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ABSTRACT

The non-destructive readout capability of the Skipper Charge Coupled Device (CCD) has been demonstrated
to reduce the noise limitation of conventional silicon devices to levels that allow single-photon or single-electron
counting. The noise reduction is achieved by taking multiple measurements of the charge in each pixel. These
multiple measurements come at the cost of extra readout time, which has been a limitation for the broader
adoption of this technology in particle physics, quantum imaging, and astronomy applications. This work
presents recent results of a novel sensor architecture that uses multiple non-destructive floating-gate amplifiers
in series to achieve sub-electron readout noise in a thick, fully-depleted silicon detector to overcome the readout
time overhead of the Skipper-CCD. This sensor is called the Multiple-Amplifier Sensing Charge-Coupled Device
(MAS-CCD) can perform multiple independent charge measurements with each amplifier, and the measurements
from multiple amplifiers can be combined to further reduce the readout noise. We will show results obtained
for sensors with 8 and 16 amplifiers per readout stage in new readout operations modes to optimize its readout
speed. The noise reduction capability of the new techniques will be demonstrated in terms of its ability to reduce
the noise by combining the information from the different amplifiers, and to resolve signals in the order of a
single photon per pixel. The first readout operation explored here avoids the extra readout time needed in the
MAS-CCD to read a line of the sensor asociated with the extra extent of the serial register. The second technique
explore the capability of the MAS-CCD device to perform a region of interest readout increasing the number of
multiple samples per amplifier in a targeted region of the active area of the device.

Keywords: Single photon counting imager, Non-destructive readout sensor, Single electron resolution imager,
Charge coupled Device, MAS-CCD, Multiple distributed amplifiers
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1. INTRODUCTION

Silicon semiconductor sensors with sub-photon or sub-electron noise are a major scientific breakthrough! 2 since
they allow detecting faint signals in the silicon that were hidden by the statistical fluctuations of the elec-
tronic noise in the output amplifiers. While some of these technologies utilize signal amplification by charge
multiplication,®® others have demonstrated single-photon detection using small sensing structures with high
charge-to-voltage gain.® A third class of detectors performs nondestructive readout to reduce the readout noise
by averaging several measurements of the same collected charge. The non-destructive readout was originally
enabled by a floating-gate amplifier (FGA)” and later proposed as the readout stage of a novel Charge Coupled
Device (CCD), named the Skipper CCD.® Recent results from p-channel, fully-depleted Skipper CCD sensors
fabricated with high-resistivity silicon? '* demonstrate that the readout noise can be reduced to arbitrarily low

levels'? ™ with extremely low dark current® !¢ and high quantum efficiency for blue to near-infrared photons.'”

The main drawback of the Skipper CCDs is their slow readout speed at the desired noise level. In recent
years, many applications such as dark matter searches,'®'® neutrino detection,'® and studies of fundamental
properties of silicon?®2! have exploited the capability of Skipper CCDs despite this caveat; however, other
applications such as quantum imaging,?? astronomical instrumentation,'™?? and sub-shot-noise microscopy,?*
cannot fully profit from the Skipper CCD due to the long readout time. Recent works?® 26 presented a new
readout architecture that leverages multiple non-destructive readout stages to reduce readout noise which allows
achieving single-quantum measurements in a shorter time compared with the Skipper-CCD. The technology is
called Multi-Amplifier Sensing Charge Coupled Device (MAS-CCD)?® and has been identified as a promising
candidate for optical light applications.?62% In this manuscript, we explore slightly different operation schemes
that enhance the readout operation in terms of efficient use of the readout time and noise reduction. The
second section brings the main features of the architecture that will be used in the later sections. The third
section focused on a continuous readout operation where the information from different rows of the sensor are
simultaneously in the serial register to time efficiently read the device. The fourth section explored the idea of
region of interest to select regions of the device which are read out using different number of measurements per
pixel in each amplifier. The later technique was explored in the past in Skipper-CCDs?? and its use is extended
in this case for MAS-CCDs.

2. DETECTOR ARCHITECTURE

The MAS-CCD?% uses a series of output amplifiers in its readout capacitively connected to the sensor channel
(Fig. 1) via a floating gate (FG), which allows for non-destructive charge measurements as in the Skipper CCDs.
Furthermore, the MAS setup also enables charge transport through this output register, typically called the
serial register, without degradation, so the pixel charge can be measured multiple times by multiple amplifiers
(MA4, ..., MAg in Fig. 1) in each output stage.

readout stage 1 Vret readout stage 2 Vref readout stage 8 Vref
RG —[ MR, RG —I[ MR, RG —[ MRy
I]::MAl video, [I::MAZ video, [I::MAB videog

floating gate floating gate floating gate

sense node 15 pixel separation sense node sense node
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Figure 1. Architecture of the eight inline amplifiers at the end of the serial register of the MAS-CCD. The dashed line
shows a qualitative potential value in the channel generated by the clocks applied to the gates to move the charge through
the different structures. Figure taken from.?S

During normal operation, each amplifier simultaneously measures the charge packets from different pixels.

