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ABSTRACT

We report here first results carried out at CEA Sofradir to build ultra low dark current focal p&arrays (FPA) in the
short wave infrared range (SWIR) for space appboat Those FPAs are dedicated to very low fluwedtn in the
2um wavelength range. In this purpose, Sofradirdesigned a source follower per detector readoctiti(ROIC),
384x288, 15um pitch. This ROIC has been hybridimedifferent HgCdTe diode configurations processeGEA-

LETI and low flux characterisations have been earout at CEA-SAp at low temperature (from 60 tOK)6 Both p/n
and n/p structures have been evaluated. The mefiahli nature of the absorbing layer is also exauahiand both
molecular beam epitaxy (MBE) and liquid phase eqitd.PE) have been processed. Dark current measunsnare
discussed in comparison with previous results ftoenliterature. State of the art dark currentsracerded for
temperatures higher than 120K. At temperaturesialan 100K, the decrease in dark current satufatdsoth
technologies. In this regime, currents betweera@d 0.06 e/s/pixel are reported.
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1. Introduction

Space based observatories for astrophysics aredeengnding in ultra low flux detection in the IResfrum. Such low
flux levels represent the detection of a few phstonly during long integration times (typically sduring several
minutes) and therefore require ultra low dark curghotodiodes coupled to a very high performan©¢dRstage in
terms of noise and leakage. To meet these requntsiree very attractive structure is a source foloper detector
(SFD) where the charge integration is carried outhe diode capacitance itself, minimizing the gnétion capacitance
thus optimizing the charge conversion factor, withany injection efficiency issue. Another advamtad such a
structure is the fact that it usually allows nostdéctive readings, enabling different samplingttgies to minimise
read out noise such as correlated double sampimgler sampling or follow up the ramp. Up to nohisttype of
architecture has been mostly developed by US compieading to very large format focal plane arrd@gRA)

involving p/n Mercury Cadmium Telluride (MCT) diosldnSb diodes and Si:As diodés?,%]. In the case of the MCT
material system, the choice of p/n polarity is gal driven by dark current considerations. n/pddis lead usually to
larger dark currents because of the presence ofldancies in the p base layer degrading the mincaitrier lifetime.
However, this is only true in the case of a diffusiimited diode. Nevertheless, to meet ultra laxkdcurrent
requirements, diodes have to be cooled down to leevyiemperatures. The thermal evolution of thesia duggests that
in these conditions’], the diode limiting mechanisms are not diffusimnmrent from the absorbing layer but more likely
generation-recombination (GR) from the diode déptetegion. This GR phenomenon being material aotinology
dependant, it appeared instructive to explore pothrities in low flux and low temperature condits

Recently, a modest format SFD ROIC has been degdlbg Sofradir within the frame of a CNES contrddtis ROIC
design allows the use of both diode polarities.Hidian ESA contract, and CEA internal funding, thésv ROIC has
then been hybridized on different MCT diode stroesu(p/n and n/p) processed at CEA LETI and tastémiv flux
conditions at CEA SAp. The aim of this work was blleu characterization of the ROIC performance i@ aisd study of
MCT diode limitations in such low flux conditions.



2. Detection chip technology

Detection circuits were fabricated in CEA-LETI's MiGacilities. The targeted cutoff wavelengths wier¢he SWIR
range (2 and 2.5um) leading to cadmium compositawoand x=0.5. Two different growth techniques hbgen
evaluated: molecular beam epitaxy (MBE) and licuiidise epitaxy (LPE). Both growth batches were @dmut on
lattice matched CdZnTe with an approximate 2.5%¢&@mcentration in order to ensure a low dislocatiensity (in the
range of the mid Icm?). MCT layers have then been processed usinglifferent photodiode technologies available
at LETI and Sofradir. Both technologies are plaeahnologies, passivated by CdTe and ZnSe layers.

The first configuration was p/n As implanted diodesin doped MBE materiaf][(Np~0.5 to 1e16ci, 5um thick).
This configuration was applied to 2.5 and 2 pmaftitayers.

A second configuration has also been explored, csegb of n/p ion implanted diodes processed on eyodoped LPE
grown material ], called LETI standard technology (N3 to 5e16cr, 8um thick). This configuration has been applied
to 2um cut off layer exclusively.

