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MEASURING SYSTEM FOR TESTING ELECTRICAL
PARAMETERS OF EMCCDs OF VARIOUS FORMATS

This article describes the developed equipment that allows measuring the photoelectrical parameters
of multielement photodetectors, specifically various formats of EMCCD (electron multiplying charge-
coupled device) chips. The authors present the measuring techniques and test results on dark currents,
output amplifier sensitivity, charge transfer efficiency, charge capacity and other parameters. The stud-
ies were conducted, both on the wafer and in the body, on samples of the following formats: 576 %288,
640%512, 768x576, 1024x1024, and 1280x1024.
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An electron multiplying CCD (EMCCD) is a
special type of CCD detector. EMCCDs are highly
sensitive instruments operating in the visible range
that were developed for low light surveillance and
detection of single photons and have been suc-
cessfully used in various fields over the last two
decades [1—35]. There are many different types
of matrices that differ in resolution, method of
information reading, illumination type — direct
or backlight. The wide range of CCD array pho-
todetectors puts forward extensive and stringent
requirements for the performance of measurement
systems. There is a variety of papers about test-
ing assembled cameras and their driving circuits
[6 —8], but little information is found on measur-
ing systems for separate chips on the wafer or in
the body.

Any measuring system of this kind should al-
low for a simple adjusting of AC and DC power
supply of the chip (and its timing diagrams) in
order to control its operating mode, provide a pos-
sibility of testing faulty chips without a damage
to the measuring system, and measure a variety
of parameters for the tested chips. The invention
of EMCCD matrixes called for new requirements,
such as providing an increased clock frequency and
voltage or generation of three-level pulse signals.
In order to test the manufactured silicon chips,
especially at the stage of setting the production
technology, testing equipment with a certain
degree of versatility and tuning capabilities is
required. In this work, the authors developed
testing equipment that allows performing auto-
matic or manual detecting of defective chips and

measuring the parameters of crystals on the wafer
and in the body.

Design of measuring system

The developed equipment has a master part and
a measuring part. The master part allows setting
16 direct and 16 alternating voltages as listed in
Tables 1, 2. These voltages are supplied via 48
DC-voltage channels on the base of AD5328 12-bit
DAC with output amplifiers for precise setting of
required voltage in the given range; sine generator
based on the direct digital synthesis method; digi-
tal pattern generator based on a GigaBee XC6SLX
with a minimum 1,/88.88 MHz time discrete and
a maximum pattern length of up to 64 MSample.
The device is connected to a PC via a 100 Mbit
LAN port.

Alternate voltage channels (15 V voltage
swing) are made using EL7156 drivers; high volt-
age (50 V swing) channels are based on LM2435T
drivers. Apart from that, there is also one channel
with three controllable states: low, mid and high
level voltages. It may be useful, for instance, dur-
ing testing of interline transfer type CCDs.

Table 1
Parameters of the 16 DC channels
Channel Srzgcilgg Total relative Noise,
quantity Vg ’ error mV /300 kHz
8 —5...415 | typical: #0.1%; < 0.15
4 0...+25 | maximal: +0.5% < 0.40
4 0..+35 from Vi . <0.70
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Table 2
Parameters of the 16 AC channels
. L Wave Load
le;;ltliltel Settln%/ range, front, (each
q Y ns channel
. _ up to
4 HL, LL: =5...+10 | 120...200 19 oF
HL: -5...+10 or
0...+15
> LL: —5.+150r | <10 | 220PF
0...+15
HL: +5
) LL- 0 — 150 pF
HL: +5...+20; ¢
1 LL, ML: =5...+10 | 120...200 | ¢} 2
(three level signal)
HL: =5...+45
{ LL: =5...+15 20 100 pF,
(square or sine 10 mA
wave)

Table 3

Electrical parameters of EMCCD matrices that can
be measured by the developed test system

Parameter Range
Average dark signal > 1 e /pixel /s
Multiplication gain 1—1000
Peak output voltage
(POV) <tV
Output amplifier responsivity _
(OAR) hv/e
Electric charge transfer < 0.99995

efficiency (CTE)

Dark signal non-uniformity
(DSNU)

Register charge capacity —

White or black column quantity —

For all alternate channels, a particular atten-
tion is paid to minimizing the distance from the
drivers to the chip under study. In general, the
shorter the distance the better, because of the fol-
lowing: firstly, the wire has a linear capacitance
(low-pass filter) operating as a receiving antenna,
and secondly, the wire has a linear inductance
(=1 nH /1 mm) causing waveform distortion and
operating as a transmitting antenna. For example,
inductive reactance of a 10 mm of wire is nearly
1 Q at a frequency of 20 MHz without taking into
account the skin effect and the effects associated
with resonance in R-L-C circuits. It limits rise
and fall times of high frequency signals (Fig. 1).

