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l. INTRODUCTION: CLASSICAL SPACE NEEDS

Detection for space application is very demandingh® IR detector: all wavelengths, from visibleRN(2-
3um cutoff) to LWIR (10-12.5um cutoff), even sometis VLWIR (15um cutoff) may be of interest.
Moreover, various scenarii are usually consideBame are imaging applications where the focal pkmnay
(FPA) is used as an optical element to sense ageintdowever, the FPA may also be used in spectramet
applications where light is triggered on the didfetr pixels depending on its wavelength. In somegastar
pointing is another use of FPAs where the retinssed to sense the position of the satellite.

In all those configurations, we might distinguislveral categories of applications:

. low flux applications where the FPA is staringsplace and the detection occurs with only a few
number of photons.
. high flux applications where the FPA is usualtargig at the earth. In this case, the black body

emission of the earth and its atmosphere ensutedlys large number of photons to perform the déia.

Those two different categories are highly dimenisigrfor the detector as it usually determines ldwel of
dark current andquantum efficiency (QE) requirements. Indeed, high detection perfoiceausually requires
a large number of integrated photons such that Qighis needed for low flux applications, in ordeditnit the
integration time as much as possible. Moreovelk darrent requirement is also directly linked te #xpected
incoming flux, in order to limit as much as possiltthe SNR degradation due to dark charges vs phatges.
Note that in most cases, this dark current is Kiglépending on operating temperature which domgnate
detector consumption. A classical way to mitigatekdcurrent is to cool down the detector to verw lo
temperatures.

This paper won't discuss the need for wavefronsisgnwhere the number of detected photons is lovabee
of a very narrow integration window. Rigorouslyisttkind of configuration is a low flux applicatidout the
need for speed distinguishes it from other low flagplications as it usually requires a different IRO
architecture and a photodiode optimized for higgpomse speed.

. NARROW GAP PHOTODIODE DARK CURRENTS FOR DUMMIES

Before getting into discussion about photodiodecstires, it is interesting to go back to basicgnaxring
classical expressions of dark currents in narrow phaotodiodes. We distinguish diffusion currentnfro
depletion current.

First the famous Shockley ideal diode equation riless the diffusion current, ie the effect of thatm
generation of minority carriers aside from the jimg, diffusing up to the space charge region dyrits
lifetime 7455 If the thermal generation &, in the volume/y;, the diffusion current is written as :

Lairr = q Gen Vaisys (1)

The thermal generation being the ratio betweemtimrity carrier concentratioi,,;,, and minority carrier
lifetime, it might be written as:

Nmino niz 1

= (2)
Taiff  Npop Taiff
wheren; is the intrinsic carrier density arid,,, is the majority carrier density in the extrinsegime (at low
temperature). We therefore see an important figirenerit for a diffusion limited photodiode: theaqaluct
Naop X Taifs-
Concerning depletion currents, thermal generatibo ithe space charge region (SCR) of voluigg might
induce a so called generation-recombination (GReat usually expressed as:
Igr = q Gep Vscr (3)
This time the thermal generation in the space @éeggion (depleted of carriers) is given by a sifigaltion
of the well-known Shockley-Read-Hall formula:

nlz n;

Gep = = 4
th = Te+DPTh  2Tsry ( )
where we made the assumption that p = n; in the SCR region and, = 1, = 75zy far a mid-gap neutral

recombination SRH center.

G =
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We therefore face here the classical statement: diffusion current is proportiadaivtereas GR current

proportional ton;. In other words intrinsic carrier concentration being proportlonabm(—%), the

activation energy of diffusion current is the energy gapvhereas it is half the gap energy for GR curre
Hence, diffusion dark current decreases twice faster than GR current when decreasing the temperatur
low temperature GR current always end up dominating the dark current.

Another picture would be that, in the case of a homojunction, the ratio between diffusion and GR give

Iy T n; Vy T, Vai
diff _ 0 i Vdiff % o Vdiff (5)

Igr Tairf Npop Ver Tairr Vor
Therefore, apart from the SCR extension diffusion tends to dominate GRiidbr intrinsic carrie
concentration (ie narrow gap), whereas GR will easily dominate diffusion for larger gap (short

wavelength). The effect doping level will be discussed later on (section Ill) as it has an effect only on ¢
current. Naturally this ratio depends also on the ratios of the respective volumes and lifetime.

