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ABSTRACT

We report our latest results obtained on HgCdTelanghe Photo-Diodes (APDs) and FPAs manufactureOEs-
LETI in collaboration with Sofradir as a part ofrocommon R&D effort DEFIR. At DEFIR, e-APDs and deated
read-out integrated circuits (ROIC) are currentynig developed to address both low light passivglified imaging, to
be used, for example, in wavefront correction orgee tracking in astronomy, and for active laseisied imaging. The
gain, noise and sensitivity performances were nredsim planar homo-junction APDs with Cd compositidoetween
Xc=0.3 to 0.41. Exponentially increasing gain, symangf exclusive electron multiplication, was obsehia all the
devices up tdM>600, associated with low noise factérsl.2. Zero-flux measurements showed that the etgrivanput
dark current)q i, decreases with increasing band-gap, showingliessensitivity can be optimized in highye-APD,
at the expense of a higher reverse bias whichdihe tompatible with the read-out integrated cir(RDIC). A record
low value ofleq =2 aA, corresponding to 12 electrons per second, e#ained in al=2.9 um e-APD aM=24,
showing that the e-APD technology is compatiblehwittra low flux applications, such as wavefronhsiag, which
need long integration times.

ROICs have been designed for passive and actiee d&sisted imaging with a format of 320x256 apikal pitch of 30
um. A passive imaging ROIC is currently being desityfor astronomical applications and aims forlbffame readout
speed of 1.5 kHz with an equivalent input noisedothan 2 electrons. Two active imaging ROICs halveady been
validated with e-APD arrays. A dual mode passind active 2D (range gated) FPAs have been madg asikPDs
with cut-off wavelengths ranging from 2.9um to 5183atT=80 K. On the best devices, the operability in gaid noise
exceeds 99.6% and relative gain dispersion lowan thO %, independently of the wavelength at gairsl 0A100.
Finally, the exclusive electron multiplication inet e-APDs is shown to enable linear mode photontawy at high gain
and low dark count rate, associated with a lowrtgnjitter At<100ps.
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1. INTRODUCTION

In recent years, HgCdTe APDs have been demonstiateel one of the most promising paths to Focaidrrays for
low flux and high speed applications such as actiné hyper spectral imaging. Several groups [1HE]Je reported
exponentially increasing multiplication gains of0t0000 for low values of reverse bias (5-10 V),oagsed with a
nearly conserved signal to noise ratio SNR witheacess noise factd¥=SNR,/SNR,; close to unity. This behaviour
contrasts with the one observed in 1lI-V materialSh APDs, which requires high reverse bias andehgpical noise
factors ofF.y~4-5 andFs~2-3, respectively [19]. These exceptional charésttes of HJCdTe APDs are due to a
nearly exclusive impaction ionization of the eleas, why theses devices have been termed eledtitiated avalanche
photodiodes, e-APDs.

Recently, we have shown that the exclusive mudtiion of electrons also has a strong implicatioritee response time
and bandwidth of the APDs [15-18]. The bandwidthllrv material or Si APDs, in which both electroasid holes
contribute to the multiplications, is known to bevérsely proportional to the gain. This is due tghhmultiplication
events with slow evacuation of carriers from theldgon layer. As a consequence, the gain-bandwadbduct,GBW,
saturates at high gains and a maximum value ofG2@ has been achieved in 11I-V APDs [19]. In costra nearly
constant and RC limited bandwidth and a record lhighdwidth product o6BW=2.1THz have been demonstrated in
HgCdTe MW e-APDs [18], in consistency with theoretipredictions of constaf@W for uni-polar multiplication in
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APDs [20]. In addition, the carrier transit timmited gain bandwidth product was shown toGEW~20 THz in aw=4
um wide depletion region. This property of thetled HgCdTe e-APDs that a hiddW>10GHz can be obtained in
optimised devices even at high gains M>100. In tami the exclusive quasi-deterministic electronltiplication
implies that the response time is reproduciblethatithe multiplication process does not produaessive timing jitter.
Hence, for time resolved photon counting applicstiovith HQCdTe e-APDs, the timing jitter is mairllynited by
collection of minority carriers into the multiplitan region. This contribution will be further disgsed in section 4 of
the present communication.

