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Article info Abstract
Article history In this paper, we present the electrical and elempticd characterizations of ai
Received28 May 2020 InAs/GaSb type2 superlattice barrier photodetector operating in thddaotjwave infrared
AcceptedL7 Jun 2020 spectral domain. The fabricated detectors exhibited a 50%ffosravelength asund 14um
at 80K and a quantum efficiencglightly above 20%. The dark current density wa$
Keywords: 4.6x 102 A/lcm? at 80K and a minority carrier lateral diffusion was evaluated through ¢
Barrier photodetector, InAs/GaSh currentmeasurements on different detector sizes. In addifietectorspectral responsis
type-2 superlattice, long wavelength dark currentvoltage charactestics and capacitaneeoltagecurve accompanied by electr

infrared, performance analysis. field simulationsvere analyzed in ordén determine the operating bias and the dark cur

regimes at different biasdsinally, dark current simulations were also performedgtmate
a minoity carrier lifetimeby comparing experimental curves with simulated ones

considerations, the power emitted per unit area at the
1. Introduction surface of the blackbody in the néAWIR range(8-10 um)
corresponds to only 35 of the total power emission in the

For the infrared detector community, the longwavefull LWIR (8-14um) range. Therefore, taking into account
infrared (LWIR) atmospheric window is usually defined by the LWIR bioadband spectral range would be useful for
wavelengthdetween 8 and 12m. However, a closer look many applications including spacelated ones.
reveals that the LWIR transparency window of the Beyond 1Qum, the LWIR cooled detector technology
terrestrial atmosphere extendis 14um. This spectral s dominated by MCT operating at B0and extrinsic
region is suitable to detect thermabration intensities at  silicon blocked impurity band (BIB detector, the latter
room terrestrial temperatures or below in the uppebperating at a very low temperature. Due to its high
atmosphere. Indeed, accor duniforgitytbandgdf adjustability Byitunimgltbeperkattice n t
of thermal radiation, a blackbody at 3has a maximum (SL) period thickness composition, low Auger
phoon emittance at 9.6m and this peak wavelength shifts recombination rate and high carrier effective mass, the
to 14.5um for a temperature equal to 2B0Consequently, InAs/GaSb T2SL detéor can compete with well
it is relevant to consider the whole LWIR spectral domairestablished materials for the full LWIR spectral domain, up
between 8 and 1gm to take advantage of the atmosphericto 14um. Moreover, the InAs/GaSb T2SL can be imple
transmittance window in thirange fomfrared (R)imaging. mened in a barrier structure, where a wide bandgap

The main commercialhigh performance cooled material is inserted between the absorbing layer and the
detector systems currently available, made of quantum wedlontact ayer with the objective of blocking majority
infrared photodetectors (QWIP), mercury cadmiumcarriers and allowing the flow of minority carriers.
telluride (MCT) and typdl superlattice (T2SL) technolo Compared t@standard LWIR photodiode, thé®rfigura-
gies, are mainly limited to the near LWIR domain, up totion reduces the detector dark current by foung the
10um [1-4]. However, considering an ideal blackbody atelectricfield inside the barriethus greatlysuppressing the
300K, without any IR system or transgacy window generatiorrecombination (GR) current and achieving a
diffusion limited performance at®B8 [KX6].
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A few highperformance InAs/GaSb T2SL barrier
detectors operating in the full LWIR domain witlcwat-off
higher than 12um have been reported with improving
material growth quality and fabrication processes of pixe
devices[7-10]. However, to date, no camera hasen
demonstrated and achieving such an imgdiR system
will satisfy both terrestrial and exttarrestrial applications
[11,12].

In this paper, we report oulatest work on the
fabrication and charaetization of an InAs/GaSb T2SL
barrier detector device with5% cut-off wavelength near
14um at & .MBased on electrical and electptical
measurements, a performance analysis was perforased
well as darlkcurrent simulations which allowed us to rext
previouslyunknown material parameters such as the
minority carrier lifetime at this spectral range.

2. Structure description

The device reported hereonsists of a double
heterostructure barrier design wittheavily ntype doped
INAs/GaShb Slcontact lger, ax InAs/AISb SLbarrier and
a lightly ptype doped 3.2m-thick InAs/GaSb SL
absorber. The absorber composition wasviLs of InAs
and 7MLs of GaSb which shouldeature a cutoff
wavelength of 14.5m at 8 [K3].

INAs/AISb SL in the barrier is tailored to have aglar
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Fig. 2. PL measurement of the sample with a paal328um.

