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We report our latest results obtained on HgCdTdaache photo-diodes (APDs) and focal
plane arrays (FPAs) manufactured at CEA-LETI inatmration with Sofradir as a part of our
common R&D effort DEFIR. At DEFIR, e-APDs and deatied read-out integrated circuits
(ROIC) are currently being developed to addresh lmt light passive amplified imaging, to be
used, for example, in wavefront correction or fangacking in astronomy, and for active laser
assisted imaging. The gain, noise and sensitivdtfjopmances were measured in planar homo-
junction APDs with Cd compositions betweeg>0.3 to 0.41. Exponentially increasing gain,
synonym of exclusive electron multiplication, wasserved in all the devices up k>600,
associated with low noise factofs=1.2. Zero-flux measurements showed that the etpriva
input dark currentle, i, decreases with increasing band-gap, showingtleasensitivity can be
optimized in high ¥4 e-APD, at the expense of a higher reverse biashniis to be compatible
with the ROIC. A record low value f, ;=2 aA, corresponding to 12 electrons per second, wa
obtained in al=2.9 um e-APD aM=24, showing that the e-APD technology is compatibl
with ultra low flux applications, such as wavefr@gnsing, which need long integration times.
ROICs have been designed for passive and actiwr kssisted imaging with a format of
320x256 and a pixel pitch of 30 um. A passive imgdrOIC is currently being designed for
astronomical applications and aims for a full frareadout speed of 1.5 kHz with an equivalent
input noise lower than 2 electrons. Two active imgdQROICs have already been validated with
e-APD arrays. A dual mode passive and active 2hge gated) FPAs have been made using e-
APDs with cut-off wavelengths ranging from 2.9unm5t8um atff=80 K. On the best devices,
the operability in gain and noise exceeds 99.6%rafadive gain dispersion lower than 10 %,
independently of the wavelength at gaif4=10-100. Finally, the exclusive electron
multiplication in the e-APDs is shown to enableeshin mode photon counting at high gain and
low dark count rate, associated with a low timiitigj At<100ps.
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1. Introduction

In recent years, HgCdTe APDs have been demonstratbd one of the most promising
paths to Focal Plane Arrays for low flux and higieesd applications such as active and hyper
spectral imaging. Several groups [1-18] have regbexponentially increasing multiplication
gains of 100-1000 for low values of reverse diodash5-10 V on the n-type contact),
associated with a nearly conserved signal to noas® SNR with an excess noise factor
F=SNR,/SNR, close to unity. This behaviour contrasts with dine observed in 1lI-V material
or Si APDs, which requires high reverse bias angk hgpical noise factors d¥ ., ~4-5 and
Fsi~2-3, respectively [19]. These exceptional charattes of HgCdTe APDs are due to a
nearly exclusive impact ionization of the electroesplaining why theses devices have been
termed electrons initiated avalanche photodiodés?Bs.

Recently, we have shown that the exclusive mutttion of electrons also has a strong
implication on the response time and bandwidthhef APDs [15-18]. The bandwidth in 11I-V
material or Si APDs, in which both electrons andebkacontribute to the multiplications, is
known to be inversely proportional to the gain.sTtd due to high multiplication events with
slow evacuation of carriers from the depletion tayss a consequence, the gain-bandwidth
product,GBW, saturates at high gains and a maximum value 0fGdz has been achieved in
-V APDs [19]. In contrast, a nearly constant amesistance-capacitanc&k@ limited
bandwidth and a record higeBW=2.1THz have been demonstrated in HgCdTe mid-wave
(MW) infrared e-APDs [18], in consistency with tlietcal predictions of constaBWV for uni-
polar multiplication in APDs [20]. In addition, éhgain-bandwidth limit given by the carrier
transit time through the depletion layer was shawrbe GBW~20 THz in a 4 um wide
depletion region. This property of the HgCdTe ebsPshows that a high bandwidth,
BW>10GHz, can be obtained in optimised devices evdnigh gainsM>100. In addition, the
exclusive quasi-deterministic electron multiplicati implies that the response time is
reproducible and that the multiplication processsdonot produce excessive timing jitter. Hence,
for time resolved photon counting applications WiliplCdTe e-APDs, the timing jitter is mainly
limited by collection of minority carriers into thaultiplication region. This contribution will
be further discussed in section 4 of the preseminmanication.

