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ABSTRACT

A frame transfer CCD intended for X-ray detection on-board ASTRO-E2 spacecraft was modified to include an
input serial register and a charge injection structure which allows a very uniform injection of charge into the
imaging section of the device. A variation of the fill-and-spill method was implemented to inject charge into the
CCD. The operation of the structure is described, and results of the measurements are presented. Very small
charge packets (a few tens of electrons) can be reproducibly injected with noise as low as 5 electrons rms.

The amount of injected charge can be controlled by the external voltage with very high accuracy. We have
applied this technique to study various characteristics of the proton irradiated CCD, such as the column-to-
column nonuniformity of charge losses and the amplitude dependence of the charge loss. The latter is related to
the charge-volume relation in the charge storage site and for the first time we accurately measure this relationship
at very low signal levels.
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1. INTRODUCTION

CCDs in space environment suffer from radiation damage. High energy particles generate defects in silicon that
can trap signal electrons (n-channel devices are considered here) and release them at a later time when signal
charge has already been transferred to a different pixel. It has been shown previously1 that introducing some
number of rows of pixels with potential wells filled with electrons into a damaged array may improve device
performance. These electrons fill the traps, so when signal charge packet arrives many traps stay full and do
not contribute to the charge loss. In order to implement this idea for the soft X-ray detector that will be flown
on-board ASTRO-E2 mission, the CCID-17 device2 (originally developed at MIT Lincoln Laboratory for the
ACIS instrument of the Chandra X-ray Observatory) was redesigned to include charge injection structure and a
serial register at the top of the imaging array.

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

Our tests indicate that charge injection works well mitigating the effects of proton irradiation in agreement
with the above mentioned explanation. The results of these tests are described in a companion paper.3 In this
work we will focus on the operation and basic properties of the charge injection circuit itself.

There are several other useful applications of an array with the controlled charge injection. One is an ability
to quickly (with just a few frames of data) determine columns with poor charge transferring properties and
monitor charge losses in every column as the device accumulates radiation dose in space environement.
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Another one is the possibility to calibrate charge losses as a function of the signal amplitude. After CCDs are
exposed to irradiation in space they demonstrate some charge transfer losses. One of the ways to mitigate such
damage is to develop an analysis algorithm which would compensate for the lost charge by applying software
correction based on the signal amplitude, its location in the array and other factors. Our experience with ACIS
CCDs which suffered radiation damage suggests that a software correction of the CTI based on an accurate model
could significantly improve device performance provided that calibration data for every column of the device are
available.4 This calibration has to be done over the range of signal amplitudes, down to very low signal values. A
charge injection structure can provide such data. An especially important part of such a correction algorithm is
knowing the exact shape of the function that describes charge loss dependence on the signal amplitude. Different
functions have been used in literature. For instance, Philbrick5 assumes that the charge loss is proportional to
the square root of signal, based on the early work of Mohsen and Tompsett6; Townsley et al.4 used an empirically
determined piecewise-linear model based on a few measurement points. This dependence has been measured at
large signals6, 7 but to our knowledge there are no experimental data at very small signal amplitudes, which are
extremely important for simulations of the response of a CCD to low energy X-rays. We describe the results of
such measurements in the section 4.

2. CHARGE INJECTION STRUCTURE

A simple solution for a charge injection structure is to place an injecting diode 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 an approach is inevitable column-to-column
nonuniformity of the injected charge. In addition to the variations caused by geometry fluctuations in different
columns, there would be additional variations caused by differences in time delays in the signal propagation
along the polysilicon gates of such an injection structure.

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

The input register and charge injection structure we have develope 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

Figure 1. Schematic top view of the input register.

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 was imple-
mented. Its operation is illustrated on Fig. 2, showing the channel potential distribution under input structure
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Figure 2. Charge injection diagram

gates during different phases of the charge injection cycle. The classic “fill-and-spill” technique requires two
input gates 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, here 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 injected charge.

The injection cycle starts when the ID potential is set above the minimum of the channel potential under the
IG and electrons fill potential wells under both IG and the first gate of the serial register S3 which is at 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 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 the gate IG stays at the same potential it is likely that some of the signal charge from 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 to follow 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 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, corresponding to the range of 256 DN, and the
offset can be commanded to any of 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 ASTRO-E2 electronics (from 0 to 4095 ADU or approximately 4000 electrons).

Proc. of SPIE Vol. 5501     359



Figure 3. Left: Injected charge as a function of the Input Gate offset. Right: Noise of the injected charge packets as a
function of the Input Gate offset.

