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ABSTRACT

In a radical departure from conventional thermaiteambased dynamic IR scene simulation deviceshaxe tested
INAsSbP/InAs LEDs grown by liquid phase epitaxy dnded at severgleak-emitting wavelengths inside the mid-IR
band. Light uniformity, radiation apparent tempearat (T,), thermal resistance, and self heating detailsewer
characterized at T=300 K in the microscale by catid infrared cameras in the 34 (light pattern) and 8-12m
(heat pattern) bands. We show that LEDs are capdldenulating very hot (7=740 K) targets as well as cold objects
and low observableavith respect to a particular background. We restimag cost effective LEDs enable a platform for
photonic scene projection devices able to compdta termal microemitter MEMS technology in testirmad
stimulating very high-speed infrared sensors usednilitary and commercial applications. Proposaishow to further
increase LEDs performance are given.
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1. INTRODUCTION

The world of infrared (IR) emitting devices openagtiin the 3-5um wavelength band (mid-wave IR, MWIR) is
divided into two camps: thermal emitters and phitalevices, like lasers or light emitting diode€s). For the last
two decadesthese devices have been increasingly popular beaafupossible military and commercial applications,
including environment monitoring, sensing of cheathizveapons, medical diagnostics, and detectorngesfiio-date,
advanced thermal emitter MEMS technology showéintgation, it seems unlikely that there will be ofluimprovement
on the performance already obtain@d.a result, the market of these devices has peakplhteaued. Contrary, photonic
approach is in early stage and much work is stitlerway. Very recently, photonic devices have atittha great deal of
attention mostly due to efficient diode lasers developed @vesal laboratories and now availabier different
wavelengths. While capable of emitting high continsi wave (CW) power [at ~ 4 um, quantum-cascade lasers emit
160 mW at 298 K and 1.6 W at 78 K (Ref.1), intedbaascade lasers &t3.3-3.6um generate 1.1 W at 78 K (Ref.2)],
the main drawback to these devices is cost. Inddesl,nanotechnology and testing of diode laserseapensive
processes resulting in a >10:1 price ratio betwasers and LEDs available in the market. From theroside, there are
strong signs that 3-bm LEDs are poised for a potential rebirth. Impragvitevice technology and design has enabled to
achieve pulse power output well above 1mW at roempeeraturg®. From the short wavelength side, there are devices
based on GaSb and InGaAs heterostructirdhe InAs ternary and quaternary compounds fotmasis for the central
part of the MWIR, while InSb and HgCdTe LEDs staytlee long wavelength sifi&. Thus, conventional LEDs are
becoming feasible emitterfor unguided long distance communication, long-bdsght barrier” devices, MWIR
illuminators, and IR countermeasure technologigsaBthors’ opinion, the mostportant application of MWIR LEDs,
but one, which is rarely mentionéd* is that ofdynamic infrared scene projection (DISP) deviceser are several
reasons for market demand for these devices -dpghation speed imaging (> 20 kHz frame rate), ispdictral imaging
(several sub-bands inside the mid-infrared atmaspheansparency window), and negative-temperahaekground
simulation(like winter or arctic scenes, and space backgrauhdyanced MEMS-based IR scene simulators composed
of thermal IR emitters satisfy none of these ofstion

In this letter, we examine whether conventional Iskfan form a platform for photonic MWIR DISP dewce
able to compete with advanced thermal microemittehnology>® in testing and stimulating IR sensors, including
forward-looking IR missile warning systems, IR s#mand-track devices, and missile seekers. We aissider how
they relate to the laser-based DISP technology lwaiso worth to be mention even if not commerciadiglized yet. We
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show that the IR LEDs have the potential to develey generation of DISP devices capable of sirndatiot only hot
point or extended targets (what thermal emitterdasers can) but cold objects and low observablgehat their
counterparts can't by the definition) as well. W@ erimentally demonstrate that high performancebmnbtained from
LEDs grown by liquid phase epitaxy (LPE) processciwhowing to its simplicity and low cost has beesed for
fabricating heterostructures since the middle 1960s

2. EXPERIMENTS

Our study is primary concerned with testing tmAsSbP devices. To demonstrate the availabilitg an
accessibility of the approach, the devices undgntere obtained from industrial manufacturers. TE® active regions
examined here are grown on ~2@@-thick InAs substrates by LPE as InAsSbP/InAsSbhi heterostructures. These
structures benefit is that the peak-emitting wavglle () can be tailored over the MWIR by merely changihg Sb
content in the InAsSb active layer. The chips weaekaged into TO-39 cases substrate-down planar (450 x 4667
or substrate-up circular (D=3Qdn) mesa structureand designed as single elements or 4 x 4 diode dgerated in
forward (electroluminescence) and reverse (negaiivénescencg) bias modes.

