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Abstract

Design of InAs/GaSb type-Il superlattice (T2SL) infrared barrier detectors is theoretically investigated.
Each part of the barrier structures is studied in order to achieve optimal device operation at 150K and
77K, in the midwave and longwave infrared domain, respectively. Whatever the spectral domain, nBp
structure with a p-type absorbing zone and an n-type contact layer is found to be the most favourable
detector architecture allowing a reduction of the dark-current associated with generation-recombination
processes. The nBp structures are then compared to pin photodiodes. The MWIR nBp detector with 5 um
cut-off wavelength can operate up to 120K, resulting in an improvement of 20K on the operating
temperature compared to the pin device. The dark-current density of the LWIR nBp device at 77K is
expected to be as low as 3.5 x 10* A/cm? at 50 mV reverse bias, more than one decade lower than the
usual T2SL photodiode. This result, for a device having cut-off wavelength at 12 um, is at the state of the

art compared to the well-known MCT ‘rule 07’.

Keywords: InAs/GaSb superlattice, barrier detector, infrared detector, TCAD simulation, dark current
Highlights :

1- InAs/GaSb type-Il superlattice barier detectors have been designed for the MWIR and for the LWIR
2- MWIR nBp T2SL detector can operate up to 120K

3- LWIR nBp T2SL detector can compete with well established MCT technology.



1. Introduction

High-performance photodetectors operating in the midwave (MWIR, 3 — 5 um) and longwave (LWIR 8 —
12 um) infrared spectral domain are useful for a broad range of applications such as civil, industrial and
military. Since the proposition made by Smith and Mailhiot [1], the Type-Il InAs/GaSb superlattice (T2SL)
material has been of great interest as it offers unique properties for IR detection including a high
effective mass, the reduction of Auger recombination rates and the possibility to address a wide range of
wavelength from the MWIR to LWIR domain. However, the dark-current of pin photodiodes has not yet
reached its theoretical predictions due to a short minority carrier lifetime ranging from 10 to 150 ns at
77K [2] resulting in a large generation-recombination (G-R) current that limits the electrical
performances at low temperatures. Recently, the InAs/InAsSb SL (also known as the ‘Ga-Free’ SL) has
been proposed as an alternative to the T2SL technology since a longer minority carrier lifetime has been
reported both in the MWIR and LWIR spectral range [3, 4]. Unfortunately, until now, Ga-Free detector
performances have not proved to be superior than those of T2SL detectors [5, 6].

Since the demonstration of barrier structures by Maimon and Wicks in 2006 [7], many efforts have been
made by research groups to improve the device design of T2SL detectors [8-11] and to achieve a
significantly lower dark-current, or higher operating temperature, than that of the standard pin
photodiode. In a barrier structure, a large band gap material, namely the barrier layer, is inserted to
block the majority carriers while allowing unimpeded transport of the minority carriers. The electric field
being confined in the barrier layer, the G-R current is suppressed in the absorption region. The dark-
current of such a structure, when properly designed, is thus diffusion-limited whatever the temperature.
The electrical performances should, a priori, be improved compared to the pin photodiode. However, at
high temperature, since T2SL pin photodiodes are also limited by the diffusion contribution [12], a lower

improvement is expected in comparison with low temperatures.



The objective of this paper is to design and to theoretically evaluate, by using the commercial TCAD ATLAS
software from siLvAco [13], the performances of T2SL barrier infrared detectors. The following section is
devoted to the design of a T2SL MWIR barrier structure with a 5 um cut-off wavelength at 77K. In this
section, the composition, thickness and doping level of the absorbing, barrier and contact layers are
accurately chosen. Next, the dark-currents of the selected T2SL MWIR barrier detector, for temperatures
ranging from 77 up to 200K, are calculated at -50 mV and compared with those of equivalent T2SL MWIR
pin photodiodes. The analysis of these results is made in term of temperature operation. Finally, a T2SL
LWIR barrier device having a cut-off wavelength of 12 um is defined and the dark-current is evaluated for

a temperature of 77K.



2. Design of the MWIR T2SL barrier structure

The barrier structure is composed of a contact layer, a barrier layer and an active absorption region (n or
p type) for which several engineered heterostructures can be considered such as nBn [8], p-t-M-p [9],
CBIRD [10] and pBp [11]. The aim of this section is to define by simulation the composition, doping and
thickness of each layer. Numerical simulations were performed using the ATLAS software, which has
already been used to calculate the band diagram and the dark current of IR photodiodes [14-16]. In the
case of MWIR T2SL structure, a bulk-based model using effective masses, band gap and density of states

is considered.

