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CCD Charge Injection Structure at
Very Small Signal Levels
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Abstract—A frame transfer charge-coupled device (CCD) de-
signed for X-ray detection on board the SUZAKU spacecraft
includes an input serial register and a charge injection structure
which allows a very uniform injection of extremely small charge
packets into the imaging section of the device. A variation of the
fill-and-spill method was implemented to inject charge into the
CCD. Very small charge packets (down to just a few electrons)
can be reproducibly injected with noise as low as five-electron
rms. The operation of the structure is described, and the results
of the measurements are compared with the simulations. We
have measured electron “evaporation” over potential barrier as
a function of time, results being in excellent agreement with our
model. By fitting a model to the data, it is possible to determine
the internal capacitance of the input node. Charge injection noise
as a function of signal charge was measured, and the results are
also in agreement with theory. The designed structure can be used
as a tool for studying and mitigating radiation damage effects
in CCDs.

Index Terms—Active pixel sensor (APS), charge-coupled device
(CCD), charge injection, kT C noise, X-ray.

I. INTRODUCTION

CHARGE-COUPLED devices (CCDs) on high resistivity
substrates have become detectors of choice for almost

all soft X-ray space-based cameras performing imaging and
spectroscopy in high-energy astrophysics. Several generations
of X-ray telescopes, beginning with ASCA and progressing
to the Chandra X-ray Telescope, XMM-Newton, SWIFT, and,
most recently, SUZAKU, carry on-board instruments based on
such CCD sensors.

The space environment is known to be harmful for these
detectors—high-energy particles found there in high abundance
generate defects in the crystal lattice of silicon. These defects
form traps for carriers that can capture signal electrons
(n-channel devices will be considered in this paper) and release
them at a later time, when the signal charge has already been
transferred to a different pixel. The accumulation of such
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defects leads to gradual deterioration of device performance
due to the increase of charge transfer inefficiency (CTI).

We have shown previously [1] that the periodic injection
of rows filled with “sacrificial charge” into a damaged array
may improve device performance. Electrons from these rows
fill the traps, and the traps stay full for some time after the
“sacrificial charge” packet leaves the pixel. Thus, when the
signal charge packet arrives, filled traps do not contribute to
the charge loss. In order to implement this technique, a new
CCD chip, CCID-41, was designed for an X-ray camera on
board the SUZAKU mission. SUZAKU was launched in July
of 2005 by the Institute of Space and Astronautical Sciences of
Japan’s Aerospace Exploration Agency (JAXA), and it carries
instruments developed by JAXA and NASA. The new chip is
similar to the CCID-17 device [2] that was originally developed
at MIT Lincoln Laboratory for the ACIS instrument of the
Chandra X-ray Observatory, but it was modified to include a
charge injection structure and a serial register on the top of
the imaging array. The details of the design are discussed in
Section II.

The challenge here was to design a structure that would
allow injection of very small charge packets with a very high
reproducibility. CCDs for soft X-ray detection typically deal
with miniscule charge packets, sometimes only few hundred
electrons. In order to prevent the trapping of the signal elec-
trons, the injected packets should be just a little larger than
the packets generated by X-rays. Otherwise, a large injected
signal will reemit substantial numbers of electrons back into the
pixels after passing through them and increase the noise level.
Reemitted charge is somewhat similar to dark current and, of
course, needs to be minimized.

The key parameters of charge injection process were dis-
cussed in early papers [3]–[5], but they were investigated for
relatively large signals. Recently, several papers on the subject
were published, showing a renewed interest in both experimen-
tal [6], [7] and theoretical aspects [8] of the regime of extremely
small charge packets. Moreover, it is interesting to note that
numerous publications in the last few years discussed the noise
and charge lag of an active pixel sensor (APS) in a subthreshold
reset regime [9], [10]. This is the same process described by
the same equations, as the spill phase of the charge injection.
We find that the model used in [9] and [10] is not adequate
at very small signal levels and present both the theoretical
formulation and comparison with the experimental results in
Section III. Fitting the model to the experimental data allowed
us to measure the internal capacitance of the injection node, and
that, in turn, can be used to evaluate kTC noise contribution at
signal levels that are difficult to achieve by other means.
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Fig. 1. Schematic top view of the input register.