The final pixel value is calculated by averaging the available samples from each of the amplifiers.
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11 QA
pixel value = NN Z E (1)
@7 j=1i=1

where s;; is the charge measurement sample i from the amplifier j, IV, is the number of amplifiers in the serial
register, and Ny is the number of samples taken with each amplifier. Assuming that the readout noise of each
amplifier is independent and similar in standard deviation (o), the standard deviation of the readout noise in
the final measurement is:
o= __70 (2)
VNN,

which has an additional reduction factor (v/V,) compared to the Skipper-CCD.

For the results presented in this article two MAS-CCD with eight and sixteen channels were employed.
Under the auspices of the U.S. Department of Energy (DOE) Quantum Information Science initiative, p-channel
675um-thick MAS-CCDs were fabricated on high-resistivity n-type silicon (~10 k2 cm) with eight and sixteen
amplifiers. The sensors were designed at LBNL to be operated as thick fully-depleted devices with high quantum
efficiency over a broad wavelength range” (see?® for more details on the fabricated sensors). The sensors were
fabricated at Teledyne DALSA Semiconductor, diced at LBNL, and packaged/tested at Fermilab. The results
presented in section 3 comes from a front-illuminated fully depleted device with sixteen channels in the output
stage. The results presented in section 4 comes from an eight channel sensor fabricated following a hybrid
fabrication production model used for DECam and DESI CCDs,*° where specialized processing of the back
surface and metalization was done at LBNL MicroSystems Laboratory to produce 250um thick back-illuminated
wafers. For both sensors the pixel pitch is 15 um the output amplifiers are separated by kiamp = 15 pixels, and
both have kex = 27 extended pixels (pre-scan pixels), used to transfer the charge packets from the serial register
to the output stages.

3. CONTINUOUS READOUT

In the operation modes used to read this type of sensor in?%:27 the entire row in the active region of the sensor
is dumped in the serial register. Then the charge is moved across it through the output amplifiers as shown
in Fig. 1. The next row in the active region is moved to the serial register after the last pixel of the previous
line reaches the last amplifier of the chain. With this process, the output images for the different channels look
like the ones presented in Fig. 2. The active region is the portion located in the center of each image, marked
with a green line. The red tracks are ionization produced in the active volume. The pixels on the left of this
region (marked with a blue line) correspond to the pre-scan of each amplifier. Its width represents the distance
in pixels of the serial register between each stage and the active region (kiamp(j — 1) + kex for the output stage
j). Therefore, it increases for amplifiers located farther from the active region. The region on the right (marked
with an orange line) is the virtual arbitrary overscan for each amplifier. The same ionization tracks are observed
in all amplifiers. In this readout operation, a significant amount of time is wasted reading pixels that are not
part of the active region.

A faster readout scheme can be used if, during the readout operation, a row of the active region is dumped
into the serial register just after the first N, pixels (The number of pixel columns in the active region) in the
serial register are empty, even if some of the pixels of the previous row are still being read in the output stages.
In this way, there is no time consumed in measuring the pre-scan pixels. Only the pre-scan pixels of the first
row of the sensor contribute to the readout overhead.

This readout strategy is summarized in the successive CCD cartoons in Fig.3. Figure 3(a) shows the pixels
in the active region with a different color for the collected charge on each row. At this time the serial register is
empty. The readout starts by dumping the first row into the serial register and moving the charge towards the
output amplifiers. Once the pixels in the serial register corresponding to the active regions are empty, the second
row is dumped is the serial register. The process is repeated for the following rows. In particular, Fig.3(b) shows
the status of the serial register when the third row is dumped. In the serial register, there are no empty pixels
between the pixels from each row. Figure 3(c) displays the moment when the penultimate row of the active
region is dumped in the serial register.

Proc. of SPIE Vol. 13103 1310311-3
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Figure 2. a) Experimental setup of the 16-channels MAS-CCD. b) Stack of the output images obtained from each output
amplifier of a 16-channel MAS-CCD using the typical readout scheme. The color indicates each region of the output
images taken by each amplifier.

