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Fully Depleted Charge-Coupled Devices
S.E. Holland
LBNL, Berkeley, CA 94720, USA

We have developed fully depleted, back-illuminated CCDs that build upon earlier research and development

efforts directed towards technology development of silicon-strip detectors used in high-energy-physics experi-

ments. The CCDs are fabricated on the same type of high-resistivity, float-zone-refined silicon that is used

for strip detectors. The use of high-resistivity substrates allows for thick depletion regions, on the order of

200-300 µm, with corresponding high detection efficiency for near-infrared and soft x-ray photons. We compare

the fully depleted CCD to the p-i-n diode upon which it is based, and describe the use of fully depleted CCDs

in astronomical and x-ray imaging applications.

1. INTRODUCTION

Scientific charge-coupled devices have been used ex-
tensively in ground- and space-based astronomy, as
well as in other applications. The combination of high
detection efficiency, low noise, good spatial resolution,
low dark current, and high charge transfer efficiency
results in detectors with excellent properties for appli-
cations involving the detection of low-light levels [1].

We have developed thick, fully depleted CCDs
based on technologies developed for high-energy-
physics (HEP) detectors. These CCDs are fabricated
on high-resistivity, n-type silicon substrates, and have
similarities to the fully depleted p-i-n diode structure
that forms the basis of HEP strip and pixel detectors.
The use of high-resistivity substrates allows for deple-
tion regions that are 100’s of microns in extent. For
low-light-level applications the thick depletion regions
result in an increase in the quantum efficiency (QE) in
the near-infrared portion of the spectrum. Thicker de-
vices also have enhanced detection efficiency for low-
energy x rays.

In this work we compare the operating physics of
fully depleted CCDs to fully depleted p-i-n diodes,
describe unique features of fully depleted CCDs, and
describe fabrication technologies under investigation
at Lawrence Berkeley National Laboratory (LBNL).

2. P-I-N DIODE AND FULLY DEPLETED
CCD COMPARISON

The fully depleted CCD is essentially a p-i-n diode
merged with a conventional CCD. Figure 1 shows
cross-sectional diagrams of a p-i-n diode, a fully de-
pleted CCD, and a qualitative sketch of the electric
field in the high-resistivity, n-type substrate. The elec-
tric field plays a key role in the performance of fully
depleted CCDs. The electric field versus depth y for
the p-i-n diode of Fig. 1 a) is given by

E(y) = Emax +
ρn

εSi

y (1)

where Emax is the field at the junction of the p+ and
high-resistivity substrate, εSi is the permittivity of
silicon, and the volume charge density in the high-
resistivity substrate ρn is qND where q is the electron
charge and ND is the doping density in the substrate.
Equation 1 is valid for the case where the p-i-n diode is
operated at a substrate bias voltage that exceeds the
depletion voltage, i.e. overdepleted. From Poisson’s
equation the slope of the field versus y in Fig. 1 b) is
ρn/εSi. Emax is given by

Emax = −

(

Vsub

ysub

+
1

2

ρn

εSi

ysub

)

(2)

where Vsub is the voltage applied to the substrate and
ysub is the thickness of the high-resistivity, n-type sub-
strate.

Figure 1 c) shows a cross-sectional drawing of a fully
depleted CCD. When compared to the p-i-n structure,
it is seen that the p+ junction of the p-i-n diode has
been replaced with a p-type channel region. Bias volt-
ages on polycrystalline silicon gate electrodes over a
gate insulator form potential wells and barriers in the
p-channel region. A one-dimensional (1D) solution of
the Poisson equation for the fully depleted CCD [2]
yields an electric field EJ at the p-channel junction
to the high-resistivity substrate for the overdepleted
case that is given by

EJ ≡ −

dV

dy
(yJ) = −

(

Vsub − VJ

ysub

+
1

2

ρn

εSi

ysub

)

(3)

where yJ and VJ are the location of the junction be-
tween the p channel and high-resistivity substrate and
the potential at that location, respectively. Equa-
tion 3 is of the same form as Eq. 2, and therefore
the electric field in the high-resistivity substrate of
the fully depleted CCD is very similar to that in a
fully depleted p-i-n diode.

