Performance limitations of GaAs/AlGaAs infrared superiattices
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The performance of the GaAs/AlGaAs superlattice as an infrared detecting material is
modeled as a function of temperature for two cutoff wavelengths, namely, 8.3 and 10.0 pm.
The results are compared with HgCdTe, the present industry standard material for infrared
systems. The limiting performance of the GaAs/AlGaAs materials system is found to be
orders of magnitude below that of HgCdTe for any specific cutoff wavelength and operating

temperature.

The concept of infrared (IR} photodetection by inter-
subband absorption in superlattices first proposed by Smith
ef al.* has recently become the subject of extensive investiga-
tion? utilizing the GaAs/AlGaAs system, and sirong claims
have been made regarding the performance of this IR mate-
rials system relative to that of HgCdTe. It is the purpose of
this letter to meaningfolly compare the ultimate perfor-
mance of these two materials systems with a view to their
potential application in inrfrared systems. To this end a quan-
titative analysis is carried out of a A, = 8.3 g superlattice,
and this is compared both to the published data and to a
HgCdTe photoconductor operating at the same cutoff wave-
length. These arguments are then extended to the more rel-
evant range for IR systems, namely, A, = 10-12 ym.

The GaAs/AlGaAs multiguantum well detector is a
majority-carrier device, and as such the noise is determined
by the variance in the density of majority carriers™ within
the device, namely, {An’) =n=mn, + n,, where n, is the
density of thermally generated carriers and n » the density of
photon-generated carriers. The photon-generated carrier
density consists of two components, due to signal (¢,) and
background flux ($ ), and in the 8-12 ym spectral region is
dominated by the background optical flux component 7.
The ultimate in IR system performance is achieved when
145 > 1,, as the noise is then dominated by the incident back-
ground flux, and background-limited performance (BLIP)
is achieved.

The thermally generated carrier density for the multi-
quantum well structure is obtained from a consideration of
the density of states in the associated bandstructure of a sin-
gle guantum weil. The geometry of the structure considered
consists of 50 GaAs quantum wells of width 40 A, with
Al Gsa, _ As barriers {x =0.31) of thickness 300 A and
height 250 mV. An envelope function approximation® calcu-
lation for this structure yields the energy-level diagram
shown in Fig. 1. The first subband lies approximately 100
mV above the GaAs conduction-band edge, and the second
subband lies approximately 3 mV above the continuum edge
of the barrier. The GaAs wells are doped at #, = 2 < 10" 10
provide the necessary IR absorption coefficient for the struc-
ture. The Fermi level is calculated, to a good approximation,
assuming an infinite barrier, so that for the two-dimensional
density of states associated with the first subband £, we
have
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E, = nJ1#d /m*, (1)

where d is the well width and m?* the effective mass. For
ny=2x 10" em ™3, d = 40 A, and m* = 0.067m,, we have
£, =28.7mV. Using the model of Fig. 1 we treat the con-
tinuum as a wide quantum well of width L equal to the mean
well spacing, and the two-dimensional density of states is
then (assuming only one state, n = 1, is confined in the deep
well)

® ®(E 12
o (E) = _’1”;__{1 + m[}: (M) ]} (2)
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where Int(x) = largest integer < x. The corresponding vol-
umetric density (electrons/cm’® — eV) is p,p /L. We note
that for L{2m*(E — V}/#11*1"?> 1, the volumetric den-
Sity i pop /L — (2m* /)Y 2(E — P2 /211, which is the
bulk value.

The density of thermaily generated carriers above the
barrier E = V'is thus
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FIC. 1. 8.3 pm IR guantum well structure.
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For the parameters of Fig. 1, Int[Z v/ (2m*u/
I | =0foru<3ImV,and = 1foru>6mV. Atu==6
mV, exp( — u#/kT) ~exp( — 1) at 77 K. To first order we
can neglect the Int( ) term in Eq. (4), obtaining

n, = (m*kT/N#HLye U E (5)
noting that this will represent a slight underestimate of 5,.
This approximation is tantamount to assuming that all ther-
mal carriers are generated by the first electron subband of
the quantum well.