2.1 Thickness and doping level of the absorption region

Firstly, the T2SL absorption region suitable for the MWIR domain has to be defined. As the material
composing the active region, the p-type T2SL with 7 monolayers (ML) of InAs and 4 ML of GaSb (referred
to as the ‘InAs-rich SL’) was chosen, since it presents the best performances in terms of dark current and
guantum efficiency (QE) for a cut-off wavelength of 5 um at 77K [12, 17]. To determine the absorption
region thickness, QE simulations on pin photodiodes have been performed to extract the minority carrier
diffusion length. The material parameters used for the simulation of the InAs-rich SL structure are
summarized in Table | [14].

The LUMINOUS module integrated into ATLAS calculates the photogeneration rate in the presence of a
defined beam (intensity, wavelength) that is taken into account in the generation terms of the carrier
continuity equations. The quantum efficiency can then be calculated by dividing the current from one of
the device electrodes by the source photo-current which can be considered as the rate of incident
photons on the device. The quantum efficiency depends on two important mechanisms: the absorption
by the semiconductor material and the transport of the photogenerated carriers from the absorption

region to the metallic contacts where they can be collected.



On one hand, the absorption coefficient a of the InAs-rich SL has been calculated as a function of the
wavelength A using equation (1) and the imaginary part k of the complex optical index measured and

simulated on an InAs-rich structure [18].
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At 77K, the calculated absorption coefficient is equal to 2 820 cm™ at 4 um for a structure having a cut-
off wavelength equal to 5 um. Note that, this value is consistent with the experimental value measured
for an equivalent InAs-rich structure [19].

On the other hand, the carrier transport can be described by the minority carrier lifetime T and mobility

p which determine the diffusion length Lg; ¢ according to the well-known following equation (2):

kT
Ldiff = 7[1'[ (2)

where T is the temperature, k is the Boltzmann constant and q is the electronic charge.

The minority carrier lifetime can be extracted by simulating the dark-current density using the models
and method described in a previous paper [14]. We found that the experimental dark-current of several
InAs-rich pin photodiodes can be accurately described using a minority carrier lifetime of 100 ns which is
the typical value measured for MWIR T2SL [20, 21].

The absorption coefficient and the minority carrier lifetime being fixed, the diffusion length is the
adjustable parameter through the mobility. In the existing literature, only few experimental values for
the mobility are reported [22-24]. Indeed, considering the anisotropy of the T2SL material, the
experimental mobility is hardly interpretable due to the contribution of the mobility parallel to the
growth direction and the one perpendicular. The extracted mobility for our simulation is thus difficult to
compare with experimental values since in addition it strongly depends on the T2SL period composition

and thickness.



The QE for two InAs-rich pin photodiodes (without considering in the simulation an antireflection
coating) having different absorption thickness has been calculated and is plotted in Figure 1. The p-type
absorption region is 500 nm and 4 um thick for sample A and B, respectively. To obtain the curves shown
in Figure 1, the simulation has been compared with experimental data of two InAs-rich SL pin
photodiodes having a cut-off wavelength of 5.35 um (sample A) and 5 um (sample B) measured by Giard
et al. [25]. The energy band gap difference observed is due to a slight variation in the composition and
thickness of the SL period between both samples. However, it has been demonstrated that this doesn’t
affect the material parameters used for the simulation [14]. At a wavelength of 4.5 um (close to the cut-
off wavelength), the calculated QE is 10 and 30% for sample A and B, respectively. These values are in
good agreement with the measured values [25] demonstrating the model accuracy. The corresponding
minority carrier diffusion length of the p-type InAs-rich SL has then been estimated to be slightly inferior
to 4 um at 77K. An absorption thickness of 4 um has therefore been defined to optimize the quantum
efficiency. Note that, at temperatures higher than 77K, the diffusion length is expected to be lower as
the minority carrier lifetime and mobility decrease when the temperature increases.