Testing in the laboratory and in flight indicates that charge
injection works as intended, mitigating the effects of proton
irradiation. In addition, an ability to inject very uniformly
controlled amount of charge opens up several unique opportuni-
ties for measuring the characteristics of the radiation-damaged
CCD. Some of the results of such tests were described in our
earlier paper [7], [11]; a more detailed paper will be published
soon. In Section IV, we describe briefly an example of using
charge injection for the characterization of the column-to-
column nonuniformity in radiation-damaged CCDs. However,
the main focus of this paper is the operation and basic properties
of the charge injection circuit itself.

II. CHARGE INJECTION STRUCTURE

A simple solution for a charge injection structure is to place
an injecting diode, which is separated by a control gate, along
the top of the imaging array. This would allow simultaneous
injection into all the columns of the device, thus being a fast
way to inject charge. A very serious disadvantage of such
approach, which was implemented in [6], is the inevitable
column-to-column nonuniformity of the injected charge. In
addition to the variations caused by the geometry fluctuations in
different columns, there would be additional variations caused
by the differences in time delays in the signal propagation along
the polysilicon gates of such injection structure.

In order to achieve very high uniformity of the injected
signal, a somewhat more complicated scheme was implemented
in this paper—a single injection structure that injects charge
into the serial register placed on the top of the imaging section.
In this case, the charge injection to fill an entire row takes
significantly longer; however, because the charge is always
injected into the same input structure, pixel-to-pixel variability
is minimized.

The input register and charge injection structure we have
implemented are shown schematically in Fig. 1. The injection
structure consists of an n+ drain (input diode or ID) and an
input gate (IG). At the end of the serial register, there is
a draining diode connected to the so-called Scupper diode,
which is reverse biased to collect dark current from the area
surrounding the device.

In order to inject electrons into the register, a variant of the
well-known “fill-and-spill” technique [12] was implemented.

Its operation is shown in Fig. 2, showing the channel potential
distribution under input structure gates during the different
phases of the charge injection cycle. The classic “fill-and-spill”
technique requires two IGs for charge injection. We used the
first gate of the serial register as one of such gates in order
to keep the number of extra pins low. Unlike in the standard
technique, in this paper, IG is clocked synchronously with
the adjacent gate S3. The voltage levels applied to IG have a
regulated offset relative to the S3 clock in order to create a
potential barrier for the injected charge.

The injection cycle starts when the ID potential is set above
the minimum of the channel potential under the IG and elec-
trons fill potential wells under both IG and the first gate of the
serial register S3, which is kept open during this period (“fill”
phase in Fig. 2). Then, the ID potential is increased to a higher
level (deeper potential well for electrons), and in this “spill”
phase, the charge above the IG depletion potential spills back
into the diode. The difference between channel potentials under
the gates IG and S3 determines the amount of charge injected
into the register, and it is controlled by a dedicated digital-to-
analog converter (DAC). The next phase of the input cycle is an
overlap (in time) between the clocks S3 and S1, when S1 goes
open. At this time, earlier injected charge spills under both of
these gates. Then, the clock S3 starts to close, and the signal
charge flows under S1. If IG stays at the same potential, it is
likely that some of the signal charge under S3 would flow back
into the ID as S3 moves to the low state. To prevent this, the IG
potential moves at the same time as S3, maintaining a potential
barrier for electrons. This required a special circuit that makes
the IG potential follow the S3 clock but with a dc offset. After
the levels of S3 and IG are lowered, the signal charge flows
under the serial register clock S1, and then, it is transferred
away from the input node in a usual fashion.

It is the dc offset between the IG and the clock S3 that
determines the amount of charge injected into the register. In
order to inject very small charge packets, this offset is regulated
by a DAC that allows very fine voltage control. The full voltage
span for this offset is 0.98 V, and the offset can be commanded
to any of the 256 levels within this range, which means that the
smallest voltage step is 3.8 mV. The span was chosen so that
the range of injected signal would slightly exceed the full range
of the signal charge in the electronics (from 0 to 4095 ADU or
approximately 4000 electrons).
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Fig. 2. Charge injection diagram.