At last, 15um pitch diode arrays were flip chipeitonnected to the SFD ROIC (briefly describechariext paragraph)
for low flux characterizations. Test chips contagivariable diode geometries (from 10x10um to 120xim) were also
hybridized on silicon fan outs for standard “hidgtxf characterizations in backside illuminated dagofation.

Hence both the technology (n/p, p/n) and the mewittal nature of the absorbing layer have beenpesed in terms of
dark current. Two different cut-off wavelengths aftso studied (2.5 and 2um).

layer epitaxy Doping level MCT Measured Total
thickness cut off capacitance
PV3080 (p/n) MBE:In 0.5-1e16 ¢ 4.0um 2.45um 38fF
PV3081 (p/n) MBE:In 0.5-1e16 ¢ 4.2um 2.03pm 33fF
PV3140 (n/p) LPE:VHg 3-5e16 ¢in 6.8um 1.95um 20fF
PV3141 (n/p) LPE:VHg 3-5e16 ¢in 6.4um 1.96pum 20fF

Table 1 : Summary of tested configurations
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Figure 1 : Example of spectral responses measureahder high flux conditions using FTIR spectrometer &4 110K
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Figure 2 : Example of spectral QE curve measured ith a monochromator on layer PV3081 at 77K

First electro-optical tests have been performeceuhdyh flux conditions on test chips containingiibpitch diodes in
array arrangement, hybridized on silicon fan o8tgch diodes are representative of FPA pixels m$esf geometrical
and electrical configuration but also in termslifmination conditions. Spectral responses have lpegformed using a
Fourier Transform IR spectrometer (FTIR) equippéithw DTGS calibrated referencd. [Typical normalized spectral
responses (current relative to incident power)sa@vn on Figure 1 for three different layers. Ha#ximum response
cutoff wavelengths were estimated at 1.96um, 2.08pdn2.45 for those 3 layers, corresponding tan/pPE for the
first one and p/n on MPE for the two others. Sdctrsponse measurements for different temperasin@sed that
these cutoff wavelength do not vary with temper@as expected from the typical evolution of the Mp f]. The
observed triangular shapes suggests nearly corgtantum efficiency from cuton (0.8um, limited bgZhTe substrate
transmittance) to peak wavelength, which has beefirmed for the 2.03 cutoff component by anotheasurement
using a diffraction grating monochromator and dbcated InGaAs photodiode (Figure 2).

Quantum efficiency (QE) measurements have beeiedasut on the same test chips using a calibra28@°C black
body cavity. QE at peak response have been estifatger 70% at 140K both p/n and n/p configuragjdaking into
account the pixel area (15um)2=225um2.

Typical I1(V) curves measured on isolated 10um watibared implantation diodes are shown on Figdoz 3
temperatures higher than 200K. Such measuremewshien carried out in a double shielded heliuroratory Dewar
at LETI using a Keithley 6430 femtoamp sourcemeter.

The 2 different diode polarities (p/n and n/p) dotoff around 2um are shown and exhibit low leakageent up to
polarization larger than 1V.
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Figure 3 : I(V) curves obtained at darkness betweeB00 and 300K for ~2um co p/n and n/p diodes withOum
width squared implantation

3. Read out circuit design

The ROIC design is detailed in a dedicated pajmen fBofradir within the same conferende Briefly, it is a 384x288
array with a 15um pitch. The input stage is a Bsistor design source follower per detector (SEBhematically
represented in Figure 4. Two transistors are usenvéches (one for the diode reset and the othvehé sampling at the
output of the follower). Basically, such a struetappears very simple: The diode is reset at thmbimng of the
integration cycle. Then, during all the integrattame, the reset MOS remains open and the diodaubonly sees the
follower transistor grid, which exhibits very highpedance. The photodiode is therefore isolatewh fifee rest of the
circuitry and collected charges are unbiasing ibdeltoward zero. In other words, the collectedgbéa (photo or dark
charges) are integrated in the diode capacitase#,itesulting in a variation of the diode noddapiaation drift toward
lower bias values. Actually, the follower transishas also a non negligible contribution to thedgnation capacitance
that we have to take into account. This input tistosis in fact in follower configuration, ie whecrossed by an
adapted current Ipolar, it “copies” the base biat® dts collector branch, without any current flinem the photodiode.
Non destructive multi-readings are therefore pdesiking the last transistor as a line switch.
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Figure 4 : SFD pixel principle containing 3 MOS permixel



This structure is compatible with both diode pdias (n/p an p/n) just playing with the detectomomon contact bias
Vdetcom. Moreover, as opposed to direct injectiages, it doesn’t suffer from injection efficienisgues as no current
is extracted from the diode during integration. fsacstructure may appear very simple on the pdoetpoking into its
details is a hard task: diode bias varies duriegrkegration time and so does the diode capa&téiache charge
conversion factor). Therefore, the SFD structunesigally not very linear, especially when increggphotodiode
current. Moreover, the charge conversion gain Figlejpends on the detector itself and the way thectl is operated
and has to be accurately characterized.