The diffusion current is inversely proportional to the N X 1 product, with N the doping level of the
active layer and t the minority carrier lifetime. To reduce the diffusion current, the N X 7 product has
thus to be maximise. According to reference [26], the optimum doping level for MWIR T2SL with a carrier
lifetime of 100 ns is 2 x 10 cm?. For this study, the doping level has been chosen to be close to the

optimal value and it is equal to 1 x 10 cm3,



2.2 Barrier layer

A variety of configurations is possible for the barrier structure depending on whether the active zone is n
or p-type and if the contact layer is composed of the same material as the absorption region or not [27].
In our case, we will consider in this section that the contact layer is the same than the absorption region
which is a p-type InAs-rich SL, in other words we will consider a pBp structure (inset Figure 2). In this

configuration, the majority holes must be blocked by the barrier layer.

2.2a Band offset requirements
The majority holes coming from the contact layer can reach the absorption region by thermionic
emission. In order to have a negligible effect of this current compared to the diffusion current, a large
valence band offset between the absorption region and the barrier layer is required. To determine the

valence band offset, we have calculated the thermionic current according to the analytic equation (3)

[28].
(AEy)
Jen(AE,) = AT2e™" kT ®)
¢ = AE, + Ey,
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where h is the Planck constant, AE,, is the valence band offset between the absorption region and the
barrier layer and A is the Richardson constant which depends on the hole effective mass m;, and the
extrinsic Fermi level Ef,,.

The thermionic current variation with the valence band offset at a chosen temperature of 150K is plotted
in Figure 2. To give us an idea of the required minimum valence band offset, we compared this current

with the calculated diffusion current at 150K of an InAs-rich SL pin photodiode with an absorption



thickness of 4 um and a p-type doping level of 1 x 10'® cm3. At -50 mV, the diffusion current calculated
using the models and method given in reference [14] is equal to 4 x 10 A/cm?. The thermionic current
is equal to the diffusion dark-current for a valence band offset of 215 meV. Considering that the electric
field is confined in the barrier, and so the depletion region, the potential drop will first happen in the
barrier when a reverse bias is applied. If AE,, is not large enough, i.e. at its minimum value or less, the
effective thickness of the potential barrier won’t be sufficient anymore to block the majority holes. Thus,
a larger valence band offset than 215 meV is needed. A value of 250 meV has been chosen for AE,, as for
this value the thermionic contribution is lower by one order of magnitude than the diffusion dark-
current.

On the other hand, the photogenerated electron carriers must reach the contact to be collected. The
conduction band offset AE,. between the barrier and the absorption region when positive determines
the device operating voltage. Indeed, if AE, is large, a high reverse applied bias will be required to
reduce the barrier in the conduction band. In order to allow the minority carrier flow, the conduction
band offset has to be smaller than 3kT , i.e. 38 meV for a temperature of 150K. The material for the
barrier will be chosen to have no conduction band offset and a valence band offset of 250 meV with the

InAs-rich SL in section 2.2d.

2.2b Barrier thickness
In addition to the thermionic emission, the majority holes can tunnel from the contact to the absorption
region through the barrier. This tunnelling current, which depends on the barrier thickness and the
valence band offset A E,, has been calculated using the method established by Klipstein et al. [28]. In
Figure 3, the tunnelling current is plotted as a function of the barrier thickness for a valence band offset
of 250 meV at 150K. We also reported in Figure 3 the diffusion dark-current of the InAs-SL pin

photodiode as reference. It can be seen that for a barrier thickness of 62 nm, the tunnelling contribution



is equal to the diffusion current. However, to avoid the quick spreading of the electric field in the
absorption region with the reversed applied bias, the barrier layer cannot be too thin.

Even though we can see from Figure 3 that 100 nm is largely enough to have a negligible effect of the
tunnelling current (more than 4 orders of magnitude compared to the diffusion current), a thickness of
200 nm has been chosen to ensure that the G-R current will appear at larger reverse bias that it would
have been with 62 nm or 100 nm for example.

Furthermore, it is worth mentioning that in our configuration (i.e. large band offset in the valence band),
the material composing the barrier is generally based on a superlattice material that is lattice matched to

the GaSb substrate [9, 11]. Therefore, there is a priori no critical thickness for the barrier layer.

2.2c Barrier doping

Before investigating the influence of the barrier doping level on the electro-optical performances, we
have studied the effect of the barrier doping type, whether n or p with a doping level of 1 x 10 cm, on
the energy band diagram at 0 V (Figure 4a and 4b).