The high gain at low bias, the low noise factord digh bandwidth product makes the
HgCdTe APDs particularly well suited for integration the next generation FPAs. They will
enable new applications that require high sengjtiahd/or fast detection, such as active and
passive amplified imaging. The latter is of pardecuinterest for low flux applications in the
MWIR range, observing in a narrow field of view gpectral range, and in the short wave
infrared (SWIR) range, for high frame-rate appimas$ requiring sub-photon read-out-noise,
such as wave-front sensing and fringe tracking. @hmeplification of the photocurrent can
improve the linearity of some ROIC designs and malyic gain could be used to increase the
dynamic range. The high and homogeneous gain ajiddpeed of the e-APDs do also make
them an ideal candidate for photon counting apiiioa, for example to suppress read-out
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noise and/or to perform time-stamped measurement sfogle molecule fluorescence
measurements and quantum optics.

Since the first demonstrations of the exponentdth @nd ultra low excess noise factor by
Beck et al. at DRS [1-4], the high potential of HiJ@ e-APDs have been confirmed by several
groups [6-18], and first results on dedicated e-AHEAs were published recently. Baker et al.
at Selex were the first to demonstrate laser gateding in a 320x256 24 pum pitch APD FPA
[10]. They reported avalanche gains up Me100, low excess noise and an input noise
equivalent photon noisBEPh=15 rms, for a short integration timgg=1 pus forA=4.2 uym
APDs. This corresponds to an equivalent input dankent of about.y ;=40 pA, which was
partly limited by a residual photon-flux. Later [112], they described the interest of a dual
mode active passive imaging and reported firstlt®san 3D active imager with a range
resolution of 1m. A 99% operability (hnumber of ftiooal APDs) was also reported, but the
criteria was not clearly stated. In 2007, Beckletae DRS reported their first realisation of a
dedicated APD FPA at format of 128x128 at pitclt0fim designed for laser gated 2D active
imaging with integration times between 50 ns an@d 56 [13]. The ROIC was designed for dual
mode passive and active imaging using two capacitbhey reported high maximum gains
M=300-950 associated with 99% operability in gaefjrced as the number of functional pixels
in a range of +/-50% of the average gaM> and lowNEPK5 attj,=1 ps.Both of the above
demonstrations were realised with e-APDs manufadtursing liquid phase epitaxy (LPE)
grown absorption layers with a Cd composition cgponding to a cut-off wavelength of
A=4.2-5.0 ym af=80 K.

In this communication, we report recent developmeasfte-APDs and e-APD-FPAs at
DEFIR, the research collaboration of CEA-LETI arafr&dir. The avalanche gain performance
of planar e-APD with cut-off wavelengths rangingrr A;=2.9-5.3 um have been studied to
establish the potential to optimize the e-APDshia gjain-sensitivity-spectral bandwidth-ROIC
compatibility parameter space. In particular, theréase in band-gap yields a lower thermally
generated dark current at higher temperature duutires a higher reverse bias to obtain a given
multiplication gain, which can be difficult to olotawith traditional CMOS technologies. The
avalanche gain and noise performance, measuregsbartays, is reported in the section 2.2. In
the following section we discuss the e-APD FPA d@waments at DEFIR aiming for active and
passive imaging with reduced noise. Theses devalpsrhave resulted in two 320x256 30um
pitch FPAs designed for dual-mode passive and 2ibeaitnaging and single shot 3D/2D active
imaging. The gain, noise and sensitivity perfornreaote-APDs arrays with cut-off wavelength
A=2.9-5.4um have been characterise@=-80 K using the dual-mode ROIC. These results are
reported in sections 3.1. The single shot 3D acitinaging FPA will not be discussed here,
although it is a first experience in designing etfavent driven FPA, which is nessecary for
time resolved photon counting. The potentials ahgighe CEA-LETI HgCdTe e-APDs for
photon counting applications are however discugssdction 4.
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2. Homojunction e-APD Optimization
2.1 Device technology
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Figure 1. Schematic illustration of a planar hommgtion CEA/LETI HgCdTe e-APD

The devices were processed on wafers grown by mialebeam epitaxy, MBE, or Liquid
Phase Epitaxy, LPE. The absorption layers in tlesgmt study had Cd compositions ranging
from xc=0.3 to %4=0.41. An increase ingg gives and increased band-gap and a corresponding
reduction of the cut-off wavelength\§. At wavelengths shorter that, the light can be
effectively absorbed by the semi-conductor. In Hg€dliodes, a high a close to constant
quantum efficiency have demonstrated from visibéa@lengths up td.. When x4 varies from
0.3 to 0.4 A. reduces from 5.3 to 2.9umBEt80 K.

