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l. INTRODUCTION

One of the main challenges of modern astronomitsttuments like adaptive optics (AO) systems argei
trackers is to deal with the very low photons fldetection scenarios. The typical timescale of aphesdc
turbulences being in the range of some tens ofsedbnds, infrared wavefront sensors for AO systee®sls
frame rates higher than 1 KHz leading to integratimes lower than 1 ms. This integration time aiged with
a low irradiance results in a few number of intéggigphotons per frame per pixel. To preserve tfarmation
coming from this weak signal, the focal plane arflalA) has to present a low read out noise, a figintum
efficiency and a low dark current. Up to now, theput noise of high speed near infrared sensdisiited by
the silicon read out circuit noise. The use of Hfj€@valanche photodiodes with high gain at modesaterse
bias and low excess noise seems then a logicatevesduce the impact of the read noise on imaggsabto
noise ratio. These low irradiance passive imagimgli@ations with integration times in the millisewbrange
needs low photodiode dark current and low backgtoturrent. These requirements lead to the choidbeof
photodiode cut off wavelength. The short wave irfda(SWIR) around 3 um is a good compromise between
gain that can be obtain for a given APD bias aedidickground and dark current. The CEA LETI HgCAP®
technology, and a fine analysis of the gain cuivaracteristic are presented in [1] and won't beitkd here.
The response time of the APD is also a key fadopafhigh frame rate FPA. This parameter has bealuated
in [2] and the results shows cut off frequenciethenGHz range.

In this communication we report the performancea 8WIR APD FPA designed and fabricated by CEA LETI
and SOFRADIR for astrophysical applications. Thewelopment was made in the frame of RAPID, a 4s/ear
R&D project funded by the French FUI (Fond Uniguetministériel). This project involves industriahd
academic partners from the field of advanced iefidocal plane arrays fabrication (SOFRADIR and GEAT)
and of astronomical/defense institutes (IPAG, LABNERA). The goal of this program is to develop st fand
low noise SWIR camera for astronomical fast apgibice like adaptive optics wavefront sensing andgt
tracking for astronomical interferometers [3].

The first batch of FPA’s was based on liquid-phegiaxy (LPE) grown photodiode arrays with 3 pum ofit
wavelength. In order to get higher avalanche gairafgiven photodiode reverse bias voltage, we nsage a
second batch with a cadmium composition leading.8oum cut off wavelength\{). This paper described the
read out circuit in the next section. The aim sectil is to find the critical parameter that hasse measured to
evaluate the signal to noise ratio (SNR) of an AFEA. The main electro optical characteristics oF&# based
on 3.3um cut off wavelength APDs are reported imgid FPAs characterisation” section. The dark eurre
evolution with temperature of a 3 pm FPA high amd APD bias is also detailed in this section.

. READ OUT CIRCUIT DESIGN

The read out circuit (ROIC) developed for the RARIject consist in a 320 by 256 pixels array v@tum
pitch. The input stage uses a capacitive trans-dapee amplifier (CTIA) to get a good linearity aaintra-
pixel correlated double sampling (CDS) to reach tead out noise levels. The CDS signal is memorized
each pixel allowing an integration while read (IWdRJnal output and so an integration time usingoainall the
frame period. With 8 analog video output the RARRDIC reaches a frame rate of 2 KHz at 20 MHz pixel
clock. The conception goal was to get less thale@rens of input referred read noise at 80 K.

The key ROIC design parameters are listed in Table
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Table1: Rapid ROIC specifications

RAPID ROIC

Parameter Specification
Operating temperature 80 K

Format 320 x 256

Pixel pitch 30 um
Maximum frame rate 2 KHz

Input stage CTIA + CDS
Integration mode Snapshot
Read out mode Integration while read
Input referred noise 2 electron at gain 20

[l. SIGNAL TO NOISE RATIO ANALYSIS

The aim of the following analysis is to point obhetAPD FPA measurable parameter allowing to evaltre
SNR of each pixel of an FPA for any given numbeplodton per pixel. This SNR evaluation needs the
knowledge of the excess noise due to the gain ramidehe quantum efficiency of the APD. The evadumbf
these two parameters in our particular case islddthere after. This analysis assumes a linear A®de and
is valuable for more than 1 photon per integratiore.