When the barrier is n-type and the absorption region p-type a pn junction is created at the interfaces
between both. The majority electrons in the barrier and the majority holes in the absorption region
diffuse and recombine until the equilibrium is reached and that the carrier diffusion is compensated by
the electric field. Thereby, since the barrier thickness is relatively small, the barrier is fully depleted, so
that the depletion region is extending into the absorption region on the right side of the barrier as
illustrated in Figure 4a. To avoid the G-R current started from 0 V arising from the depletion region in the
narrow band gap material, the 200 nm thick barrier layer cannot be n-type when the active zone is p-
type.

In Figure 4b, the energy band diagram is plotted for a p-type barrier. In this case, the majority holes in

the barrier diffuse to the absorption region and accumulate at the interfaces between both. As



previously, the barrier is fully depleted given its thickness. However, thanks to the narrow accumulation
zone in the absorption layer, the electric field remains confined into the barrier, and so the depletion
region. If a reverse bias is applied, this accumulation zone will tend to disappear and at a certain voltage,
the depletion region will extend to the absorption layer creating a G-R current. The applied bias at which
it will happen mainly depends on the thickness and doping level of the barrier layer.

The quantum efficiency at 4.5 pm and the dark-current density have been calculated as a function of the
applied bias for different p-type doping levels of the 200 nm thick barrier layer at 150K. Results are
presented in Figure 5a and 5b considering a p-type contact layer.

For a doping level of 5 x 10'® cm?3, the potential barrier in the conduction band is extremely large of
about 356 meV. Consequently, the photogenerated carriers cannot reach the contact and be collected
for small reverse biases. This generates a really low dark-current density but also an extremely low
quantum efficiency. In contrast, for doping levels below 5 x 10 ¢cm?3, the potential barrier in the
conduction band is only slightly superior to 3kT, the quantum efficiency at 4.5 um is therefore almost
equal to the maximum quantum efficiency. For a doping level of 1 x 10% cm™ as the absorption region,
the potential barrier in the conduction band is close to 84 meV, a small reverse voltage is therefore
required to allow the carrier to be collected.

We can observe in Figure 5b that the dark-current is increasing at higher applied voltage. This behaviour
is directly related to the extension of the depletion region in the absorption region and the apparition of
the G-R current. For low doping levels, the G-R current appears at smaller reverse bias as there is less
holes that accumulate at the interfaces between the barrier and the absorption region.

In conclusion, we have demonstrated that a p-type doping level which does not exceed the doping level
of the absorption region is required for the barrier layer in order to have a low operating voltage. As
compromise between a low operating voltage and the apparition of the G-R current, the barrier doping

level has been chosen to be equal to 1 x 10® cm’.
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2.2d Barrier composition
In the literature, two different SL material systems are generally reported as material for the barrier
composing nBp and pBp structures, either the InAs/GaSb/AISb/GaSb SL [9, 29, 30] or the InAs/AISb SL
[11]. We have chosen to study the InAs/GaSb/AISb/GaSb SL as it offers more flexibility in the choice of
the band offset thanks to the additional GaSb layer.
To determine the period composition and thickness of the InAs/GaSb/AlSb/GaSb SL that match the
requirements given in section 2.2a, a modified envelope function approximation model has been used to
calculate the energy band gap and band offset with the InAs-rich SL. This model which is also used for
the InAs/GaSb SL, describes the interfaces between the InAs and GaSb layers with a short-range delta-
function potential created at the interfaces [31].
In Figure 6, using material parameters deduced from InAs/AlSb/GaSb N-structure [32], the calculated
valence and conduction band offsets at 77K between the InAs/GaSb/AISb/GaSb and the InAs-rich SL are
reported for different period compositions. Note that, in the case of SLs, the conduction band offset is
defined as the energy difference between the bottom of the two electron mini-bands and the valence
band offset as the energy difference between the top of the two hole mini-bands.
It can be seen that for an
InAs/GaSb/AISb/GaSb SL period composed of 8/1/5/1 MLs, the calculated valence band offset is slightly
superior to 250 meV (Figure 6a) and there is no conduction band offset (Figure 6b) with the InAs-rich SL.
Assuming that both SL material systems have a similar variation of the energy band gap with the
temperature, we can consider that these band offset values will be the same whatever the temperature.
Consequently, the 8 MLs InAs/1 ML GaSb/5 MLs AISb/1 ML GaSb SL has been chosen as the material for

the barrier layer.
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2.3 Contact layer

In a barrier structure, the material for the contact layer can be different or not from the absorption
region. For this work, we chose a similar material which is the InAs-rich SL for both the contact and the
absorber.