In a planar structure, the top opaque metal coni@e100 pm) prevented some of the light from pagsin
through the front emitting surface, reducing théaap efficiency and power output. And contrarye tmitting area of a
mesa structure was free of contacts as both etixtravere formed on the opposite side of a chip wittb0 pm-
diameter central contact (Fig.1). The points oéiest were the uniformity of light and heat in rogerale in devices of
different geometrical form and the local structokerheating that limits CW operation at room terapae. Also we
wanted to see how the current crowding (CC) effieat prevents LED from being made very large Bdgpends on the
emitting wavelength. However, our major goal wasrteasure the apparent temperaturg ¢f radiation emitted by
LEDs tuned at differerit, (T, is determined as the temperature of a black bdadgoal power emitted in the spectral
range of interest).
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Fig.1.Measured apparent temperatug@d a function of bias current for mesa (a) andaigb) LEDs tuned at differefg.

Dashed lines show narrow-band tests with filtespasdAM/A,= 8.0 and 10.5 % fak,=3.4 and 3.8im respectively. Solid

lines relate to MWIR-band tests. CW curve mesure@i=200 K. The insets are schematics of mesa anthpktructures
with active region (a. r.) shown in red.
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The light pattern, heat distribution, and Walues were characterized by the test system stimgiof IR scanning
cameras operating in 3tBn (IR light mapping) and 8-12m (heat mapping) bands in a pulse slave modeu$560
ms pulse duration) with radiometric and thermograptalibration. When equipped with the IR microsepphese
cameras enablihe < 20um spatial resolution (1@m scanning step), the temperature resolution afl>®©, andthe 10
us time-resolved interval. As the LED spectra ar¢ mmadband like a blackbody used for calibrationd &amera
spectral response is not usually flat, themieasurements with calibrated narrow-bandpasssfitteatched to spectra of
LEDs were also performed. The filter band was taggnal half-width-at-half-maximumA@) of LED spectrum. It is
due to specificity of the thermographic calibratiiat for users of photonic DISP devices both thpaemmeters
(MWIR-band T, and narrow-band jJ are of interest.
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3. RESULTSAND DISCUSSION

Figure 1 shows apparent temperature (far-field yiegrsus current (1) characteristics for mesa and planar
LEDs tuned at differerk, and maintained at T~3@0(but not the CW curve). As the spatial distriloutiof light was not
uniform across the emitting surface (see Fig.2)y 6brightest” regions were selected to measugeTb minimize an
active area overheating, tests were recorded e¢rpulse length
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Fig.2. Left column: the\T, profiles in planar (along the diagonal crossibgPs at different bias currents. Right column:
the AT spatial view at 1=40 mA.

of 50 us and 25 Hz repetition rate. Careful verificatioaswconducted to ensure that the pulsed IR emissial current
values was predominately of a luminescence natulenat a “thermal” one stemming frotfme Joule heating and a non-
radiative carrier recombinatiggrocesses. The data show that coming from the sfaw¢length side of MWIR, apparent
temperature of radiation gradually decrease wheincreases. This may be due to the Auger recomibimanpact and
because of increase of equilibrium power emittedidnger wavelength-emitting LEDs. Meanwhile, narrfband T
values are compared to tho§&40 K) achieved by the thermal emitt&rd o this end, our tests shown that only slightly
cooled (T ~ 200 K, the temperature of a conventi®adtier cooler) LEDs are easy to step over tintlin CW mode at

| = 200 mA (see CW curve Fig.1a).

