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Abstract: A photoelectrical parameters test system for testing CCD and electron-multiplying charge-coupled
device (EMCCD) chips is designed. The test system has automatic and manual modes, and it can test the dark
currents, the output amplifier’s responsivity, charge transfer efficiency, charge capacity and other parameters.
According to different specifications and structures of CCD/EMCCD devices, we complete the parameter test
of wafer or packaged product. The developed system can be used for the testing and sorting for 576 x 288,

640 x 512, 768 x 576, 1024 x 1024, 1280 x 1024 CCD and EMCCD chips.
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1 Introduction

CCD photo devices are one of the most wide-
spread types of photodetectors. EMCCD, as a type
of CCD, are highly sensitive instruments in the
visible range, which have been successfully de-
veloped and used for observation in low light condi-
tions and the registration of single photons in the
last two decades'®. Many types of matrices that
differ in resolution, information reading method,
and choice of direct or backlight illumination have
been designed for various applications. A wide
range of CCD array photodetectors puts forward ex-
tensive and stringent requirements for the perform-
ance of measurement systems intended for sorting
or characterizing those devices. There are a variety
of papers about assembled camera testing and its
driving circuits, but little information on measuring
systems for non-testing chips on wafers or in pack-
ages ',

Those measuring systems should provide bet-
ter options for simply adjusting constant and vari-
able supply voltages. This is needed to develop the
potential to define the operating mode of the chip, to
develop the potential to test faulty chips so as to
avoid damage to the measuring system, and to
measure the variety of parameters for the chips un-
der study. The invention of EMCCD matrixes has
also led to the advancement of new requirements;
specifically, an increased need for frequency, clock
voltages, three-level pulse signals, and fine-tuning
of phase overlaps.

Testing system with a certain degree of versat-
ility and tuning capabilities is required to test the
manufactured silicon chips, especially at the stage of
setting the production technology. We develope a
test system that allows automatic or manual opera-
tion of chips, measurement of crystal parameters on
a wafer and in a package, and investigation of man-

ufactured samples.

2 Design of test system

Fig. 1 presentsa block diagram of the de-
signed test system. The system consists of a person-
al computer with specially developed control soft-
ware, a main box with output DIP-48 ZIF (zero in-
sertion force) connector, a water-cooling subsystem,
and temperature controller TED200C for EMCCD
with embedded Peltier element and temperature
sensor, KEITHLEY 2710 digital multimeter with
two 7710 multiplexer cards and a commutation
block for direct current (DC) parameter measure-
ment, and an LED lighting system.

The main box contains a Direct and Pulse
Voltage Source (DPVS-2), a Data Acquisition Sys-
tem (DAS) and an output DIP-48 ZIF (zero inser-
tion force) connector. It is possible to plug different
types of CCD into the ZIF connector on the main
box using different adapters. The adapters incorpor-
ate a water-cycling cooling system with a copper
heat sink plate mechanically connected to the CCD
package’s back surface. TED200C temperature con-
troller and Keithley 2701 multimeter were used to
manage the chip's operating temperature with a
built-in temperature sensor and Peltier element in
approximately —20~+20°C range.

The sub-unit DPVS-2 in the main box is gov-
erned by the commands from the controlling pro-
gram and provides all direct and pulse voltages used
for CCD itself, the lighting system that exposes
CCD, CDS (correlated double sampling), and ana-
log to digital conversion (ADC) synchronization in
the DAS sub-unit. CCD output signal is amplified
and preprocessed by CDS, sampled by ADC, and
transferred into the PC controlling program, which
builds a picture and measures CCD parameters for
given conditions.

The measuring part of the system consists of
two 2-channel 14-bit ADCs with a sampling rate of
up to 20 MHz. Analog and digital circuits of devices

are galvanically isolated to minimize system noise.
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b

Each ADC channel has differential input, and the
range of differential input signal equals =1/2Uggp,
where Uggr is the reference voltage that can be
coded to 1 V or 2 V. The ADCs are plugged into the

=

personal computer via a high-speed USB interface.
The measured noise of ADC with shorted inputs

was about 0.35 mV.