The ROIC design chosen by Sofradir minimizes thé@R€ntribution to the integration capacitance.\éa as low as
4fF have been achieved, based on test pixel measats. Efforts have also been made in order tomima the ROIC
noise to reach very low signal levels. Noise valfes$ to 8e- rms have been measured. ROIC cureakilge is also
very low, as values of 0.002e-/s/node are repdged f] for details on ROIC performances).

4. Low flux measurement bench

The bench has been implemented in an existing Gi@stat (cf. Figure 5), which has been used preshjoto
characterize a NASA/JPL SiAs SB305 BIB detectot t#s been loaned for the MIRIM development (4-r28yIR
detector working at 5K)'f, Y]. By construction, this cryostat is light tightLises a 2 stage cryocooler, delivering 40W
of cooling power at 35K on its first stage, and ©¥\¢ooling power on its second stage. Two therrhadld enclosures
are directly attached to the cold heads, and naylér insulation is wrapping each enclosure totltme thermal
radiation leaks between stages. All the signal éssmwires are made of manganin twisted pairs teceetieat losses
between 4K and 300K, and are thermally anchorede@old heads to avoid unpredictable thermal gradn the
cryostat. The tested device is mounted onto a deriaadless chip carrier (LCC), which is a convenigay to
assemble and operate such a detector for testperdtmns means. Such ceramic package providey@oved thermal
behaviour and all the electrical connections akertiefrom the rear face of the chip carrier, thimiglating any potential
parasitic light coming from/thru the wires.

Altogether, the cryostat provides an inner expenithiamber completely light tight, with a surrourgliemperature of
4 to 10K (cold screen shield temperature). Thestability of 1.7mK rms has been recorded on thecatet over 8
hours of experiment.

Reference pixels are available on the ROIC sidmdier to correct any low frequency fluctuationsjakhis a common

procedure in such a detector. However, the long &ability of the test bench (cryostat and assedialectronics) was
so good that such a correction was not necessamtégration time up to 5 hours.

4K Cold Head

Electrical
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4K ColdScreen
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35K Cold Screen Enclosure
(shield removed for visibility)

35K Cold Head

Vacuum tap
Figure 5: Light tight cryostat used with two stagecryo cooler.



Figure 6 : Real device assembly

5. Conversion gain issue

As mentioned previously (83), the charge conversion factor has to be determined in order to convert output bias in
current. This parameter has two contributions: the diode capacitance and the ROIC parasitic capacitance.

Concerning the ROIC contribution, typical value is estimated around 4fF using an impedance bridge approach on test
pixels with known load capacitances of 10, 20 and 40 fF.

Regarding the diode capacitance, direct measurements have been carried out at LETI. These measurements were
performed on representative test diodes cooled at 77K in a cryo tip test bench using a LCR meter HP4275A. No
particular precaution have been done to lower the flux level: the diodes were front side illuminated by ambient IR
radiation. Measured C(V) curves are shown in Figure 7 for both p/n and n/p configurations and both cut off wavelength.
For the 2um cut off, typical values at low bias are in the range of 16fF for n/p diodes and a little higher for p/n diodes
(25fF).
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Figure 7 : C(V) measurements at 77K carried out on test diodes.

Direct estimation of the FPA charge conversion factor has been also tested. The usual way to make this estimation is by
correlating diode noise and diode signal using FPAs under different illuminations. However, as mentioned by previous
authors 13, values obtained using this method were clearly overestimated by a factor close to 50%, probably due to



parasitic capacitances coupling neighboring diodes in the array. An alternative method has also been investigated,
namely the « integrated autocorrelation », where integral of autocorrelation function of difference image is plotted
against mean signal. For the moment, this method did not give satisfactory result and is still under active investigation.