The output images as they are arranged by our readout system (the Low Threshold Acquisition'#) are shown
for completeness in Fig.3(d) and (e) for the first and second amplifiers, respectively. The first row in each image,
contains empty pixels which corresponds to the pre-scan pixels for each amplifier, that represents the amount of
pixels between the serial register and the corresponding j-th amplifier (kiamp(j — 1) + kex) pixels. The images
should be rearranged to map the pixel information to the right position in the array.

Then, all the pixels read by all the amplifiers are active pixels. This also allows for a virtual over-scan with
the same number o pixels for the image from each channel.
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Figure 3. The process steps of the continuous readout scheme are shown in figures (a), (b), and (c). (e) and (f) represen-
tation of our output image using the method.
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Figure 4. a) Image obtained from the first amplifier with the continuous readout method. b) Image obtained from the
second amplifier with the continuous readout method. c) Image from the first amplifier after the rearrangement of the
pixels. d) Image from the second amplifier after the rearrangement of the pixels. d) Image corrected by subtracting
a median image of many dark rearranged images. e) Median image calculated from 20 dark images taken, after the
rearrangement of the pixels and combining each channel information for each image. f) Histogram of the standard
deviation of many corrected images pixel by pixel.

An image obtained with the continuous readout, after pixels rearrangement is shown in Fig. 4(a).

A more illuminated strip can be seen on the right side of the image with a different baseline due to the effect
of the vertical clocking before each row is completely read. This strip has a width of k., columns of pixels and
increases towards the left by £; 4,,, columns of pixels for each channel, as shown for the second amplifier in Fig.
4(b).

By mixing the data from the sixteen channels, the image shown in Fig. 4(c) is obtained, where the baseline
changes due to the vertical clocks for all the channels are clearly visible.

One of the key points for the feasibility of this technique is that this new baseline contribution can be
subtracted from the images, in this case, using a bias image. For this purpose, 20 dark images are taken with
single sample per pixel, and the information from the different channels are combined using equation 1. A general
single offset in the image (calculated in the overscan region of the image) is subtracted from each of the combined
images. Subsequently, the a stacked of combined images with no offset are used to calculate the bias image pixel
by pixel. The bias image is then used to subtract the baseline structure from the data of interest. An example
of this resultant image after this processing is shown in Fig. 4(c) where no evident transition in the baseline
properties is observed.

To further evaluate the statistical properties, a stack of many corrected images is used to calculate the
standard deviation of each pixel of the output images. This values are represented in first as an image shown

Proc. of SPIE Vol. 13103 1310311-5



in Fig. 4(e). In this case the image shows in gray scale the standard deviation of each pixel showing no evident
increase on the standard deviation specially in the places where the vertical transitions are observed in Fig. 4(c).
In the gray color scale white indicates larger standard deviation. At the same time, the calculated individual
standard deviation of each pixel can be grouped in a histogram, shown in 4(f) with a mean around 50 ADU,
which correspond to one electron of noise as expected for this sensor after combining the information from the
sixteen channels. The pixels were readout at a rate of 70,000 pixels per second using an integration time of 3.6

s.

4. SUB-ELECTRON NOISE WITHIN A REGION OF INTEREST (ROI)

Another readout strategy explored in this work is related to the definition of regions of interest (ROI) where the
number of non-destructive readouts is increased in pixels where a lower noise is required to detect the low light
levels. The idea was explored in the past for the Skipper-CCD? and here is extended to the MAS-CCD where
the same information from different amplifiers can be combined. A different CCD testing setup (shown in Fig.
5a) that allows light to be projected onto the sensor was used for these tests.

Figure 5. Setup used to test the region of interest readout using an 8-channels MAS-CCD. a) Picture of the inside of the
dewar showing the sensor. b) Picture of the setup with the optical lighting system, consisting of a lamp, a filter wheel, a
monochromator, a concentrator sphere and a calibrated photodiode to measure the light power.

For this test, a region of 360 by 270 pixels were read using 40 non-destructive measurements per amplifier
while the rest of the sensor is read out using single sample per amplifier. The achieved noise in the ROI is
compared to the expected reduction when the entire image is read out at the same number of samples. Figure 6a
shows the output image of one of the sensor channels using this readout mode. The central rectangular region
highlighted by the dashed lines has the 40 non-destructive samples per pixels and the rest of the sensor is read
out using a single sample per pixel. One of the drawbacks in changing the readout sequence is the movement
in the pixels baseline due to the change in the clock sequence controlling the sensor. Two effects are evident
from the figure. Firstly, each region has a different offset level and, secondly, this offset varies in the transitions
between regions. This effect is similar to the change in the baseline produced by the vertical clocks during normal
readout operation mentioned in the previous section. This mechanism, in particular for the ROI readout with
non-destructive readout sensor has been explored in the past.?? This effect appears in all the channels. The aim
of this work is to demonstrate that when all the information from all the channels is combined, the effect can be
subtracted without leaving residues that could impact the noise performance in the ROI.