» LED EMCCD
EMCCD ble ad
adapter ZIF Cable adapter 2
. . To wafer
Y e
EMCCD | D1p4s (2.54 mm) zIF |
EMCCD cooler
EMCCD ﬁ .
l adapter ZIF J Cable adapter 1 Commutation block
— & .
IDIP48 (2.54 mm) ZIF|
{ I' ThorLabs
. . CDS TED200C
DVS ] [ PVS 'AD .
Cooling h 4
DPVS-2 DAS system g 7710 7710
MAIN BOX J KEITHLEY 2701

Fig. 1 Block diagram of the entire test system

For CCD DC parameter measurement (short-
circuits, leakages, output amplifier characteristics),
the chip could be plugged into the main box using
cable adapter 1 and a commutation block which
contains current sensors and is the same as on the
main box ZIF connector. Different types of CCD
chips can also be investigated with the help of the
corresponding adapter. It is possible to measure the
parameters of CCD crystals on the wafer by con-
necting cable adapter 2 through the commutation
block to the main box. DC parameters are investig-
ated by sequentially applying a constant test voltage
to individual pins of CCD and measuring currents
for all other pins to ground. The voltage from cur-
rent sensors is registered with the help of a digital

multimeter Keithley 2710 with two multiplexer

cards 7710 and transferred to the control program.
This connection of CCDs in packages or on wafers
also allows imaging at reduced clock frequencies.

This paper discusses each element of the sys-
tem, its preliminary performance, and proposed im-
provements.

2.1 DC and pulse voltage source (DPVS-2)

The designation of the DPVS-2is supplying
CCD by DC and Pulse voltages, clocking of CDS
and ADC meter. Fig. 2 shows the block diagram of
DPVS-2, which contains FPGA boards, a pulse
stretcher board (16 channels), a buffer stage, three
16-channel boards of adjustable voltage regulators,
a DDS (direct digital synthesis) sine shaping board
(optional), up to 10 boards of adjustable pulse sig-

nal driver, and a high-voltage amplifier board.
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Fig. 2 The block diagram of the direct and pulse voltage source unit

2.2 FPGA board

As one can see on the DPVS-2 block diagram,
the control commands come from the computer pro-
gram over the LAN to the FPGA boards. They are
the development board FPGA GigaBee XC6SLX
(UM-TE0600) and the expansion board (UM-
TE0603) from Trenz Electronic GmbH. Shown in
Fig. 3 is the block diagram of the FPGA board that
includes:

e Xilinx Spartan-6 XC6SLX100-2FGG484C
FPGA

e 10/100/1000 GBit Ethemnet transceiver (physical
layer) Marvell Semiconductor 88E1111

e Two independent 16-bit-wide 1 GBit (128 MByte)
DDR3 SDRAM in 2 banks

e 128 MBit (16 MByte) serial Flash memory
with dual/quad SPI interface

® 48-bit node address chip Maxim Integrated
Products DS2502-E48 (containing valid MAC ad-
dress)

e Up to 52 differential FPGA input/output pins
on B2B strips

e Up to 109 single-ended (+1 dual-purpose)

FPGA input/output pins on B2B strips

e Ethernet (PHY), JTAG, and SPI pins on B2B
strips

® Processor supervisory circuits with power-

fail and watchdog Texas Instruments TPS3705-33

an Bank1
128 Mb 128 Mb
DDR3 DDR3

ITAG (oo eio >
Xilinx FPGA Ethernet
dual/quad SPI Spartan-6 = Pﬁr{}e ( Ethernety
XC6SLX100
1125 MH7
64 MBit
(8 MByte)
dual/quad SPI
serial flash
48-bit EPROM| |00 o
DS2502-E48 DS2432
MAC address

Fig. 3 Block diagram of the FPGA board

Fig. 4 shows the block diagram of the device
(outlined by a dashed line) implemented in FPGA
(on FPGA fabric) that contains soft microprocessor
core MicroBlaze (designed for Xilinx FPGA), and
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peripheral blocks: DMA, FIFO, PLL, DDS, SPI, and
Delay line.