Given the diodes capacitance measurements and parasitic capacitance estimation, the total capacitance used in the
following dark current calculations are:

e 38fF for PV3080Xc=2.45um, p/n)

e 33fF for PV3081Xc=2.03um, p/n)

e 20fF for PV3140-3141Nc=1.96-1.95um, n/p)

These values are very well correlated with kT/C noise measured during reset, which slope is perfectly consistent with
reset noise performed on 10, 20 and 40fF test pixels {skee fnore details).

6. Low dark current estimation

Very low dark current measurements were carried out on FPAs mounted in the CEA-SAp light tight cryostat. The
sampling strategy was a “follow up the ramp” scheme (FUR) where the integration ramp is integrally sampled: at low
temperature (60-90K), a full image is acquired every 10 to 20s until saturation. The sampling is then faster (0.5s) at
higher temperature (>140K), in order to get a full description of the integration ramp with at least 900 readings. The
resulting curve presents three different regimes. The first images seem affected by a reset anomaly where
charge/discharge of various trap levels in the narrow gap material and/or the passivation may disturb the integration
ramp. This phenomenon has been observed by other groups on other SFD'R&ICSHis reset anomaly is then

followed by a linear regime, ended by a saturation regime. Typical curve is shown in Figure 8 for PV3081 FPA cooled
down at 80K. The dark current estimation is then given by the slope of this linear regime obtained by linear regression.
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Figure 8 : Typical integration ramp obtained at low temperatures

First measurements gave unfortunately high background dark currents, even for very low temperatures. Besides, the
thermal evolution of these currents was not physically relevant for a photodiode dark current. Measured currents were
increasing from 3e/s up to 10 e/s, cooling down the FPA from 90K down to 60K, see Figure 9. This effect was observed
identically for 2 different FPAs with different cutoff (2.45um and 1.95um) and different diode structure (p/n and n/p).
Actually, the chip carrier was equipped with two additional temperature probes (2N2222) not properly shielded. Once
those probes turned off, the measured dark current felt down to fractions of e/s, without any increase at low temperatures
(see Figure 9). This puts in evidence electroluminescence glow from the silicon temperature probes as a potential
parasitic flux detected by the FPA photodiodes.
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Figure 9 : effect of additional temperature probeg2N2222) on the recorded dark current

At last, very low dark current values are obseraelbw temperatures (60K). Two components exhiloiaegk current
floor around 0.4-0.5 e-/s. A last FPA shows an dagar dark current 0.06e-/s at the same temperatur

7. Dark current measurement at higher temperatures

The SFD ROIC gives access to very low current \ahud is very limited for higher currents: the sation regime is so
rapidly obtained that the slope becomes difficnlestimate for values above 1000<€/4fA. In order to investigate the
diode behavior at higher temperatures, dark cumergsurements have also been done at LETI, usingtdindard IR
EO characterization setup (cf §2). Currents hawnlmeeasured on large diodes (120um width squarkaitgion)
taken from the same wafers, hybridized on Si fais,dor temperatures between 160 and 300K. Lowgsents
reachable in this configuration are in the rang&Gif.

8. Discussion

Figure 10 gathers all dark current densities meaisan the three different layers, for both largedds and 15um pitch
SFD FPAs. Measured currents on FPAs where norntbligepixel area, ie (15um)2. An area of (120ug)*was taken
for large diodes, wherg, stands for lateral diffusion length (5-6um for afipd 10-15um for p/n). Diffusion trend line is
also plotted for the three MCT compositions in pline

Measured data follows this diffusion trend line aotw relatively low temperatures (around 170K)ldwer
temperature however, the decrease in dark cuisardtiso effective, consistent with generation-neoimation (GR)
limiting currents. At last, two detectors have daiteid a common dark current floor lower than lat/sery low
temperatures, whereas the last one kept on goiwg tim ultra low current values, lower than.0.1eTHe real nature of
the ultimate limiting mechanisms is not really cle@day, and remains under investigation. Howether first floor
around 0.4e-/s is common to two very different FR@2wst off wavelengths (2.45um vs 1.96um), diod@medogies (p/n
vs n/p) and epitaxial methods are different, whiaggests that this limiting phenomenon may notetsted to the
photodiode itself. Moreover, the fact that we walée to measure even lower values on the last eteeggests also
that this 0.4e/s floor is not related to any optmalution or leakage in the measurement benclasf\remaining
contribution to this excess currents could be eeldab non negligible glow from the ROIC, which mayry for unknown
reasons from one ROIC to another.
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Figure 10 : Dark current measurements carried out a PV3080 (red) PV3081 (blue) and PV3140 (black) using
both SFD FPA and large test diodes.