T2SL circularmesadeviceswere then fabricatedsing
a standardJV photolithography. Ti/Auvere deposited as
top and bottomcontacts as well as contact padlsy the
electron beam evaporatioBhallow circular mesas were
chemically etchedsingan acidbased solutiofil4]. Since
the devices were shalleetched, leakage current resulting
from the etching proess was suppressed and passivation

offset in the valence band and minimal offset in thewas notrequired. A polymerized photoresist layer vszsi

conduction band, therefore blocking majority hokesd
collecting photegenerated electrongigurel shows the

for the protection and electrical insulation of the mesas.
Next, another chemical etching is carried ¢mitreach the

band diagram of the previously described structurebottom contact layef-igure3 showsa photo of a shallow

simulatedby using thesoftware Silvaco ATLAS at@ , K
zero bias and nominal doping conditidfhg].

0.8 T=80K Conduction band edge
jov —— Valence band edge
0.6
< 04 InAs/GaSb SL
S
>
2 024 ‘
[0
=
LIJ T
0044—< - - —————————————-——-—-—-—--
E, 7
0.2 InAS/AISb SL GaSh
0.4
T T T
0 1 2 3
Position (um)

Fig. 1. Simulated band diagram of the barrier device structur
at 80 K and zero bias. The
Fermi level.

3. Fabrication and characterization

T2SL barrier structure was grown laysolid source
molecular beam epitaxy (MBE) omn n-type GaSb
substratesPhotoluminescence (PL) measurementsre
performed after having dted a sampledown to the
absorberFigure 2shows a PL measurement &t 8\ith a
peak position at 13.8m, fairly close to the targeted coff
wavelength of 14 um. Indeed, such energy differenbet
is no greater than beV.

etched mesa takewith a scanning electromicroscope
(SEM).

Fig. 3. Scanning electron microscope photo ofshallow
etched mesa.

The samplevas placed inside a cryogenic probe station
for electrical measurements. J(V) measurements were
performed at 7K on detectors with differersizes ranging
from 60 to 21Qum and the results are shown fiy. 44).

The curves are slightly dispersed with omlyfactor of 2
differences between the best and the worst current density
measurement. The dark current density was extracted at
200mV andplotted against the P/A ratio ifrig. 4b) and

the resulting curve exhibits a minor sidependence. Since
the devies were shallovetched, leakage current will be
neglected and minority carrier lateral diffusion will be
investigated insteadn order to expin the J(P/A) size
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Equation(2) was used to evaluate the lateral diffusion
length fromFig. 53). First, current values were extracted at
-200mV for different mesa sizes and plotteximesa area.

a)

b)

Fig. 4. Current densityoltage measurements: a) performed on
different detector sizes at K7 The detectodiametersare
shown in the legend; b) Current density as a function of P/,
ratio, extracted a00mV.

dependence. In a shallow etch configuration, minority b)
carriers can diffuse laterally to th&etrical contacts from
outside the etched mesa. Thus, the size of the device is
defined by both the lateral diffusion length of electrons and
the etched dimensions which may lead to an overestimation
of the calculated dark current density. Lateral diffasi
effects are more prevalent in small detectdrtheir size
becoms comparable to the diffusion length of minority
carriers.

In order to stimate the lateral diffusion length, we have
used the method described by Gojial] and used by Plis
et al.[16] for InAs/GaSb T2Stbased detectors. If lateral
diffusion is present, every mesa detectorthagdditional
aread, around the periphery of the detector which, in the
case of circular mesas, can bgressed as:

A =7(r +L,)? —mr?, 1)
c
wherer is the etched mesa radius dnds the diffusion )

Iength of minority electrons. Fig. 5. In order to estimate the lateral diffion lengtha) dark

current values were plotted, &200mV and 7K, as a

As previousy diSCUSSpd, since the performance of function of the mesa area to evaluate the lateral diffusio
smallerarea detectors is more dependent on lateral length. The red line represents the linear fit of the darl
diffusion effects and less depemti®n bulk effects than a current which interses at4, with thex-axis; b) J(V)curves

; : : . after subtracting lateral diffusion effects; ¢) Current density
Iargel’-area detector, the diffusion Ienglbm the limitr - as a function of P/A after subtracting the lateral diffusior

0 can thereby be calculated as: length.
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A linear fit was performed and if the dark currdast
dominated by bulk processes, the fitting should intercef
with the origin. When both bulk and lateral diffusion effects
are present, the -axis intercept of the fitting line
corresponds td,. The dedced lateral diffusion length at
77K was of 22um, comparable to values observed in
previous studieg17]. The calculated lateral diffusion
length is much largethan the growtkdirection diffusion
length which is expected to be in the order of the absorbe
thickness, i.ex~ 3.2um, highlighting the anisotropy of the
LWIR InAs/GaSb T2SL. This anisotropy was studied
theoretically{18], as wdl as experimentallj19] on MWIR
INAs/GaSb T2SLs. In order to extend the -ofit
wavelength of a T2SL detector, the period thickness i
increased and as a result making the LWIR SL even mot a)
anisotropic as opposed to shpdriod SLs.