The HgCdTe MBE growth was carried out in a RIBERO@3system using (211)B
CdyoeZNgosTe substrates. Individual effusion cells were uk®edhe evaporation of cadmium,
tellurium and mercury species. The growth tempeeats about 180°C. The mercury flux is
kept constant during the epitaxy of the whole stmec Careful adjustment and monitoring of
both substrate temperature and mercury flux isiaruo prevent any degradation of the
material quality.

The LPE grown devices were elaborated using thierstechnique. Growth is performed
in the tellurium-rich corner of the phase diagrana semperature of 470 °C and with a (111)B
crystalline orientation. The LPE samples had aoffuvavelengthsl.=5.2-5.3 um aT=80 K.

The figure 1 shows a schematic illustration of aTlLHgCdTe e-APD. A pin junction is
formed by transforming a narrow region close to shdface in a vacancy doped p type layer
(N;=3x10°cni®), into an ri region with a doping level dfi;=1x10"®cm®. The formation of the
n" will also generate an tayer by the suppression of Hg vacancies. Thendppf the hregion
is due to the residual doping of the epitaxy artgpscally N.=3x10" cmi®. The extension of the
n- layer is correlated to the depth of tHdayer. The width of the dayer in the devices has not
yet been determined but is expected to in the arti&3 pm.
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2.2 Gain Measurementsin X¢4=0.3-0.41 HgCdTe e-APDs
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Figure 2. HgCdTe e-APD gain curves measured at TKk80r A;=2.9 pm to 5.3 pm.
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Figure 3. Energy gap dependence of the phenomeigalagain parameters Met 4, estimated at T=80
K at gains between M=10 and 100.

Typical gain curves measured Bt80 K for e-APDs withxcy ranging fromxc4=0.3 to
Xc¢=0.4 and similar junction geometry are reportedignre 2. As the Cadmium composition
increases, the gain at a given reverse bias desedhise to the increase in band-gap. An
exponentially increasing gain is observed for alinpositions up to gains higher thi&+100,
showing that the exclusive electron multiplicatim stable at high gains even in short-
wavelength devices. For the diode with the shoasbff wavelengthA.=2.9um, gains up to
M=600 were obtained at a reverse bia¥@f=20 V. To the best of our knowledge, this is the
highest gain value that has been measured in SWITHg€-APDs.

The variation of the gain as a function of band-gmps quantified using Becks
phenomenological formula [2]:

V-V

M=2"% +1

where Vy, is a threshold voltage which corresponds to thiemg@l across the junction
which is needed to generate a first multiplicatesent.Vy is the additional voltage needed to
initiate another multiplication event and hencedtmble the value of the gain. The voltage
dependence of the gain has been quantified bydittihe Beck formula at intermediate gain
valuesM=30 to 50. The estimated values\gf andV,, normalised by the band gap are reported
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as a function of the band gap in figure 3. It cansben that th¥; is fairly independent of the
Cd composition, bu¥y, increases strongly. This behaviour can be coeélaiith the increase in
effective mass at higher xCd, which modifies thatteting mechanisms of the electrons. It
should however be emphasized that the incread4, icould also be caused by a change in
junction geometry; an increase of the depletioedayidth has been found to be correlated with
an increase iy, at constankcq [15].

The exclusive electron multiplication is corrobedtoy the observation of a low excess
noise factors down to the shortest examined wagétenThis is illustrated in figure 4, in which
the noise current spectral density is plotted &werse biases of 0.1V, 5V, 10V 15V and 20V,
corresponding to gains M=1, 2, 10, 60 and 600,eesgely. The noise spectra at each bias is
compared with the expected shot-noise limited dignshe casdé-=1. It can be seen that an
excess noise factor close to unity is obtainedldtiases. The typical average value between
f=10-30 Hz ig==1.2, which is similar to the values obtained langavelength devices [1-3, 15,
21, 22].
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Figure 4. Evolution of the current noise spectrahdity as a function of the gain img=2.9 um HgCdTe
e-APD at T=80 K. The arrows indicate the expectsat-$i0ise limited noise at the different valueshef
gain.