The high gain at low bias, the low noise factod aigh bandwidth product makes the HgCdTe APDsiqaarly well
suited for integration in the next generation FPRsey will enable new applications that requirehhsgnsitivity and/or
fast detection, such as active and passive anglifiaging. The latter is of particular interest fow flux applications
in the MWIR range, observing in a narrow filed aéw or spectral range, and in the SWIR range, fgh frame-rate
applications requiring sub-photon read-out-noisghsas wave-front sensing and fringe tracking. ahmplification of
the photocurrent can improve the linearity of soR@IC designs and a dynamic gain could be usedd®ase the
dynamic range. The high and homogeneous gain ayfddpieed of the e-APDs do also make them an idealidate for
photon counting applications, for example to suppnead-out noise and/or to perform time-stampealsarement for
single molecule fluorescence measurements and umamptics.

Since the first demonstrations of the exponenth gnd ultra low excess noise factor by Beck eaaDRS [1-4], the
high potential of HJCdTe e-APDs have been confirrbgdeveral groups [6-18], and first results onicited e-APD
FPAs were published recently. Baker et al. at Selese the first to demonstrate laser gated imaging 320x256 24
pm pitch APD FPA [10]. They reported avalanche gaip toM=100, low excess noise and an input noise equitalen
photon noiseNEPh=15 rms, for a short integration timég=1 us for A.=4.2 um APDs. This corresponds to an
equivalent input dark current of abdygg ;=40 pA, which was partly limited by a residual ptrofflux. Later [11, 12],
they described the interest of a dual mode actassipe imaging and reported first results on 3hvadmager with a
range resolution of 1m. A 99% operability was alsported, but the criteria was not clearly stated2007, Beck et al.
at DRS reported their first realisation of a detkdaAPD FPA at format of 128x128 at pitch of 40uesigned for laser
gated 2D active imaging with integration times bexdw 50 ns and 500 us [13]. The ROIC was designedufal mode
passive and active imaging using two capacitorgyTeported high maximum gaiid=300-950 associated with 99%
operability in gain (#>+/-50%) and lowNEPh<5 att;,=1 us.Both of the above demonstrations were realised @sth
APDs manufactured using LPE absorption layers witied composition corresponding to a cut-off wavglenof
Ac=4.2-5.0 um aT=80 K.

In this communication, we report recent developmeft-APDs and e-APD-FPAs at DEFIR, the reseaodlatworation
of CEA-LETI and Sofradir. The avalanche gain parfance of planar e-APD with cut-off wavelengths tiaggfrom
A=2.9-5.3 um have been studied to establish thenpateto optimize the e-APDs in the gain-sensitisgpectral
bandwidth-ROIC compatibility parameter space. Imtipalar, the increase in band-gap yields a loweerially
generated dark current at higher temperature, dmuiires a higher reverse bias to obtain a givertipfightion gain,
which can be difficult to obtain with traditionalMOS technologies. The avalanche gain and noiseoiasnce,
measured on test arrays, is reported in the se2tlirin the following section we discuss the e-APPA developments
at DEFIR aiming for active and passive imaging wetuced noise. Theses developments have resnltemi320x256
30um pitch FPAs designed for dual-mode passive2dhédctive imaging and single shot 3D/2D active imggThe
gain, noise and sensitivity performance of e-APBays with cut-off wavelengtid;=2.9-5.4um have been characterised
at T=80 K using the dual-mode ROIC. These resultsgpented in sections 3.1. The single shot 3D adthaging FPA
will not be discussed here, although it is a facgperience in designing a faint event driven FPAicW is nessecary for
time resolved photon counting. The potentials afgishe CEA-LETI HgCdTe e-APDs for photon counteggplications
are however discussed in section 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 homoetion CEA/LETI HgCdTe e-APD

The devices were processed on wafers grown by mlelebeam epitaxy, MBE, or Liquid Phase Epitaxy,ELF he
absorption layers in the present study had Cd caitipos ranging from ~=0.3 to x4=0.41, corresponding to cut-off
wavelengthsi.=5.3-2.9um af=80 K.