The measuring part of the system consists of
two 2-channel 14-bit ADC with a sampling rate
of up to 20 MHz. Analog and digital circuits of
the device are galvanically isolated to minimize
the noise from the system. Each ADC channel
has differential input with a range of the input
signal of £0.5U g, Where Uggy is the reference

voltage than can be coded to 1 or 2 V. ADC is
plugged into a PC via high-speed USB interface.
The measured noise of ADC with shorted input
was about 0.35 mV.

Another part of the measuring system was a
Keithley 2701 voltmeter with two 20-channel
7710 modules. It allows measuring direct current
parameters of the tested chips, for example, re-
sistance between different contact pads, current
consumption on some lines, DC output amplifier
specifications.

Apart from the DC parameters, the system al-
lows measuring other characteristics of the chips,
as shown in Table 3.

In order to make it possible to measure EMCCD
chips of different formats, we used corresponding
adapters from the DIP-48 output of the measuring
system to the body for each type of matrix.

The adapters had incorporated in them a water-
cycling cooling system with a copper heat sink
plate mechanically connected with the EMCCD
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Table 4

Temperature of the chip at different values of current
passing through the built-in Peltier element

Temperature, °C Current, A
—20 1.010
-18 0.905
-15 0.780
-10 0.582
-5 0.464
0 0.357
) 0.260
10 0.173
15 0.096

Fig. 2. Measuring system in general and an example of
how a 640x512 EMCCD chip is connected to the system

body surface. TED200C temperature controller
and Keithley 2701 were used to manage operat-
ing temperature of the chip with a built-in Peltier
element in the —20...+20°C range (see Table 4).
Fig. 2 shows the test system in general and an
example of how a 640x512 EMCCD chip is con-
nected to the measuring system.

A controlled light source was located above the
chip, providing uniform lighting of the matrix in
the range of illumination from complete darkness
to the level allowing for output signal saturation.

Measurements techniques and test examples

During the process of detecting defective crys-
tals on the wafer or when measuring chips in the
body, the parameter that should be monitored
first of all is resistance between the buses. The

[ Commotationock heck -loix|
Voltage 1.V Voltage 2.V
[ECE | S | | toodsinicpusen | 25 fo —®
Test Result
| |
Test'0G'=5.00V 0oDL. 153693 uA
CH1:  ABG 001uA ODH 2169.45 uA
CH2: 06 0.00 uA RD 2361uA
CH3: RD 004 uA PD 2133uA
CH4: ODH 0.03uA R2DC  004uA
CHS: 0oDL 029 uA ABG 000 uA
CH6: R2DC  0.00uA FR 006 uA
CHT: PD 007 uA RF1 008 UuA
CH8: FR 002 uA RF2 0.10uA
CH9: OSH 0.02uA R2HV 009 uA
CH10:  OSL 028uA RF3 005 uA
CH11:  R2HV ~ 001uA IF1 001uA
CH12: RF3 0.05 uA IF2 003 uA
CH13: RF1 0,05 uA SF1 002uA
CH14: RF2 0.00 uA SF2 003uA
CH15:  SF2 0.06 uA 06 0.00 uA
CH16:  SF1 003 uA
CHT:  IF2 0.06 uA OSH 114087 uA
CH18:  IF1 007 uA osL 1054.45 uA
CH19: SLD 0.02uA SLD 0.10uA
CH20: VsS 103uA Vss 98052 uA
ODL Limit, wA ODH Limit, vA  RD Limit, uA PO Limit, uA. ODL Limit, wA ODH Limit, uA D Limit, wA  PD Limit, uA
£ j300000 300000 f35.00 fs5.00 J400.00 J400.00 J5.00 J5.00
SLD Limit, uA o Defaul Limit, uA SLD Limit. ud S Delault Limit, v
,mn— 6V Test Limits [r ,100— 0.25V Test Limits R0

