from black hole X-ray binaries: Observation and
theory, New Astron. Rev. 85, 101524 (2019).

[27] E. M. Cackett, M. C. Bentz, and E. Kara, Reverberation
mapping of active galactic nuclei: From X-ray corona to
dusty torus, iScience 24, 102557 (2021).

[28] R. F. Mushotzky, et al., The Advanced X-ray Imaging
Satellite, Bull. Am. Astron. Soc. 51, 107 (2019).

[29] J. A. Gaskin, et al., Lynx x-ray observatory: An overview,
J. Astron. Telesc. Instrum. Syst. 5, 021001 (2019).

[30] E. D. Feigelson, V. L. Kashyap, and A. Siemiginowska,
Time Domain Methods for X-Ray and Gamma-Ray Astron-
omy (Springer Nature Singapore, Singapore, 2022), p. 1.

[31] A. Philippov and M. Kramer, Pulsar magnetospheres and
their radiation, Annu. Rev. Astron. Astrophys. 60, 495
(2022).

[32] W. Boyle and G. Smith, Buried channel charge coupled
devices (1974).

[33] P. Du, D. Egaña Ugrinovic, R. Essig, and M. Shola-
purkar, Low-energy radiative backgrounds in CCD-based
Dark-Matter detectors, JHEP 2024, 164 (2024).

[34] J. Hynecek, in 1979 International Electron Devices Meet-
ing (IEEE, 1979), p. 611.

[35] N. Saks, A technique for suppressing dark current generated
by interface states in buried channel CCD imagers, IEEE
Electron Dev. Lett. 1, 131 (1980).

[36] J. C. Ranuárez, M. J. Deen, and C.-H. Chen, A review
of gate tunneling current in MOS devices, Microelectron.
Reliab. 46, 1939 (2006).

[37] W. Shockley and W. T. Read, Statistics of the recombina-
tions of holes and electrons, Phys. Rev. 87, 835 (1952).

[38] M. Lenzlinger and E. Snow, Fowler-Nordheim tunnel-
ing into thermally grown SiO2, J. Appl. Phys. 40, 278
(1969).

[39] Z. Weinberg, On tunneling in metal-oxide-silicon struc-
tures, J. Appl. Phys. 53, 5052 (1982).

[40] J. Maserjian, Tunneling in thin MOS structures, J. Vac. Sci.
Technol. 11, 996 (1974).

[41] J. Srivastava, M. Prasad, and J. Wagner, Electrical con-
ductivity of silicon dioxide thermally grown on silicon,
J. Electrochem. Soc. 132, 955 (1985).

[42] P. Jerram, P. J. Pool, R. Bell, D. J. Burt, S. Bowring,
S. Spencer, M. Hazelwood, I. Moody, N. Catlett, and P.
S. Heyes, in Sensors and Camera Systems for Scientific,
Industrial, and Digital Photography Applications II (SPIE,
2001), Vol. 4306, p. 178.

[43] O. Daigle, P.-O. Quirion, and S. Lessard, in High Energy,
Optical, and Infrared Detectors for Astronomy IV (SPIE,
2010), Vol. 7742, p. 28.

[44] O. Daigle, O. Djazovski, D. Laurin, R. Doyon, and É. Arti-
gau, in High Energy, Optical, and Infrared Detectors for
Astronomy V (SPIE, 2012), Vol. 8453, p. 10.

[45] N. Bush, J. Heymes, D. Hall, A. Holland, and D. Jordan,
Measurement and optimization of clock-induced charge
in electron multiplying charge-coupled devices, J. Astron.
Telesc. Instrum. Syst. 7, 016002 (2021).

[46] C. Sequin, F. Morris, T. A. Shankoff, M. Tompsett, and
E. Zimany, Charge-coupled area image sensor using three
levels of polysilicon, IEEE. Trans. Electron Devices 21,
712 (1974).