3. HgCdTe e-APD FPA developments at Defir

To benefit from the advantages enabled by HgCd"&PBs in FPAs, specifically
designed ROICs capable of applying a high reveiae fieed to be developed. At DEFIR, we
are currently developing three different ROIC atettures aiming for dual-mode passive-active
2D imaging, single-shot simultaneous 3D/2D imagang passive amplified ultra-fast imaging.
The dual-mode passive and active imaging FPA wat demonstrated using a MWIR e-APD
array [23, 24]. In the present communication, teaessults have been corroborated with new
measurements on e-APD FPAs with shorter cut-off edengths and with zero-flux

6
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measurements that allow estimating the sensitlintit of the e-APDs. The ultra-fast passive
imaging FPA is developed for astronomical applmadi such as wave-front sensing and fringe
tracking at a frame rate higher than 1.5kHz andtal hoise lower than 2 electrons per frame.
The format of this FPA is 320x256 (TV/2) with a eixpitch of 30um. To achieve this
performance, a high gain and low dark currentdgiired. The potential of the e-APD arrays for
theses applications is discussed in section 3.Xigin of dark current measurements performed
using the dual-mode e-APD FPAs with varying Cd cosilion of the e-APD arrays. The single
shot 2D/3D array is an extension of a first eveiteth small test array (4x10) [25], which have
been extended into a larger TV/2 format. This FRAurrently under test.

In parallel with theses large format developmewtsare currently investigating Si CMOS
electronics to take benefits of the potentials-8fRDs for photon-counting applications, with or
without timing resolution. Theses potentials asedssed in section 4.

3.1 HgCdTe e-APD-FPA for dual-mode passive/active imaging
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Figure 5. Average gain in a 2D APD-FPA Flgure 6. Gain map measured at 5V reverse bias
; . in the dual mode APD-FPA. The red and blue
compared the gain estimated from I(V) levels corresponds to defect pixel out of the
measurement on an APD on a test array. Both range P P

measurements were performed at T=80K.
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Figure 7. Continuous level (out-put voltage) mamgdf=3.3 um at a reverse bias of37 V (M=10) at
T=80 K. The operability at <CL>+/-30% is 99.8%

The dual-mode passive active imaging APD-FPAs Hepen used to characterize the gain,
noise and sensitivity performance of HgCdTe e-AREAE with Cd composition varying from

7
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Xcq=0.41-0.3. The FPAs have a format of 320x256 armixal pitch of 30 pm. Each pixel
includes two capacitors to integrate the signaih witegration times down ti,=100 ns. A first
capacitorCy,=30 fF is used for active mode 2D imaging, withotak measured read-out noise
that has beedN:,=90 electrons rms. Using this capacitor, the edentaead-out-noise will be
equal to 1 for gaitM>90. A second capacit@;=120 fF, can be used for passive imaging with
or without gain, with a measured read-out nabk;=150 electrons rms. The characteristics of
the dual-mode ROIC are further described in refezdf4].

A first MWIR e-APD-FPA was characterized Bt80 K. Measurements were preformed
with a photon flux at f/2, using black-body temgeras ranging from 20°C and 30°C, and at 0°
FOV. At low bias (50mV), the operability in photamduced current(+/- 30%) and noise (+/-
50%) was 99.96 %, associated with an external quargfficiency of 7=70%. This result
confirms that the LETI e-APD technology is well tegi to produce state of the art passive
imaging and enables high performance dual-modeeapassive imaging. In addition, the APD-
FPA was found to be fully functional up to the nramim bias enabled in the set-up (7V). Figure
5 compares the average gain in the APD-FPA withia gurve for a large junction area APD
on a test-array from the same wafer. The goodeageat between the data demonstrates the
capacity of the 2D-APD-FPA to integrate the ametifiphoto-current and, yet again, the low
gain dispersion in HgCdTe e-APDs.

The high homogeneity of the gain is illustratedfigures 6, which report a gain map
measured at 5V reverse bias. The relative gairediggn at this gain wasy/M=7.7%, which is
lower than the dispersion observed on the non dieglcurrent,o,/1>9% at 50mV reverse bias.