Fig. 3. Measuring of currents between different contact
pads of the chip
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Fig. 4. Flow chart for measuring of maximum output
voltage, charge capacity and output amplifier responsiv-
ity and a generalized experimental dependence

entire test of the DC parameter is divided into 2
parts: first, the current is measured at 0.25 V, and
then, if the previous step is successful, at 5 V. The
goal here is to prevent big currents in case of bus
shortages that can cause damage to the measuring
bench. Fig. 3 shows an application window with
an example of the results of the 640x512 DC test.
Other electrical parameters, such as maximum
output voltage, charge capacity, output amplifier
responsivity in normal and gain modes were de-
termined using the scheme shown in Fig. 4. It is
a chip measurement scheme with no anti-blooming
function, when all currents flow through a so-
called reset drain transistor, often referred to as
RD. However, if antiblooming function is embed-
ded into the chip, the output signal dependence
from the RD-current does not define output signal
saturation. Instead, the dependence of the output
signal on the chip illumination is measured and the
RD-current is measured in the saturation point.
Fig. 5 presents the test results for the 640x512
EMCCD, i.e., graphs for the volt-charge respon-
sivity for the normal and gain modes, the aver-
age dark signal, and the dependence of gain on
the RO2HV voltage. Measured and calculated
EMCCD parameters are shown in Table 3.
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Fig. 5. Test results on the measuring system (volt-charge responsivity for normal and gain modes,
signal, and gain vs. RO2HV voltage)

Table 5
Measured and calculated EMCCD parameters

Peak output voltage, norm

mode (max) 0177V

Saturation charge 132151 e /pixel

Peak output voltage, high

gain mode (max) 1782V

Charge handling capability of

gain register 1280481 e~ /pixel

White column defects 3

Dark column defects quantity 18

0.002939 V /pixel /s
2396 e~ /pixel /s

1.416 uV /e~ (NM:

Average dark signal

Output amplifier responsivity

1.226 uV /e’)
Dark signal non-uniformity 67.334°%
(rms) : ’
Charge transfer efficiency 99.908%

Conclusion

The measuring system that allows measuring
photoelectrical parameters of EMCCD chips of
various formats has been developed. The flexible
design of the measuring system allows testing
different types and formats of EMCCD matrixes.

i
st | 10 s | _swoe
Average durk sigaal L | Dependence of GAIN vs ROZHY
o.
>
5
o111 T 117 | | ]
160 180 20 20 %0 %0 400 1000 1500 2000 7500 3000 300 4000 4500 5000
Integration fime, 5 ROV, V.
vV SRE,Y SepsQuemiy VSV Rowh  Caln
‘Steps Quar Startvalue Tint,s  Delay time, s OAR, uV/e” 2000 0 3 100 100
C— [ izl i 7 s
Povham, v
| rr g ool & & fizez | am]
b A v wl = Wit DofoctLimi
— d um Fo po0 oo om0
10 ok spatrartomity G514 (- 57530 E
o[ ;
=
Son | [Tt s [NTie_[0dark v [VSS.V O A e e T A A
10000 245 00130 5999 13 31500 3878 700 01930 00101 01829 0.0069
120000 496 00460 5999 14 32000 7885 700 04023 00304 03719 00069
j2_|30000 |746 00753 5999 15 16932 650 01220 00823 00397 00836
o @00 % ot0ss e i et e ot v s oo,

average dark

We have tested the system by measuring param-
eters of 576x288, 640x512, 768x576, 1024x1024,
1280x1024 matrixes both on the wafer and in the
body. It has been found that the system allows
detecting defective chips automatically or manu-
ally and measuring the parameters of the crystals.
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BUMIPIOBAJIbHA CUCTEMA [JIA TECTYBAHHA EJIEKTPUYHNX
ITAPAMETPIB I[133EM PISHOI'O ®OPMATY

Ipunradu 3 sapsdosum 36’ a3xom (I1133) 3 enexmponnum muoxenmnan (EM) — uye sucoxouymausi demexmopu
6U0UMOZ0 dianazony, wo Oyau po3pobieni 01 CROCMEPEKeHHs. 6 YMOBAX CAAOKOT 0CEIMAEHOCME Md Peccmpayii
OOUHUYHUX POMOHIE T YCHIWUHO SUKOPUCTNOBYIOMLCS Y PISHUX Chepax npomsizoM OCMAHHIX 080X Oecsmuiimo.
Icnye Gazamo piznux munie mampuup, w0 6i0pi3HIIOMbCS PO3VIALHICINIO, CROCOOOM JUUMYBAHHS iHpOPMAT,
npsamum abo 360pomHiM 3aceiuyeanuam. Beauka xinvxicmo munie I133-homodemexmopie eucysae nideuweni
8UMOZU 00 NPOEKMYBANHI BUMIPIOBANLHUX cucmeM. B simepamypi docums wacmo onucyomscs npouecu npoex-
MYBAHHS. MA MECMYBAHHSL 20MMOBUX KaMep, dle OpaKye mqbopmamz w000 BUMIPIOBANLHUX cucmeM 01 Mecmy-
eanms oxpemux mixpocxem I133 na naiacmuni abo 6 xopnyci.

