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IR detection using type-Il superlattice photodiodes

T2SL (Type Il SuperLattice) or sometimes also ch#.S (Strained Layer Superlattice) is a materiathnology
that can be used to make high quality cooled ieftgrhoton detectors with a cut-off wavelength ragdgiom 2 pm
to 30 um. This covers the SWIR, MWIR, LWIR and VLRWWwavelength bands, loosely defined as 2-3 pmp&i5
8-12 um and >12 pm, respectively.

A superlattice is a system made of a repeatingeserguof thin layers of different materials. If tager thicknesses
are small enough in a quantum mechanical senséhanihs are formed in the material. The result iarificial
material with properties that can be engineerethéndetector case the bandgap energy correspotadthg desired
cut-off wavelength. When two semiconductors araighd in contact, there are several ways the valande
conduction bands can align. If both the valencethacconduction band edge of the second mategalaove the
band edges of the first material, it is called @kien type Il band alignment.
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Figure 1 Band alignment of InAs GaSb and the foghauhminibands.

The 111I/V compound materials InAs and GaSb formhsadand alignment (see Figure 1). As can be seEigure 2,
InAs has a lattice mismatch of less than 1% on G&8&bting with GaSb substrates alternating lagéfaAs and
GasSb with atomic layer precision can be deposis#iguMBE (Molecular Beam Epitaxy). By interface aragring
(create an interface layer of InSh) or using manaplicated superlattices like @a,,Sb/InAs, thick strain
compensated structures with high crystal quality lma grown. If doping in the form of trace amourit8e, Te or Si
is incorporated, photovoltaic p-i-n structures tte be used to detect IR radiation of the desireklength are
formed.
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Figure 2 Lattice constants and band gap energyeuwésl IllI/V materials

Surface currents have historically been the lingifictor, but recently this weakness has been owagdy dielectric
s atinel2
passivatior:
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Figure 3. Dark current generation mechanisms inrgrared photodiode. SRH = Shockley-Read-Hall gatien;
TAT = trap assisted tunneling (or thermally asgistenneling). This figure is taken from ref. 3.

Figure 3 shows the three major dark current meshasin infrared photodiodes at typical operatimggeratures and
bias. Of these, the Auger generation process daesna mercury-cadmium-telluride (MCT) detectorswrBcurrent
from this process is generated throughout theemttume of material with free carriers. This irdéis the absorber
and contact layers, but not the depletion regianfifbt order, it is therefore a bias-independanmtent — a so-called
“diffusion current”. The higher the doping, thedar is the Auger generation rate and common wisithoviCT diode
design is therefore to use very low backgropsigpe orn-type doping in the absorber material to minimize dark
current.

Comparison with MCT

Rule 07 is a heuristic model which predicts dankent in state-of-the-art MCT devices as a functibout-off
wavelength and operating temperature. The underlggsumption is that the dark current is diffudionited and has
an activation energy close to that of the optiealdgap of the absorber material. Furthermorealiserber is
assumed to be sufficiently thick to give 60% exééquantum efficiency (QE) or better.
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Figure 4 Complimentary barrier infrared detect@BIRD) with hole and electron barriers. The advaygaf this
and similar designs is that the depletion regiothaf p-n junction is located in material with highmndgap, leading
to lower SRH current generation.

Due to the strain of the individual layers in T2&btectors the valence band structure is very diffefrom that of
MCT, and Auger processes are strongly suppressstitdd, Shockley-Read-Hall (SRH) generation via-gaig
defects is the limiting process, with minority dartifetimes around 30 ns. These defects notvattding, with
unipolar barriers and clever doping schetig$"%(see, e.g. Figure 4) the dark current of statthefart T2SL
detectors is within a factor of 10 of that for thest MCT detectors with corresponding cut-off wawetth; see Figure
5. Should the mid-gap defects be reduced or passivmough to render microsecond long SRH lifetjrites
expected dark current performance would far surffegsof MCT; see Figure 6.



