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Abstract

GaAs/AlGaAs based Heterojunction Interfacial Workfunction Internal Photoemission (HEIWIP) detectors were used to demonstrate
experimental split-off response that is based on hole transitions between light/heavy hole bands and the split-off band (spin-orbit). Pre-
liminary results indicate that, this detection mechanism is more efficient than free carrier mechanism for NIR operation. An unoptimized,
GaAs/AlGaAs detector with a free carrier threshold wavelength of ~20 um showed a maximum operating temperature of 130 K for
split-off response in the range 1.5-5 ym with a peak D* of 1.0 x 10% Jones. By adjusting the free carrier threshold to match the split-
off threshold, it should be feasible to further increase the operating temperature. Analysis indicates that practical devices with properly
optimized parameters are capable of achieving room temperature operation with higher specific detectivity. The possible ways to tailor
the threshold, for the split-off response to different wavelength rangers using different materials such as phosphides and nitrites are also

discussed.
© 2006 Elsevier B.V. All rights reserved.
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The Infrared detection at room temperature is becoming
important owing to the necessity of such detection tech-
niques in a wide range of applications in the civilian, indus-
trial, medical, astronomy and military sectors. Based on a
well developed material system, GaAs/AlGaAs based
Heterojunction Interfacial Workfunction Internal Photo-
emission (HEIWIP) detectors and Quantum Well Infrared
(QWIP) detectors for MIR (A~ 5-25um) to FIR (4>
25 um) ranges have been demonstrated elsewhere [1-4].
One of the major constraints on the operating temperature
of IR detectors is the need for a low dark current level to
obtain reliable detection. In semiconductor devices, the
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dark current typically increases with temperature. Hence,
the dark current limit effectively determines the operating
temperature of a detector.

Split-off band effects have been observed in the emission
of GaAs Metal Semiconductor Field Effect Transistors [5]
and have enhanced the response of GalnAsP quantum
wells [6]. This article describes NIR (4 <5 um) response
observed from the split-off (S-O) band of GaAs/AlGaAs
HEIWIP detectors designed for the MIR and FIR ranges
[7]. The active region of the basic HEIWIP detector con-
sists of one or more periods, each consisting of a doped
emitter and undoped barrier layers. In general, the detector
can have several emitter/barrier periods, sandwiched
between two highly doped contacts as shown in Fig. 1(a).
Depending on the doping required for ohmic contacts,
the top contact may also serve as the top emitter layer.
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Fig. 1. (a) Typical structure of a GaAs emitter AlGaAs barrier HEIWIP
detector. (b) Band diagram showing the workfunction (4) for photoemis-
sion of carriers. Here, 4 is given by 4 = A, + 4, where 4, and 4, are the
contributions from the doping and the Al fraction, respectively. The
dashed lines indicate the valence-band edge if the barriers were GaAs.

A p-type band diagram for a single period of a detector is
shown in Fig 1(b). Here, the workfunction (4) is given by
A= A4;+ A, where 4,; and 4, are the contributions from
doping and the Al fraction, respectively. The dashed lines
indicate the valence-band edge if the barriers were GaAs.
As the Al fraction is reduced, 4 will be limited by 4, which
in turn is a homojunction detector.

The HEIWIP detectors designed for the MIR and FIR
ranges showed NIR response peaks. These peaks appear
on top of the free carrier response region, when the spectral
sensitivity matches the GaAs S-O energy difference in
the GaAs emitter based HEIWIPs. These relatively strong
S-O responses can be seen up to 130 K, while the free
carrier response disappeared beyond 40 K.

The S-O band IR detectors can be based on four detec-
tion mechanisms, with each depending on three processes;
(i) the photoabsorption which generates the excited carri-
ers, (ii) escape of the carriers, and (iii) the sweep out and
collection of the escaped carriers. By having a high enough
doping to have the scattering length similar to the emitter
thickness, the carriers will scatter before the wave function
can interfere with itself and hence will not form discreet
quantum states inside the well. This makes the carrier dis-
tribution in the emitter three dimensional but still bound.
For doping values used in these detectors the scattering
length [8] is about 200 A, close to thickness of the emitter.
The absorption involves free carrier transitions, which is
different from the response observed previously in Si/SiGe
detectors [9] which used transitions from bound states to
either a bound split-off band state, or a continuum state
which is a mixture of the light, heavy and split-off hole
bands. The Si/SiGe detectors are QWIPs operating in a
bound-bound and bound-continuum mode. In explaining
the detection mechanisms, three bands will have to be con-
sidered, the light hole (L-H) and heavy hole (H-H) bands
which are degenerate at k =0, and the S-O band which is
separated from them by an energy E,. Under equilibrium
conditions, a p-doped region will have a Fermi level in the

L-H and H-H bands, but above the S-O band maximum.
The four detection mechanisms include the standard free
carrier absorption described [10] before, and used in both
homojunction [11,12] and heterojunction [13] detectors.
The other three mechanisms can only occur for p-type
detectors as they involve transitions between the hole
bands. Once the carrier is in the S-O band, it can escape
directly or scatter back into the L-H/H-H bands, and then
escape.