Combining Egs. (1) and (5} we have

By = "%(k_.fr)ie TR (6}
E.JL

The background-generated carrier density is given by, for
an incident angle of 45°,

ny, = nbpgT/V'2E, (73

where 7 represents the effective lifetime of excess carriers, 7,
the device thickness, and v the device quantum efficiency.
The measured” flattening of responsivity with bias voltage
for ¥V, >4 Vindicates that risthen ~7,/2 = i /2v, where 1,
is the transit time of a hot electron across the device struc-
ture, and v its limiting velocity, which for GaAs/AlGaAs
will be ~ 107 cm/s. Thus, 7~8.5% 107 '? 5. This hot-elec-
tron lifetime value is considerably larger than that found for
absorption in GaAs guantum wells between two bound
siates,” where 7~ 1-2 < 10 '? 5. This could possibly be at-
tributed to both the unbound nature of the first excited sub-
band, and to the larger AlGaAs barrier widths employed.
The hot electron thus spends a large fraction of its lifetime in
the harrier region, where it cannot lose its excess energy. It
should be pointed out that these observed values are some-
what lower than would be predicted by hot-clectron theo-
ry,® assuming energy loss simmply by electron-phonon inter-
actions. This is possibly due to the role played by
electron-electron scattering. The quantum efficiency is de-
termined from the measured responsivity in the sweepout
mode, namely, 59/ (2v/2Av), where a photoconductive gain
of 1/2 and a 45° angle of incidence have been assumed. The
measured value” for unpolarized light is 0.42 A/W, giving
7~ 17.5%. Assuming two passes of IR radiation through
the superlattice at an angle of 45°, this corresponds to an
absorption coefficient for unpolarized light, a ~750 cm ™,
in reasonable agreement with measured values® for this de-
vice at 8.3 um.

From Egs. (6) and (7) the BLIP condition is achieved
when 76,7/t V2 > n,, or rearranging we have BLIP when
the 45 incident background rate of carriers,
Béy/v'2 > n,t /7, the thermal generation rate of carriers in
the detector. The thermal generation rate can be viewed as
the rate at which any departure from equilibritm in the de-
vice is accommodated. A calculation of the thermal genera-
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tion current, J, ( = r,tg/7), in the 8.3 um GaAs-AlGaAs
superlattice as a function of temperature is shown in Fig. 2,
assuming 7 = 8.5ps, r = 1.7 um, d = 40 A, I == 340 A, and
1, = 2% 10" em 3. The current is normaiized by the effec-
tive material quantum efficiency ( = 8.175/v/2) so as to
facilitate comparison with other materials systems. Plotted
on the right-hand axis is the equivalent incident photon flux.
This plot immediately gives the required minimum tempera-
ture of operation such that n, <z ,,. For example, at a typical
system background fiux of 10'° photons/em? s, the required
temperature of operation for the 8.3 um GaAs-AlGaAs su-
perlattice is < 69 K to achieve the BLIP condition.

Operation at 8.3 um is not particularly meaningful for
practical IR systems, and a cutoff wavelength of 16.0 pm is
more relevant. The preceding caleulation is extended to con-
sider this case. The quantum well width is changed to 30 A,
and the remaining parameters assunied the same. This will
yield an intersubband transition energy ~0.124 eV, The cal-
culated thermal generation rate {and hence current) for this
case is also shown in Fig. 2 as a function of temperature.
BLIP performance for 10 um wavelengths in a 10'° cm’ s
environment requires operating temperatures < 58 K.