Concerning the thickness of the contact layer, it is not as critical as the barrier thickness. However, it
cannot be too thick to not penalize the quantum efficiency by absorbing some of the incident light.
Typically, a thickness between 100 and 200 nm can be used for the contact layer.

In Figure 7, the energy band diagram of a nBp and pBp structures are compared for an equivalent
contact doping level of 1 x 10 cm™ at T= 150K. For a nBp structure, the conduction band in the contact
layer is close to the Fermi level, the thermionic current is therefore smaller since the potential barrier in
the valence band is larger on the left side of the barrier. We can also observe that an n-type contact
allows decreasing the potential barrier in the conduction band thus reducing the device operating
voltage compared to a pBp device. On the other hand, less holes accumulate at the interface between
the barrier and the absorber layer. The G-R current will therefore appear at a smaller voltage for an n-
type contact. For a p-type barrier with a doping level of 1 x 10 cm™, a n-type contact doping level of 1 x
10'® cm can be chosen as there is still the narrow hole accumulation layer in the absorption region to

confine the electric field into the barrier layer, as illustrated in Figure 7.
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3- Dark-current performance of MWIR T2SL nBp device

Figure 8 presents the optimized MWIR T2SL nBp structure on GaSb substrate in terms of composition,
thickness and doping level, along with the corresponding energy band diagram at a temperature of 150K
and at 0 V. To ensure an ohmic contact, the top contact layer is also composed of 60 nm thick N* doped
InAs-rich SL and 20 thick N*doped InAs cap layer.

Figure 9 displays the calculated dark-current density at -50 mV of the nBp device as a function of the
temperature. For sake of comparison, the electrical performances of the equivalent pin photodiode, with
the same absorber region as the nBp structure (InAs-rich SL with the 7MLs InAs/4MLs GaSb period [14]),
is also plotted in addition to the variation of the G-R and diffusion contributions. In Figure 9, J,» denotes
the calculated photonic current at f/2 for a quantum efficiency close to the cut-off wavelength of 47%,
which is the estimated value considering an antireflection coating. Joos has been defined as the dark-
current required to achieve high performance, i.e. value at which it does not degrade the performances.
It has a value usually taken as two order of magnitude lower than Jyn.

The crossing temperature (T.) between the G-R and diffusion regime of the pin photodiode is close to
136K. The G-R current being suppressed at small applied bias, the nBp structure is, as expected, limited
by the diffusion current at -50 mV on the overall range of temperature. Above T, the nBp device doesn’t
permit to significantly improve the dark-current compared to the pin photodiode since the latter is also
diffusion-limited. At a temperature of 150K, the dark current of the nBp device is equal to 1.5 x 10*
A/cm? which is lower by a factor of 2.6 than the pin photodiode. This value is within two decades
compared to values from the well-known ‘rule 07’ [33] showing the difficulties of the T2SL technology to
reach similar dark-current performances than Mercury Cadmium Telluride (MCT or HgCdTe) detectors in
the MWIR domain. This is directly attributable to the short minority carrier lifetime in the T2SL material.
Nevertheless, below T, the improvement in terms of dark-current or operating temperature is

considerable compared to the standard pin photodiode. Indeed, at 77K, we can expect with the nBp
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device a decrease of three orders of magnitude for the dark-current compared to the pin photodiode
that has a dark-current level of 1 x 10® A/cm?. Furthermore, at iso-performance for a current density
equal to Jobs = 5.8 x 107 A/cm?, the operating temperature of the pin photodiode is close to 100K while
for the nBp structure it is 120K. An improvement of 20K on the operating temperature is considerable as
it determines the power consumption and the cool-down time of the cooled IR system. According to
Manissadjian et al. [34] an improvement of 30K can lead to a decrease by a factor of two on the power
consumption which will directly have an impact on the SWaP (Size, Weight and Power) criteria.