Doc/Dok ID Date/Datum Rev Page/Sida

irn054479-2 2013-05-20 3 3
Dark current at 77K
20 pm 10 um 6.67 um
LB e
I 1
1.00E-01 J%
I | — — Rule 07
1.00E-02 JE
< I O ] —@— NWU PSI74670T
5 1.00E-03 J%
s ' I ] A NRL SPIE Vol. 7660 76601Q-5
~ [ N\ |
= A
§ 100804 J% & NWU IEEE JQE 47, 686 (2011)
5
\
; 1.00E-05 = o NWU APL95, 183502 (2009) pBp
© A
©  1.00E-06 \ © ASU, APL101, 161114 (2012)
A ("Ga-free")

| ‘
0 0.05 0.1 0.15
1/ Wavelength (1/pm)

Figure 5 Dark current comparison of LWIR and VLWIESL detectors against Rule07. NWU = Northwestern
University [5,6,7]; NRL = Naval Research Labs [#1SU = Arizona State University [4]. The “Ga-freehwy is for
an nBn device employing a 2.2 um thick absorbémA&$/InAsSb T2SL grown on GaSb substrate. How\arould
be noted that the responsivity is very low for theésice, with a quantum efficiency of only 2.5%.
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Figure 6 Theoretical dark current density for T28ith 35 ns SRH lifetime and 1 pus SRH lifetimegamspared to
Rule 07 for MCT. This figure is taken from ref. 3.

Quantum efficiency for T2SL detectors can be complarwith that of MCT for enough thick absorberdesy 50% or
more is routinely obtained for absorber layersikbichan 3 um.

The main disadvantage of MCT for long and very leraye IR (LWIR and VLWIR, respectively) is the extne
sensitivity of bandgap to composition; for H&d,Te withx = 0.20 the bandgap at 80K[B.086 eV (14.4 um),
whereas fox = 0.15 the bandgap is zero (semimetal, infinit@ffuvavelength); see Figure 7. This makes unifoymit
over large areas difficult and expensive to achiéveontrast, with T2SL the layers are binary compds — no
composition control necessary — and the cutoff Wenggth is determined by the layer thicknesses alBmee spatial
uniformity of deposition rate in MBE equipment istdted by simple geometric principles and chansizes this
doesn’'t pose a problem. Indeed, as ref. [7] shewsellent response and dark current uniformityclsieved for
MBE-grown T2SL LWIR detectors over entire 75 mm. diafers.
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Figure 7 Bandgap of MCT versus the CdTe fractionwo vertical lines denote the compositions fod34m and
infinite cutoff wavelength, respectively.

T2SL - State of the art

Some groups have already reported results on T2S&bSWIR detectors with cutoff around 2.5um. [dffor
instance demonstrates 320x256 imaging at room tetyre with a FPA grown on InP and a dark curremt order

of magnitude smaller than MCT. Even more recentltgS based on InAs/GaSb/AlISb photodiodes grown on GaSh
substrate show a high detectivity of 1.7%1Ibnes at room temperature and a quantum efficiehdg.5%.

Dual-band MWIR/MWIR back-to-back photodiode FPA mbes are currently in series production at AIM &mét-
Module and Fraunhofer IAF, Germany, for an airbamiktary system. While representing a formidatdertnical
task in many ways, this application does howeveéraguire high operating temperature, and will @ty not push
the technology’s limits in that direction.

Recently reported MWIR FPA results prove that NESZD mK is possible foff2.3 optics at temperatures up to
120 K Furthermore, the BLIP temperature (defined faF®V, 100% QE, 300 K) is as high as 180 K. Thisds
far from the BLIP temperature of state-of-the-a€ Mmateriaf?

In the LWIR range a 1k x 1k focal plane array wa%6 cutoff at 11 um has been demonstrated. Immedgsi

enough, a NETD below <24 mK was reported for opegaemperatures up to 81 K, an integration tim@.&8 ms

and rather narro4 optics. It was stressed by the authors thaspladial uniformity and homogeneity over the entire
3” epi wafer was excellerit

Even dual band LWIR/LWIR FPA detectors have vexergly been fabricated with very good restits.
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