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The eight-band 𝑘 ·𝑝 model is used to establish the energy band structure model of the type-II InAs/GaSb superlattice
detectors with a cut-off wavelength of 10.5 µm, and the best composition of M-structure in this type of device is calculated
theoretically. In addition, we have also experimented on the devices designed with the best performance to investigate the
effect of the active region p-type doping temperature on the quantum efficiency of the device. The results show that the
modest active region doping temperature (Be: 760 ◦C) can improve the quantum efficiency of the device with the best
performance, while excessive doping (Be: > 760 ◦C) is not conducive to improving the photo response. With the best
designed structure and an appropriate doping concentration, a maximum quantum efficiency of 45% is achieved with a
resistance–area product of 688 Ω·cm2, corresponding to a maximum detectivity of 7.35×1011 cm ·Hz1/2/W.
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1. Introduction
In recent years, the increasing applications of long-wave

infrared (LWIR) detectors in numerous fields, especially in
ballistic missile defense, remote sensing, and meteorological
monitoring, have promoted the research and development of
long-wave infrared detectors.[1] As the most widely used in-
frared detector to date, mercury cadmium telluride (MCT) is
not a perfect material system due to the intrinsic shortcom-
ings such as the poor uniformity of large area and the diffi-
culty of alloy component adjustment.[2,3] After proposed by
Sai-Halasz et al. in 1997, the InAs/GaSb superlattice with a
type-II band gap alignment is considered as a promising al-
ternative to the state-of-the-art MCT technology in the LWIR
detection for its various advantages, like the adjustable band
gap energy,[4–6] the low Auger recombination rate,[7] the large
electron effective mass,[8] and the convenience of material
growth and device preparation process.[9] In addition to the
traditional p–n or p–i–n structure, there are a variety of hetero-
junction configurations of antimony-based type-II superlattice
that is closely lattice matched to obtain lower dark current den-
sity and relatively higher device performance.

There are two most important indicators for measuring

the performance of infrared detectors. One is the dark current
density (resistance–area product), and the other is the quan-
tum efficiency (QE). While the dark current density can be re-
duced by proper band engineering design and passivation pro-
cess, there are many ways to improve the quantum efficiency,
such as increasing the length of the absorption layer[10] and
reducing the reflectivity of the material surface. Despite the
investigations of the LWIR InAs/GaSb superlattice detector
have made significant progress, there remains a challenge of
how to reduce the dark current without decreasing the quan-
tum efficiency.[11] Fortunately, with the presence of barrier
structure inserted by a wide bandgap AlSb layer, the contra-
diction between reducing dark current and improving quantum
efficiency is remarkably alleviated by the appropriate super-
lattice structure design.[12,13] Different from other literatures,
this paper combines the two optimization methods of perfor-
mance. First, the best long wave device structure is designed
by band simulation. On the basis of this device structure, a se-
ries of devices are prepared to vary the doping concentration
of beryllium in the absorption region, from which the infrared
detection device with low dark current density and high quan-
tum efficiency is obtained.
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In this paper, we first design a LWIR P-π-M-N photode-
tector in terms of energy band. Then, we use the designed
structure to carry out the experiment of the absorption region
p-type doping with variable temperatures. Finally, we summa-
rize the experiment and obtain the optimum temperature of Be
doping in the absorption region.
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Fig. 1. Schematic diagram of a P-π-M-N superlattice photodiode design.

2. Theoretical simulation
In this work, we use the M-superlattice composed of

InAs/GaSb/AlSb as a barrier layer to reduce the dark current
of the LWIR device. In order to get the best LWIR device
model, we design the energy bands of superlattice materials
in the active layer and the barrier layer, respectively. We use
the eight band 𝑘·𝑝 method from Ref. [14] to design the band
structures using MATLAB software. Figure 2 shows the con-
duction band and valence band edge energies and correspond-
ing wave functions when the absorption region is configured
as 12 ML InAs/7 ML GaSb. By calculation, the band-edge
energy difference is about 124 meV, so the theoretical cut-off
wavelength is 10 µm. Then, we begin to design the composi-
tion of the barrier layer that matches the absorption region. In
the M-superlattice structure shown in Fig. 3, the thicknesses
of the InAs and AlSb layers are fixed at 18 ML and 5 ML,
respectively. When the thickness of the GaSb layer changes
from 3 ML to 8 ML, the energy of the conduction band
edge increases monotonously from 24.61 meV to 129.56 meV,
and the valence band edge increases from −207.08 meV to
−67.66 meV. We can see that with the increase of the GaSb
layer thickness, the conduction band edge of the barrier re-
gion gradually exceeds the absorption region, which will hin-
der the collection of electrons. At the same time, the upward
movement of the valence band edge of the barrier region will
weaken the barrier region’s blocking effect on the hole dif-
fusion current. Therefore, we use 18/3/5/3 ML InAs/GaSb
superlattice configuration to match the absorption region of
12/7 ML InAs/GaSb superlattices with a cut-off wavelength
of about 10 µm to obtain “negative offset”.[15] In this paper,
the band edge energies of each region are shown in Table 1