In conclusion, depending on the application, i.e. field of view, scene temperature, etc., the barrier
structure will allow improving the performances over the standard pin photodiode in the MWIR spectral
domain. In addition, barrier structures can be used to overcome passivation issues thanks to the
presence of the barrier layer covering the absorption region [7]. This can be interesting for smaller
energy band gap (LWIR) since the surface leakage, that may appear, is more significant as it is associated
with surface states within the band gap and the pinning of the Fermi level. In the next section,
preliminary results using the nBp structure for the LWIR are presented and discussed for a temperature

of 77K.
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4- nBp structure for the long-IR spectral domain

Since the energy band gap of T2SL is determined by the period composition and thickness, which can be
precisely controlled during the growth by molecular beam epitaxy, high uniformity in terms of material
properties and electro-optical performances can be achieved on GaSb substrate [35]. This is a
considerable advantage over the MCT technology as the performances are degraded at longer
wavelength due to inherent compositional nonuniformity at lower CdTe mole fraction of the alloy
required to access this spectral domain. It is therefore essential to evaluate the performances and the
potentiality of the T2SL technology for the LWIR domain.

As material for the absorption region, we chose the T2SL composed of 14 MLs of InAs and 5MLs of GaSb
(14/5) that has a cut-off wavelength of 12 um at 77K, which has been calculated using the model
previously described in section 2.2d. The material parameters used for the simulation summarized in
Table 2 are in part extracted from reference [15]. The minority carrier lifetime has been set equal to 30
ns as it is the typical value measured for LWIR T2SL [21].

The material for the barrier has been defined using the same previous method. The
InAs/GaSb/AlSb/GaSb SL composed of 12/1/5/1 MLs has been found to have no conduction band offset
and a valence band offset of 340 meV with the 14/5 T2SL.

As a first attempt, the exact same nBp structure than the one reported in Figure 8 has been used.
However, due to a larger potential barrier in the conduction band than in the MWIR domain caused by a
smaller energy band gap and the barrier doping level, the barrier doping level has been decreased to 5 x
10% cm3. The energy band diagram of the nBp LWIR structure is presented in Figure 10 along with the
energy band diagram of the equivalent pin photodiode with the same absorption region.

The simulated dark-current density at 77K of the LWIR nBp structure and the pin photodiode is plotted in
Figure 11. On one hand, it can be observed that the pin photodiode is limited by the G-R current at small

reverse bias with a dark-current level of 5.7 x 10 A/cm? at -50 mV. Starting from -120 mV, the band-to-
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band tunnelling current (BTB) appears to be the main contribution to the dark-current. The energy band
gap being smaller in this spectral range, the tunnelling contribution dominates at smaller voltage than in
the MWIR domain. On the other hand, as expected, the LWIR nBp device is limited by the diffusion
current up to -0.3 V with a flat dark-current level of 3.5 x 10* A/cm? which is more than one order of
magnitude lower compared to the performance of the pin photodiode. This result is at the state of the
art compared to the well-known MCT ‘rule 07’ [33] demonstrating that InAs/GaSb SL detectors can be a
serious competitor to the MCT technology at longer wavelength. This can be explained by the fact that
even though the minority carrier lifetime in the T2SL material is lower than in the MCT, the N Xt
product is maximum for a lower doping level in the MCT [26]. Therefore, the short minority carrier
lifetime in the T2SL can be compensated by choosing a higher doping level. In addition, the T2SL
technology benefits from a high operability of focal plane arrays with very few flickering pixels [36] and

an image stability with no deterioration of the image quality over time.
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5 — Conclusion

Using the commercial TCAD ATLAS software from siLvACO, each layer of the barrier device has been
optimized in terms of composition, doping and thickness by analysing energy band diagrams and the
electro-optical performances. The proposed nBp device addressing the MWIR spectral domain is made of
a 4 um thick p-type (1 x 10'® cm?3) InAs-rich SL absorption region, a 200 nm thick p-type (1 x 10 cm?3)
InAs/GaSb/AlISb/GaSb high band gap SL barrier and an n-type (1 x 10'® cm?3) InAs-rich SL contact layer.
The electrical performances of this structure have been evaluated and compared to the equivalent pin
photodiode having the same absorption region.

As expected, the MWIR nBp device is limited by the diffusion current on the overall range of
temperature from 77 up to 200K whereas the pin photodiode is limited by the G-R current below a
temperature of 136K. Since the pin photodiode is diffusion limited at high temperatures (> 136K), the
dark-current at 150K of the MWIR nBp device is lower by only a factor of 2.6 with a dark-current level of
1.5 x 10 A/cm?. Even though this value is higher than the dark-current of MCT detectors due to the
short minority carrier lifetime in the T2SL material, the improvement at low temperatures is considerable
compared to the pin photodiode. We have demonstrated that at 77K the dark-current level of the MWIR
nBp device is three orders of magnitude lower than the pin photodiode and that for the defined Jon at f/2
with the estimated QE of 47%, the MWIR nBp device can operate to a temperature up to 120K resulting
in an improvement of 20K on the operating temperature.