However, generally speaking CCD pixel sizes are
much smaller than the typical pitch in a HEP strip or
pixel detector. Because of the strong two-dimensional
(2D) effects resulting from the small pixel sizes, the
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Figure 1: a) Cross-sectional diagram of a p-i-n diode. b) Qualitative sketch of the electric field in the high-resistivity,
n-type silicon for the case when the diode and CCD are operated in the overdepleted condition. c) Cross-sectional
diagram of a fully depleted CCD.

fields and potentials in a fully depleted CCD will de-
viate significantly from the 1D model near the CCD
potential wells [2]. Also, in the fully depleted CCD
an electric field of opposite sign to that in the sub-
strate is present in the CCD channel. Nonetheless,
the fully depleted CCD benefits significantly from fea-
tures common with the basic p-i-n diode used in high-
energy physics. As shown later the ability to fully
deplete thick devices extends the useful wavelength
sensitivity of the CCD to near-infrared wavelengths.
The use of a fully depleted structure also results in a
well controlled spatial resolution that can be improved
by operating at high substrate bias voltages.

Inherent properties of CCDs allow for some perfor-
mance advantages when compared to HEP p-i-n de-
tectors. Charge collected in CCD pixels is transferred
in a noise-less fashion to a low capacitance on-chip am-
plifier, resulting in a large charge to voltage conversion
factor, about 3.5 µV/e− for the CCDs described here.
This in conjunction with double correlated sampling
signal processing, which was invented for CCDs [3],
results in excellent noise performance for devices op-
erated in slow scan mode. The CCDs described in this
work have noise levels of about 3–4 e− rms at readout
speeds of 70 kpixels/sec, and noise levels approaching
1 e− have been reported by others.

However, CCDs usually have a limited number of
output amplifiers, typically 2–4, in contrast to the
large number of readout channels for a HEP strip or
pixel detector. Fully depleted CCDs would benefit
from advances in massively parallel readout as is done
in HEP experiments. Development of massively par-
allel readout would address the major shortcoming of
scientific CCDs, which is the slow readout speed.

Finally, CCDs and p-i-n diodes differ significantly in
terms of fabrication complexity. A single-sided, DC-

coupled strip detector can be fabricated with as few
as 3 photomasks. AC-coupled detectors with poly-
crystalline silicon bias resistors add 1–2 photomasks,
and the number of photomasks required is doubled for
double-sided detectors.

The CCD process used in this work requires 11 pho-
tomasks and uses three layers of polycrystalline silicon
to form the 3-phase clocking structure. The polycrys-
talline silicon gates overlap for efficient charge trans-
fer, and the overlapping layers are isolated by ther-
mally grown layers of SiO2. As a result there are
numerous high temperature steps in a CCD process,
and care is required to maintain low dark current es-
pecially when high-resistivity substrates are used. We
employ an in-situ doped (phosphorus) polycrystalline
silicon layer on the backside of the wafer for gettering
of transition metals that would otherwise form mid-
gap states in the silicon bandgap and degrade the dark
current [4]. This technique has been demonstrated
to maintain low dark currents even after processing
steps exceeding 8 hours at 1000oC. Figure 2 shows a
100 mm diameter wafer with a single-sided strip de-
tector fabricated at LBNL and a 150 mm diameter
wafer containing fully depleted CCDs.

3. UNIQUE FEATURES OF FULLY
DEPLETED CCDS

The ability to operate thick CCDs fully depleted
has several advantages. Figure 3 compares measured
quantum efficiency of a 250 µm thick, fully depleted
CCD with a 10–20 µm thick device. In addition, the
absorption length of silicon at -100 and -120oC is also
shown in Fig. 3.
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Figure 2: a) 100 mm diameter wafer containing a large area, single-sided silicon strip detector fabricated at LBNL.
b) Fully depleted CCDs fabricated at DALSA Semiconductor on 150 mm diameter wafers. The 4 large CCDs are 35122

devices with 10.5 µm pixels.