If the potential of the ID during the injection cycle is set to
a high positive level, no charge will flow into the CCD. Thus,
disabling the ID switching to low level at certain clock cycles
allowed us to produce any desired pattern of injected pixels.
The IG offset (and, hence, the amount of injected charge) was
kept the same for all the pixels in a given frame.

III. CHARGE INJECTION RESULTS AND DISCUSSION

A. Measurement Procedure—Charge as a Function of Voltage

To study the parameters of the injection structure, we made
scans of the IG offset, so that the injected charge changed from
zero to the level where saturation of the readout ADC was
reached (this level corresponds to a few thousand electrons in a
CCD potential well). For each value of the IG offset, 15 frames
of identical data were taken to improve the accuracy of the
result. We used a specific pattern of the injected pixels to avoid

the distortion of measurement results by the CTI. Each frame
had eight sequential rows of pixels containing injected charge.
These rows with the injected charge were transferred through
the entire array to the bottom of the frame store section at a
speed of 24 µs/transfer (strictly speaking, the first injected row
was ten rows away from the serial register after this transfer).
Then, the frame store section was read out in a regular mode
through the serial registers. The rest of the pixels in the frame,
except for the eight injected rows, were empty.

This pattern allowed us to avoid CTI effects in both vertical
and horizontal directions. When a long sequence of identical
charge packets is transferred through the CCD register, only the
first packets in a sequence suffer charge losses. The ones that
follow encounter the traps that are filled with electrons of the
preceding packet and do not lose charge. We have verified that
the amplitude of the pixels in the last five rows of the train of
charge packets remains the same. An example of such train of
pixels for a somewhat extreme case of very poor CTI (this chip
was irradiated by protons to study radiation effects) is shown
in Fig. 3. The signal level is quite low, about 34 electrons.
In spite of this, averaging over 256 columns and 15 frames
makes the data very stable (see Fig. 3). The last five rows of
the train (rows 12–16 in Fig. 3) were combined together to
extract signal amplitude and variance from the histogram of all
the pixels in these rows in 15 frames. The histograms have a
nearly perfect Gaussian shape; each of them was fitted with a
Gaussian from which centroids and widths were determined.
The centroid measures the amount of charge injected; the width
is a measure of noise of the signal packet.

The results of the IG voltage scan for a different chip with
a good CTI are demonstrated in Fig. 4. The plot shows the
amount of injected charge as a function of the voltage offset
applied to the IG relative to the S3 clock. The very large number
of sampled pixels for each data point in the plot results in a
very high precision of this measurement. Statistical errors are
smaller than the dot size of the graph, which also explains the
curve’s exceptional smoothness. Injected charge is expressed
in electrons (the output gain of the device was calibrated by
using Manganese X-ray line emitted by an Fe55 radioactive
source). Gates S3 and IG are implemented in different levels
of polysilicon, and due to the peculiarities of technological
processing, when the same voltages are applied to S3 (first level
of polysilicon) and IG (third level of polysilicon), the potential
well under S3 is deeper. As a result, with no offset, the injection
structure has a built-in barrier which is large enough to hold a
few thousand electrons. An IG offset reduces this barrier, and
the amount of injected charge is gradually reduced to zero as
the offset reaches 1.15 V.

The charge-versus-voltage dependence remains relatively
linear at signal levels of a few hundred electrons and then,
as the injected charge level exceeds 1000 electrons, becomes
steeper, and the slope continues to rise at higher signal levels.
We believe that this behavior is caused by an expansion of
the charge packet in the buried channel potential well. As the
charge cloud grows wider at larger signals, it comes closer
to the heavily doped p+ channel-stop regions, which limit its
further expansion and contribute more and more to the capac-
itance. Due to the very low capacitance in the linear part of
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Fig. 3. Signal amplitude averaged over 256 columns and 15 frames as a function of row number for a train of eight sequential rows of injected charge in the
proton irradiated CCD.