[47] S. Holland, Fabrication of detectors and transistors on high-
resistivity silicon, Nucl. Instrum. Methods Phys. Res., Sect.
A. (Netherlands) 275, 537 (1989).

[48] S. Holland, G. Goldhaber, D. E. Groom, W. Moses, C.
Pennypacker, S. Perlmutter, N. W. Wang, R. J. Stover,
and M. Wei, in International Electron Devices Meeting.
Technical Digest (IEEE, 1996), p. 911.

[49] S. E. Holland, D. E. Groom, N. P. Palaio, R. J. Stover, and
M. Wei, Fully depleted, back-illuminated charge-coupled
devices fabricated on high-resistivity silicon, IEEE Trans.
Electron Devices 50, 225 (2003).

[50] J. Spratt, B. Passenheim, and R. Leadon, in 1997 IEEE
Radiation Effects Data Workshop NSREC Snowmass 1997.
Workshop Record Held in conjunction with IEEE Nuclear
and Space Radiation Effects Conference (IEEE, 1997),
p. 116.

[51] G. Hopkinson, Proton damage effects on p-channel CCDs,
IEEE Trans. Nucl. Sci. 46, 1790 (1999).

[52] C. Bebek, D. Groom, S. Holland, A. Karcher, W. Kolbe,
J. Lee, M. Levi, N. Palaio, B. Turko, M. Uslenghi, and
A. Wagner, Proton radiation damage in p-channel ccds

014008-12

https://arxiv.org/abs/2202.10518
https://doi.org/10.1088/1748-0221/18/08/P08016
https://arxiv.org/abs/2304.08625
https://doi.org/10.1103/PhysRevD.109.055009
https://doi.org/10.1103/PhysRevD.100.092005
https://doi.org/10.1007/JHEP03(2021)186
https://doi.org/10.1007/JHEP02(2022)127
https://doi.org/10.1117/12.2562403
https://arxiv.org/abs/2209.03585
https://doi.org/10.1007/s00159-014-0072-0
https://doi.org/10.1016/j.newar.2020.101524
https://doi.org/10.1016/j.isci.2021.102557
https://doi.org/10.1117/1.JATIS.5.2.021001
https://doi.org/10.1146/annurev-astro-052920-112338
https://doi.org/10.1007/JHEP01(2024)164
https://doi.org/10.1109/EDL.1980.25259
https://doi.org/10.1016/j.microrel.2005.12.006
https://doi.org/10.1103/PhysRev.87.835
https://doi.org/10.1063/1.1657043
https://doi.org/10.1063/1.331336
https://doi.org/10.1116/1.1318719
https://doi.org/10.1149/1.2113993
https://doi.org/10.1117/1.JATIS.7.1.016002
https://doi.org/10.1109/T-ED.1974.17998
https://doi.org/10.1016/0168-9002(89)90741-9
https://doi.org/10.1109/TED.2002.806476
https://doi.org/10.1109/23.819155


DUAL-SIDED CHARGE-COUPLED DEVICES PHYS. REV. APPLIED 22, 014008 (2024)

fabricated on high-resistivity silicon, IEEE Trans. Nucl.
Sci. 49, 1221 (2002).

[53] A design starting from an n-channel CCD can be obtained
by inverting p- and n-type materials.

[54] We have checked with realistic dopant implantation simu-
lations that this idealized calculation is sufficient to discuss
the main characteristics of the dual channels.

[55] E. D. Palik, Handbook of Optical Constants of Solids
(Academic Press, 1998), Vol. 3.

[56] In the presence of flat-band potentials these must be added
or substracted from the front and backside gate voltages.

[57] J. Hynecek, Virtual phase technology: A new approach
to fabrication of large-area CCD’s, IEEE Trans. Electron
Devices 28, 483 (1981).

[58] B. Burke and S. Gajar, Dynamic suppression of interface-
state dark current in buried-channel CCDs, IEEE Trans.
Electron Devices 38, 285 (1991).

