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Very-long wave ternary antimonide superlattice photodiode
with 21 pm cutoff
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We describe a ternary antimonide superlattice photodiode with ar@lcutoff wavelength. The
active region consists of 150 periods of 10 monolaykftks) of Ing 7/G& gz5b and 19 MLs of InAs

with InSb-like interfacial bonds. The device has a detectivity of 1®° cmyHz/W, dynamic
impedance-area product of 0.08cn?, and peak external quantum efficiency of 3% at 40 K. X-ray
diffraction and cross-sectional scanning tunneling microscopy show the structure to have a high
degree of order with abrupt interfaces. A simulation of the absorption spectrum effectively
reproduces the observed spectrum. 2@03 American Institute of Physics.
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Currently, the two leading very-long wave infrared um cutoff wavelength. The introduction of ternaries with
(VLWIR) focal plane array technologies for space-based devariable In mole fractiorx substantially expands the oppor-
tection employ blocked impurity band silicaisi:BIB) and  tunities for the improved performance of ASLs in the VL-
mercury—cadmium—telluriddMCT), both of which have WIR, since the strain compensation can be decoupled from
significant drawbacks. High thermal generation rates in thether design optimizations and the incorporation of In into
extrinsic Si:BIBs limit their operating temperatures#d0  the GaSb hole wells allows for longer, in shorter-period
K,! while MCT-based photovoltaics are limited to the shortstructures with enhanced optical matrix elements.
end of the VLWIR by band-to-band tunneling, which grows The photodiodes in this study were grown in a Riber
exponentially as the energy gap decreases. Compact 21T molecular-beam epitax¢yMBE) system

Photodiodes based on antimonide superlatti®SLs) equipped with valved As and Sb crackers producing diatomic
offer a promising alternative to these systems. As proposedroup-V flux. Dual In sources permk in the InGa _,Sb
by Smith and Mailhict and grown by Chowvet al.® super- layers to be controlled independently of the InAs growth
lattices constructed of alternating layers of type-Il alignedrate. Growth rates were calibrated by monitoring intensity
In,Ga _,Sb and InAs would have a metallic band structureoscillations in the reflected high-energy electron diffraction
but for quantum confinement effects that produce an arbiRHEED) patterns during the growth of GaSb and InAs un-
trarily small positive band gap that increases as a function ofler excess group-V flux. The InGaSb layers were nominally
decreasing superlattice period. While the peaks of the elegrown at 1 ML/s at a V:IlI flux ratio of about 1.5, while the
tron and hole wave functions are located in the InAs andnAs layers were grown at 0.5 ML/s with a flux ratio of
ternary layer, respectively, degradation in the wave functiorabout 2. The alloy compositiorn was controlled by setting
overlap can be mitigated to the extent that the IR absorptiothe Ga growth rate to 0.92 ML/s and the second In source to
coefficients are comparable to those in bulk MCT. This isa rate of 0.08 ML/s. Hall measurements on doped GaAs
accomplished at a given wavelength by minimizing the sufilms grown on semi-insulating GaAs substrates were used to
perlattice period, which can be achieved by increasing thealibratep-type (Be) andn-type (Si—InAs) doping. Absolute
alloying of the InGa,_,Sb layer, reducing confinement substrate temperature was referenced to the points at which
effects? A key advantage over MCT in VLWIR applications oxide desorption and th@ x5)-to-(1x 3) surface reconstruc-
arises from the significantly heavier ASL electron effectivetion transition were detected with RHEED.
mass that greatly reduces band-to-band tunnéliSgcond, The n-on-p superlattice photodiodes were grown on
as observed by Youngdaé al,* Auger recombination rates, an unintentionally doped, GaSK001) substrate with a
relative to bulk MCT, are strongly suppressed due to thenet p-type doping of 1- 10" cm 3. After oxide de-
large splitting of the light and heavy hole bands in the supersorption, a 0.5um thick p*-GaSb buffer/contact layer
lattice band structure. Supporting evidence has been prd~ 10" cm™2) was grown with the substrate kept at 495 °C
vided by steadily increasing detectivitie®1) and cutoff  to suppress the formation of dilatory pyramidal deféctée
wavelengths X.,) of ASL photodiodes, with Weet al® re-  substrate temperature was then lowered to 400 °C for growth
cently reporting a binary GaSb/InAs photodiodes withof the 150 period superlattice, which had a nominal period
Aeo™>30 um. However, in the 8—12:m range, ternary ASLs structure of 10 monolayer@/Ls) of In,Ga, _,Sb on 18 ML
display the highesb*’s, which now rival those of MCT. InAs with 1 ML of InSb-like interfacial bonds'® (29 MLs