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, amount of injected charge) was kept the same for all the
pixels in a given frame.

3. CHARGE INJECTION RESULTS

To study the parameters of the injection structure we made scans of the IG offset so that the injected charge
changed from 0 to the saturation (of the readout ADC, not the CCD potential well) level. 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 charge transfer inefficiency (CTI).
In fact, we also used this method to characterize the CTI in a radiation damaged chip, as will be described
in section 4. Each frame had 8 sequential rows of pixels, each filled with injected charge. These rows with
injected charge were transferred through the entire array to the bottom of the frame store section at a speed
of 21 µs/transfer (strictly speaking the first injected row was 10 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. All the rest
of the pixels in the frame except 8 injected rows were empty.

This pattern allowed us to avoid the distortion of the results due to 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 preceeding packet and do not lose charge (this is true only when the capture time is very short
compared with the tranfer time). We have verified that the amplitude of the pixels in the last 5 rows of the train
of charge packets remains the same (more about this in section 4; see also Fig. 4) and combined them together
to extract signal amplitude and variance from the histogram of these rows in 15 frames.

The injection circuit performance is demonstrated in Fig. 3. The left plot shows the amount of injected
charge as a function of the voltage offset applied to the IG relative to the S3 clock. Injected charge is expressed
in electrons (the output gain of the device was calibrated 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 Volts.
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From this charge-voltage dependence it is possible to extract the capacitance of the input node provided the
channel depletion potential under the IG is known for any given gate voltage. We have measured the depletion
potential as a function of IG voltage by connecting a regulated DC power supply to the ID and determining
the point of the onset of injection into the serial register at different IG voltages. The best linear fit to the
measurement result is described by ϕ = 11.53+0.87 ·VIG, where ϕ is minimum potential under the IG, and VIG

is the voltage applied to the IG. At the end of the “spill” interval potential under the gate S3 becomes equal to
the depletion potential under the IG, so one can assume that capacitance of the input node

C =
dQ

dϕ
=

1
0.87

· dQ

dVIG
,

where Q is injected charge. In other words, the slope of the plot on the left of Fig. 3 is proportional to the
input node capacitance. In reality potential under S3 is slightly different from the potential under the IG due to
subthreshold current, but we will neglect this difference.

The charge-vs-voltage dependence remains relatively linear at signal levels of a few hundred electrons and
then, as the injected charge level exceeds 1000 electrons, becomes much steeper and the slope continues to rise
at higher signal levels. We believe 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 capacitance. Due to
the very low capacitance in the linear part of the plot (C=0.43 fF) we were able to very accurately control the
amount of injected charge and reliably inject packets of just a few tens of electrons.

The right panel of Fig. 3 shows the noise of the injected charge as a function of the IG offset. To measure
the injection noise we made a histogram of all the pixels in the last 5 rows of the 8 row train of the injected
sample and measured the width of the distribution, which has a gaussian shape. The readout noise of the device
was determined in a similar way in rows with no charge and subtracted (in quadrature) from the injection noise.
The correction is negligibly small due to exceptionally low readout noise of 1.2 electrons.

In recent years extensive theoretical studies have been done of the reset noise in the so-called “soft reset”
mode,8–10 which corresponds to a discharge of the floating diffusion into the drain through a depleted channel
of a MOSFET. 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. While in early work it was suggested that
the charge variance in an injection structure is 2

3kTC11 or close to kTC,7 the authors of the recent papers8–10

are in agreement that when charge equilibration is determined by subthreshold electron “evaporation” over the
potential barrier, it should be closer to kTC

2 . We calculated the corresponding number for the entire range of

signal values, the plot of
√

kTC
2 is shown in triangles on the same right panel of Fig 3. Small ripples in the kTC

plot are caused by the differential nonlinearity of the IG offset DAC (their periodicity is 8 DN) amplified by the
process of differentiation when calculating capacitance.

The shape of the plot is remarkably similar to the experimental result, clearly indicating that the mechanism
must be kTC-related, but the calculated values are significantly lower. Adding a signal-independent noise
component, does not produce a good fit to the data because summing in quadrature significantly flattens the
calculated result. We also plotted a slightly different model assuming 2

3kTC and additional 6 electrons of noise.
This model fits the data well, but it is not clear how meaningful this result is. We suspect that there is a noise
contribution from some other processes. Neither gate voltage noise, nor trapping-detrapping during the transfer
through the array produces good fit to the measurement result. The origin of noise requires further investigation.