The dark currentheasuremenfsomFig. 4a) were then
divided by a surface area that included the lateral diffusior
length. The new dark current density curves are shown i
Fig.5b). After subtracting lateral diffusion effects, the
curves are less dispersed than before and the resBling
curve in Fig.5c) shows almost no size dependence,
indicating a consistent electrical performance across th
sample and that the approximation has been accurate.

Temperaturelependent measurements and the
associated Arrhenius plot extracted200mV are shown
in Figs.68) and 6b), respectively. The activation energy
was extracted by linearly fitting the curve fing. 6b) and
its value wasof 89 meV, equal to the measured bandgap
energy at 8 iidicating a diffusiodimited performance.
The photocurent dominates the measured current densit
at @ Iknd below, illustrated by the temperature b)
independent current density in this temperature range. Fig. 6. Current density plots showing a) temperatdependent

The photoresponse (PR) and guantum efﬁme(@&) . measurements performed on a 2b0-diameter detector; b)
spectra of the devices were also measured. The bia Arrhenius plot extracted a200mV. The red line represents

dependent normalized photoresponse signalFig. 7 the fitting for activation energy estimation and teshed
increases with increasing reverse bias and starts to saturate  line is the photonic current limit.

at~-200mV. The curve in the inset &fig. 7 shows a peak
QE (measured at =~ 10 um) slightly above 2@6, with no

antireflection coating applied, in line with already T=80K L, 0%
published results for similar detector systgm&0.21]. = g o
7 c 0.15
. L“, ‘g 0.10
4. Performanceanalysis @ w o
. . g | \ 0.00 8 10 12 14 16
In an effort to determine the twon, operating, =
generatiorrecombination(GR) and tunneling biases, we o | \ Wavelength (iim)
will follow the same analysis reported fitefs.14 and22. % \
Normalized PRvaluesat different biases were eatted N \
from Fig. 7, the dark current density and its associdtgd
product fromFig. 68) and finally, an (4/C)? curve, from K
a capacitanceoltage measurement were plotted as & : : : ,

function of the voltage, at08 iKFig. 8in order to identify

the different dark current regimes. The first significant bias Wavelength (um)
valug V, , (turn-on bias) is located at the firsk,;A _ )

L Fig. 7. Biasdependent photoresponse measurements at
minimum at-80mV. Then, theRdA peak at-250mv 80 . Khe inset shows the quantum efficiency8@K

corresponds to the operating bigs, The photoresponse is and-250mV.

maximized and the device is fully turned on at this bias.

Furthermore, alope change can be obsed in the(4/C)?>  dominates the measured dark current densitp@dmv
curve at this bias, signifying the full depletion of the barrierand onward. The dark current density at 8aadV, ,was
At -370mV, which was defined a¥; p the diffusion o f 4 . 6Acm3>andRPA wasof 34Q - E.1it is then
plateau ends and GR current dominates indicating thgafe to assume that the electric field is confimsitle the
beginning of the absorbeatepldion. Finally, tunneling  barrier etween O/ and V; o As a result, the extracted
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Fig. 8. Compiled electrical and electaptical § 5 [,
characterizations performed on the T2SL full LWIR barrier T N e
detector. The stacking of the curves allows to identify i
different dark current regimes occugim thedetector. IHos
|
T T -0.8
doping between 0 anid; ; corresponds to the barrier and c) posmof. ) :
the extracted doping aft&f zbelongs to the absorber. The "
doping levels weref 1 . 5 *andd 05 em3fobthe Los
barrier and absorber, respectively, close to the targete 400007 J_O_G
values( 2 ®cmf).0Doping was extracted using the - o
following equation: 2 oo fo2 3
E B 0.0 §
(é)z = 2 Va—v (3) % ,: ' [ 020
c q€o€s L\Nd o w oLt/ N ___ o
y 0.4
]
. e s . I -06
where €, is the vacuum permittivity,es ; is the ' oos
permittivity of the SL (taken as the weighted average of thi 20000+ ; r T L
SL period: 15.3 for the InAs/GaSb SL and 14.8 for the d) Position (um)
INAs/AISb SL),V is the applied biag/, is the diffusion i,
potential in the junctionand N, , ,is the net doping V., =600 mV ' ' e
corcentration. 400007 "Los
It should also be noted that the observed operating bic z [oa
value €250mV) is higher than anticipated. This minor S ool o2 S
inconvenience could be a result from a misalignmen 3 R S o0 5
between the absorber and barrier layers, impeding the flo 2 ? ] oz g
of minority carriers, that require a higher reverse bias to e A "o
. . . . L
overcome the offset induced by this misalignment. For tha ' o6
. . . . . . . --0.8
a design optimization is requireth order to lower the oo
operating bias as much as possible, by adjusting the lay 200001 T T T o
alignment between the absorbadaarfer layers. e) Position (um)
In order to complete the above analysis, the ban _ _ ' o
diagrams and electric field were simulated as welbat 8K Fig. 9. Simulated band diagrams and electric field (blue dashe