Here, we describe a ternary ASL photodiode with a 21total). Next, 1 um of a lightly p-doped superlattice 5
x 10' cm™2) was grown, followed by 300 nm of* super-
lattice capped with a 20 nm thick InAs™-contact layer
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YAlso at: SFA Incorporated, Largo, MD 20774. doped~10'® cm : _ _ _
9Also at: NOVA Research Incorporated, Alexandria, VA 22308. Large, unpassivated mesa diodes were fabricated in a
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(@ 100 60 40 30 K 5 depends on temperature under bias. Carrier freezérotte
oL A T substratg is evident between 20 and 30 K, wheRaA re-
1:_A°t- Energy=30.2 miV - " mains high under forward bias, while the premature satura-
= B Bias (mV) tion with reverse bias below 4_0_ K indicates leakage pro-
g _ 50 0 50 cesses. The absolute responsivity versus photon energy is
§0.1 - ”g 1/'//"\20'(' shown in Fig. 1b) for a 400 um circular device with a 160
S o0 é’ %\ S~ pm diameter contact to allow optical access. The cutoff for
0.01F SO 30| this device(50% peak responsiviiyoccurs ju_s_t below 60
i g N 40 meV, or 21 um. However, the peak responsivity and quan-
0.01 W50 ] tum efficiency are relatively low, at 0.35 A/W and 3%, re-
000 ! L ) 90— spectively. The responsivity can be modestly improved under
10 20 3010061/2 (K_:S)U 60 70 reverse bias, as shown in the inset of Figh) lwith a maxi-
mum increase of 50% at=-—40 mV. With anRyA of 0.18
(b) Wavelength (um) ohment, this device has a Johnson noise limitBd of
30 20 15 10 3x10° cmyHz/W at 40 K and zero bias. Note that the acti-
041 T=40K o . vation energy is approximately half of the energy gap, indi-
1 = -" cating that the diode operates in a generation-recombination-
50-3 B " limited mode, withRyA proportional to the intrinsic carrier
> - density, and therefore never reaches the diffusion-limited re-
E 0.2} 010 20 30 40 gime. . . . )
g Rev. Bias(mV) X-ray diffraction (XRD) and cross-sectional scanning
§ ok tunneling microscopy(X-STM) measurements were per-
’ formed to determine the actual superlattice period and strain,
and to examine both the long- and short-range order within
0.0 00" 755 150" 175 200" the layers. XRD spectra were obtained using a Bede QCla

Energy (meV) double-crystal diffractometer, and then compared with dy-
FIG. 1. (8 The dynamic impedance-area produRA, as a function of ~Namical XRD simulations generated with Bede’'s RADS soft-
temperature for a-on-p photodiode with a top contact covering the 200 ware to determine the structural parameters. From the XRD
égr;\T(::amEterl, fircular mesa. Bia_s_tdepenr(;ietncRAfis shfown in thg inlset. measurements, shown in Fig(a}Z the period and relaxed

e absolute power responsivity vs photon energy for ag®Ccircular .
diode, with cutoff wavelength of 21um (50% peak at 40 K. The inset ~2VErage lattice cqnstant were found to be 90.60 and 6_.093 A,
shows the quantum efficiency of the device as a function of reverse bias. Ffespectively, equivalent to 29.75 ML of Ill-V growth, with a
—0.04% mismatch to the GaSb substrate. The diffraction

simple two-step process. First, mesas were defined by wdeaks are extremely narrow, with a full width at half maxima
etching in a solution of citric acid, hydrogen peroxide, phos-c_’f 23_arc_:s fpr both_ the substrate and the zeroth-order satel-
phoric acid, and deionized water. The devices were thef{t€S indicating a high degree of long-range order.
completed with the patterning and deposition of Ti/Ptiiu The XRD spectrum was simulated using a range of In

and p-type ohmic contacts. Linear and circular transmission@lloy fractions =6% to 9%, and InGaSb and InAs film
line measurements indicated contact resistivities in thdhicknesses that satisfied the observed period and strain as-