Figure 3: Measured quantum efficiencies of a 250 µm thick, fully depleted CCD and a 10–20 µm thick, partially
depleted CCD. Also shown in the absorption length in silicon for temperatures of -100 and -120oC. The dashed lines
correspond to the CCD thickness.

At photon energies less than about 2.5 eV silicon is
an indirect bandgap material. Phonons are required
for momentum conservation when light is absorbed,
and as a result the absorption process becomes inef-
ficient in the indirect bandgap regime, corresponding
to wavelengths larger than about 500 nm. This is
seen in the absorption length curves in Fig. 3 where
it is noted that the absorption length is hundreds of

microns in the near-infrared region. The steep rolloff
of the QE starting at about 950 nm for the fully de-
pleted CCD is due to the strongly increasing absorp-
tion length, which exceeds the CCD thickness at about
970 nm. At wavelengths larger than that correspond-
ing to the bandgap the CCD becomes transparent,
neglecting free-carrier absorption effects that are only
important in heavily doped regions.
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Figure 4: Uniform illumination of a thinned, back-illuminated CCD. at wavelengths of a) 800 nm, b) 900 nm and
c) 1000 nm. The CCD is 10–20 µm thick. Measurements courtesy of Richard Stover, University of California
Observatories.

Figure 5: a) False color image of the Dumbbell nebula taken with a fully depleted, back-illuminated CCD [5].
b) Spectrum of a high redshift quasar taken with a fully depleted, back-illuminated CCD [6]. Results courtesy of the
National Optical Astronomy Observatory and the WIYN Observatory.

Figure 3 demonstrates the enhancement in near-
infrared quantum efficiency that results when the
CCD thickness is increased. Although the thinned
device still responds at wavelengths where the ab-
sorption length exceeds the CCD thickness, multiply-
reflected light results in interference fringes. Shown
in Fig. 4 are the results of the uniform illumination
of a thinned, back-illuminated CCD at wavelengths
of 800, 900 and 1000 nm. The large amplitude fring-

ing seen at long wavelengths complicates the use of
thinned CCDs at near-infrared wavelengths.

Figure 5 shows results from astronomical imaging
and spectroscopy at the National Optical Astronomy
Observatory (NOAO) for approximately 300 µm thick
CCDs produced at LBNL. Figure 5 a) shows a false
color image of the Dumbbell Nebula generated from
images taken with three filters. The blue and green
correspond to narrow-band filters at the H-α wave-
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Figure 6: a) Secondary ion mass spectrometry measurement of the phosphorus concentration versus depth for an
≈ 20 nm in-situ doped (phosphorus) polycrystalline silicon film deposited on high-resistivity silicon. b) Measured
quantum efficiencies for back-illuminated photodiodes with varying thickness in-situ doped (phosphorus)
polycrystalline silicon films deposited on the back side of the high-resistivity silicon substrate [7].

length of 650 nm and the [SIII] line at 953 nm, re-
spectively. An intermediate-band filter centered at
approximately 1.0 µm corresponds to red in the im-
age. Figure 5 b) shows the spectrum of a high redshift
quasar, also measured at NOAO. The Lyman-α peak
has been redshifted from the UV to the near infrared.
The measurements shown in Figure 5 would not be
practical with the thinned CCDs whose properties are
shown in Figs. 3 and 4 due to the low quantum effi-
ciency and significant fringing that are characteristic
of thinned, back-illuminated CCDs.