Using the same nBp structure with a lower p-type doping level (5 x 10> cm?3) for the barrier layer, the
electrical performance of LWIR T2SL device has been simulated. At 77K, the LWIR T2SL barrier detector is
limited by the diffusion current up to — 0.3V with a flat current density of 3.5 x 10* A/cm? which is more
than one order of magnitude lower compared to pin photodiode. This result is at the state of the art
compared to the well-known MCT ‘rule 07’ demonstrating that InAs/GaSb SL detectors can be a serious

competitor to the MCT technology in the LWIR domain, considering also that MCT detector suffers from
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compositional nonuniformity at longer wavelength. The fabrication and characterizations of LWIR T2SL

barrier detectors will be the subject of further investigation to confirm such simulation results.
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TABLE CAPTION

Table 1: Material parameters of the MWIR 7/4 InAs-rich SL structure.

Table 2: Parameter values of the LWIR 14/5 InAs/GaSb T2SL.

TABLES

Parameters Values
Energy band gap at T = 0K 249 meV
Varshni parameter a 0.30 meV/K
Varshni parameter 450 K
Permittivity 15.34 x €0
Electron affinity 4.73 eV

Electron effective mass

Hole effective mass

m*e=0.0254 x mo

m*h=0.245 x mo

Table 1
Parameters Values
Energy band gap at T = 77K 0.103 eV
Permittivity 15.29 x €0
Electron affinity 4.76 eV
Electron effective mass m*e.=0.027 x mo
Hole effective mass m*h= 0.4 x mo
Minority carrier lifetime t=30ns

Table 2
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FIGURE CAPTIONS

Fig. 1: Simulated quantum efficiency at 77K and 0V of p-type InAs-rich SL pin photodiodes with an
absorption thickness of 500 nm (sample A) and 4 um (sample B). The curves obtained are in good

agreement with the experimental data reported in reference [25].

Fig. 2: Thermionic current as a function of the valence band offset AE,, between the absorption region
and the barrier at 150K. The calculated diffusion dark-current of a p-type InAs-rich-SL pin photodiode is

also plotted. Inset shows the schematic band diagram of a pBp structure at 0 V.

Fig. 3: Tunnelling current through the barrier layer at 150K as a function of the barrier thickness for a
valence band offset of 250 meV. The calculated diffusion dark-current of a p-type InAs-SL pin photodiode

is also plotted as reference.

Fig. 4: Energy band diagram calculated at 150K and at OV of a pBp structure with a 200 nm thick (a) n-
type and (b) p-type barrier. The doping level of the barrier and absorption region is 1 x 10*® cm3. E, E,

and Er are respectively the conduction band, the valence band and the Fermi level.

Fig. 5: Simulated electro-optical performances of a MWIR pBp structure with a 200 nm thick barrier
layer: (a) quantum efficiency at 4.5 um and (b) dark current density as a function of the voltage at 150K

for different p-type doping levels.

Fig. 6: Valence (a) and conduction (b) band offsets at 77K between the InAs / GaSb (1 ML) / AlSb / GaSb
(1 ML) SL and the InAs-rich SL as a function of the InAs layer thickness for different AlSb layer

thicknesses.

Fig. 7: Energy band diagram of the MWIR nBp (continuous line) and pBp (dashed line) structures at 150K

and at OV. The barrier and absorber doping level is equal to 1 x 10'® cm™3.

Fig. 8: (a) Optimized MWIR nBp structure based on the p-type InAs-rich SL and (b) the corresponding
energy band diagram at 150K and at OV.

Fig. 9: Simulated dark-current density at -50 mV of the MWIR nBp structure (stars) and the equivalent
pin photodiode (squares) as a function of the temperature. The variation of the G-R current (black line)
and the diffusion current (red line) is also reported. Jon is the calculated photonic current at f/2 for an

estimated QE of 47%. Jos is the required dark-current level.
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Fig. 10: Energy band diagram at 77K and 0V of (a) the LWIR nBp structure and (b) the equivalent pin

photodiode having a cut-off wavelength of 12 um.

Fig. 11: Simulated dark-current density at 77K as a function of the voltage of the LWIR nBp structure and

the equivalent pin photodiode. The LWIR nBp device is diffusion limited up to -0.3 V.
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