A. Excess noise factor and QEFR

During the characterization of a SWIR RAPID FPAg, mave observed some devices exhibiting a mease valu
of the measured excess noise factae{Jvalue below 1. As an example a value 0,94 wassared for the
3.3um cut off wavelength device. The F definitiaialled later implies that a F value below 1 is plogsic. A
difference between the true F and the measure@ Vels ever been observed by DRS [4]. The origthief
difference was explained by a variation of the piitefactor when the photodiode is biased. In @ase an
Fmeasbelow 1 suggest that the fill factor slightly irases when the APD is biased. The pixel QE carefieed
as the ratio between the number of incoming phatorise number of electrons collected by the phiotbel
before multiplication by the gain. From this simglefinition, a fill factor increase will lead toQE increase.
This QE evolution has two main consequences thabwidetailed in the following analysis.

The APD gain is usually measured by the ratio betwsigh and low bias signals. If the QE slightlgreases
when the photodiode is biased to get the gainptbasured gaimeaswill contain both the true gai@ and QE
variation and gives an over-estimation of the gHiQ is the quantum efficiency low APD bias (at unigirg
andQ the QE at high bias, the only equation that cawtigen is:

Q

Gmeas = Q_G (1)

1
The second consequence of QE variation with the ibithat the excess noise factor measurementesait m
a value lower than the theoretical low limit ofFlis defined as the ratio of SNR at the input ef #PD to the
SNR at the output. Here we are using the photonibd-ratio between SNR limited by the photon nbistore

APD gain,SNRn into the value of this SNR after gaBINR out

_ SNRsNIn

" SNRsn out )
For a given number of integrated photdhs the shot noise limited SNR before APD gain is:
SNRgy jn = QN (3
and so:
QNph
" SNRsy out )

As Q is unknown, the SNR before the APD gain can't bawated from (3).

The input shot noise limited SNR that can be meassre

SNRSN Inmeas = Qleh (5)
Proc. of SPIE Vol. 10563 1056310-3
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Fmeasbeing defined as the value of F evaluated f@NRN in meassand the measurement of SNR with the APD
biased SNR out meas then we get:

Fmeas = Qleh/SNRSN Out meas (6)
And making the ratio with (4):
Q
Fmeas = ElF (7)

It's now clear thaFmeasis underestimated when the QE increase with ARB.litven if the true values Qf
and F can’t be measured, Q¢ ratio or QEFR is accessible to the measure vidalhaving relation simply
deducted from the previous one:

QEFR = Ql/Fmeas (8)

B. Noise equivalent number of photons and signal isenmtio

The evaluation of the SNR that will provide an AB&ed FPA for a given number of incoming photons is
crucial for all kind of applications. Another uskfiarameter is the number of photon producing aadigqual
to the total noise of the FPA. For the followindoedation, we will assume a negligible backgrouhckf To
avoid confusion with other formulation of the noesguivalent number photon taking into account thisen of
the signal itself [5], we will name this one theldaoise equivalent number of photons and use oli&tion
Ndeph

From a noise measurement in dark condition, wagetvaluation of the sum of the dark current aedéad
noise. If we name this total dark noise at the outyi the APD0yakand from the previous théyepnis:

Ndeph = Odark /(GQ) (9)
Using (1), we get a formulation using parameteceasible to measurement:
Ndeph = Odark /(Ql Gmeas) (10)

Readout circuit noise of APD based FPA are oftgareéssed in electrons back referred to the photediggut
(i.e. before APD gain). When the QE changes witts pive don’t have access to the true gain andable b
referred FPA noise expressed in electron is unkndlie FPA noise can only be expressed in Voltabihtput
of the FPA or in photons at the input of the phaidd.

The SNR at the output of the FPA is:
2
SNRoy = ——2u— (11)

2 2
ISN outt9dark

Sout being the FPA output photonic signal expressealantron andisn ouwtthe photonic shot noise in electron.
By expressing the signal and noise of (4), it cames

‘7521\1 out = FGZQNph 12)
And then (11) gives:
NZ
— ph
SNRyy: = QEFRNphMéark 7r67q (13)

The product F&) can be expressed from measurable FPA paramitetbe ratioQ? G2, ,s/QEFR.

