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Numerical analysis of the dark current (Id) in the type-11 superlattice (T2SL) barrier (nBn)
detector operated at high temperatures was presented. Theoretical calculations were
compared with the experimental results for the nBn detector with the absorber and contact
layers in an InAs/InAsSb superlattice separated AIAsSh barrier. Detector structure was
grown using MBE technique on a GaAs substrate. The kp model was used to determine
the first electron band and the first heavy and light hole bands in T2SL, as well as to
calculate the absorption coefficient.

The paper presents the effect of the additional hole barrier on electrical and optical
parameters of the nBn structure. According to the principle of the nBn detector operation,
the electrons barrier is to prevent the current flow from the contact layer to the absorber,
while the holes barrier should be low enough to ensure the flow of optically generated
carriers. The barrier height in the valence band (VB) was adjusted by changing the electron
affinity of a ternary AIAsSb material. Results of numerical calculations similar to the
experimental data were obtained, assuming the presence of a high barrier in VB which, at
the same time, lowered the detector current responsivity.

1. Introduction

A'BY materials, widely used in the construction of a
superlattice (SL), have recently found application in the
technology of infrared (IR) detectors due to a large
possibility of regulating the energy gap size. The type-II
superlattices (T2SLs) have advantages over the HgCdTe
detectors [1,2]. The most important of them is a better
stability, low tunnelling currents and suppression of the
Auger generation-recombination. In case of materials with
a comparable cut-off (1c,) wavelength, significantly longer
live times of minority carriers were obtained in the
gallium free T2SL InAs/InAsSb compared to HgCdTe.

The T2SLs InAs/InAsSb superlattices are at the
research and development stage and are less studied than
the InAs/GaSb SL. The InAs/InAsSb SL material is
characterized by a better controllability and a simpler
manufacturability. The position of the conductivity band
(CB) and the valence band (VB) in InAs/GaSb SL and
InAs/InAsSb T2SLs are shown in Fig. 1.
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Fig. 1. Bandgap diagram of the superlatice: (a) InAs/GaSb and
(b) InAs/InAsSh.

The fundamental properties of type-1I InAs/InAsSh
superlattices together with the bandgap engineering
capability make this material available for the
construction of a new class of IR detectors called barrier
detectors [3-6]. An example of the barrier detector is the
structure type nBn in which the barrier layer (BL) is
sandwiched between an n-type semiconductor, which is a
contact layer (CL), and an n-type absorber layer (AL).
The nBn structure shows properties similar to a p-n
junction and a photoresistor. ldeally, the barrier should
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exist only in the conduction band, blocking the flow of
majority carriers (electrons) which allow the unimpeded
flow of holes (when there is no additional barrier in VB).
Replacing the depletion layer by a CB barrier causes a
change in the dark current density (J4) through the
suppression of Shockley-Reed generation. By generating a
lower dark current, these detectors can operate at near
room temperatures.

2.  Experimental data, theoretical simulation and
results

The epitaxial structure of nBn T2SL with the
InAs/InAsSb absorber layer grown on a GaAs substrate
using the RIBER molecular beam epitaxy system with
effusion cells for Ga and In, and with valve cracked cells
for As and Sb was obtained for the tests [7.,8].
Growth rates were in situ calibrated according to the
reflection high energy-electron diffraction (RHEED)
system. The structural properties of applied T2SL layers
and their stoichiometry (xsp) Wwere determined
by a diffractometer (PANalytical X’Pert). The under
study nBn device consists of three basic layers.
The BL was an AlAsg5Sboss material (d =0.1 pm)
while T2SL InAs (5.096 nm)/InAso.62Sbo.ss (1.94 nm)
d=317um was used for AL and T2SL
InAs (5.096 nm)/InAsySboss (1.94 nm) d =1.1 um — for
CL. T2SL layers were non-doped and had the n-type
conductivity at a level of 1-10?2 m™ at 230 K. Theoretical
simulation of T2SL has been performed in the
commercially program SimuApsys (T2SL modelling and
nBn detector modelling were performed). The applied
model took into account the influences of radiative
recombination, Shockley-Read, Auger 1 and Auger 7. The
presented theoretical simulation model includes both
electrical and optical properties of T2SL. Using it, a
detectors performance can be estimated.

Figure 2 shows experimental data of the current-
voltage (I-V) characteristics for the nBn T2SL device
operated at heigh temperatures. At temperatures obtained
with thermoelectric coolers (of 210 and 230 K), relatively
low current density values are observed. In the nBn
T2SL device, the valence and conduction bands offsets
are the parameters managing the transport in the
heterostructure.
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Fig. 2. The experimental I-V characteristics of the nBn detector at
210, 230 and 300 K.

Current-voltage plots indicate that there is an
undesirable barrier in VB blocking the flow of carriers
from the absorber. The low photovoltage with an open
circuit appearing with a decreasing detector temperature is
associated with a background radiation photocurrent. This
is also confirmed by very low values of current
responsivities measured at these temperatures (see Fig. 3).
Current responsivities of 0.1 A/W are obtained by apply-
ing a very high bias voltage (above —1 V). This is the
voltage that causes the barrier reduction in VB — so called
“turn-on voltage”. The AlAsSb barrier layer is much better
aligned to the InAs/InAsSb SL absorber layer at room
temperature. At 300 K the current responsivity at —0.5 V is
more than an order of magnitude greater than at 210 K.
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Fig. 3. Current responsivity vs. bias voltage for the nBn detector at
high temperature.