It can be seen that the main contribution to tlepealision is long range fluctuations induced by
the LPE growth, so called ripples. Hence, the dspa should be reduced in absorption layers
grown by MBE or LPE with reduced ripple. A 99.8%eogbility in gain at ¥>=+/-50% was
observed up to the maximum reverse bias of 7V gspwnding tdM=70. This high operability
demonstrates the capability of high performance lfiegh passive and active imaging using
HgCdTe APD-FPAs. This conclusion is corroboratedhs measurements of the excess noise
factor, which was found to beF%=1.4, associated with an operability of 99.7%taphe
maximum gainvi=70. The operability i is higher than the one observed on test-arrayis. Th
indicates that the defects in excess noise ardyhigpendent on the local environment of the
APDs and that the operation of the APDs is favoogda high proximity of the read-out
electronics, i.e. when hybridized to an FPA.

Similar results have been obtained in SWIR e-APB$;Pealized using MBE grown epi-
layers. The figure 7 reports the un-corrected comtiis level map measured at a reverse bias of
Vp=7V in aA=3.3 um e-APD FPA at=80 K. At this bias the gain is close =10 and the
operability at +/-30% of the average value is 99.8%e operability at +/- 50% of the average
noise was equally high at 99.6%, with an averadgsencorresponding to an excess noise factor
<F>=1.2. Theses results shows that our e-APD teclygdk compatible with the manufacture
of high operability e-APD arrays using MBE or LP&wn HgCdTe, with cut-off wavelengths
ranging from the SWIR to the MWIR spectral bandenkk, the Cd composition can be tuned
as a function of the required wavelength, gain seitivity.
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The sensitivity of the e-APDs is best determinamifrzero-flux measurements in which
the detected charges are not generated by phdtoM8NIR e-APDs, it is possible to estimate
leq in from measurements with residual photon-flux by tsadiing short circuit currentc.
[15,23]. In the present SWIR e-APDs, the residuaitpn contribution is lower thaiR.<10fA
and can not be correctly estimated due to shunsta@ses in the experimental set-up. At
present, only a.=2.9 um e-APDs test array have been charactenrzadzero-flux open-cycle
He flow cryostat. The median dark current was haweso low thatley i, could only be
measured at a reverse biasvigtl9 V (M>380 ). AtM=380 we measureld, ;+=1.5 fA. This
value is compared to earlier reported values [B&asured amM=100 andT=80 K in MW e-
APDs in figure 8. It can be seen that,in the SW e-APD is slightly higher than the treim-
extrapolated from the MW e-APD values. The highgr, could be related to the higher gain,
which tends to increase the dark current. Zero-flueasurements have also been realised at
lower gain using the high sensitivity of the 2D Bids FPA and integration times up to 50 s.
The good diode median valueslgf j,in MWIR and SWIR e-APD FPAs are compared to the
high gain test array results in figure 6. In the MWAPD, |4 i» reduces by more than one order
of magnitude when the gain is reduced figim100 toM=10, yieldingleq i{M=10)=10 fA. In a
A=3.3 um e-APD FPA, the median equivalent dark ecura¢M=6 was higher than the MW e-
APD trend line;leq i=96 aA. However, al=2.9 um atM=24, the equivalent dark current was
only leq i=2 aA. This value corresponds to 12 electrons peorsd and is below thigl=100
trend-line and is the lowest dark current reposedar in any type of APDs. This result shows
that HQCdTe e-APDs can be used for ultra-low flpplacations, such as wave-front correction
and fringe-tracking in astronomy.

Finally, despite the dispersion in sensitivity atvee in figure 8 the M=100 trend line
seems to give a rough estimation of the dark ctirethe e-APDs down to cut-off wavelengths
A:<3.0 um. The trend line indicates that equivaleput currents of the order of 1 electrons/s
should be achievable in e-APDs with cut-off wavglnshorter thaml.<2.5 pm and at gains

y
Q

1000

100 -

10 A
14 /
0.14

0.01 4

leq_in - Icc (fA)

0.001

25 3.0 35 4.0 4.5 5.0 55
Cut-off wavelength (um)