In addition to good near-infrared response, it is
important to have high QE in the blue end of the
spectrum as well. Figure 3 shows that the absorp-
tion length in the blue is very small, about 0.1 µm
at 400 nm and even smaller at shorter wavelengths.
In order to detect blue light efficiently the ≈ 1 µm
thick polycrystalline silicon gettering layer [4], which
is essentially opaque below about 500 nm, is removed
near the end of the process sequence and replaced by
a much thinner, in-situ doped (phosphorus) polycrys-
talline silicon layer [2, 7]. In addition, anti-reflection
coatings are used to minimize reflection losses and fur-
ther enhance the QE. Figure 6 a) shows the phospho-
rus concentration versus depth as measured by sec-
ondary ion mass spectrometry for an ≈ 20 nm thick
layer of in-situ doped polycrystalline silicon deposited
on a high-resistivity silicon substrate. Figure 6 b)
shows quantum efficiency versus wavelength measured
on photodiodes for various thickness backside poly-
crystalline silicon layers [7].

Fully depleted CCDs have a spatial resolution that
is controlled by the device thickness, operating tem-
perature, and substrate bias voltage [2]. The latter
effect is shown in Fig. 7, which shows the measured
charge distribution for a point source illumination [8].

At the lowest substrate bias voltage the CCD is not
fully depleted and the spatial resolution is degraded
by diffusion of the photogenerated holes in the unde-
pleted region [2]. Increasing the substrate bias voltage
to 20V is sufficient to fully deplete the CCD. Once
fully depleted the spatial resolution depends on the
lateral diffusion of the photogenerated holes during
their transit to the CCD collection wells. While much
improved over the 5V case, the measured point-spread
function (PSF) is 9.1 µm rms, which is too large for
some applications. Increasing the substrate bias volt-
age to 115V results in a PSF of 3.7 µm. At this level
of PSF small pixel CCDs can be contemplated, and in
fact the CCD used to generate the data of Fig. 7 has
10.5 µm pixels. At the 20V substrate bias voltage the
PSF is comparable to the pixel size, and in that case
the effective pixel size due to carrier diffusion exceeds
the actual pixel size.

The operation of fully depleted CCDs at high sub-
strate bias voltages offers significant challenges in
terms of device design. The CCD pixel includes
a buried channel, a gate insulator, and a polycrys-
talline gate electrode. The gate insulator is typically
≈ 100 nm thick and usually consists of a stack of SiO2

and Si3N4 [1]. The dielectric breakdown voltage of
such a layer is in the 80–100 V range, and therefore
care must be taken in the device design to ensure that
potentials in this range cannot be impressed across the
gate insulator when using high substrate bias voltages.

In addition, CCDs have channel-stop regions that
are somewhat analagous to implanted regions that
are used to block inversion layers that naturally form
at Si-SiO2 interfaces on high-resistivity, p-type sili-
con [9]. In the CCD case the channel stops must be
biased when high substrate bias voltages are used, and
a significant part of the device design effort is devoted
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Figure 7: Measured charge distribution resulting from back illumination using a pinhole projector with a small spot
size of ≈ 2 µm rms. Each square represents the measured charge for a 10.5 µm pixel. a) Vsub=5V. The CCD is not
fully depleted. b) Vsub=20V. The CCD is just fully depleted and the measured PSF is 9.1 µm rms. c) Vsub=115V. The
CCD is overdepleted and the measured PSF is 3.7 µm [8].
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Figure 8: a) Test pattern image taken on a 35122, 10.5 µm pixel back-illuminated CCD. The substrate bias voltage was
206V, and the operating temperature was -140o C. The inset is a magnified view of the smallest test patterns. b) 30
minute dark exposure for a ≈ 650 µm thick, 35122, 10.5 µm pixel CCD at a substrate bias voltage of 206V. The
background is due to cosmic rays and Compton electrons from terrestrial radiation. The dark current was
0.63 electrons/pixel-hour at -140o C.

to the channel-stop regions [10].