The HgCdTe MBE growth was carried out in a RIBER@3ystem using (211)B geZngosTe substrates. Individual
effusion cells were used for the evaporation ofnsiadh, tellurium and mercury species. The growthgerature is
about 180°C. The mercury flux is kept constant miyrihe epitaxy of the whole structure. Careful atihent and
monitoring of both substrate temperature and mgrftux is crucial to prevent any degradation of thaterial quality.

The LPE grown devices were elaborated using tlierstechnique. Growth is performed in the telluritioh corner of
the phase diagram at a temperature of 470 °C atidan(111)B crystalline orientation. The LPE sarsfiad a cut off
wavelengthsi;=5.2-5.3 pym af=80 K.

The figure 1 shows a schematic illustration of aTLEHgCdTe e-APD. A pin junction is formed by traoghing a
narrow region close to the surface in a vacancyedagp type layerN,=3x10"° cm?®), into an ri region with a doping
level of Nj=1x10® cm®. The formation of the ‘nwill also generate an tayer by the suppression of Hg vacancies. The
doping of the hregion is due to the residual doping of the epitand is typicallyNs=3x10" cm®. The extension of the
n- layer is correlated to the depth of tfidayer. The width of the layer in the devices has not yet been determimgd b
is expected to in the order of 1-3 pm.

2.2 Gain Measurementsin xcyg=0.3-0.41 HgCdTe e-APDs
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Figure 2. HgCdTe e-APD gain curves measuretk80 K for A;=2.9 um to 5.3 um.
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Figure 3. Energy gap dependence of the phenomenalagpin parameterg; et V;, estimated aT=80 K at gains between
M=10 and 100.

Typical gain curves measured Bt80 K for e-APDs withxcy ranging fromxc4=0.3 toXc~0.4 and similar junction
geometry are reported in figure 2. As the Cadmiemgosition increases, the gain at a given reveesedecreases due
to the increase in band-gap. An exponentially iasigg gain is observed for all compositions up damg higher than
M=100, showing that the exclusive electron multigicn is stable at high gains even in short-wavglenlevices. For
the diode with the shortest cut-off wavelengt;2.9um, gains up tv=600 were obtained at a reverse bia¥pf=20
V. To the best of our knowledge, this is the highyzen value that has been measured in SW HgCdAREs.

The variation of the gain as a function of band-gas quantified using Becks phenomenological foenjg]:

M=2"% +1

whereVy, is a threshold voltage which corresponds the piatieacross the junction which is needed to gereaafirst
multiplication eventVy is the additional voltage needed to initiate aaothultiplication event and hence to double the
value of the gain. The voltage dependence of the lgas been quantified by fitting the Beck formalaintermediate
gain valuesM=30 to 50. The estimated values\gf andVy, normalised by the band gap are reported as aidmnaf the
band gap in figure 3. It can be seen that\thés fairly independent of the Cd composition, BMytincreases strongly.
This behaviour can be correlated with the increaseffective mass at higher xCd, which modifies guattering
mechanisms of the electrons. It should howeverryghasized that the increaseMy could also be caused by a change
in junction geometry; an increase in the depletayer width has been found to be correlated witlingrease invy, at
constanixcq [15].

The exclusive electron multiplication is corrob@dtby the observation of a low excess noise faadossn to the
shortest examined wavelengths. This is illustratefigure 4, in which the noise current spectrahglgy is plotted for
reverse biases of 0.1V, 5V, 10V 15V and 20V, cqroesling to gains M=1, 2, 10, 60 and 600, respéelgtivEhe noise
spectra at each bias is compared with the expestietinoise limited signal in the caBel. It can be seen that an
excess noise factor close to unity is obtained &i@ses. The typical average value betwee®-30 Hz isF=1.2, which
is similar to the values obtained longer wavelenfgthices [1-3, 15, 21, 22].
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Figure 4. Evolution of the current noise specteigity as a function of the gain iMg2.9 um HgCdTe e-APD a=80 K.