Note also that the evolution of diffusion dark current is weakly depending oif biasbiases higher than
few kT /q. However, because of the space charge width variation, GR dark current exhibits a stronger

with bias (typically proportional t§'V for an abrupt junction and closer¥ for a linearily graded junction.

Another important difference between diffusion and GR dark current lies in the fact that diffusion nr
limited by fundamental recombination mechanisms such as Auger whereas GR is due SRH processes
highly depending on material quality.

Other sources of depletion dark currents are tunneling currents, namely direct band to band tunneli
and trap assisted tunneling (TAT) currents. Those tunnel currents arise from the fact that in nai
semiconductors, the SCR may be pinched so that the top of the valence band on the P side overcome
of the conduction band on the N side and minority carrier may cross the SCR by tunnel. Those cul
highly depending on operating bias and doping level. Hence, they are usually not limiting the photoc
low dopings in NIR to LWIR bands, but limiting the polarization plateau (see Fig. 1). Usually, tunnel ¢
are not correlated with the junction area but correlated with junction perimeter, demonstrating the fact
barely a fundamental limitation but rather a technological induced limitation.

diffusion

A

Current (A)

Resistance (L)

Bias (V) Bias (V)

Fig. 1: Typical dark current and associated dynamic resistance for an imaginary narrow gap photodiode
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Fig. 2: Main recombination mechanisms encountered in narrow gap photodiodes
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Surface currents are often mentioned as a sour@iroént limitation for narrow gap photodiodes. $@o
surface currents might be classified in two maitegaries. Shunt leakage from the suface passivaionrs
when the passivation is not fully isolating bottles of the junction (regarding the dark currentinegnent that
might be extremely low). Surface recombinationesiehen the narrow gap material is damaged undértiea
surface by all the different processing steps. €qusntly, a localised high trap density might ke shurce of
an excess GR current degrading the total performahbe same kind of effect might also be obtaingd b
simply breaking the crystal symmetry with an abrugerface resulting in a high level of interfagaps,
potentially sources of GR currents in the SCR.

1. NARROW GAP MATERIALS AND MINORITY CARRIER LIFETIME

As we have seen recombination mechanisms are ofiaply importance for narrow gap photodiode
performances (see Fig. 2). At the end, the remplihverse lifetime is given by the sum of all difnt
recombination inverse lifetimes. Apart from theiedide recombination occurring only at high tempera, we
mainly face with Shockley-Read-Hall (SRH) recombimia and Auger recombination (Augerl dominatingNin
type material and Auger7 usually dominating P typeterial). Auger recombination is a multicarrieogess
that might be understood as the reverse proceas @hpact ionisation process. As a consequendeglity
depends on carrier concentration ie on dopipg, for low operating temperatures:

1

Tauger X NT ( 6 )

Dop
On the other side, SRH recombination is a singteeraprocess therefore exhibiting a very mild degence on
doping. This recombination relies on an intermedisap level in the bandgap. The energy differdretgveen
band edge and trap state being lower than thetgapecombining minority carrier uses this traghermally
jump easily from its initial band to this intermatd state and then jump again up to the other hand
recombine. This recombination process dependsamdensity and cross section, but also on tragitotan
the gap. The most optimum neutral recombinationierdn located at the intrinsic energy le¥gl usually close
to midgap. For HgCdTe, due to the large disparityhe effective masses of the electron and healg, fito
might be closer to a band edge but this matter irsmander active discussion in the communty{).

As a consequence, Auger is a fundamental reconidinptocess, ie a perfect semiconductor crystek(ff
any defects) will undergo this king of recombinatloniting the minority carrier lifetime. On the otrary, SRH
depends on trap density and will therefore higldpehd on diode process or material growth and \et&sn.
Typical values for HgCdTe are from 2 to 20us foryvkigh quality crystals {], confirmed by measurement
carried out at LETI for In doped material, see FR), whereas other 3-5 materials usually exhitoteractive
SRH centers resulting in lower lifetime. Typicalwes of the literature are generally taken beloWr0even
for very high quality InSb, resulting with veryetrg GR current compared to HgCdTe, even at 80Kd&@ly 4
orders of magnitude?]). We end up with the conclusion that high lifegirfor low doping requires ultra-high
quality material. Any concession made on this puwifitlead to degraded lifetime and thus lower penfances.