MCU ; Bank0
[ LAN! |microBlaze .
: " Digital pattern generator § " Bami ]
5 4 128 Mb
: DDR3
DMA )
§/' & I ;
Delay ‘ :
n iy line NCE
i 1 i
PLL
SYNC|DDS 12
PI
S 3

Fig. 4 Block diagram of the device (outlined by a dashed
line) implemented in FPGA

BankO is used as processor RAM, and the mi-
crocontroller program loads there. The second
memory bank (Bankl), DMA, FIFO, PLL, and
delay line blocks together form the Digital pattern
generator (DPG) (outlined by a dotted line). The mi-
crocontroller loads into Bank1 a computer-prepared
timing diagram of charge transfer pulses, individual-
ized for each type of EMCCD. MicroBlaze pro-
grams the DMA controller and PLL (pattern start
and end addresses, output frequency). The imple-
mented pattern generator can repeat fragments of a
pattern a specified number of times (equivalent to a
subroutine) and execute the entire pattern in a loop
to save memory. On the START command, the
DMA controller cycles through the memory area in
Bankl containing the corresponding pattern and
writes these 16-bit words to the FIFO. From the
FIFO, these words with a frequency specified by
the PLL (88.88 MHz, 44.44 MHz, 22.22 MHz,
11.11 MHz) are fed to the individually for each bit
PC-controlled delay lines (£4.5 ns).

It allows individual control signals of the
charge transfer phases in CCD, ADC, and CDS
clocking to be shifted with respect to the entire tim-
ing diagram. From the delay lines, 16 logic signals
are fed to the FPGA output and through the expan-
sion board to the next blocks.

In addition, the FPGA implements the Direct
Digital Synthesis (DDS) unit (table sine waveform

generation), which using an external 14-bit DAC
(AD9744), allows the generation of a sinusoidal sig-
nal. One of the outputs of the delay lines synchron-
izes the DDS unit, allowing the phase of the sine
wave to be adjusted within 4.5 ns. FPGA imple-
ments an SPI block for controlling various devices
via the SPI bus.
2.3 DC voltage source

DPVS-2 contains  three DVS-
16 boards. Each board contains two 8-channel 12-bit
AD5328 DACs controlled over the SPl interface
opto-isolated from FPGA boards. The output

equivalent

voltages from the DACs are amplified by schematic
identical amplifiers (Fig. 5). Their particular
strength is that various supply voltages can be ap-
plied to the operational amplifier and the output
transistor stage by switching the jumpers RJ3-RJ6,
RJ9-RJ11. This makes it possible to obtain different
ranges of output voltages for different channels. If
the output voltage range of a specific channel is less
than that of the operational amplifier, then use the
RJ1 jumper instead of VTI1. If a more extensive
range of output voltages is necessary, use
VT1 without jumper RJ1. This makes the range of
output voltages from zero to the voltage limited by
U, max transistors attainable. Resistors R1, R2, and
R9 set the offset and gain of each output amplifier.

Thus, there are 16 PC-controlled DC voltage
sources on each board. The output voltage range is
specified at build time. All channels are calibrated
before use, and the calibration data is stored in the
computer. Once calibrated, the voltages remain very
stable for a long time.

One DVS-16 board is used to generate DC
voltages to power the CCD and lighting system
(LED power supply). The output voltages of this
board’s channels are summarized in Table 1.