We note that the noise figure, while higher than the theoretical estimate, is far below our requirements. As
an example, 8 electrons of noise (and even 5 for a different device and different clocking condition) for a signal
of 1000 electrons is an excellent result for all practical purposes, being much lower than both Poisson noise or
Fano limit for the same signal injected correspondingly by light or X-ray photons.

4. CHARGE INJECTION IN THE RADIATION DAMAGED CCD

The ability to inject a controlled amount of charge is an especially useful tool in a radiation damaged CCD.
Below we describe the results produced on a CCD chip that was irradiated at Mass General Hospital NPTC
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Figure 4. Signal amplitude averaged over 256 columns and 15 frames as a function of row number for a train of 8 rows
of injected charge in the proton irradiated CCD.

with 40 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 CTI of 5 × 10−5.

We used the charge injection structure to study the amplitude dependence of the charge loss after the radiation
damage. When the train of 8 packets is transferred through a column of a CCD, the first packet encounters the
traps most of which are empty after the previous readout 8 seconds 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 also lose some
charge because as the first packet loses electrons, it occupies smaller volume and does not fill some of the traps
inside the volume of the following, larger packet. This effect can be seen in Fig. 4 which shows an average
signal amplitude as a function of row number. Averaging was done by making a histogram of all pixels in one
row in 15 frames and then finding the Gaussian centroid. This technique works extremely well even at signal
level of just a couple of electrons. At very small amplitudes individual charge packets are lost in the noise, but
averaging clearly detects the injected signal. Fig. 4 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. In order to double-check that this is
indeed the case, we made a measurement of the charge loss using monochromatic X-rays. Illuminating the CCD
with an Fe55 radioactive source and collecting a very large amount of data we were able to measure CTI and
charge loss in individual columns of the CCD. Since every column of the device has a different number of traps,
charge loss varies from column to column. Fig. 5 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 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 2 techniques leaves no doubt that actual loss
is measured in both cases. While X-ray characterization 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 entire array in many cases is not available.
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Figure 5. 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 with 5.9 keV X-rays.

Figure 6. Charge loss as a function of injected charge. Log-Log (left) and linear (right) scales. Solid line is a power law
fit to the data. On the log-log plot a vertical line separates two regions with different power law indexes.

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.

Another very important part of the software algorithms that are used to simulate charge losses in a CCD
and correct for such losses on the ground is the charge-volume relation. Since the charge loss is proportional
to the number of empty traps Nt encountered by the charge packet and the number of traps is proportional
to the volume V occupied by the packet, the relation between δQ and Q describes the relation between the
charge Q and the volume V it occupies. Thus, measuring δQ as a function of Q is equivalent to finding the
Q(V ) dependence. With our charge injection structure we were able to measure this dependence starting at
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signal levels of a few electrons and cover the entire range up to a few thousand electrons with small steps. The
result is shown on Fig. 6. The loss was measured as described above, by subtracting an amplitude of the first
row averaged over 256 columns and 15 frames from the averaged amplitude of the last 5 rows in an 8-row train
of charge packets. The width of the histogram of the pixels in the first row is much wider than in any of the
subsequent rows. The reason for this is that the packets in the first row lose an amount of charge proportional
to the number of empty traps in a given column. As a result, in addition to the injection noise, the variance of
the amplitudes in the first row includes a component due to the column nonuniformity of the trap distribution.

In the left panel of Fig. 6 the loss as a function of signal is shown in a logarithm scale. We divided the range
of amplitudes in two regions, below and above 230 electrons; in each of the regions the dependence can be very
well fitted by a power law. The best fit model is plotted as a solid line on the same figure. On the right the same
plot in a linear scale is shown to better demonstrate the result at higher amplitudes. At very low signal levels
the best fit model can be described as δQ = 0.42 · Q0.7; at higher signals it is close to the square root function
and is expressed as δQ = 0.9 · Q0.56.

5. CONCLUSION

We have characterized the properties of a charge injection structure which can reliably inject extremely small
charge packets. At signal levels below approximately 1000 electrons the input node has a capacitance of only
0.43 fF . The capacitance is nonlinear and is much larger at higher signal levels. The noise of the injected charge
as a function of signal follows the same trend as predicted by the

√
kTC/2 term, but stays much higher than

that, suggesting that there are other contributing processes.

The charge injection structure is very useful tool for quick measurement of the charge loss column-to-column
variability. It also allowed us for the first time to determine the charge-volume relation at extremely low signal
levels.
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