B 6yodv-axomy pasi eumipiosdaivhd cucmemda nOSUMHA HAOABATU MOKJIUGOCME O WEUOKOZO Pezynio8dis.
nocmitinux i aminnux wanpye xueaenns wuny (ma ixwix uacosux diazpam) 0As KOPEKMYSAHH PEKUMY 11020
pobomu, nepedbauamu UMOSIPHICIMb MECMYSAHHA HECHPAGHUX MIKPOCXEM I NPU UbOMY YHUKANU NOUKOOKEH-
HSL anapamypu, a maxox eUMIpIOSAmMuU Pi3HOMAHIMHI napamempu 0ocaidxyseanux 3paskie. Kpin uvozo, possu-
mox mexnon02ii 1133 maxox npuseooums 00 NOsL6U HOBUX 6UMOZ, HANPUKAAO NIOGUWEHOT 4ACMOMU MAKIMOBUX
IMRYALCIE MA IXHOOT HANPYZU, 2eHePayii MPUPIBHESUX IMNYIbCHUX CUZHANLE. [l MeCmMYy6anHs 6Uz0mo6IeHUX
KPEMHIESUX MIKPOCXEM, 0COOIUBO HA eMAani 6NPOBA0KEHHS MeXHOA02Ii UPOOHUYMEA, HEOOXiIOHEe 00NA0HANHS 3
nesHUM CMyneHem YHieepcaivHOCE MAd MOKAUSOCMEl HAIAUMYEAHNSL.

B Oaniti cmammi onucano po3pob.ieny suMipiogaivbHy CUCEMY, w0 00360€ OOCAI0KYEAMU POMOCICKMPUUHT
napamempu 6azamoenemenmuux gomonpuiimayis, soxpema I133EM pisnux popmamis. IIpedcmasaerno memo-
JuKu ma pe3yrvmamu SUMIPIOBAHL MEMHOBUX CMPYMIB, UYMAUGOCIT SUXIOH020 NIOCUNIO8AUd, epheKMmMUSHOCIE
nepedaui 3apady, 3apsdooi EMHOCE MA THWUX napamempis. /[oCai0Kennss nPogooUNUCS HA 3PAKAX hopmamy
576%288, 640x512, 768x576, 1024x1024, 1280%1024 sax na naacmunax, max i 6 KOpNYcax.

Pospobaenuii  eunpobysarvruii cmend 0036041€ npogooumu agmomamuune dbo pyune 6i00PAKOBYEAHHS.
MIKpOCXeM 1 GUMIPIOGAMU (HOMOCACKMPUUHT NAPAMEMPU KPUCMALIE HA naacmunax i 6 kopnyci. Ilpunyun no-
6ydoeu GUMIPIOBANLHOT cucmemu 003601€ euKopucmosysamu it 0as docaidxenns mampuup II33EM piznux
munie ma gopmamis.

Kawouosi crosa: homodemexmopu, npunadu 3 3apadosum 36’ a3K0M 3 eAKMPOHHUM MHOKCHHAM, UMIPIO6AILHA
cucmema, omoereKkmpuyHi napamMempu.
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N3MEPUTEJIBHAA CUCTEMA [JIA TECTUPOBAHUA
IJIEKTPUYECKHUX ITAPAMETPOB II3C9Y PASHOTO ®OPMATA

B dannoii cmamove onucvieaemcs paspabomannoe 060pyoosanie, no3gOAsIOUEe USMEPIMb OMOIIeKMPUtECKUe
nApamempvl MHOZOINEMEHMHBIX (POMONPUEMHUKOE, 6 UACMHOCIU, PAIUUHbIY hopmamos mukpocxem [I3CIY
(npubopol ¢ 3apsdosoil c653v10 U sneKmpPOnHLLN YMnoxenues). IIpedcmasasmvl memodvl usMepenus u pesyiv-
mamot UCNLIMAHUT HA MEMHOBbIE MOKU, 4YECTNEUMETPHOCIL SLIXOOH0Z0 YCUAUMENS, IPHEKMUSHOCND nepeHocd
3apsoa, 3apsouyio emxkocms u Opyzue napamempoi. Hcecaedosanus nposodurucs na obpasuax ciedyowux gop-
mamos: 576x288, 640x512, 768x576, 1024x1024 u 1280x1024, xax na naacmune, max u ¢ Kopnyce.

Katouesvie crosa: pomonpuemnux, I3CIY, npubop c 3apsdosoti c8s3610 U IAEKMPOHHIM YMHOKEHUEM, U3Me-
pumeavHas cucmemda, omosrexmpurecKue napamempoi.
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