The other two boards are used to generate high
and low pulse voltage levels and adjust sine amp-
litude and offset. High and low levels of DC
voltages go to 10 CCD charge transfer phase driver
boards. These drivers are EL7156 logic-level con-

trolled analog switches that switch corresponding
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CCD pins between DC voltage sources, which set
high or low pulse voltage levels. A part of the logic
signals (formed in the DPG on the FPGA board) is
used to control the switches. (The other part is used
for clocking and synchronizing ADC and CDS.)

These signals are fed to the analog switches through

the analog pulse stretcher board and the buffer in-
verting stage. An analog pulse stretcher delays the
decay of individual signals by a few nanoseconds
(adjustable with a trimmer). This is necessary in or-
der to adjust the overlap of charge transfer pulses of
the pixels in CCD.

R7
e | | €5
+12v _Rl 10kQ R9 10 nF
e ROBOS)
1MQ 100 kQ RJ1 R13
R2 ' + = +VOl
s || C3 0 20 ki
S KT611
A7 20kQ 10 nF VT3
DAL:A VTI
- 2671, R10 R14 R17 OUTS
1kQ ezl _Tro84ACN Loy . = [Ere
-1 ' VT 510 kQ
01pF | Cl ~TKT611
y KT626 A T
r
28 Va—]R] | +V] VCC === +V1
0
RJ4 1
+20 V-t VSS [ =-v1
0 TLOG64ACN
RJ5 RJ9
-3.3 V- o m_\y] +VOl == - 45V
R0 RJ10
1oV - [RL] =+28V
0 RJ11
[RI] =+20vV
0

Fig. 5 Amplification of DACs output voltages

Tab.1 Parameters of 16 DC channels

Channel Setting range/ Total relative Noise,
quantity \Y error mV/300 kHz
1 =5--++10 <0.15
3 0---+15 <0.15

typical: +£0.1%;
4 —5---+15 maximal: £0.5% <0.20
from Vipax
4 0---425 <0.40
4 0---35 <0.70

The pulse voltage forming method allows the
production of any time diagram of control signals
and the setting of their amplitude parameters with
high accuracy (in the range V., — 0+15 V).

There is also one channel with three control-
lable states: low, mid, and high voltages. This may
be useful, for instance, during the testing of inter-
line transfer type CCDs.

The high voltage signal for the multiplication

register is obtained by amplifying the output signal
of one of the pulse voltage sources described above,
or a sine wave shaper, by a high voltage amplifier.
Table 2 lists pulse voltage sources' output
voltages and switching times at specific load capa-

citances.

Tab.2 Parameters of 16 AC channels

Channel . Wave front/ Load (each
. Setting range/ V
quantity ns channel)
3 HL,LL:-5...+10 120..200 up to 24 nF
HL:-5..+10 or 0...+15
4 LL:-5.+100r0..415 10 220 pF
HL: 0...+15
! LL:0..+15 <135 220 pF
HL: +5
6 LL: 0 <5 150 pF
HL: -5...+ 15;
1 LL, ML: -5..+10 120..200 up to 24 nF
(three level signal)
HL: -5...+45
1 LL: -5..+45 20 100 pF

(square or sine wave)
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2.4 High voltage amplifier (HVA)

Fig. 6 shows the high-voltage amplifier circuit.
The high voltage amplifiers (50 V voltage swing)
are made using a monolithic triple 5.5ns CRT
Driver LM2435T. The impulse output current of one
amplifier channel can reach 0.2 A, which makes it

possible to obtain rise and fall times about 25 ns at a
CAU

load of 100 pF, AU=50V (A= T). Capacit-

or C10 can correct the amplifier's frequency response

and compensate for the voltage surge when operat-

ing on a capacitive load. To reduce the rise/fall time,

it is possible to combine the inputs and sum up the
currents of several channels using a resistor adder.
This requires IC selection with an output voltage
difference between the channels of less than 0.6 V
in the entire operating range. The amplitude charac-
teristic of the amplifier is slightly non-linear and is
corrected by software calibration at 32 points. Calib-
ration data is stored in the computer. To further im-
prove the accuracy of the high voltage setting, an
automatic calibration procedure is available before

measurements start.