(I) As seen in Fig. 2(a), for free carrier absorption in the
emitter layers, the carriers remain in the L-H/H-H
band. The excited carriers then escape from the emit-
ter layer by internal photoemission at the interface
between the emitters and barriers. The applied elec-
tric field will sweep the carriers out of the active
region. This standard mechanism can also occur for
electrons in the conduction band of n-type detectors.

(IT) If the transition between the L-H/H-H band and the
S-O band is direct, as shown in Fig. 2(b), the final
energy of the excited carrier will not allow it to escape
from the emitter while remaining in the S-O band.
This is due to the energy of states in the S-O band
with k < ks where k¢ corresponds to the Fermi level
in the heavy hole band being above the barrier in
the S-O band. While it is possible to design a device
in which the S-O states are below the barrier, such
a device will have a low barrier height in the L-H/
H-H bands, resulting in very high dark current. The
carrier will scatter out of the S-O band back to the
L-H/H-H band with an excited energy, and then will
be able to escape by a process via the standard mech-
anism. Because of the occupation in the L-H/H-H
bands, this scattering time should be faster than a
direct relaxation.

(III) For an indirect transition, it is possible for the excited
carrier to have k> k; which means the carrier can
have sufficient energy to escape directly in the S-O
band Fig. 2(c). In this case the escape process will
be similar to that of the standard mechanism, with
carriers in the escape cone passing over the barrier,
and the remainder of the carriers trapping in the emit-
ter region.

(IV) For indirect transitions in which the carriers do not
end up in the escape cone Fig. 2(d), it is still possible
to go through the scattering process as in mechanism
IT in order to escape. Here process A is an indirect
photoabsorption, followed by a scattering event to
the L-H or H-H band. The internal photoemission
then occurs in the L-H or H-H band. This process
provides an additional escape route for carriers in
mechanism III that are not in the escape cone, as well
as allowing carriers resulting from absorption of
lower energy photons that would not have any possi-
bility of escape in the S-O band. The threshold here is
determined by the difference between the Fermi
energy and the S-O band edge.
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Fig. 2. Band diagram of the hole bands (light hole — LH and heavy hole — HH) and an energy diagram illustrating (a) the standard HEIWIP response
mechanism and (b-d) the Split-off (S-O) band mechanisms. The S-O response can be categorized as (b) direct absorption, (c) indirect absorption without
scattering, (d) indirect absorption with scattering. Actions involving the S-O band as either the initial or final state are indicated by dashed arrows. The
horizontal lines indicate the barrier (4; ;5 and 4so for the LH/HH and S-O holes, respectively) and Fermi (Eg) energies.

Two groups of detectors were used in this study. The
S-O response is first shown using a detector designed for
the 10-15 pm range with a 20 pm threshold [2], which
was not designed for optimum S-O response. The detector
HEO0204 design consisted of 16 periods of p-doped 188 A
GaAs_emitters doped to 10" em™ with carbon and
1250 A Aly 1,Gag ggAs barriers. The top and bottom con-
tacts were 1x 10" cm™ p-doped GaAs layers with 0.2
and 0.7 um thicknesses respectively. The detectors were
made by wet etching to form square mesas with sides
400, 600, 800, and 1000 um. Ti/Pt/Au ohmic contacts were
evaporated onto the top and bottom contact layers. A ring
contact is used on the top surface and square windows of
260, 460, 660, or 860 um sides are open to allow front illuo-
mination. The top contact was thinned to roughly 1000 A
(with ~100 A depleted) leaving 900 A of the top contact
to serve as the first emitter layer giving a total of 17 emit-
ters. The processed detector is shown in Fig. 1(a).

Dark current variation with bias voltage for HE0204 at
various temperatures is shown in Fig. 3. The measured
responsivity in the 1.5-5um S-O range for HE0204
at 79-130 K is shown in Fig. 4. A peak response of
0.45 A/W was seen at 105K at 2.0 um. The response
increased when the temperature was increased from 79 K
giving the highest response at 105 K. As the temperature
was further increased, the response decreased, and was
not measured beyond 130 K. The increase in response with
temperature may be related to phonon effects on the escape
rate for excited carriers. Further studies to investigate the
temperature dependence are planned. The total quantum
efficiency determined by dividing the photocurrent by the
incident photon rate was ~27%, and at 1.8 um a specific
detectivity (D*) of 2.2 x 10 Jones was obtain at 90 K. This
value is low due to the design of these detectors for opera-
tion at much lower temperatures. The increased barrier in
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Fig. 3. Dark current variation with bias voltage for HE0204 at various
temperatures.
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Fig. 4. Measured responsivity of detector HE0204 at various tempera-
tures at 5kV/cm bias field. The peak response was 0.45mA/W at
~2.0 um. The response increased with temperature up to 105 K, and then
decreased rapidly. The two steps indicated by arrows in the response at
2.8 um and 3.4 um are due to the thresholds for mechanisms I1T and II/1V,
respectively.
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an optimized detector should reduce the dark current and
hence improve D”*. The two steps seen in the response at
2.8 and 3.4 um are probably caused by the thresholds for
mechanisms III, and II/TV, respectively. This indicates that
the use of high doping is the preferred approach. A small
signature could be identified at 3.7 pm which could possi-
bly be a signature of the bound heavy-light hole to bound
S-O transitions.