3. HGCDTE E-APD FPA DEVELOPMENTSAT DEFIR

To benefit from the advantages enabled by HgCdA@Bs in FPAs, specifically designed ROICs capalblepplying a
high reverse bias need to be developed. At DERI®,are currently developing three different ROIChétectures
aiming for dual-mode passive-active 2D imaginggkrshot simultaneous 3D/2D imaging and passivelifietbultra-
fast imaging. The dual-mode passive and active inga§PA was first demonstrated using a MWIR e-AREaw [23,
24]. In the present communication, theses resalt® lbeen corroborated with new measurements onBeHFFAs with
shorter cut-off wavelengths and with zero-flux measnents that allow estimating the sensitivity tiwfi the e-APDs.
The ultra-fast passive imaging FPA is developedafsironomical applications such as wave-front sgnand fringe
tracking at a frame rate higher than 1.5kHz angt@ hoise lower than 2 electrons per frame. Thm&t of this FPA is
320x256 (TV/2) with a pitch of 30um. To achievestiperformance, a high gain and low dark curremédgiired. The
potential of the e-APD arrays for theses applicatis discussed in section 3.1, in view of darkentr measurements
performed using the dual-mode e-APD FPAs with vagyCd composition of the e-APD arrays. The singlet 2D/3D
array is an extension of a first event driven sriedt array (4x10) [25], which have been extencd & larger TV/2
format. This FPA is currently under test.

In parallel with theses large format developmewts are currently investigating Si CMOS electroniz$ake benefits of
the potentials of e-APDs for photon-counting apgiiens, with or without timing resolution. Thesestgntials are
discussed in section 4.
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3.1 HgCdTee-APD-FPA for dual-mode passive/active imaging
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Figure 5. Average gain in a 2D APD-FPA compared
the gain estimated from I(V) measurement on an
APD on a test array. Both measurements were
performed at T=80K.

Figure 6. Gain map measured at 5V reverse bidsein t
dual mode APD-FPA
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Figure 7. Continuous leveC[) map of aA;=3.3 um at a reverse bias \¢f=7 V (M=10) atT=80 K. The operability at
<CL>+/-30% is 99.8%

The dual-mode passive active imaging APD-FPAs hagen used to characterize the gain, noise andtisémgsi
performance of HgCdTe e-APD FPAs with Cd compositiarying from x=0.41-0.3. The FPAs have a format of
320x256 and a pixel pitch of 30 um. Each pixeludels two capacitors to integrate the signal, withgration times
down tot;,=100 ns. A first capacita€,=30 fF is used for active mode 2D imaging, wittotak measured read-out noise
that has beerINc=90 electrons rms. Using this capacitor, the edeitaread-out-noise will be equal to 1 for gain
M>90. A second capacit@;=120 fF, can be used for passive imaging with dheuit gain, with a measured read-out
noisedN¢,=150 electrons rms. The characteristics of the-th@de ROIC are further described in reference [24].

A first MWIR e-APD-FPA was characterized Bt80 K. Measurements were preformed with a photox dit f/2, using
black-body temperatures ranging from 20°C and 3@ at 0° FOV. At low bias (50mV), the operabilityphoton
induced currenk(+/- 30%) and noise (+/- 50%) was 99.96 %, assediatith an external quantum efficiencympf70%.
This result confirms that the LETI e-APD technoloigywell suited to produce state of the art passiwvaging and
enables high performance dual-mode active passiaging. In addition, the APD-FPA was found to biyftunctional
up to the maximum bias enabled in the set-up (FiQure 5 compares the average gain in the APD-FRA avgain
curve for a large junction area APD on a test-afrayn the same wafer. The good agreement betwleendata
demonstrates the capacity of the 2D-APD-FPA tograte the amplified photo-current and, yet agaie, low gain
dispersion in HgCdTe e-APDs.
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The high homogeneity of the gain is illustratedigures 6, which report a gain map measured atéxnse bias. The
relative gain dispersion at this gain wag/M=7.7%, which is lower than the dispersion obsemvedhe non amplified
current, 6,/I>9% at 50mV reverse bias. It can be seen that thm montribution to the dispersion is long range
fluctuations induced by the LPE growth, so callggbles. Hence, the dispersion should be reducedbsorption 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, correspondingMe70. This high operability demonstrates the cajigbdf high
performance amplified passive and active imaginggusigCdTe APD-FPAs. This conclusion is corrobodaby the
measurements of the excess noise factor, whicHouasl to be €>=1.4, associated with an operability of 99.7%ap
the maximum gairM=70. The operability irF is higher than the one observed on test-arrays ifdicates that the
defects in excess noise are highly dependent olotlaé environment of the APDs and that the operatif the APDs is
favored by a high proximity of the read-out elentos, i.e. when hybridized to an FPA.