The case of type 2 super lattice (SL2) is more dernand need further discussions. The idea ofrttdterial
is to use the ability of molecular beam epitaxy [Bo modulate the crystal potential in one dittusing a
very thin alternations (typically 8 to 10 monolagebetween two wide gap semiconductors. By symmetry
considerations, it allows to fold the' Brillouin zone creating minibands. The resultingnthetic material
behaves like an absorbing bulk semiconductor witlaoy selection rules as it is the case in QWIPwréfore,
using widegap materials MBE it is possible to setite an narrow band semiconductor with direct giigm
as a bulk material. The thicknesses of the altergalayers determine the minibap and thus the €utof
wavelength. Using for example InAs and InGaSbvadldhe growth of MWIR to LWIR, up to VLWIR
materials.

It is often argued that the cutoff control is beite this case because it relies on the managenfdatyers
thicknesses rather than an alloy composition, wisckometimes claimed as easier, especially for R\&hd
VLWIR materials. However this ability might stile discussed, given the fact that the thicknesg@dmas to
be done typically on thousands of layers.

Moreover, playing with the band alignment propertisetween the two materials, it seems possible to
optimize the minority carrier lifetime. Greirf][computed Auger lifetime exceeding HgCdTe valuester,
those computations where compared to lifetime nreasent by Youngdal€][ These experimental values were
very close to expected theoretical values for \egh dopings. However, lower doping values seenrmaddd
below 10ns by a strong SRH process. Other refesemaee been trying to estimate this SRH lifetimeirg up
with sometimes slightly higher values, 35ns for IRff] 80ns for MWIR []. Ultimately it appears that
InAs/InGaSh material system seems limited by anstr6RH process, wherever the material is growrs (thi
assessment has been done by different laboratsing different MBE machines).

Proc. of SPIE Vol. 10563 105632E-4



ICSO 2014 Tenerife, Canary Idands, Spain
Inter national Conference on Space Optics 7 - 10 October 2014

Ga free SL (InAs/InAsSbh) material has therefore been introduced to overcome this low lifetime limite
this system, the electrons and holes are spatially separated in the two layers (InAs or InAsSh) st
recombindion is supposed to be drastically reduced. Experimental values around 400ns has been re
undoped materiaf], decreasing with doping level, which is significantly higher than the preceding valu
it appears that this carrier separation drastically reduce the optical absorption of the material, driving t
weak QEs{].

A= 10um, T=77K
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Fig. 3: Summary of minority carrier lifetime valuesfor main IR absorbing materials [*] [*] [¥] [¥] [*] [¥]

Back to HgCdTe, this material may be grown with different growth methods: liquid phase epitaxy
molecular beam epitaxy (MBE) and metal organic vapour phase epitaxy (MOVPE). LPE is the oldes
and allows the growth of single layers on lattice matched CdZnTe substrates. It uses the melt of a lar
ingot containing the right amont of elements (Cd, Hg, Te, and dopants) and all layers grown from t
mother ingot exhibit very close characteristics (in terms of alloy composition and doping). The r
crystalline quality is very high and this growth process remains the standard growth process for mass .
at least at Sofradir, but also some other HgCdTe manufacturing companies in the US (DRS, Raytheon)

As opposed to LPE, MBE and MOVPE are two vapour phase epitaxies that allow the precise contt
alloy composition during the epitaxial growth. As a consequence, it is therefore possible to a
composition and doping profiles for optimised diode performances using heterostructures. Going furth
to compare MBE and MOVPE is a hard task as both technologies have their pros ant.ddatde howeve
that MBE allows the growth on lattice matched CdZnTe substrate to minimize the resulting disl
densities, whereas MOVPE is usually performed on highly mismatched GaAs substrates (14%). The ¢
orientation being different in this case (100 instead of 211), dislocation density assessment is di
quantify by the usual etch pit density (EPD) technic.