Figure 6b shows the output image after combining the information from all the channels as they come out
from the CCD controller software. Since the sensor amplifiers perform the multiple sampling per pixel at the
same time, they actually evaluate different portions of the pixel matrix. This is evident in the figure thanks to

Proc. of SPIE Vol. 13103 1310311-6



the different offsets in the smart regions due to the multiple amplifiers. The individual ROI regions intersect in
the middle, so that these pixels are measured with the maximum precision by all the amplifiers. The separation
between the regions from each amplifier corresponds to the physical spatial separations of the amplifiers in
the output stages chain. In this particular sensor with 8 output transistors, the video signal from the seventh
amplifier was not giving any charge signal, so we decided to directly exclude the channel from the analysis
without performing a thorough debugging of the electronic chain to identify the source of the problem.

In order to eliminate the baseline fluctuations in the different regions, a set of dark images was acquired
to compute a bias image using the median operation. The steps used in the process are: all the available
measurements (from the same amplifier and from different amplifiers) of the pixels are averaged using equation
1 into a single image. This produces a single output image similar to Fig. 6b for each exposure. Then, a single
offset (calculated as the mean in the overscan region of the sensor) from the combined image is subtracted. The
resulting images from this step are stacked to calculate a bias image using the median value of each pixel.

The bias image calculated following the previous procedure is then subtracted from the images of interest. To
make the result more attractive to the reader, we projected a known object to the sensor with a light intensity
smaller than the noise fluctuations using a single sample per pixel. The light collection was first tested using
a large exposure to find its location and shape on the sensor (Fig.7a) which shows the "heart” shape observed
in this case. The missing part of the object is due to misalignment of the projection of the pattern with the
observed active region in the sensor. This image was used to define the ROI explained before. The light intensity
and the exposure time were then reduced to produce an average signal around 1.2e- per pixel. The results from
these exposures in the same region of the sensor are shown in Fig. 7b, ¢ and d. Figure 7b shows the image
observed with a single amplifier using a single sample per pixel for the entire sensor. In this case, the noise does
not allow to observe the projected object with low intensity. When the information of the available amplifiers
are combined (still using a single sample per amplifier), Fig. 7c, the impression of a whiter shadow seems to
appear in the central part of the image, but still the object is not clearly observable. The last test consists of
using the ROI with 40 samples per pixel. At this point, the projected image is clearly visible thanks to the low
noise achieved, of around 0.45e-. Another interesting aspect is that there are no evident residuals of the baseline
fluctuations in the final image. Moreover, the noise in the ROI is similar to the expected from the equation 2 for
Ny =40, N, = 7 starting from a single sample noise per amplifier of 7.5e-. Although the integration time in the
pixel readout is the same as in the previous section, the noise performance of this setup is inferior due to slower
electronic of the readout system.

a) Amplifier 1 b) After combining all the amplifiers

40 samples

N _-—" N4 2=
Baseline change Baseline change due to
multiple amplifiers
Figure 6. Image taken using ROI. (a) Image from a single amplifier. (b) After combining the information from seven
amplifiers.
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Figure 7. Same region of a 8-channels MAS-CCD taken in different modes. (a) Image from a single amplifier taken
after projecting a high-intensity light signal from a known object onto the CCD. This image was used to define the ROI
geometry. (b), (¢), (d) Images after projecting the same region with a low light level of around 1.2e- per pixel from
photons with a wavelength of 500 nm and using a single amplifier with a single sample per pixel (b), the combination
of all the available amplifiers with a single sample per amplifier (c), and with the definition of ROI with 40 samples per
pixel (d).

5. CONCLUSIONS

A new continuous readout method for a novel multiple-amplifier architecture silicon detector, known as the
MAS-CCD, was presented, This method avoids unnecessary time loss in the readout process and has proven to
have no negative impact on the readout noise.

Furthermore, sub-electron readout noise within a Region of Interest was demonstrated. This performance
was achieved with a smart readout, which saves readout time by focusing only on taking multiple non-destructive
samples per pixel in the region of the image where the target object is located. The effects of these methods on
the readout process outcome has been thoroughly described, confirming the absence of any negative contribution
to the readout noise. These methods will help reduce the readout times presented in previous works with this
type of sensors for the same level of readout noise performance.
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