Figure 8. Equivalent input current at T=80 K in €2Bs test arrays at M=100 (circles and squares) and
SW and M=380 (triangle,) and ROIC measurements Miti6-24 (diamonds). The open symbols
represent measurements made with residual phatan | which have been subtracted from the
measuredd, i» The full symbols represent measurements at ketpife. with }=0.
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4. HgCdTe e-APD-FPA for photon counting applications

The exclusive electron multiplication in HGCdTe s makes them ideal candidates for
photon-counting applications. The close to deteisticimultiplication implies that the response
time is expected to be independent on the mulapbo gain [20]. We have confirmed this in
two studies [17, 18], in which we demonstrated réduigh bandwidth product for amplified
photo-detectorsGBWE2.1 THz. In addition, the estimation of the sdtiora of the carrier
velocities in the un-doped depletion layer showrat walues close t&BW=20 THz can be
reached in optimised structures. In another puldting26], we measured the variation of the
drift velocity in p-type doped HgCdTe material, benin the region where the carriers are
absorbed and need to either diffuse or drift torthatiplication region before the event can be
detected. As the multiplication is quasi-determiojsthis collection of the photo generated
minority electron will give a dominant contributida the timing jitter in the detectors. If the
photons are absorbed in a layer with a built-ircteieal field that direct the photo-electrons to
the multiplication layer, the timing jitter of thaetector will be directly related to the thickness
of the absorption layer and the drift velocity. §ktudy allowed us to estimate the timing jitter
in a 4um thick absorbing regiof;iw=50-100 ps, depending on the composition of theerrat
and the built in electrical field. The timing jittes an important parameter for the quantum time
correlation measurements, as it is inversely pripmal to the spectral resolution,
AE(eV)=1.2444/)?, and, as a consequence, to the flux widhin A timing resolution of around
At=100 ps is commonly requested to obtain a sufficgmton flux and consequently, to
establish photon statistics in a reasonable tinenc, the timing resolution of HgCdTe e-
APDs, in optimized structures, respond to the detsart most time resolved photon counting
applications.
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Figure 9. Multiplication gain distributions for 1ral 2 photons events and for a uniformly distributed
dark current generation in the multiplication layer

Another aspect of the exclusive and low noise miidttion in HgCdTe e-APD is
illustrated in figure 9. This figure compares thaltiplication gain distribution for one and two
simultaneous initial electrons (photons). The gdistributions have been calculated supposing
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a Gaussian distribution of the gain with a standbedation given by the excess noise factor of
the multiplication process:

where M> is the average gain. The 1 and 2 photon didtdbs in figure 9 have been
plotted for anF=1.04. For this value of F, the two distributionse avell separated and
proportional photon counting can be achieved bgdgholding at an intermediate multiplication
value, for exampl&l, noone430. It should be stressed that this valug &f lower than the one
measured on the planar APB,.<1.1-1.4. However, the measured excess noise faictdude
un-amplified photon generation in the multiplicati@yer, which leads to an overestimation of
the excess noise factor. The actual value of tleessxnoise factor in HgCdTe e-APD with
photon absorption out-side the junction is stilb determined. Still, one can see that even for
an excess noise factbe1.04, the distribution is wide. Hence, for the BEAallow proportional
photon counting, i.e. to be able to distinguishwaein 1 or 2 photon events, the excess noise
factor needs to be very log1.2.

The gain distribution for 1 and 2 photons eventsl$® compared with the distribution of
multiplication counts for one dark current evenhiat probability distribution of the position
of generation is constant in the multiplication day Supposing a gain which is increasing
exponentially as a function of the distance in ldnger, one can show that the average dark
current gain can be expressed as a function ofatad¢ gain through the multiplication layer,

M
_ Myq _ 1
<M >dark_c0m_gen - |n(M diff )(1 M gis ]

This example shows that some the dark current syéme dark counts, can be excluded
using a threshold, for example at a le¥ ,n.,0or~150. The efficiency of the dark current
thresholding will depend on the value of the exassise factor and the actual distribution of
the generation of dark current events. Informationthe latter can be obtained from dark
current noise measurements made with zero fluxgdmgparing the estimated equivalent input
dark current|eq in With the actual measured dark current, supposiay both are shot noise
limited and theF~1. Knowing the total diffusion current gain (thbgton gain,Mg), it is
possible to estimate the average dark event gain:

<|\/| dark> = M

I dark

In the figure 10, we compailg, i, with I(V) curves measured on&R=5.4um e-APD at
T=80K and different conditions of illumination. lakle x is reported the valueMg,n> and
<Mcont_ger, €Stimated from the values kf i, lops andMgi. At all reverse biases and gains, the
average dark current gain is lower than the diffusjain, indicating that a part of the dark
current should be efficiently thresholded out. Al gain, the average dark current is
comparable with the continuously distributed dankrent generation. At higher reverse bias, at
which the steep increase in dark current has b&ebuted to tunneling currents [15], the
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average dark gain tends to unity. This result gamesndication that the tunneling current is
generated close to the end of the multiplicatigretaand that it is only weakly amplified. If this
result is confirmed, the tunneling current in ouARDs can be threshold out even for low
values oM _gneton Which will enable photon counting at high gaimléow dark count rates.

1u

ol m  Flux(BBatTs 290K)
>
10n ~_
\\\\\
Zero flux N\ —
100
< Y, Fov=0°+
£ 10p Photon leakage
g
5
1p —
; I i
100f leq in o . —
10f O o
1f \

100a
-8

-7 6 -5 -4 -3 2 -1 0
VDiode(V)

Figure 10. I(V) andd, inin a HYCdTe e-APD witil:=5.4pm at T=80K

Bias (V) M gits leq_in(A) lobs (A) M>gark | <M>gont gen
25 5 5.0E-15 4.0E-14 3.13 2.50
35 10 1.0E-14 7.5E-13 1.33 3.90
45 25 7.0E-14 7.0E-11 0.63 7.45

Table 11. Estimated average dark current generaitiom HgCdTe e-APD with.=5.4um at T=80K
5. Conclusions

The latest developments and optimizations of e-ARDd e-APD-FPAs at DEFIR have
been reported. The influence of the Cd compositgi-0.3-0.41) on the performance in planar
homo-junction APDs have been studiedTaB0 K. An exclusive electron multiplication was
demonstrated by a high and exponentially increagaig and low excess noise facterl.2,
even in the e-APDs with the shortest wavelength2.9um. Zero-flux FPA measurements
allowed to show that the dark current decreasels aitlecreasing cut-off wavelength, and a
record low dark current was observed in #e2.9 um e-APDsl¢, i=2 aA atM=24. Hence,
down to this wavelength, the sensitivity of the BEs can be enhanced by increasing the Cd
composition of the multiplication layer, but at taosgly increased reverse bias. The level of
dark current obtained in this component is compatiith low flux fast application such as
wavefront sensing and fringe tracking in astronomy.

At present, three dedicated e-APD ROICs at a fowh&20x256 with a 30 um pitch are
developed at DEFIR, in view of high sensitive aetand passive imaging. The passive imaging
e-APD ROIC is designed for ultra-fast frame rat&SFP.5 kHz and low noise <2 electrons per
frame. This FPA is mainly dedicated to astronomaaplications and will be tested during
2010. Two FPA have been designed for active imaghigrst ROIC was designed for dual-
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mode passive and active 2D imaging, with integratimes down to 100 ns. This ROIC have
been used to characterize the performance of e-ARP8ys with wavelengths ranging from
A=2.9-5.3um. High performance operability >99% wdsersved at all wavelengths, with
values exceeding 99.6% in cumulated operabilityrafponse (average +/-30%) and noise
(average +/-50%) at gairld=10-70. Theses are the highest value observedrso &APD
FPAs. In addition, the relative dispersion in gaes systematically lower than 10%.

The implications of the exclusive electrons muitiation in HgCdTe e-APDs for photon
counting have been discussed in terms of timingluéisn and dark event thresholding. The
close to deterministic gain implies that the timnmegolution is mainly limited be the collection
by the multiplication layer of the electrons genedan the absorption layer. In a recent work,
we have shown that if the collection can be acaeberby a built in field, for example due to a
compositional gradient in the absorption layer, tin@ng jitter is belowAt<100 ps. The low
excess noise factor was shown to enable propottiphaton counting and dark current
thresholding. Dark current and noise measurements A.=5.4um e-APD aff=80K, have
showed that the dark current can be reduced bghblding at all biases. At high reverse bias,
the dominating tunnelling current was found to bese to un-amplified, indicating that high
speed and low dark count rate can be achievedrairgdlgCdTe e-APDs, even in the presence
of strong tunnelling currents.
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