107 Q cn? range for both contact types. suming InSb-like interfaces. The measured spectral peak po-

The relative IR spectral responsivity was measured b);itions and amplitudes were well reproduced by the equiva-
diverting the interferometer output of a Nicolet Magna-IR ent of either 9.9 ML g o/G&y 935b/18.8 ML InAs, as shown
750 Fourier transform infrared spectrometer onto the sampl Fig. 2@, or 9.4 ML Ing 0dGay ¢;Sb/19.3 ML InAs.
through a KRS-5 cryostat window. Because the cutoff for the ~ The nanometer-scale structure of the superlattice was
device approached the 2im limit of the mid-IR beamsplit- characterized by X-STM, with the wafer cleaved in an ultra-
ter (Ge on KBR substraje the spectral line shape was also high vacuum to expose{d10; surface that presents a cross-
recorded using a far-IR silicon beamsplitter, with similar re-Sectional view through a single lattice plaié? Images of
sults. The absolute responsivit§t) was determined using the (1) surface, shown in Fig. 2, were acquired with filled
black-body measurements with a spectrally calibrated Infraelectronic states, revealing every-other group-V lattice plane
red Industries IR-463 source. Measurements of the detectavithin the structure in cross section. The InGaSb layers ap-
current as a function of black-body aperture diameter conpear~0.1 nm higher(*brighter” ) than the InAs layers, due
firmed the absence of spurious IR coupling. Black-bodyprimarily to differences in the surface electron density of
measurements were made through a 10404 bandpass states:? Consistent with the XRD, the superlattice exhibits
filter with a 27° field of view. Note that our reportéd and  excellent long-range ordgfFig. 2(b)], with no evidence of
guantum efficiency(#) values do not correct for the reflec- lateral modulations, alloy segregation, or accumulating
tion of ~30%. roughness during growth. At the atomic sciifég. 2(c)], the

The dynamic impedance-area prodiRE (RyA at zero  interfaces appear smooth and abrupt, with only occasional
biag, is displayed as a function of temperature in Fige)l growth steps observed along the interfaces and any disorder
for a 200um circular device with a top contact covering the associated with interfacial bond formation confined within
mesa. Activated behavior is evident down~d0 K, with an  ~1 ML. Enumerating the apparent Sb and As rows per pe-

activation energye,=30.2 meV. The inset shows hoRA  riod, we estimate 11 MLs of InGaStinSb plus 18 or 19
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GaSb wheree is the electron chargd, is Planck’s constant, and
0 is the speed of light. The absorption spectrum was then ob-
tained from the relation
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Here,d is the thickness of the lightlyp-doped superlattice

absorbing regiol um), R is the reflectivity, and théun-
known) collection efficiencyy represents the fraction of op-
tically generated electron—hole pairs that contribute to the
photocurrent.
The simulated absorption coefficient was modeled using
an eight-band, finite-elemektp calculation of the superlat-
4 - - : : - - tice electronic statel, assuming Gaussian inhomogeneous
-8k -6k -4k -2k 0 2k 4k 6k linewidths of 5 meV. Scaling the experimental data using
Theta(arc-sec) x~0.65, the absorption coefficient is well simulated with an
~ 3 In alloy fraction in the 7%—8% rangé-ig. 3). Although the
calculated spectrum is weighted more heavily toward the
band edge, the energy positions of the main transitions from
the highest heavy-holgH1) and light-hole(L1) subbands to
the lowest electron subbariil) agree well.
To summarize, we have described a ternary ASL photo-
diode with a cutoff wavelength of 2&m. The temperature
dependence ofR,A shows the diode to be generation-

‘ _ _ recombination limited above 40 K. The detectivi/* =3
FIG. 2. (&) XRD analysis of the superlattice. The measufte) and simu-

lated(bottom) spectra were used to determine the thickness and compositior%< 10? Cm\’JHZ/W OCCUI’S_ Wlth a peak quantum eff|C|ency of
of the superlattice as the equivalent of 9.9 Ml 4#Ga, o:Sb/18.8 ML InAs 3%, in the Johnson noise limit. The superlattice was charac-

with a plane of InSb bonds at each interfa@®.and(c) Filled-state X-STM  terized by XRD and X-STM, showing that the structure has a

images of the superlattice with fields of view of 150 nm and 35 nm, respechigh degree of Iong— and short-range order and abrupt inter-

tively. . . " .

el faces. The main optical transitions of the device are well
explained by a simulation of the absorption coefficient based

MLs of InAs. There is a relative uncertainty 6f1 ML be- 1 4he strycture of the active region, and an overall collection
cause only every-other growth layer is seen, and steps on tré‘?ficiency of~0.65

growth surface occasionally shift the apparent position of an

interface by 1 MLt The authors gratefully acknowledge Ben Shanabrook for
We find that the main spectral features of this device arenany thoughtful discussions, Mohammad Fatemi for advice

well described by &-p simulation of the absorption coeffi- on XRD, and Marc Goldenberg for technical assistance in

cient based on the observed structure of the active regioWBE growth. This work was supported by the Office of
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