Fig. 4. Injected charge as a function of the IG offset. The values of capacitance C in two different regions indicate the internal capacitance of the charge injection
node under the gate S3, determined by fitting the model to the data, as described in Section III-B. These values are approximately a factor of two larger than the
slope of the Q(VIG) plot shown here (see explanation in Section III-B).

the plot (C = 0.81 fF, according to our calculations described
in Section III-B), we were able to very accurately control the
amount of injected charge and reliably inject packets of just a
few tens of electrons. The triangles on the same plot mark the
results of the measurement made with a longer spill time. The
longer the spill time, the more charge flows back into the ID,
and the smaller is the amount of charge left in the potential
well. Changing the spill time presents an interesting way to
investigate the injection structure performance and watch how
electrons are “evaporating” over the potential barrier. The math-
ematics of this process is explored hereafter.

B. Model

During the “spill” phase, the charge flows back into the drain
ID. In the initial stage of this process, when potential in the
channel under the gate S3 is less positive than the depletion
potential under the IG, charge transfer into the drain is driven
by both drift and diffusion. According to our simple estimates,
this stage ends within a few nanoseconds, and then, it falls
into subthreshold regime illustrated by a potential diagram
shown in Fig. 5. Electrons will continue to flow into the drain,
but the process becomes much slower because they have to
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Fig. 5. Charge flowing from the potential well under the gate S3 into the drain
after the transition into subthreshold regime.

overcome a potential barrier Vb in order to escape from the
potential well under the gate S3. The number of electrons
that are able to escape will be proportional to the Boltzmann
term exp(−qVb/kT ), where q is the electron charge, k is the
Boltzmann constant, and T is the temperature.

The probability that an electron will be emitted from the
potential well under S3 into the drain is also proportional to the
total number of electrons N in this well, i.e., to the total charge
Q in the potential well because Q = qN . The current flowing
from the potential well is equal to dQ/dt; thus, according to the
explanation earlier, the equation describing the charge flow can
be written as

dQ

dt
= −Q

τ
e−

qVb
kT . (1)

Here, τ is a constant depending on the geometry of the input
node and material parameters of silicon. The minus sign reflects
the fact that the charge Q in the potential well diminishes, as a
result of current flowing into the drain.

In order to solve this equation, one needs to know the relation
between Vb and Q. For a buried channel device, it is some
nonlinear function which is difficult to express analytically;
thus, a general solution is impossible. If the changes in charge
level are not very large, it is reasonable to assume that the
capacitance is constant; thus, Q can be expressed as a linear
function of Vb

Q = C(Ve − Vb) (2)

where Ve corresponds to the height of the potential barrier when
the potential well is empty of charge, and C is the capacitance.
With this approximation, (1) can be solved. Combining (1) and
(2) leads to the following differential equation for Q:

dQ

dt
= −Q · e−

qVe
kT

τ
· e

qQ
kT C . (3)

The solution of this equation (note that e−(qVe/kT )/τ is a
constant that does not depend on Q) can be written as

E1

(
qQ

kTC

)
=

e−
qVe
kT

τ
· tspill + E1

(
qQ0

kTC

)
(4)

where Q0 is initial value of Q at t = 0, and E1(x) is the first
exponential integral function defined as

E1(x) =

∞∫
1

e−xu

u
du

(see [13]).
The same problem of charge residing in the potential well

and losing charge to the nearby drain region through subthresh-
old current was considered by others [9], [10], [14], [15] in
a different context. A substantial interest in the subject arose
recently because of the fact that the same equations govern
the so-called soft reset mode in CMOS APSs. The authors of
the cited work solve the equation similar to (1), but without the
multiplicative term Q on the right-hand side. This is entirely
adequate in the case of a photodiode pixel with an infinite
supply of electrons in the photodiode region. In a pixel with
a pinned photodiode or a photogate, the number of electrons
in the potential well is limited, and (1) describes the condition
more accurately. If the relative change in Q is small over the
time interval of interest, it makes sense to reduce (1) to (5),
as was considered in [9], [10], and [15], making the solution
simpler. In this case, it becomes as follows:

dQ

dt
= −I0e

− qVb
kT (5)

where I0 replaces Q/τ in (1), and it is considered constant. The
solution for charge Q is a logarithmic function of spill time tspill