R2__ 51k clo 1p*
— I
IN  R3 1k R6 9 oL 'I R1 20 ouT
X— 11— IN1 ® —1
20 7 N2 HV_Drl 60t -
RS IN3 OUT3 [——
RO 10k ,
1k 5 VCC - X
GND VBB BLM +60 V
C3Jlu h . .
R s Dol oda L Lo Lo L
330 9 &.< R c4 _cs Jes [c7 2
Kl 100 uT >0 T—u -Jl_oonToolTomToon
Dligq Cl Hlu Ji ! el ! \ \ o
RS IN4148 jgg v
1k
LV-10V -F” LV-15V

Fig. 6 High voltage amplifier circuit

Using a high-voltage amplifier to supply the
multiplication register of EMCCD has several disad-
vantages: it consumes significant power (in compar-
ison with resonant circuits), has low output voltage
accuracy (compared to switches as in low-voltage
pulse voltage sources described above), and oscil-
lates at the edges of output pulses when the load ca-
pacitance changes, amongst other problems. Indeed,
the average current consumed by a capacitive load
without taking into account losses in an amplifier or
switch can be expressed as I = AU -C- f. The aver-
age consumption current is about 50 mA, and the
power consumption is about 2.5 W at typical condi-
tions (C=100 pF, AU=50 V, /=10 MHz).

In resonant circuits, energy flows from the in-

ductor to the capacitor and back when the multiplic-

ation register capacitance of the EMCCD is in-
cluded in the oscillating circuit. In this case, only
the energy losses in the circuit elements have to be
compensated. Naturally, the energy efficiency of
such systems is much higher because losses are neg-
ligible.
The

multi-functionality for investigative purposes. It op-

designed measuring system provides
erates at different frequencies (including DC), with
various types of CCDs, with different adapters and
cable adapters, with other load capacitance and di-
verse values of parasitic capacitances and induct-
ances, which prevents the use of resonant circuits.
Resonant power circuits are beneficial for end
devices with EMCCDs (off-the-shelf cameras),

where they operate at fixed frequencies in a fixed
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circuit with constant parasitic parameters.

The use of analog switches in the formation of
rectangular pulses does not provide such a dramatic
gain in energy efficiency, however, it allows for the
achievement of better accuracy and stability of amp-
litude parameters compared to the use of high-
voltage amplifiers for this purpose. Unfortunately,
this paper’s authors do not know of any high-
voltage fast analog switches used in integral design.
Attempts to create such switches based on discrete
elements (silicon MOSFETSs) usually encounter a
number of difficulties, especially at frequencies
above 10 MHz, because of high switching losses,
the Miller effect, large impulse currents when
operating on a capacitive load, etc. The situation
changed somewhat with the advent of GaN High
Electron Mobility Transistors (HEMT) and special-

vee
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ized high-speed integrated circuits for half-bridge
control on GaN transistors (for example, PE2910x
Peregrine Semiconductor, etc.)!>'?. The use of these
devices, which have a high switching speed and low
on-state conduction loss, opens up a broad array of
possibilities for creating high-voltage fast analog
switches suitable for creating high-voltage AC
sources for the EMCCD multiplication register. Our
experiments in this area have shown the possibility
of creating high-voltage switching power supplies
with an output voltage of up to 50 V with switch-
ing times of ~5 ns at a load of up to 150 pF and op-
erating frequencies of up to 15 MHz. The schema-
tic diagram of the experimental driver is shown in
Fig.7 and its power consumption results is shown

in Fig. 8.
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Fig. 7 Schematic diagram of the experimental driver on the base of GaN HEMT
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Fig. 8 Driver’s power consumption and temperature at dif-

ferent output voltages and loads

3 Use of test system

Table 3 lists parameters measurable by the de-
veloped system.