Similar results have been obtained in SWIR e-APB$;Realized using MBE grown epi-layers. The figdreeports the
un-corrected continuous level map measured atersewbias of ¥=7V in aA.=3.3 um e-APD FPA af=80 K. At this
bias the gain is close {d=10 and the operability at +/-30% of the averadeerés 99.8%. The operability at +/- 50% of
the average noise was equally high at 99.6%, witlawgerage noise corresponding to an excess naitar fd->=1.2.
Theses results shows that our e-APD technologypmspatible with the manufacture of high operabittyAPD arrays
using MBE or LPE grown HgCdTe, with cut-off waveighs ranging from the SWIR to the MWIR spectral d&n
Hence, the Cd composition can be tuned as a funofithe required wavelength, gain and sensitivity.

The sensitivity of the e-APDs is best determinazhfrzero-flux measurements in which the detectedgesaare not
generated by photons. In MWIR e-APDs, it is possibl estimaté.q i, from measurements with residual photon-flux by
subtracting short circuit currehy; [15,23]. In the present SWIR e-APDs, the resicaradton contribution is lower than
1..<10fA and can not be correctly estimated due tomshasistances in the experimental set-up. At pitesmly al.=2.9
pm e-APDs test array have been characterized ér@fliuix open-cycle He flow cryostat. The mediamkdeurrent was
however so low thak. i, could only be measured at a reverse bia¥,pi9 V ( M>380 ). AtM=380 we measured
leq i=1.5 fA. This value is compared to earlier reptrtalues [23], measured sit=100 andT=80 K in MW e-APDs in
figure 8. It can be seen thiat i, in the SW e-APD is slightly higher than the trdimet extrapolated from the MW e-
APD values. The highdgq i, could be related to the higher gain, which termtrease the dark current. Zero-flux
measurements have also been realised at lowerugaig the high sensitivity of the 2D e-APDs FPA antgration
times up to 50 s. The good diode median valugg,afin MWIR and SWIR e-APD FPAs are compared to tighlgain
test array results in figure 6. In the MW e-APR, i, reduces by more than one order of magnitude whergain is
reduced fromM=100 toM=10, yieldingleq i{M=10)=10 fA. In aA=3.3 pm e-APD FPA, the median equivalent dark
current atM=6 was higher than the MW e-APD trend lihg,; ;=96 aA. However, aid.=2.9 um atM=24, the equivalent
dark current was onli, =2 aA. This value corresponds to 12 electrons peorsd and is below thd=100 trend-line
and is the lowest dark current reported so famintgpe of APDs. This result shows that HgCdTe é38Ran be used
for ultra-low flux applications, such as wave-fraatrection and fringe-tracking in astronomy.

Finally, despite the dispersion in sensitivity alvee in figure 8 the M=100 trend line seems to give a rough estimation
of the dark current in the e-APDs down to cut-offwelengthsl.<3.0 um. The trend line indicates that equivalapuit
currents of the order of 1 electrons/s should beeaable in e-APDs with cut-off wavelength shortlean A.<2.5 um
and at gain§1>10.
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Figure 8. Equivalent input current a80 K in e-APDs test arrays M=100 (circles and squares) and SW and M=380
(triangle,) and ROIC measurements wilx6-24 (diamonds). The open symbols represent meammnts made with
residual photon flux., which have been subtracted from the measled The full symbols represent measurements
at zero flux, i.e. withH.=0.