The last figure (Figure 11) is a comparison of darkent densities between our recent data andtalegéa from the
literature at 2.5um cut off. MBE p/n data from [ay®/3080 is represented together with 2.5um co dartents
measured on standard LPE n/p 15um pitch CTIA FR&fBofradir. Also represented is VIRGO dathdorresponding
to dark current measured on a 20um pitch SFD FPérevtiodes are fabricated using MBE grown p/n lo@iection
reticulated by a mesa etch. Two representativeediad a Hawai2RG FPA] are also plotted, corresponding to a p/n
ion implantation technology on MBE material, simita our p/n technology. At last, a plain line starfor the Rule07
[*"] which is a widely used empirical rule given byl@dyne to estimate the optimum dark current redehiap a
diffusion limited p/n diode. Dotted line gives and for a GR limited diodes starting at 110K, gitlea intrinsic carrier
concentration ni from Hansen law][

A first comment is that our first attempt to reaery low dark current seems successful: stateeofithdark currents are
measured on a large range of temperature. Howtheefloor level measured on our FPAs may be implagit
remains one to two orders of magnitude higher tiiamate limits observed on VIRGO and Hawai.

A second comment is that, given the technologieahmeters used here, both MBE p/n and LPE n/p gargtions gave
the same level of dark currents for temperaturgbdrithan 160K. Furthermore, p/n dark currents orealson our
diodes at high temperatures (where it should Hesidn limited) remain one order of magnitude higtinan rule07.
Moreover, data taken at lower cut off in Figuresb@w n/p diodes even better than p/n by a factér, &r a cut off
difference of just 0.07um. In fact, this rule 04dsoonly for low doping level diodes (lower tharl5ecm®). The fact



that we were working with a factor of 10 higher ofwplevels (1e16 ci) is supposed to increase the dark current
significantly. Actually, for such diffusion limitediodes, dark current is related to minority carlifetime, which is
inversely proportional to the doping squared:

Jdark D 1 D ngop
4

Hence, lowering this doping by a factor of 5 toh0d decrease this dark current by a factor gbt100. Therefore,
at high temperature p/n data should exhibit lovagkaurrents than n/p as suggested by rule07.

However, at low temperatures, diodes are usuallyimited by diffusion current from the absorbirayér. Limitations
are more expected to be related to GR phenomermnrggy in the depletion layer, and improvement maybe
expected lowering the doping level. In this regitive, material quality but also the surface pas&inathould be key
parameters for dark current optimization.

Therefore, it is interesting to watch carefully thiference between the two wafers at 2um cutroffigure 10. LPE n/p
diodes remained very close to the diffusion lingmddo 160K, corresponding to currents densitiethémid 10
a/um2, whereas MBE p/n diodes left the diffusiamets earlier around 180K for current density twoeoscf
magnitude higher, in the 28A/um?2 range. It should be very interesting nowrteeistigate other configuration such as
MBE n/p or LPE p/n in order to see whether the eiteing parameter in limiting GR currents is rethte the layer
nature or the technology itself (passivation anpleteon region extension).
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9. Conclusion

In conclusion, low flux detection in SWIR range520 2 um cut off) has been investigated at CEAgisi new SFD
ROIC designed by Sofradir. Two different diode égufations have been investigated: p/n ion impldutiedes on
MBE grown MCT layers and n/p diodes made by ionlamfation on VHg doped LPE grown layers. At high
temperatures, diodes follow a diffusion trend lioeboth technologies. This diffusion regime hottsvn to relatively
low temperatures, between 160 and 180K. Dark ctegmecorded at lower temperatures with the SFD R&IGwv as
expected an inflexion in the decreasing rate ofidmx current, usually attributed to G-R currentitation. However,
measured dark currents keep on decreasing forlewem temperatures. Two detectors showed a minirdark current
floor of 0.3e/s/pixel, independent from cut offdiode configuration. The third one showed even lodak currents, as
values as low as 0.06 e/s/pixel have been recatlédK. Therefore, state of the art currents haenlbmeasured with
the first version of this ROIC, using non optimiz#iddes. Both configurations (MBE p/n and LPE rgpye similar
dark currents, but optimization remains possiblthep/n case.
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