Q = −kTC

q
ln

(
qI0

kTC
e−

qVe
kT · tspill + e−

qQ0
kT C

)
. (6)

In Fig. 6, we plot the charge in the potential well as a function
of spill time, where experimental data being marked by stars.
The analytical solutions that make a best fit to the data are
shown for each model with the solid line for (4) and the broken
line for (6). A more accurate model (4) provides a better fit
to the data. Because the change in the signal amplitude is not
very large for the given range of spill times, the logarithmic
approximation (6) is also in a relatively good agreement with
the data. The logarithmic solution cannot fully fit the curvature
required by the data though. In Fig. 7, the same plot (with a
logarithmic scale along x-axis) showing both solutions pass-
ing through the same experimental data points is extended to
a much longer time interval. Here, it is clear that, whereas a
simplified logarithmic solution does not differ much from a
more accurate one for small variation of Q, when extended to
the portion of a plot which corresponds to smaller charge, it
predicts much faster decay, underestimating the time it takes
to empty the well by an order of magnitude. This can be
expected, because (5) does not take into account the slowdown
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Fig. 6. Comparison of experimental data, showing amount of charge in the potential well as a function of time and two models described by (4) and (6).

Fig. 7. Comparison of two models on a long time interval. Both curves fit the experimental points very well but predict much slower charge evaporation for our
model, as the amount of charge in the potential well becomes small.

in emission caused by diminishing the number of electrons in
the potential well.

Examining (6), one can note that, if the term e−(qQ0/kTC)

is small, the slope of the Q versus ln(tspill) relation is then
proportional to the capacitance C of the potential well. Thus,
with the temperature of the device known, the capacitance can
be determined by plotting Q as a function of ln(tspill). In Fig. 8,
we plot the experimental data taken for different initial values
of Q0 and spill time that varies from 5 to 25 µs. For each
set of spill times, a corresponding best fit linear function of
ln(tspill) described in (6) is also plotted. The dependencies
are straight lines because x-axis has logarithmic scale. One
can see that the slope (proportional to C) is becoming smaller
for smaller charge packets and the slope is nearly constant for

signal charge below 1000 electrons, which is in full agreement
with the results of IG voltage scan discussed earlier.

We also fitted the more accurate model in (4) to the same
experimental data points. One of the free parameters of such
procedure was a node capacitance C. The values of capacitance
C, which are extracted in such a way, are very close to the
values of C obtained from the slopes of the lines in Fig. 8. Two
different values of C for small signal (around 500 electrons)
and larger signal (2500 electrons) are shown in Fig. 4. It
is interesting to note that the values of internal capacitance
are approximately a factor of two higher than the values of
dQ/dVIG from the plot in Fig. 4, which are in agreement with
the results of simulation in [8]. This large difference explains a
discrepancy in our earlier publication [7] between experimental
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Fig. 8. Experimental data (diamonds) and best fit linear functions of ln(tspill) described in (6) for the different initial values of charge in the potential well. The
slope of the lines is proportional to the internal capacitance C.

Fig. 9. Noise of the injected charge as a function of IG offset for two different spill times.

results for input noise and (1/2)kTC (see below), where the
estimates of C there being based on the calculations of the
mentioned derivative.

Having estimates of node capacitance at different signal
levels, we can calculate the noise of the charge injection and
compare the theoretical estimates with the experimentally mea-
sured values. We do so in the next section.

C. Injection Noise

The solid line connecting the diamonds in Fig. 9 shows the
noise of the injected charge as a function of the IG offset mea-
sured at tspill = 5 µs. The solid line connecting the triangles

represents the same measurement with a longer spill time of
25 µs. To determine the noise, we used the procedure described
in Section III-A: a histogram of all the pixels in the last five
rows of the eight-row train of the injected sample and measured
the width of the distribution, which has a Gaussian shape. The
results shown in Fig. 9 include readout noise correction. The
readout noise was determined in a similar way in rows with no
charge and subtracted (in quadrature) from the injection noise.
This correction is negligibly small due to the exceptionally low
readout noise of 1.2 electrons for this device.