4. HGCDTE E-APD-FPA FOR PHOTON COUNTING APPLICATIONS

The exclusive electron multiplication in HgCdTe s makes them ideal candidates for photon-coumjipiications.
The close to deterministic multiplication impliebat the response time is expected to be independenthe
multiplication gain [20]. We have confirmed this two studies [17, 18], in which we demonstratedordchigh
bandwidth product for amplified photo-detecto@3W=2.1 THz. In addition, the estimation of the satioma of the
carrier velocities in the un-doped depletion lagieowed that values close ®BW=20 THz can be reached in optimised
structures. In another publication [26], we meaguhe variation of the drift velocity in p-type degh HgCdTe material,
hence in the region where the carriers are absabddeed to either diffuse or drift to the multption region before
the event can be detected. As the multiplicatioguiasi-deterministic, this collection of the phgenerated will give a
dominant contribution to the timing jitter in thetdctors. If the photons are absorbed in a lay#r avbuilt-in electrical
field that direct the photo-electrons to the mditition layer, the timing jitter of the detectoillvbe directly related to
the thickness of the absorption layer and the ggfocity. This study allowed us to estimate thmirtig jitter in a 4um
thick absorbing regiont;=50-100 ps, depending on the composition of theeriatand the built in electrical field.
The timing jitter is an important parameter for theantum time correlation measurements, as ivisrgely proportional
to the energy acceptancék;, and to the flux at each wavelength. A timing feson of aroundAt=100 ps is commonly
requested to obtain a sufficient photon flux andsemuently, to establish photon statistics in aarable time. Hence,

the timing resolution of HgCdTe e-APDs, in optindz&tructures, respond to the demands of most @%e&\red photon
counting applications.
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Figure 9. Multiplication gain distributions for hé 2 photons events and for a uniformly distribudadk current generation
in the multiplication layer.



Detectors for Astronomy Workshop 2009
HgCdTe e-APD FPAs for low flux and photon-counting johan.rothman@cea.fr

Another aspect of the exclusive and low noise mlitttion in HQCdTe e-APD is illustrated in figue This figure
compares the multiplication gain distribution foneoand two simultaneous initial electrons (photorid)e gain
distributions have been calculated supposing a €auslistribution of the gain with a standard deeiagiven by the
excess noise factor of the multiplication process:

0.2
F=1+—»

(M)*

where M> is the average gain. The 1 and 2 photon digtdbs in figure 9 have been plotted forfeml.04. This value
is lower than the one measured on the planar ARR>=1.2-1.4. However, the measured excess noise fagtolude
un-amplified photon generation in the multiplicatimyer, which leads to an overestimation of theess noise factor.
The actual value of the excess noise factor in HgCeFAPD with photon absorption out-side the jumetis still to be
determined. Still, one can see that even for aeexaoise factor F=1.04, the distribution is widence, for the e-APD
allow proportional photon counting, i.e. to be atdedistinguish between 1 or 2 photon events, ttoess noise factor
needs to be very low<1.2.

The gain distribution for 1 and 2 photons evental$® compared with the distribution of multiplicat counts for one
dark current event, which probability distributiofi the position of generation is constant in thdtiplication layer.

Supposing a gain which is increasing exponentiaflya function of the distance in the layer, one sfaow that the
average dark current gain can be expressed agtioiuiof the total gain through the multiplicatitayer, M-

M diff 1

<M >dark_oont_gen = |n(M diff) Nld”_f

This example shows that some the dark current syt dark counts, can be excluded using a thicgksFbe efficiency

of the dark current thresholding will depend on Ha¢ue of the excess noise factor and the actutilolition of the
generation of dark current events. Informatiorttmnlatter can be obtained from dark current noisasurements made
with zero flux, by comparing the estimated equinsliaput dark currenteq i, with the actual measured dark current,
supposing that both are shot noise limited and~tfle Knowing the total diffusion current gain (thlegqpon gainMgi),