We have developed high-voltage-compatible CCDs
that can be operated at substrate bias voltages of at
least 200 V. Figure 8 shows results from the opera-
tion of 200 and 650 µm thick CCDs at substrate bias
voltages of 206V [10]. Figure 8 a) shows a test pattern
image taken on a 200 µm thick, back-illuminated CCD
while Fig. 8 b) shows results for a 650 µm thick CCD.
The latter is the result of a 30 minute integration un-
der dark conditions. The lack of PSF degradation on
the tails of the cosmic ray and background radiation

events implies full depletion of this thick CCD at a
substrate bias voltage of 206V.

The ability to fully deplete thick devices extends
the x-ray response for silicon CCDs. A 200 µm thick
CCD is essentially 100 % efficient for the detection of
8 keV x rays, and a 650 µm device has 50 % efficiency
for 20 keV x rays [11]. Figure 9 shows x-ray imag-
ing results with a fully depleted, 200 µm thick CCD
of a stainless-steel target and phantoms embedded in
paraffin using 8 keV x rays from a Cu anode [10].

A significant issue for the direct detection of x rays
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Figure 9: a) CCD image of a 5 µm wide slit machined into a stainless-steel target illuminated by 8 keV x rays. The
CCD was 200 µm thick and was back illuminated and operated at -140oC. b) CCD images of an x-ray phantom
consisting of various objects imbedded in 0.7 cm of paraffin and illuminated with 8 keV x rays. In all images a Be
window defines the circular aperture.

Figure 10: Photographs of processing equipment at the LBNL MicroSystems Laboratory. a) Photograph of the
projection aligner used to print patterns on 150 mm diameter wafers. b) Photograph of high-temperature furnaces used
to oxidize silicon, deposit thin films, and anneal 150 mm diameter silicon wafers.

is the limited photon dynamic range. The number of
electron hole pairs produced per incident x-ray photon
is Ephoton/Ei, where Ephoton is the photon energy and
Ei is the energy necessary to produce an electron-
hole pair. The latter is approximately 3.65 eV [1],
and therefore detection of high-energy x rays results in
CCD full-well saturation for relatively small numbers
of photons. For example, a 100,000 electron full well
corresponds to about eighteen 20 keV photons. The
ability to read out large format, fully depleted CCDs
at high frame rates would significantly improve the
dynamic range issue, and this is an area where one
could benefit from the high level of readout-electronics
integration that has been developed for HEP detector
systems.

4. CCD fabrication

An important consideration in the development of
fully depleted CCDs is the fabrication technology. We
originally reported fully depleted CCDs that were en-
tirely fabricated at LBNL on 100 mm diameter wafers
in the MicroSystems Laboratory, a Class 10 clean-
room [12]. More recently we have adopted a fabri-
cation strategy in which the majority of the fabrica-
tion is done at a commercial CCD foundry, with the
processing steps necessary for back-illumination done
at LBNL [13]. In this case partially processed wafers
from the foundry are thinned at a commercial vendor
to the desired final thickness, and the backside in-situ
doped (phosphorus) polycrystalline silicon layer is de-
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posited on the wafers at LBNL. The remaining steps
are contact lithography and etching, aluminum depo-
sition, metal mask lithography and etching, sintering
of contacts, and deposition of backside anti-reflecting
coatings. These steps are done on non-standard thick-
ness wafers, typically 200–250 µm thick, at the LBNL
MicroSystems Laboratory. An advantage of this ap-
proach is that the CCDs are fabricated in batch mode
at wafer level. Figure 10 shows some of the 150 mm
wafer fabrication equipment used to process fully de-
pleted CCDs at LBNL.

5. Summary

We have described fully depleted CCDs and com-
pared them to the fully depleted p-i-n diode upon
which they are derived from. Unique features of thick,
fully depleted CCDs are enhanced red response, lack
of fringing, controlled spatial resolution, and improved
detection efficiency of x rays. Current efforts in-
clude development of high-voltage-compatible CCDs
and continuing efforts in fabrication technology de-
velopment.
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