2
SNRoy, = i 2 (14)
Npn/QEFR+(0dqrk/Q1Gmeas)
NZ
— ph
SNRoye = Npn/QEFR+N3 .5 (1%)

This SNR formulation allows to evaluate the SNRhatoutput of the FPA for any number of incomingfams
and from measureable figures of merit: the QEFRMNwgh This is also valuable when the QE is stable with

APD bias, but as we have seen before, if it's hetdase, some precautions have to be taken toate@EFR
and Niepn Proc. of SPIE Vol. 10563 1056310-4
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V. RAPID FPAs CHARACTERISATION

The following electro optic measurements and figuwemerit concern the same FPA based on a 3.3 g A
array and were made at a FPA temperature of 8thK.study of current in dark conditions that was enfaat
another device with 3 um cut off wavelength.

A. Conversion capacitance evaluation

The conversion capacitance is calculated fromlthgesof the total current of the array as a functidthe mean
output voltage of all pixels. As for other photonieasurements, the FPA is in front of an extendackibody
and equipped with an f/4.1 cold screen.The cuwariition was obtain by changing the temperatura bfack
body in front of the FPA from 15°C to 30°C. A consien capacitancei&of 4.14 fF was determined from Fig. 1
for a low APD bias voltage (unity gain). For higheas, the gain, QE and.Cevaluations can’t be distinguished

Vout = f(lsubPV) : Cint évalué 4.14e-15 pour Tint = 4.00e-03
25

e
et

25 3 35 4 45 5 55 6 6.5
5
Isuopv (A) X9

Fig. 1: RAPID FPA integration capacitance evaluation at JsRD bias voltage (-0.2 V).

B. Electro optical FPA performances measurements apérsmental SNR evaluation

The gain was measured from the FPA response tack bbdy temperature {J) variation of 5°C around

17.5 C. The use of the response method avoids@rfysion between the dark current and the gaihcanibe
when measuring the gain from a simple current r&iw the 3.3 pum cut off FPA, a mean value gai8lofs
obtained at 8 Volt of reverse bias. The pixel tcepbr spatial standard deviation is quite low & 2More
important than the gain dispersion is the unifoyroit an image after non uniformity correction (NU@ an
example, we have simply make a NUC from two imagedifferent integration times (30 us and 80 p€) at
Volt of APD reverse bias. Fig. 2 is the resultied NUC applied to an image at a third integratioretof 60 ps.
The 82 bad pixels deviates by more than 33 % ofithan value. The Y scale limits of the image ase fiked
at more or less 33 % of the mean value. The rekfokea pattern noise (RFPN) in this case is [&és81t2.8 %
of the mean value. This good uniformity after Nl$preserved when the photon flux on the FPA charkggs
3 shows a flat field in front of a 20°C black bodith the NUC recorded at 15°C used for Fig. 2. Shatial
dispersion is very low at 1.3% and there is only\ba€ pixels.

FPA1301; VINUC at T =15°C) for : T, =15°C ; NA= 0.122; Tint=6.0e-05 5 ; V, =-8 V Mean = 0.259V; Med = 0.26V; Std = 9.13¢-03V ; 82 Bad Pix

Fig. 2: Tuwy = 15°C flat field map and histogram for 8 VoltAPD reverse bias (measured gain of 31)

after non uniformity correction.
Proc. of SPIE Vol. 10563 1056310-5
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FPA 1301 ; V(NUC at T\ =20°C) for : T, =15°C ; NA= 0.122 ; Tint=6.0e-05 s ; \/apd =8V Mean = 0.44V:Med = 0.44V:Std = 5.79¢-03 V : 39 Bad Pix
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Fig. 3: Tuwp = 20°C flat field histogram for 8 Volt of reverbéas (measured Gain of 31) after non
uniformity correction with a NUC performed at 15°C.

As it was done for the gain, the quantum efficieiscgvaluated by changing the black body tempegadad
making the ratio between the calculated variatibthe number of photons per pixel and the variatbn
integrated electrons. By working on difference Wmimate a possible background photonic signalw&sdon’t
use any optical filter, the calculation of the nianmbf incoming photons is made from the measuredtsgl
response of a photodiode coming from the same Liesgwafer than the APD pixels.