In recent years, extensive effort has been devoted to the
theoretical studies of the reset noise in the so-called “soft
reset” mode [9], [10], [16], which corresponds to a discharge
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Fig. 10. Ratio of the amplitudes of the packet that experienced maximum charge loss to the amplitude of the packet with no loss as a function of column number
in the proton irradiated CCD. Measurement done on the same device in two different ways: with charge injection and 5.9-keV X-rays.

of the floating diffusion into the drain through a depleted
channel of a MOSFET. As we mentioned earlier, this condition
is analogous to our input structure at the end of the “spill”
interval except that, in our case, the discharging region is a
channel of another MOSFET. Whereas, in early work, it was
suggested that the charge variance in an injection structure is
(2/3)kTC [4] or close to kTC [5], the authors of all more
recent papers [8]–[10], [16] are in agreement that, when charge
equilibration is determined by subthreshold electron “evapora-
tion” over the potential barrier, it should be closer to (1/2)kTC.
A simple logic behind this, which was suggested in a very
illuminating paper [10] (referring to the original explanation by
W. Kosonocky), is that electrons can move only one way from
the potential well under gate S3. They can escape, but there is
no corresponding flow of electrons back from the ID because a
potential barrier for the backflow is too large. Thus, the noise
variance that would be kTC in the case of bidirectional equi-
librium should be reduced by a factor of two. We calculated the
corresponding noise for the entire range of signal values;
the plots of

√
kTC/2 are represented by x-signs (for C de-

termined from the slopes of the lines in Fig. 8) and filled
hexagons [for C found through fitting (4) to the data] in Fig. 9.
Both means of determining capacitance clearly produce similar
results.

The shape of the (1/2)kTC plots is remarkably similar to
the actual charge injection noise, strongly suggesting that the
mechanism is indeed kTC-based. There is some discrepancy
between experimental and calculated noise values, but it is not
large.

For very low signal levels of just a few electrons, it was
suggested in [10] and [8] that noise should become proportional
to

√
Nelectrons, where Nelectrons is the number of electrons

in the potential well. Data points showing this quantity and
marked by squares in Fig. 9 confirm this, being very close to
the experimentally measured noise values.

It is important to note that the noise produced by the charge
injection structure at low signal levels is lower than what could
be achieved by other means. For example, eight electrons of
noise for a signal of 1000 electrons are excellent results for
all practical purposes, being lower than both Poisson noise
(
√

1000 = 32 electrons) or even Fano limit (
√

0.12 · 1000 =
11 electrons) for the same signal injected correspondingly by
light or X-ray photons. In fact, the plot of

√
Nelectrons in

Fig. 9 illustrates how much higher is the shot noise, which is
inevitable with optical injection, than the charge injection noise.

IV. POSSIBLE APPLICATIONS IN

RADIATION-DAMAGED CCD

The ability to inject a controlled amount of charge is a
particularly useful tool in studying radiation-damaged CCDs.
We will only briefly touch in here the subject of possible
applications of charge injection structure for this purpose.
A more detailed paper will be published separately.

A CCD chip was irradiated at room temperature at the
Massachusetts General Hospital National Proton Treatment
Center with 400-MeV protons. The top portion of the imaging
section of the chip received a dose of 2 × 109 protons/cm2

and was then carefully characterized with the use of Fe55

radioactive source. The irradiated portion of the chip exhibited
a CTI of 5 × 10−5.