[59] Note that a multiple-electron event in the backside given
a single hole in the front does not correspond to a coinci-
dent DC, as the number of charges on the front and back
must match for the DCCD to mistake the event for a true
ionization signal.

[60] C. De Dominicis, Search for light dark matter with
DAMIC-M experiment, Ph.D. thesis, Ecole nationale
supérieure Mines-Télécom Atlantique, 2022.

[61] We neglect the e-h drift times to the channels, which are
typically 5 orders of magnitude shorter than the clocking
times, see e.g., [14].

[62] If both front and back images overlap the events are clas-
sified as a single combined one. In particular, exposure
to continuous sources such as stars leads to loss of verti-
cal localization, since these sources continuously produce
events in the VR pixels as the charges are being transferred,
leading to front and back overlap with other events in those
registers.

[63] S. Agostinelli, et al., (GEANT4 Collaboration),
GEANT4—A simulation toolkit, Nucl. Instrum. Meth. A
506, 250 (2003).

[64] A. Aguilar-Arevalo, et al., The oscura experiment,
ArXiv:2202.10518.

[65] R. Essig, J. Mardon, and T. Volansky, Direct detec-
tion of sub-GeV dark matter, Phys. Rev. D 85, 076007
(2012).

[66] C. E. Dreyer, R. Essig, M. Fernandez-Serra, A. Singal,
and C. Zhen, Fully ab-initio all-electron calculation of
dark matter–electron scattering in crystals with evalua-
tion of systematic uncertainties, Phys. Rev. D 109, 115008
(2024).

[67] P. Adari, et al., (SENSEI Collaboration), SENSEI: First
Direct-Detection Results on sub-GeV Dark Matter from
SENSEI at SNOLAB, ArXiv:2312.13342.

[68] I. Arnquist, et al., Search for Daily Modulation of
MeV Dark Matter Signals with DAMIC-M, ArXiv:2307.
07251.

[69] R. J. Stover, M. Wei, Y. J. Lee, D. K. Gilmore, S. E.
Holland, D. E. Groom, W. W. Moses, S. Perlmutter, G.
Goldhaber, C. R. Pennypacker, N. W. Wang, and N. P.
Palaio, in Solid State Sensor Arrays: Development and
Applications (SPIE, 1997), Vol. 3019, p. 183.

[70] J. R. Janesick, T. S. Elliott, A. Dingiziam, R. A. Bredthauer,
C. E. Chandler, J. A. Westphal, and J. E. Gunn, in Charge-
Coupled Devices and Solid State Optical Sensors (SPIE,
1990), Vol. 1242, p. 223.

[71] D. Wen, Design and operation of a floating gate amplifier,
IEEE J. Solid-State Circuits 9, 410 (1974).

[72] C. E. Chandler, R. A. Bredthauer, J. R. Janesick, and
J. A. Westphal, in Charge-Coupled Devices and Solid State
Optical Sensors (SPIE, 1990), Vol. 1242, p. 238.

[73] K. D. Stefanov, CMOS Image Sensors (IOP Publishing,
2022), p. 2053.

014008-13

https://doi.org/10.1109/TNS.2002.1039641
https://doi.org/10.1109/T-ED.1981.20370
https://doi.org/10.1109/16.69907
https://doi.org/10.1016/S0168-9002(03)01368-8
https://arxiv.org/abs/2202.10518
https://doi.org/10.1103/PhysRevD.85.076007
https://doi.org/10.1103/PhysRevD.109.115008
https://arxiv.org/abs/2312.13342
https://arxiv.org/abs/2307.07251
https://doi.org/10.1109/JSSC.1974.1050535

	I. INTRODUCTION
	II. DETECTOR ARCHITECTURE
	A. Dual buried channel
	B. Electrostatic potential profile
	C. Inversion
	D. Readout

	III. DEVICE CAPABILITIES
	A. Timed exposure mode: DC rejection and other capabilities
	B. Continuous readout mode: timing and DC rejection

	IV. DARK-MATTER REACH
	V. DISCUSSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /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 false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