When rejecting crystals on a wafer or measur-
ing chips in a case, the resistances between the
buses are monitored first. The entire test of the DC
parameter is divided into 2 parts: the measurements
of currents at 0.25 V and at 5 V (if the previous test
was successful). This is done to avoid big currents

that may cause bus shortages that can lead to dam-
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age to the measuring bench. The scheme shown in
Fig. 9 was used to determine maximum output
voltage, charge capacity, output amplifier responsiv-
ity in normal and gain mode, and other electrical
parameters. It is the scheme used when measuring
chips without an antiblooming function. All current
passes through a setting transistor RD. However, if
the antiblooming function is embedded into the
chip, the output signal dependence from RD-current
is not applicable to defining output signal saturation.
Instead, the dependence of output signal vs chip il-

lumination is measured, and RD-currentis meas-

I LED Uniform lighting
L% 7
LIRS

DC & AC

ured at the saturation point.

Tab.3 Electrical parameters of EMCCD matrices
measured by the test system

No Parameter Range

Resistances between the pairs of
chip contact pads

2 Average Dark Signal > 1 e/pixel/s
3 Dark Signal Non-uniformity (DSNU)

4 Multiplication Gain 1~1000
5 Peak Output Voltage (POV) <1V

6 Output Amplifier Responsivity (OAR) wV/e-

7 Register Charge Handling

8 Electric Charge Transfer Efficiency (CTE) < 0.99995

; ) Vo

Tf POV

V.

out

Extra charge
RD

L

Fig. 9 Flow chart for measuring maximum output voltage, charge capacity, and output amplifier responsivity

Fig. 10 presents the results of tests for 640x
512 EMCCD.
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Fig. 10 Measuring results of test system. Volt-charge re-
sponsivity for normal and gain modes, average
dark signal, and dependence of gain on RO2HV

voltage were measured

These graphs show volt-charge responsivity for
normal and gain modes, average dark signal, and de-
pendence of gain vs. RO2HV voltage. The follow-
ing EMCCD parameters are measured and calcu-

lated (Table 4).

Tab.4 Measurements example of test system

1. POV nm, norm mode (max) =0.177 V;
2. SC is (saturation charge) = 132151 e'/pixel;
3. POV hgm, high gain mode (max) = 1.782 V;

CHCgr, Charge Handling Capability of gain

4 register = 1280481 e'/pixel;
5. White column defects = 3
6. Dark column defects quantity = 18
7. Average Dark Signal (U) = 0.002 939 V/pixel/s
8. Average Dark Signal (¢') = 2396 e'/pixel/s
9 OAR (output amplifier responsivity) = 1.416 uV/e'
' (NM: 1.226 uV/e")
10. Dark signal non-uniformity (DSNU) (rms) = 67.334 %
11. Charge transfer efficiency (CTE) = 99.908 %

4  Conclusion

The system’s main box includes the Direct and
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Pulse Voltage Source Two (DPVS-2) and Data Ac-
quisition System (DAS). DPVS-2 generates the
CCD-required DC bias and pulse driver signal. Es-
pecially for EMCCD, the high voltage gain uses an
analog switch circuit based on GaN HEMT, which
achieves high switching speed, low on-state conduc-
tion loss, flexible frequency control, and better ac-
curacy and stability. The developed system enables
the measurement of the photoelectrical parameters
of various formats of CCD chips. The measuring
system's construction principle allows it to be flex-

ibly configured to study different types and formats

of CCD matrixes. We examine the developed sys-
tem to study the parameters of 576 x 288, 640 x
512, 768 x 576, 1024 x 1024, and 1280 x 1024
matrixes on the wafer as well in the package. The
system allows automatic or manual rejection of
crystals and measurement of chip parameters such
as resistances between the pairs of chip contact
pads, average dark signal, dark signal non-uni-
formity (DSNU), multiplication gain, peak out-
put voltage (POV), output amplifier responsivity
(OAR), register charge handling, electric charge
transfer efficiency (CTE), etc.
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