The charge injection structure can be used to characterize
the amplitude dependence of the charge loss after the radi-
ation damage. When the train of eight packets described in
Section III-A (see Fig. 3) is transferred through a column of
a CCD, the first packet encounters the traps, most of which are
empty after the previous frame readout 8 s earlier. This first
packet loses electrons to fill the traps in the entire column. If
the loss in the first packet is large, the following packet may
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Fig. 11. Improvement in spectral resolution produced by charge injection. Signal histograms for a radiation-damaged CCD illuminated by Fe55 source with
(green) and without (red) charge injection. A histogram for the same chip before the irradiation is shown in black.

also lose some charge. This occurs because, as the first packet
loses electrons, it occupies a smaller volume and does not fill
some of the traps, allowing them to be filled by electrons in
the following larger packet. This effect can be seen in Fig. 3.
Fig. 3 also shows the emission of trapped electrons back into
the empty potential wells, as a tail after the last injected packet.

The difference between the amplitude of the first pixel in the
train and the last several injected pixels gives the charge loss δQ
during the transfer through the entire parallel array. Making this
measurement separately for each column produces a column
nonuniformity map of radiation-damaged CCD. Because every
column of the device has a different number of traps, the charge
loss varies from column to column, and such map is a very
valuable tool for correcting CTI effects during data processing.

In principle, radiation damage in both top and bottom serial
registers may also affect the measurement described earlier,
but the nonuniformity introduced by them is small. The top
register is filled by nearly identical injected charge packets,
which are transferred through its entire length, populating all
the traps with electrons. In the same manner as in vertical di-
rection, only the first few packets suffer charge losses, but these
packets are removed by overclocking the top serial register. The
influence of the bottom (readout) serial register could be more
pronounced, but in our experiments, it was shielded during the
irradiation of the CCD.

A totally independent measurement of charge loss as a
function of column was made by using monochromatic X-rays.
By illuminating the CCD with an Fe55 radioactive source and
collecting a very large amount of data, we were able to deter-
mine CTI and charge loss in individual columns of the same
CCD. Fig. 10 shows the ratios of the signal that experienced
charge loss to the signal in the same column before the loss. The
ratios were extracted from both X-ray data, where the amplitude
of the signal generated by an X-ray photon was measured at the
bottom and the top of the array, and from the charge injection
data. In the charge injection case, the amplitude of injected

signal was adjusted to be the same as the signal produced by a
5.9-keV photon; the ratio of signal in the first row to the signal
in the last row of the injected train was measured. An excellent
correlation between the two techniques leaves no doubt that
actual loss is measured in both cases. Whereas X-ray character-
ization gives a more detailed picture of loss distribution along
the column, it is extremely time consuming, requiring many
hours of data acquisition. Charge injection, on the other hand,
allows one to determine total loss with just a few frames of data.
This is a very valuable feature for a space-based instrument,
where a monochromatic source illuminating an entire array in
many cases is not available. We can monitor the changes of
the charge loss in different columns of an instrument in space
on a regular basis. Compensating for the column-to-column
CTI variations in ground processing can help to alleviate the
radiation damage accumulated by the CCDs in space. Such
processing, for instance, is routinely done for Chandra CCDs.

The most important application of the designed structure is
the periodic injection of charge-filled rows with the purpose
of refilling the traps in the channel and improving CTI. This
technique works well both in the lab and in flight. The improve-
ment in device performance is shown in Fig. 11. It shows the
signal histograms of a radiation-damaged CCD illuminated by
Fe55 source before the irradiation and after irradiation with and
without charge injection. In this case, a charge (approximately
2000 electrons per pixel) was injected in every fifty-fourth
row. Energy resolution with charge injection becomes almost
as good as in the undamaged case. Again, more details will be
given in a separate paper.

V. CONCLUSION

We have characterized the properties of a charge injection
structure which can reliably inject extremely small charge
packets. A proposed model produces excellent agreement with
the data, and fitting the model to the data allows one to
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determine the internal capacitance of the injection node. At
signal levels below approximately 1000 electrons, the input
node has a capacitance of only 0.81 fF. The capacitance is a
nonlinear function of signal level and much larger at higher
levels. The measured noise of the injected charge is reasonably
well described by the

√
kTC/2 term, which is in agreement

with the theory.
The charge injection structure described in this paper proved

to be a very useful tool for the quick measurement of the
charge loss column-to-column variability. It can also be used
to mitigate radiation damage effects in CCDs.
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