For F evaluation, we use an expression obtained (@) and (12):

2
a
F — SN Out (16)
meas GrzneasQleh

Using (1) e and the expression of the FPA outmrtadiand noise voltagegg,; = CLGQNph and
int

2
02 out meas = (#) 02y out» We Obtain a simple expression GfE

2

g
Eneas = Voutqr‘z}(e)ist (17

meas”cint

Output voltage and noise values used for F caliculare the difference between short and long natéan

time measurements in order to eliminate the cirefiftet and read noise. The mean excess noise negasi-8

Volt (gain 31) is 0.94. For this APD geometry capuifiation the quantum efficiency increases with pdmtde

bias.

The noise in the dark was measured at 600 us attegrtime in a passively cooled cryostat desigioedery
low residual photon flux. This integration timealls a frame rate of 1.5 KHz representative of yipécal
value needed for AO. Given the weak dark currerdasueed at 80 K, the noise in the dark is dominbtethe
ROIC noise.

The QEFR and Nphmaps evaluated from the previous gain, F, QE aigkrin dark conditions measurements
are presented Fig. 4. The QEFR shows a mean valué®with a weak spatial dispersion of 1.7 %.sThi
dispersion only takes into account the QE disparatdow APD bias as we use the mean valuépisfor the
QEFR evaluation. A meanghpnof less than 3 photons is obtained. We can obseta# for high values side of
the Niepnhistogram. The read out circuit is highly susgedie the source of these noisy pixels. Indeedt ofos
them are common to low and high APD reverse bid#tage noise measurements. Furthermore, we have also
observe this tail for a short integration time NP A tested. We have now identify the most prdeaource of
excess noise in the ROIC. A new design and cormeptbuld clearly improve the ROIC noise performance

Proc. of SPIE Vol. 10563 1056310-6
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Mean = 0.592 ; Med = 0.592 Mean = 2.92 ph; Med = 2.56 ph; Std = 1.24e+00
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Fig. 4 : QEFR and Nepnhistograms of the 3.3 um cut off FPA at -8Ving&a= 31).

For imaging applications at low signal level, ityrtge convenient to express SNR in amplitude rathesn in
power. The previous SNf was expressed from the power definition in ordestay coherent with classical F
definition. The SNR in amplitude (SMRy) is given by the square root of (15). The evolutdd SNRyyp with
the number of photons per pixel and per frameHertésted FPA is plotted Fig. 5. The shot noisédithSNR
and the SNR that can be evaluated at unity gam fiee dark noise and QE measurement are alsogblotte

An histogram of SNRm, for 20 photons per frame per pixel evaluated f@EFR and Nepn maps is also
depicted in Fig. 6. The mean SNR of 3 is coherent with the value obtained fromc¢heve of Fig. 5. From
these curves we can also notice a FPA output SNIRruh5 without gain and a shot noise limited valtid.3.
The noise histogram displays a noise tail comingifdark noise and then as we said before, prolfiedity the
ROIC. The noise histogram curve becomes much nymengtric when photonic noise overcomes this
excessive read out noise (Fig. 7). This is a gadication that noisy pixels observed in dark measients are
not due to avalanche photodiodes with excessive F.

FPA 1301 ; SNR Amp
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¥ S A I OCEFATTIS SIS 3005

- CCOonI--J-I12Did1d

=2.92)

SNR,p, (QEFR=0.6 ;N
SNRyp, (G=1)
1 SNRAmp Shot Noise limited

deph

Ll 1 Lol Lilll L L1l
10° 10" 107 10°

Nb of photons per pixel
Fig. 5: SNRamp for the 3.3 pm cut off FPA calculated from the m&EFR and hpnmeasured values
at -8V (blue curve). The red curve is evaluatedliersame FPA without APD gain (with the measured
dark noise unity gain).
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Mean = 3.07 ph; Med = 3.15ph; Std = 2.63e-01 Mean = 26.9 e-; Med = 26.8 e-;Std = 2.30e+00
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Fig. 6 : example of calculated SNR, histogram Fig. 7 : Back referred measured noise histogram of

of the 3.3 um cut off FPA from the QEFR and the 3.3 um cut off FPA under illumination
Ngephmaps at -8 V and assuming a signal of 20 expressed in photons (divided by®&ea) at -8 V,
photons per pixel per frame. 30 us integration time and TCN = 15°C.