The single-line (40Qus pulse duration) profile and two-dimensional dlisttion (160 ms frame duration) of light on
the plane orthogonal to the beam propagation pagttuced by a microscope focused on the p-n junctiea (near-field
view) are shown in Fig.2 (planar) and Fig.4 (mesaflifferent bias currents. The parameter of irtei® the difference
between apparent temperature at given currentlathackground\T, =T (1)-T(0). At low current, the light pattern is
uniform across both planar and mesa active areasedsing current, however, results in a cataskcogdcrease of the
emitting area in planar structures with top poiontect (this contact shadow is clearly seen iriglires). More details
are show in Fig.3 where the filling factor (F) ahigting surface (conditionally determined as thet phan active surface
where T, values exceed 80% of the maximum) is plotted agaire forward current. It is the CC that makesdhstted
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light to concentrate symmetrically around the toptact and “forget” a device geoméfhy’. Longer the\, smaller is the
filling factor by decreasing from 10%.,( = 3.4 um) to ~1.5% X, = 4.2um). As a result, measured at | = 40 mA CW
power outputs in planar structures wergu®4 (3.6 um), 21puW (3.8um), and 15uW (4.2 um).

In mesa structures, CC decreases the emitiag by B/d times (F=25%) but this “crowded” light escapes the
structure that is free of contact shadowing (Figit)rther current increasmuses amadditional non-uniformity in light
distribution: two peaks appear at the edges of aanwith a maximum in between (see also bright fmghe 2D
distribution). These satellites originate from fight laterally escaping a mesa and reflecting frilsncone (“internal
focusing”) and result in ~20% power output increddas makes mesa structures more efficient sofarcBISP devices.
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Fig.3. Filling factor as a function of bias currefihe inset shows th&T, spatial view over the 38 planar structure at I=
-10 mA (the negative luminescence mode).

Although recombination losses, Joule los$es, effect, and low thermal conductivity of IlI-Visombined
contribute to dangerous self-heating of IR LEDdyan few researches have been focused on the théehavior of
these devices and attempts to visualize heat pattigh a high degree of clarity To get more details on LED heat
signature, “thermal” signal measurements were perd with the 8-12um camera. Heat pattern was clearly seen
provided current pulse duration was less than &a relaxation time. As an example, shown in Fig#he heat trap in a
mesa structure registered through the InAs sulestiaue to possible absorption of thermal radiatigna doped
substrate, absolute temperature measurements ine aatea were problematic. However, bell-like terapare
distribution clearly indicates the region wherereuat flows.
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Fig.4. a) TheAT, profiles in 3.4um-mesa (along the diameter crossing) LED at diffeteas currents. The vertical scale
for the lowest current (I=10 mA) is twice increasdr) The AT, spatial view at 1=40 mA. c) One-dimensional heat
distribution captured in 8-12m band.

The CW tests have shown that the thermal resistéaetermined as the slope of linear relationsleifveen the
junction temperature and drive power) was ~75 KiWhiright” 3.4 um-planar LED, while it increased up to 85 K/W in
less efficient 3.8um LED. For a comparison, in the 34n-mesa this value was only 52 K/W that looks likether
benefit of mesa structures. The details of junctwarheating and heat relaxation time versus étepgtwer are shown
in Fig.5. In particular, heat relaxation procesaseed in a pulsed mode (pulse duration is 3.5misyVIR band shows
that in 3.4, 3.6 and 3.8m-LED’s thermal constants are 1.8, 2.4, and 4.0respectively. Also important is that the
longer LED wavelength the more heat a device géeg@ompare maximum thermal power pulsed values).
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Fig.5. (left) Heat relaxation process measuredulserl mode. (right) Single LED self-heating meadurea stack of LEDs
when single element, 4-element bar, and 4 x 4 steekon”.The lines are linear fits to the data.