Further analysis of J; vs. temperature and determi-
nation of activation energy may give more details. The
activation energy E, matches the expression:

Eq
Ja~Toe )

using the value of S=3 for a low doped AL. In the above
equation 7T is the temperature in Kelvin and £ is the
Boltzmann constant. Arrhenius plots of the dark current
density at a bias of —=0.2 V and —0.5 V are shown in Fig. 4.
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Fig. 4. Arrhenius plot of the dark current density at —0.2 V and
—0.5 V for the nBn T2SL detector.
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Determined activation energy for a voltage of —0.2 V
equals 380 meV and is significantly higher than the
InAs/InAsSb SL absorber energy gap. This value may
correspond to the undesirable barrier height in VB. The
existence of undesirable barriers can be explained by
numerical modelling. The 8:8 k;p model has been used
which can theoretically model the absorption spectrum
(absorption coefficient) and a cut-off wavelength of the
absorber layer, based on the knowledge of the thickness of
T2SL and the thickness of individual InAs and InAsSh
materials in T2SL [9]. This model allows to determine the
position of the conductivity and valence bands and to
ensure a correct band alignment between BL and AL in
the nBn T2SL detectors.

The good agreement was obtained by the theoretical
modelling using a commercial platform SimuApsys. The
simulation was conducted for T2SL with an InAs layer
thicknesses of 5.096 nm and an InAsoeSboss layer
thickness of 1.94nm. For example, the obtained
Aeo (50%) = 6.7 pm at the temperature T =230 K. The T2SL
band structure of InAs (5.096 nm)/InAsg.62Sbo.35 (1.94 nm)
was calculated in the temperature range of 230-300 K
(these components thickness meets strain balancing
conditions [10-12]). Also, probability functions showing
that the holes are located in the InAsSb layer and
electrons are in the InAs layer were calculated. It is
known from theory that a transition is possible when the
probability distribution functions overlap.

To determine the relative band alignment between
each material specifies the CB and VB level as a bulk
parameter for binary materials InAs, InSb, AlAs and AISb.
To derive the CB and VB level for an AlAsSb ternary
alloy, a linear interpolation between binary materials can
be used (AISb and AsSb). The analysis for the position of
the VB edge for a ternary material (AlAs;«Sby) is shown
in Refs. 13-17. Reference 9 for AlAs;«Shy ternary
materials gives a bowing parameter value for the valence
band (VB) of 1.71 eV.

The following SL parameters were used for model-
ling the nBn detectors: energy gap, electron affinity,
electron and hole mass, recombination (radiative, Auger 1,
Auger 7 and carriers lifetime SRH) absorption coefficient
(Table 1).

Table 1.
SL parameters used in the nBn detectors simulation
(T=230K, 1=4 um).

Symbol  Quantity Value

Eq Energy gap 0.164 eV

X Electron affinity 4.892 eV
Me/Mo Electron mass 0.059

mMh/Mo Hole mass 0.179

Ri Radiative recombination coefficients 3.07-107¢ m3s!
T5RH-n Electrons SRH lifetime 100-10°s
TSRH-p Holes SRH lifetime 100-10°s

Ta1 Recombination coefficients Auger 1 2.98-10-% m3s?
Ta7 Recombination coefficients Auger 7 1.22-10"% m3?
a Absorption coefficient 876 cm?

The theoretical analysis results of the optical
generation of carriers indicate that the greatest absorption
takes place in the detector active layer. Reflections were
not included in our simulations.

The T2SL electron affinity was theoretically deter-
mined according to the method described in Ref. 18. For
the ternary bulk material of AlAsSb, which occurs as a
barrier, the following equation has been used to determine
the electron affinity (x):

X=|Ev_Eg|' (2)

where E, is the valence band energy, E, is the band gap
energy. Figure 5 shows the theoretical analysis of the
current density at a reverse bias voltage equal to —0.2V
and —0.4V as a function of the valence band offset (VBO)
at the boundary between the barrier and the detector
absorber.
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Fig. 5. Calculated current and photocurrent density at U=-0.2 V
and —0.4 V as a function of VBO for the nBn detector
operated at 230 K.

Changing the VBO causes changes in the device
operation and in a deterioration in the detector quantum
efficiency. An increase in VBO reduces the dark current
density, but at the same time, the detector quantum
efficiency decreases. At the polarization voltage
U=-0.4V, the barriers with a height lower than 0.2 eV
do not limit the detector operation. At lower detector bias
voltage values, this barrier height limit is lowered
(0.1 eV). Due to the low values of the dark current in the
tested detectors, we had to assume a VBO value of about
0.3 eV to match the experimental I-V characteristics.

Figure 6 shows, for example, the measured and
theoretically calculated I-V characteristics for the nBn
T2SL devices operated at 230 K.

The presence of a barrier in the VB obstructs the flow
of holes. With an increase in the detector polarization in
the reverse bias of about —0.4V, the barrier decreases
which results in a current responsivity increase. This also
causes an increase in the dark current detector due to an
increase in the minority carrier current. In our case, the
correct band alignment between BL and AL was not
obtained.
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Fig. 6. Eksperimental data (points) and theoretical calculation
(lines) of 1-V characteristics of the nBn T2SL detector
operated at 230 K.

3. Conclusions

The article presents the theoretical analysis of the
performance of nBn T2SL (CL [InAs/InAsSb] - BL
[AlAsSb] - AL [InAsSb]) barrier detectors operated at
high temperatures. Results of the theoretical simulations
were compared to the measured data for the obtained
barrier detectors. Position of the VB edge for the ternary
barrier materials (AlAsSb) was changed by correcting the
electron affinity in the barrier layer (changing the bowing
parameter). Good adjustment of the theoretical curves to
the measured 1-V characteristics of the nBn detector
required the adoption of a high barrier in the valence band
which decreased the detector current responsivity at low
reverse bias voltage values. In further work the authors
plan to use a three-component AllnSb alloy and a two-
component AISb alloy for BL as a potentially better suited
material for InAs/InAsSb AL which will allow to increase
the quantum efficiency of the device.
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