o4
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Fig. 4: Example of photodiode optimization for diffusion currentin MW

When dealing with the optimization of diffusion limited photodiode, the doping level appears as tt
technological parameter. As see in equation ( 2 ), the figure of merit M, she< T product. Therefore, t
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game is to get the highest lifetime with the highest doping. In this frame, the use of Hg vacancies in H
damaging, and it should be preferred to switch to extrinsic doping, p on n for instance. Then, the 1
between SRH limited lifetime (for low doping levels) to an Auger limited lifetime (for higher do
introduces a bell curve with an optimum doping level regarding diffusion current. For p on n F
photodiodes, this optimum doping corresponds to the very popular Rifg@@dcribing empirically the dai
current of the Augerl to SRH limitation. This situation is also illustrated in Fig. 4. This figure compa
situation of a MW p/n HgCdTe photodiode to an equivalent n/p SL2 photodiode. As expected from the
discussion, the optimum is higher for the HgCdTe material system. However, the difference between t
lower than the SRH lifetime differential, because of the fact that SL2 optimum involves a higher dopil
consideration supposes that such a high doping level is technologically accessible and won't degr
photodiode parameters such as QE or tunnel currents.

V. NARROW GAP STRUCTURES (DIODES AND BARRIODES)

The previous considerations are considering diffusion dark current (usually dominating at high temp
where the photodiode is limited by an Auger recombination mechanism, which stands for a func
limitation of the narrow gap material. Decreasing the temperature to decrease this dark current for
detection, the photodiode might get into a GR limited regime, where the system becomes limited by
current depending on SRH trap density. The photodiode structure might therefore be optimized to mi
sensitivity to defects and therefore stay longer limited by diffusion current. A narrow gap photodiode ¢
might be of different types, namely planar, mesa and vertically integrated (Fig. 5). The vertically integr.
won't be long discussed here because it is barely used for space applications. In a planar diode, the |
is performed on a planar surface whereas for the mesa structure, the passivation has to be depos
sidewalls, which is less comfortable for a good conformal deposition. However, mesa delineation allov
full benefits of MBE/MOVPE heterostructures, whereas in the planar case, the junction has to be forme
using ion implantation. In this latter case, the doping profile is driven by the implantation conditions. H
in both cases, the game is almost identical: one wants to position most of the SCR in a region v
bandgap is the largest. For example, the Teledyne planar structure (double layer photodiode heter
DLPH) consists in growing a N type wide bandgap layer on top of the narrow gap N type absorbing lay:
region is formed using As ion implantation. The implantation conditions are such that the SCR lies as
possible in the wideband region, thus minimizing the GR current. However, the bottom of the SCR has
the narrow gap layer otherwise a barrier will form on the valence band impeding the flow of photc
coming from the absorbing layer (The resulting QE degradation will be discussed later in next paragr:
current depends exponentially on the gap. This means that for a DLPH structure with an abrupt
between the two layers, the GR current will still be dominated by the narrow gap part of the SCR (exhit
corresponding activation energy). In this case the gain in equation ( 5 ) is due to the ratio of the
volume to this GR volume. In this case the GR decrease is linear, not exponential. Going further
analysis, the interfaces are never perfectly abrupt in HgCdTe (because of diffusion during technologic
so that the p region may end up in a composition grading. In the case of such a pn junction lying in
interface, the valence band will always exhibit a small bartfer At high temperature, the minority carrie
might have high enough energy to overcome this barrier (thermionic effect) whereas at lower tempel
thermal energy might become insufficient and the barrier starts filtering out minority carriers resulti
degraded QE. As a consequence playing with heterostructures to optimize GR current might repres
concerning QE at low temperatures.