Based on previous experimental results and the standard
thermionic current calculations, the dark current should
not increase significantly, as doping is increased until the
defect assisted tunneling dominates. If the doping is kept
below these high values, the absorption is increased, there-
fore the response and hence the Background limited infra-
red photodetection temperature should increase.

The detector 1332 had 16 periods with 3.6 x 10'® cm™>
and 1.2x10"® cm™® Be-doped top contact and emitters,
respectively. The quantum efficiency of detector 1332 at
50 K and a bias field of 3 kV/cm is shown in Fig. 5. The
broad response from 5 to 15 um is due to the free carrier
absorption and the sharp peak at 2-4 um is due to the
S-O response. This increased quantum efficiency is due to
the increased absorption/emission in the S-O region. For
free carrier and indirect absorption response (I, III, and
IV), a phonon or an impurity scattering event is required
in the absorption to conserve momentum, while in mecha-
nisms II and IV, a scattering event is also required. Since
mechanism IV requires two extra particles, it should be
slower than the other three. The threshold for mechanism
IIT will be shorter than for mechanisms II and IV due to
the requirement of passing the barrier in the S-O band.
Based on the width and two thresholds in the S-O response,
both the direct and indirect absorptions are occurring in
the S-O response.

In order to understand the strong response observed
using the S-O band, calculations were carried out to deter-
mine the relative absorptions for the free carrier and S-O
responses. The first step was to use a k- p model, similar
to that used in quantum dots [14] and quantum wells to
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Fig. 5. The quantum efficiency of detector 1332 at 50 K and a bias field of
3 kV/cm.

calculate the L-H, H-H and S-O hole energy bands. The
absorption coefficient was then calculated as a function of
photon energy 7w from the energy states in the band. The
calculation was done for a 1 um thick GaAs layer p-doped
to 1 x 10" cm 3. The absorption by the S-O band was over
an order of magnitude larger than for the free carrier
absorption in the L-H/H-H bands as shown in Fig. 6, indi-
cating the relative improvement of the S-O mechanism in
this range. As shown in Fig. 7 the measured absorption is
increased in the split-off region compared to the expected
free carrier absorption. The experimental quantum effi-
ciency is larger than the calculated quantum efficiency (even
with the increased experimental absorption taken into
account). This difference is believed to be due to the gain
resulting from the large split-off energy (~340 meV) for
GaAs. The high energy for carriers that have been excited
into the split-off band means that they will have sufficient
energy to excite additional carriers via impact effects, intro-
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Fig. 6. The calculated absorption coefficient for the free carrier and the
S-O band absorptions in a 3 x 10'® cm ™ p-doped GaAs layer. The steps in
the S-O results correspond to the thresholds for mechanism IIT and I and/
or IV. It is seen that the S-O absorption is much stronger than the free
carrier absorption at shorter wavelengths.
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Fig. 7. Measured absorption for the sample HE0204 showing the
increased absorption from the split-off response. The dashed line shows
a 42 curve as is expected for the free carrier part of the response.
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Table 1

The S-O band offset energy for different materials

Material Aso (meV) Aso (1m)
InN 3 410
GaN 20 62
AIN 19 65
InP 108 11
GaP 80 16
AlIP 70 18
InAs 390 32
GaAs 340 3.6
AlAs 280 44

Nitride and phosphide compounds are interest for wavelengths beyond
10 pm.

ducing a high gain factor into the detectors. The step seen in
response at 3.4 pm is in good agreement with the calculated
results shown in Fig. 6. However, there is a small discrep-
ancy with the drop calculated to occur at 2.9 um. The exper-
imental step is ~0.15 um wide, (possibly due to the effects
of the photoemission process) and the threshold may be
longer than it appears in Fig. 4. The difference in the
response between the mechanisms is larger than is seen in
the absorption coefficient calculation. This is probably due
to differences in the escape probability for the different
mechanisms. Future work is planned to calculate the escape
probabilities of the mechanisms, obtaining a complete
response model for the S-O band detectors.

The tested devices with a threshold of ~20 um showed a
maximum operating temperature of 130 K. By reducing the
threshold to ~5 um, the operating temperature should be
increased to 300 K with D* of ~5 x 10° Jones. The response
can be optimized by increasing number of layers in order to
improve absorption, using surface plasmon resonances in
metallic nanoparticles deposited on the detector surface
[15]. Properly optimized device working at room tempera-
ture may compete with currently available uncooled detec-
tors [16,17]. Materials other than GaAs/AlGaAs may lead
to improved coverage in the 3—5 pm range. A direct transi-
tion to the S-O band for InP gives a threshold of 11 um,
while the nitride materials may be able to operate at
60 um or beyond in the S-O mode as seen from Table 1.
By using different materials as shown in Table 1, it should
be possible to tailor the threshold for the S-O response to
different wavelength ranges. The research will look at
which materials are optimal for use in the different spectral
ranges, with the emphasis on the 1015 pm range for which
the phosphides should be the best.
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