Similar arguments can be readily applied to HgCdTe
operating at the same cutoff wavelengths. HgCdTe devices
are dominated by minority-carrier statistics, so for n-type
HgCdTe the BLEP condition becomes p,? /7, < ¢, Where
B, = ni/ng, u, being the intrinsic carrier concentration. In
good quality HgCdTe, the minority-carrier lifetime 7, is Jim-
ited by Auger recombination® and is given by

T, = 2Ta R/, (8)
where 7,; is the intrinsic Auger lifetime. Thus, the thermal
generation rate of minority carriers in good quality HgCdTe
is given by

Dat/r=nt /274, (9)

7.; has been measured® for a variety of HgCdTe composi-
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FIG. 2. Thermal generation current vs temperature for GaAs/AlGaAs IR
superfattices and HgCd'Fe atloys at 4. = 8.3 and 10 jem. The assumed ef-
fective quantum efficiencies are # = 0.125 and 0.7 for GaAs/AlGaAs and
HgCdTe, respectively.
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tions, is in reasonable agreement with theory,'” and is given
approximateiy by

Tai = [BIXIOVE Y/ (KTY ] exp(E,/kT),  (10)
where a value for the overlap integral |F\¥,]? = 0.25 has
been assumed to fit the experimental data.

The minority-carrier generation current given by Egs.
{9) and (10} is shown in: Fig. 2 as a function of temperature
for both 8.3 and 10 gum cutoff wavelengths. A guantum effi-
ciency of 0.7 has been assumed t¢ normalize the thermal
current axis. It is readily apparent from Fig. Z that the ther-
mal generation rate at any specific temperature and cutoff
wavelength is approximately five orders of magnitude
smaller than for the corresponding GaAs-AlGaAs superiat-
tice. This translates into a cooling requirement of an addi-
tional 50 K for GaAs-A¥GaAs to achieve the same perfor-
mance as HgCdTe. The dominant factor favoring HgCdTe
in this comparison is the excess carrier lifetime, which for #-
HgCdTe is > 107 s at 80 K, compared to 85X 10 s
for the IR superlattice.

it should be pointed out that the GaAs/AlGaAs super-
tattices considered above are not theoretically optimized
structures. Some benefit can be gained by trading off device
thickness and doping concentration, such that a high overall
guantum efficiency is maintained but with a subsequent de-
crease in E,, and hence #,. Some enhancement of carrier
lifstime can be achieved by widening the barrier layers, but
there are limits. For the guantum well geometries considered
the Int[ L(2m*u/#° 112} termin Eg. (4) will nolonger be
negligible for values of L > 500 A. Thus, any increase in 7
would be offset by an increase in #,, essentially due to ther-
mally generated carriers in the AlGaAs barrier region. It is
also not apparent that the photoconductive gain of this de-
vice must necessarily be Himited to the value 1/2. The choice
of GaAs contacts” generates Schottky barriers at the input
znd output of the superlattice. It would seem that 2 judicious
choice of heavily doped Al Ga, _  As of the appropriate x
composition could generate ohmic contacts to the superiat-
tice device. Hence photoconductive gain greater than unity
cotld be achieved, provided the dieleciric relaxation time
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( = pesg,, where p is the resistivity and € the dielectric con-
stant) were fast enough for the operating conditions.

The thermal generation rate parameter can be used to
directly estimate D * if so desired. For a photoconductive
detector, with radiation incident at an angle € to the normal,
the  specific  peak  detectivity s given by
D* =g{rcos 8/n,:)!"?/2hv, where 5 represents the ab-
sorbing quantum cfficiency, which for the GaAs-AlGaAs
cases treated here was 17.3%. At 80 X the two superlattices
considered  here culd exhibit maximum values
of D¥B83um)=185x10" cmHzVZW™! and
D*(100um) = 6.1 X107 cm Hz!/? W™, compared to
HgCdTe, with D*¥(83um) = L.75x 10" cm Hz!'2 W1,
and D#(10.0 pm) = 3.0x 10 em Hz'/2 WL

In summary, it is shown that the limiting performance
of GaAs-AlGaAs IR superlattices is considerably below
that which can be achieved with HgCdTe devices at any
specific temperature and cutoff wavelength. Performance
requirements of present day IR systems | operating in tyvpical
10 pm flux environment of (1-3) X 10'° photons/cm? s]
would necessitate operation of GaAs-AlGaAs superlattices
at temperatures below 60 K.
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