ROIC

===p/n photodiode
—Unipolar nBn barriode

S —

) e[ N

Planar structure Mesa structure S

Wi e

Fig. 5: schematic of the different photodiode =

structures (planar or mesa) Fig. 6: schematic of the formation of abarrier onto

the valence band for heterostructure ponn
photodiodes or nBn barriodes
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The same kind of heterostructure may also be obtained with LPE layers. As an example, the LETI-Sofradir p
on n process makes use of a smart 3D centered interdiffusion prégesehgre the Cd interdiffusion is
accelerated in the presence of As. As a consequence, the gap widens in the SCR resulting in a 3D auto centered
heterostructure. This effect might even be enhance with a strongly interdiffused passiVatiodecrease GR
current. This effect has been successfully used at LETI under CNES contract in the LWIR range. It resulted in a

significant decrease in the depletion-GR knee temperdtiire |
1E+03
© Standard LPE process
< Improved LPE process

- = Diffusion
. o
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5 <0
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&
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Fig. 7: Dark current optimization of HgCdTe L WIR photodiodes for low flux detection [*°] [*9]

The case of the SL2 material is somehow different. The strong SRH recombination seen in SL2 suggests a
strong GR current limiting the ultimate performances at very low temperatures. However, it is also possible to
take advantage of the versatility of the SL2 system to build graded gap structures and optimize the device for
high or low temperaturé {. However, the SL2 photodiode remains a mesa structure because the pn junction is
always formed during MBE growth, and the mesa sidewall passivation remains a strong issue. A lot of mesa
passivations have been reported in the literature but there is so far no equivalent to the HgCdTe interdiffusion
passivation, efficient in LWIR range and stable in time.

At last, there exists another detection structure becoming very popular in the last few years: the barriode or
nBn structure f]. In this case, the band gap engineering versatility of HgCdfleor[ SL2 ] (or even InAs
[?Y] for MWIR blue band) is used to build a unipolar N structure that mimics the p on n valence band for the
transport of the minority holes while the majority electrons are blocked by a strong barrier on the conduction
band. The structure consists in a low doped N type absorbing layer. On top of it, a N type wide gap barrier layer
is grown followed by a thin smaller gap contact layer (see Fig. 6). At last, only this contact layer is etched to
reticulate the pixels. In order to maintain an optimum crystalline quality, the material of the barrier layer is
usually chosen very close to the lattice matched conditions. The structure being unipolar, it might be understood
as unity gain photoconductor limited by minority carriers. Hence, it doesn’t collect at zero bias and for a good
hole transport across the barrier (ie a good QE), the operating bias is slightly higher than for a photodiode to
overcome the turn-on voltage. The choice of the material for the barrier layer has to take into account the band
offsets between the absorbing layer and the barrier layer in order to minimize the formation of a potential barrier
onto the valence band, increasing this turn-on voltage. In case of a barrier formation, the QE is strongly
degraded just like in the case of a standard heterojunction. Moreover, the barrier has to be high enough onto the
conduction band in order to filter out efficiently majority electrons and mitigate as much as possible the
thermionic current (majority carriers from the contact layer able to “jump” over the conduction band barrier).

Being unipolar, there is no pn junction strictly speaking. However, under operating bias, the barrier is
depleted, just like in the case of conventional pn junction. If the structure is correctly designed, the depletion
region stays in the widegap layer thus drastically minimizing GR current in comparison with a simple pn
homojunction (High gains have been simulated at LETI for HgCdTe, see Fig. 8). However, for large biases, the
depletion might start to extend in the narrow gap region and GR current starts to limit the photodiode, just like
for classical pn homojunctions. The gain of a nBn bariode structure is expected on the GR current. As a
consequence, a “bad” material system (in the SRH sense) will exhibit a larger gain. However, there will be no
gain in terms of performances compared to a diffusion limited photodiode. Remind also that Fig. 8 is the
comparison between nBn bariode and p/n diode. In both cases, the absorption is done in the N type diffusion
layer. The difference only lies in the collection mechanism. The comparison is done withoengjinction
with the same amount of SRH traps. At 78K, the computed diode is strongly dominated by GR current.
However, we have seen that real p/n diodes in HgCdTe are heterojunctions, which means that the volume of the
SCR in the narrow gap material has been reduced, leading to a reduced GR current. Hence, the resulting dark
current of such heterostructures should be lower, probably between the nBn bariode and the pn homojunction.
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Fig. 8: Example of dark current simulation of nBn vs homojunction p/n HgCdTe structures
at 78K in SWIR (a) and MWIR (b) [*]

V. QE ISSUES

Usually, photodiode structures give access to very high QE, typically larger than 80% for carefully c
photodiodes ¥]. A photodiode QE is usually driven by several features: (a) the absorption properties
narrow gap material (the higher the better), (b) the ability of the structure to collect the photogenerate:
(either by diffusion or by drift in the depletion region itself (the optical fill factor (FF) of the pixel w
considered as a part of this collecting feature) and last but not least (c) the incident interface transmis
last item is generally solved by means of an AR coating and interesting transmissions are usually obte
a simple quarter wave layer (typically 5% loss).