In the negative luminescence mdderactically all junction area remains active (seet in Fig.3 and Fig.6, d).
This is due to high junction resistance (in respe¢he emitter resistance) that contributes toctimeent spreading across
all active LED regioff. It is very important that combining forward areVerse bias evidences unique IR LED property-
the ability to simulate hot or cold target and lolservable with respect to a particular backgroundeed, as real
targets effectively reduce their observability tees applying Stealth technologies, modern DISRcdsvmust keep up
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with new synthetic scenarios through projectinggéarsignatures, which are virtually invisible to $&nsors (real-time
active camouflage simulation). Shown in Fig.6 is #xperimental CW demonstration of H. WellggradoX’ in the
MWIR. In the initial state (a, 1=0), the circulactave region of a 4.3sm-mesa LED (1) and the rest part of structure (2)
are slightly seen due to emissivity difference wthese regions £435° C) and Si carrier (3, =33 C) on which the
structure sits. This positive thermal contrast lpees higher at forward bias (b, 1>0); the activeiordooks “warmer”
(T.=41° C). In the negative luminescence mode (I<0), canusiects the active device area as low observahle (
negligible temperature contrast between the olgjedtthe background\[T~0) or cold object (d, = 3¢ C).

Fig.6. (a) In the initial state, the MWIR camera mapmesa like an object (1, 2) and a backgroundiB)positive contrast
in between. Positive bias (I= 50 mA) makes the @sttto increase (I T= 8 K) while negative bias makes the active region
difficult to resolve (c, zero contrast, low obsdrle 1= -20 mA ) or transforms it in a cold objédt AT=-3 K, I=-50 mA).

Finally, an array of 4 x 4 closely-spaced - LEDs that are independently addressable can bd ums
simulating separate point sources and extende@ttal§rig.7). The advantage of this approach overntal emitter
technology is that multiple emitting wavelengtfiscan be combined within the array. However, testsasthat mutual
heating of small-area individual LEDs in an arrgycontrolled by the overlap of local temperatuedd§ in a heat
spreader (Fig.5). Indeed, CW thermal resistan@esingle emitter was of 90 K/Wi; this value increhap to 200 K/W in
a four-LED bar, and it jumped up to 280W in a stack of barsThis can makes simulating very hot extended tarigets

CW problematic and demands forore efficient thermal strategy (like, for exampike microchannel heat sink, or
Peltier cooler).

(d)

Fig.7. (@) The 4 x 4 hand-made LED array compodetisopoint sources emitting at 3. (b, ¢c) The MWIR camera
captures a group of point sources, that are coadéantshunt and positively biased. The modulatquhegnt temperatures

are AT»=25 and 95 K at I=50 (b) and 600 mA (c) respectivétl) It takes only 50 mA to reproduce our parmer
“positive” brand.
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4. CONCLUSION

In summary, it has been demonstrated that theuy®B5LEDs fabricated entirely in a single LPE run (@qess
suitable for mass production) as substrate-up magsatures can form ideal platform for new generatf photonic
DISP devices operating at room temperature withtikaly high spectral output density. Indeed, thdsgices have
much to offer in nearly every aspect of DISP apmlan. Still in early stage and far from optimurhey allow high-
speed (>20 KHz) simulating high apparent tempeeaflis~750 K, thermal emitter limit) targets even if thteuctures
and design are not fully optimized for DISP purmodeing neither monochromatic like a laser noadband like a
blackbody, LEDs can become the heart of multi-gpéctarrow-band DISP devices operating inside th&IR band.
For this application, IR LEDs are better than didateers because of their superior stability, lassctional nature of
light emitted, and lower cost. (However, LEDs cancmmpete with lasers in the hyper-spectral DISfrtelogy). But
the major advantage of this approach that coulce lmwery large impact is in ability to simulate dgmically cold
scenes (even though a device sits at room tempeyadnd low observable. Note there is no problerhigh-speed
maintaining this chameleon effect even if the backgd temperature is not stable. These futuregeariutionise the
DISP technology.

Although these power hungry off-the-shelf devicedileit very low external efficiency and suffer from
excessive self-heating, they already are very gtommtenders in the DISP market. We expect thastinice patterning,
large-area reflective bottom contact, intended nsidawall profiling (more efficient light extractiy, current spreading,
lower barrier and contact resistance (lower powegrsamption), and packaging technology with loweriihal resistance
(better heat sink) can lead to an up twofoldificrease in CW mode. Clearly we think the longerdgture of the
photonic DISP technology is strong and the requiésented can provide starting point for furthericke and technology
improvements.
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