it is possible to estimate the average dark evaint g

2
<Mdark> — |\/ldiff Ieq_in

I dark

In the figure 10, we compatg, j»with [(V) curves measured onig=5.4um e-APD aT=80K and different conditions of
illumination. In table x is reported the valued g > and Mcone ger, €Stimated from the valuesQf in lops aNdMgjr. At
all reverse biases and gains, the average dar&rtugain is lower than the diffusion gain, indiogtithat a part of the
dark current should be efficiently thresholded oAt.low gain, the average dark current is comparablth the
continuously distributed dark current generatiohhfgher reverse bias, at which the steep increasark current has
been attributed to tunneling currents [15], therage dark gain tends to unity. This result givesrafication that the
tunneling current is generated close to the enthe@fmultiplication layer and that it is only wealdynplified. If this
result is confirmed, the tunneling current in ovARRDs can be threshold out which will enable phatonnting at high
gain and low dark count rate.
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Figure 10. I(V) and leg_in in a HYCdTe e-APD wit{x5.4um afT=80K.

Bias (V) Mdiff qufin(A) |obs (A) <M>dark <M >contfgen
25 5 5.0E-15 4.0E-14 3.13 2.50
35 10 1.0E-14 7.5E-13 1.33 3.90
4.5 25 7.0E-14 7.0E-11 0.63 7.45

Table 11. Estimated average dark current generatiarHgCdTe e-APD withl.=5.4pm affT=80K

5. CONCLUSIONS

The latest developments and optimizations of e-ARD® e-APD-FPAs at DEFIR have been reported. Tieaeimce of

the Cd compositionx¢=0.3-0.41) on the performance in planar homo-jumcfAPDs have been studiedTa80 K. An
exclusive electron multiplication was demonstralbgda high and exponentially increasing gain and éwess noise
factorF=1.2, even in the e-APDs with the shortest wavaleAg=2.9um. Zero-flux FPA measurements allowed to show
that the dark current decreases with a decreasigftwavelength, and a record low dark currenswéaserved in the
A=2.9 um e-APDslq ;=2 aA atM=24. Hence, down to this wavelength, the sengjtioftthe e-APDs can be enhanced
by increasing the Cd composition of the multiplicatlayer, but at a strongly increased reverse. Hiae level of dark
current obtained in this component is compatiblehviow flux fast application such as wavefront segsand fringe
tracking in astronomy.

At present, three dedicated e-APD ROICs at a foorh820x256 with a 30 um pitch are developed at [BE i view of
high sensitive active and passive imaging. The ipassnaging e-APD ROIC is designed for ultra-fastnfie rate
FPS>1.5 kHz and low noise <2 electrons per franimés FPA is mainly dedicated to astronomical appiices and will

be tested during 2010. Two FPA have been desigoeddtive imaging. A first ROIC was designed foradmode
passive and active 2D imaging, with integrationesndown to 100 ns. This ROIC have been used tacteize the
performance of e-APD arrays with wavelengths ragdnom A.=2.9-5.3um. High performance operability >99% was
observed at all wavelengths, with values excee@®§% in cumulated operability of response (averagg0%) and
noise (average +/-50%) at gaiMs=10-70. Theses are the highest value observed $o éaAPD FPASs. In addition, the
relative dispersion in gain was systematically lothan 10%.

The implications of the exclusive electrons muitigtion in HgCdTe e-APDs for photon counting haeeib discussed
in terms of timing resolution and dark event thmdding. The close to deterministic gain impliestthiae timing
resolution is mainly limited be the collection byet multiplication layer of the electrons generaitedhe absorption
layer. In a recent work, we have shown that if¢bllection can be accelerated by a built in fidtd,example due to a
compositional gradient in the absorption layer, tinging jitter is belowAt<100 ps. The low excess noise factor was
shown to enable proportional photon counting antt darrent thresholding. Dark current and noise sneaments in a
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A=5.4um e-APD aff=80K, have showed that the dark current can becestiby thresholding at all biases. At high
reverse bias, the dominating tunnelling current feasid to be close to un-amplified, indicating thiagh speed and low
dark count rate can be achieved at gain in HgCdAPBs, even in the presence of strong tunnellingeis.
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