Due to Beer-Lamber law, the first item (a) is highly depending on material properties (linear ab:
coefficienta), but also on absorbing layer thickness. Direct band gap bulk semiconductors such InGa
or HgCdTe give usually a high absorption within a few micron layer thickness such that the thickness
limiting. The question of the SL material might be discussed in details to ensure both aa dmgha larg:
enough thickness. In some SL structure, the anisotropy of the material is such that diffusior
perpendicular to the SL layer is weaker than the in-plane diffusion resulting in a weakér. QE [

However, the question of the collection efficiency (item b) is more complex as it is strongly depend
diode technology and structure. Deep mesa structure may result in a loss of fill factor because the e
removes some of the absorbing material. For a given trench QE loss will be more pronounced for sr
pitches. As an example, a 2 um wide mesa etch will result in more than 20% loss in FF for a 18um p
[24. This loss might be compensated by smart sidewall reflections to recover a good optical fill factor.
might induce an extra source of response spatial fluctuations at FPA level. Indeed, the management (
mesa profile geometry still remains a hard task. This effect has been put in evidence for QWIPs, ¢
structures manufactured by ARL using beveled mesas for optical coupling instead of the classical d
gratings f7]. The use of mesa trenches are also critical concerning crosstalk features. Indeed, it might
mitigate the diffusion MTF for small pixel ptiches, but it has been demonstrated that diffraction onto th
sharp grounds followed by a guided propagation into contact-window layers might in some cases ind
distance crosstalk issue&’][ At last, the question of the formation of a potential barrier in photoc
heterostructure and its effect on QE has been discussed in the preceding paragraph. Remind that its €
be more important at low temperatures than at higher temperature due thermionic effect over thi
However, in a diffusion extracted photodiode it is difficult to distinguish this effect from the simple cont
of the diffusion length at low temperature; resulting in a loss of fill factor (the collection might be less ¢
in the corner of the pixel in case of short diffusion lengff).[In VLWIR, the materials being less absorbi
thicker layers are usually necessary to maintain high QEs (typical thicknesses are of the order of t
wavelength for HgCdTe for example). In this case, the diffusion length must be large enough to ens
collection in the full layer thickness.

VI. CONCLUSION

We have widely discussed the different materials and structures available for space IR detection, ir
QE and dark current. Two material systems might offer the versatility needed to cover the whole spac
terms of spectral range. HgCdTe has already demonstrated its potentiality in terms of performe
reliability. High lifetimes are obtained resulting in low dark current FPAs for a large range of
wavelengths. However, photodetection structures may still be optimized further to improve the perforr
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operating temperature ranges. There was no rodmmsrpaper for discussion about the potentialityigiCdTe
APDs for low flux imaging applications. This optiomight be of first interest and should be discussed
elsewhere in this conferencé][[*%], given the fact that both high QEs and low excesise factors are
achievable with this technology. However, dark entrperformances at very low temperatures (for vew
dark current) have not yet been investigated. Mége that the use of such APDs is still to be destrated in
the LWIR range; the gap is so small that the explhde gain is today limited by tunnel currents.
Heterostructures might be investigated to optirtiige point.

Type 2 super lattice is another material systensatde enough to cover the same range of applitsitio
However, the level of maturity is not ready todayflfill space needs. Apart from the radiationdragss that
we didn’t discuss, this material potential perfonta still appears limited by a very active SRH eent
degrading the lifetime therefore limiting the acibke performances at low temperatures. Moreoves, t
passivation remains often an issue, particulanhLiIR diodes. Hence, there remains a lot of warkld, both
at growth and process levels, to reach the levpedbrmances requested for low flux applications.
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