C. Dark current of a 3 um FPA

The RAPID FPAs have been used to measure the 3ubndalk current evolution with temperature between
80 K and 200 K. The aim of these measurement wgsttinformation about the limiting diode currenbgess.

The mean dark current density of a 3um FPA was unedsat high and low APD reverse bias (Fig. 8).réutis
values are normalized by the pixel area, (3031am)d by the measured gain for the high reverse Biar both
measurements we have also plotted a fit usingutredaf a generation recombination (GR), a diffushowl a
photonic current. Indeed we have observed a saiorit the decrease of the current with temperaatitbe
same level for both APD bias. As the Si ROIC watsaptimized to reduce the electroluminescence vieva
that this limitation at 4102 A/cm? (or 56 e-/s/pixel) current comes from the cirglétw. This current value
was used as photonic current to fit the experimietaa. For this manual fit of our data, we haveduthe same
value of diffusion current at low and high APD bias low bias, the GR current like contribution eeds the
diffusion like current under 150 K. For the sameide biased at -6.3 V (gain of 7.3) the GR domisatkove
180 K. If the current at high bias would follow t&&R trend, the pixel dark current would reactx26#5 A/cn?
or 0.13 e-/s for our 30 pum pixel.

1,E-04 1,E-04

1,E-05 | 1,E-05
1,E-06 | 1,E-06
1,E-07 { 1,E-07 4
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1,E-00 4 1,E-09

Jdark (A/lcm2)
Jdark (Alem2)

1,E-10 4 X FPA @ 3um Jdark (0V) 1,E-10 FPA @ 3um Jdark(6,3V)/ M

1,E-11 4 — — Jdiff 1,E-11 4 i — — Jdiff

1,612 —Jr2 1,E-12 / Jgr

1,E-13 { Jgr 2+Jdiff+Jph 1.E-13 / —— Jgr 1+Jdiff+Jphot
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Fig. 8: 3 um cut off wavelength APD FPA current measurenredark conditions at -0.2 V (left) and

-6.3 V (right) reverse bias.
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V. CONCLUSION

CEA LETI and SOFRADIR have develop HgCdTe APD detexfor astrophysics applications like AO and
fringe tracking. The electro optical characterimasi performed on the detectors have demonstradedhidn
initial FPA performance specifications have bedfillied. During the test we have observed some ckeviwith
a measured excess noise factor slightly lower tharhis can be explained by a slight increase ®QE when
the APD is biased to get gain. In that case, tine walues of the gain and excess noise factonsatrdirectly
accessible to the measure. But we have shown vbatia that case, the global output SNR can beuated
from two figures of merit accessible to measuremiet QEFR and the dark noise equivalent number of
photon.

For a 3.3 um cut off wavelength FPA with a meamgdi31 at -8 VV of APD bias we have measured a mean
QEFR of 0.6 and a &nof 2.9 photons. The SNR have been evaluated fresetexperimental values using the
formulation obtained by our analysis. As an examplmean amplitude signal to noise ratio of 3 dxjsected
for 20 photons per pixel for this FPA not that fiam the shot noise limited value of 3.3. Withoairg the
expected FPA SNR value evaluated from measurenfi¢hé aark noise and QE would be 1.5. Noise in the
dark measurement have revealed a non-negligibldauof pixels presenting an excessive noise. This
excessive noise is attributed to the ROIC. Theiwd the noise is probably identified and new dasivould
greatly improve this unexpected CMOS behavior.

The RAPID ROIC has been used to evaluate the darkmt of a 3um cut off wavelength APD array. Under
100 K we observed a current limited by the ROIG®@uminescence equivalent to 56 e-/s for a 30pjixal.
Between 100 K and 180 K, the dark current dividgdhe photonic measured gain shows a GR behavibr wi
increasing temperature. Without ROIC glow, if weragolate the GR trend under 100 K the dark cunentld
reach 2.410%5 A/cn? or 0.13 e-/s for a 30 um pixel.
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