. . : l ta) Ov; b)V,; )V, ; d)V, d eV, I
Each simulation was performed at one of the biase ine) at a) ) Voui ©) Vo @) Vop and €)Vrara
performed at 8§80 K. The bl

reported inFig. 8 and the results are shown ffg.9. Fermi level.
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Between OV andV; , the electric field is entirely confined
inside the barrier. Witanincreasing reverse biasig p a

full barrier depletion occurs resulting in the start of the
domination of the GR current. Reachirig, ythe absorber

is increasingly depted and the tunneling regime takes over
the dark current. The aim of these simulations is tc
complement the performance analysis, by visualizing thi
electric field evolution in the structure at different biases.

5. Minority carrier lifetime extraction

Dark airrent simulations were performed several
temperatures ansubsequentiicompared to experimental
curves This would later help us to estimate experimentally
unknown material parameters. The Silvaco ATLAS
simulation model is detailed in our previous waflk!].
Doping concentrations acquireilom GV measurements
were utilized in thesimulatiors, as well as the bandgap
energy obtained from PLElectron and hole effectiv
massesvere required to calculate the density of states an
were taken fronRef. 14. The Varshni parameters @nd
B), required for temperatw@ependent bandgap
simulations, were extracted from temperatdependent
photolumirescence measurements. Thestr of the
parameters required for the simulation were eithe
experimentallyunknown or userdefined such asthe
carrier lifetime ¢,,), the tunneling effective massn)
and the trap energy level inside the band@p, i.e., the
energy difference between the trap level and the intrinsi
Fermi level. These parameters weadjusteduntil an
agreement between simwddiandexperimendl cuveswas
achieved. The experimental and simulated durves, in
the tempermre rangeof 80 -K0 , Kare shown in

Fig.109. A good agreement between simulation and

experiment can be observeaddicating anaccurdae model

and material parameters which were summarized in )
wavelength to cover the full LWIR spectrum results in a

Tablel.

Tablel
InAs/GaSh SL materiglarameters extracted from simulations or
experimentally measured.

Carrier lifetime at 8 (Ks) 19

Electron effective mass(m,) 0.04

Hole effective massq{m,) 0.75
Permittivity 15.3
Measured bandgap energy at8(eV) 0.0898
Calculated Varshni parameters(eV/K) 1. 6 7 8 x
B (K) 270

Trap energy levet; (eV) 0.008
Tunneling effective mass; (x mg) 0.023

The minority carrier lifetime was adjusted to fit the
measuremerfor each temprature andrigure 10b) shows
theestimatedtarrier lifetimeat eachtemperature. A fitting
was applied to the curvdemonstratinghat the lifetime
follows a T~1/2 trend which indicatesa ShockleyRead
Hall (SRH}limited lifetime in this temperaturange[23].

The estimated lifetime at80 Kwas of 19ns,
understandably shorter than measured values
INAs/GaSb T2SLs having a shorter LWIR -@iff

wavelength [24]. Extending the detector coff

farxperimental
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Fig. 10.Dark current simulations were usedapcompare
measured and simulated current density curves at
different temperatures and b) extract minority carrier

lifetimes from the simulations at different temperatures.
The red line represents thex T-1/2 curve fitting.

narrower bandgap and an increased-razhative carrier
generatiorrecombination rate whighn turn, results in a
shorter carrier lifetime. Consequently, the short SRH
dominated carrier lifetime observed in InAs/GaSb T2SLs
results in dark current values as high as one order of
magnitude above the MCT benchmark "Rule [75'26].

6. Conclusiors

In conclusion, we have reported the characterization
and performance analysis ofi infrared barrier detector
based on InAs/GaSb T2SL operating in the full LWIR
spectral domainDetector exhibited a cudff wavelength
near 14um at 8 , Konfirmed by a photaminescence
measurement, with a dark current densitygf
4 . 6 2pAlcn? diffusion-limited downto ® dfd QE of
20% at 10um. Photoresponse, dark current, differential
resistance capacitancevoltage measurementwith the
help of electric field simulatisswereemployedo identify
different current mechanisms and significant bias values,
such as the operating bias which waf -250mV.
Moddling the different dark current contributions allowed
us to extract a carrier lifene value of 1%hs from
curves at ® .KThe fabrication and
characterization of full LWIR focal plane arrays will be the
subject of forthcoming investigations.
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