and the zero energy reference point is taken from the top of
the GaSb valence band.
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Fig. 2. Simulation result of the active region in terms of band structure.
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Fig. 3. Calculations of the InAs/GaSb/AlSb M-structure superlat-
tice: 18 ML InAs/m ML GaSb/5 ML AlSb/m ML GaSb where m =
3,5,6,7,8.

According to the band-edge energy of the device from Ta-
ble 1, the conduction band edge energy of M-region is lower
than that of I-region. Moreover, the valence band edge devi-
ates greatly, which indicates that the device design is in ac-
cordance with the theoretical expectation without considering
doping in the I-region or slight doping. The profile of the de-
signed device is shown in Fig. 5.

Table 1. Band edge energy of each region of a P-π-M-N superlattice
device.

Band edge energy Ec/meV Ev/meV Eg/meV λ/µm
M-region 24.5 −207 232 5.35
I-region 118.5 5.15 123.6 10.03
P-region 309 7.04 316 3.92
P+ buffer 810 0 810 1.53

3. Experiments
From the expression of detectivity, we can conclude that

the effect of quantum efficiency on detectivity is actually
greater than that of dark current, as the R0A term in the expres-
sion has an additional root sign. Therefore, this paper focuses
on how to improve the quantum efficiency of LWIR devices by
doping the active region. Quantum efficiency reflects the abil-
ity of incident photons to convert into photo-current, which
is ought to include the optical absorption ability of materials,
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the transport of photo-generated carriers, and the collection
efficiency of electrodes. Previous literatures have studied the
variation of quantum efficiency with doping concentration in
the active region on a series of VLWIR photodetectors with a
cutoff wavelength of 21 µm.[11] Based on the previous experi-
ments, this paper will explore the effect of doping in the active
region on long-wave devices with cut-off wavelength of about
10.5 µm.

3.1. Quantum efficiency

Assuming that the surface recombination rate is zero, the
expression of the total external QE for a p–i–n detector is[16]

ηTotal = ηn +ηdr +ηp, (1)

and the QEs in n-, depletion-, and p-regions are defined as

ηn = (1−R)
αLh

(αLh)
2−1

×
{

αLh− exp(αxn)sinh(xn/Lh)

cos(xn/Lh)

}
, (2)

ηDR = (1−R){exp(−αxn)− exp(−α (xn + xDR))} , (3)

ηp = (1−R)
αLn

(αLn)
2−1

×

{
−αLn− exp

(
αxp
)

sinh
(
xp/Ln

)
cos
(
xp/Ln

) +αLn

}
. (4)

The definitions of the parameters in these formulas can all be
found in Ref. [16]. An effective way to improve the QE is to
modify the doping type of the active region. In the LWIR de-
vice, the thickness of InAs is larger than that of GaSb in one
period, unintentionally leaving a residually n-type doping ac-
tive region. Compared with the p-type doping, the n-type ab-
sorption layer is not benefit to the transport of photo-generated
carriers because the diffusion length of the holes is less than
that of electrons. Therefore, an effective way to improve the
QE is to modify the doping type of the active region from n-
type to p-type. However, on the other hand, excessive doping
will increase the defect density of the material and thus results
in a shorter lifetime of the minority carrier, which on the con-
trary diminishes the QE. Therefore, finding a suitable doping
concentration in the active region is a subject worthy of study.

3.2. Dark current density

In order to better analyze the dominant dark current
mechanism in the devices, we set up the dark current model
of the detectors. In general, the dark current in the detector
can be divided into bulk dark current and surface leakage cur-
rent. Among them, the different components of the bulk dark
current have analytical expression forms

Jdiff = n2
i

√
ekBT

(
1

ND

√
µh

τh
+

1
NA

√
µe

τe

)(
eeV/kBT −1

)
, (5)

JGR =
eniW
τGR

2kBT
e(VB−V )

sinh
(
− eV

2kBT

)
f (b) , (6)

JT =
e3E (V )V

4π2}2

√
2mT

Eg
exp
(
−

4
√

2mTE3
g

3e}E (V )

)
, (7)

Jtrap =
e2mTV M2Nt

8π}3 exp
(
−

4
√

2mT
(
Eg−Et

)3

3e}E (V )

)
. (8)

The definition and value of each parameter can be found in
many literatures.[17–19]

Figure 4 is the experimental fitting curve of the doping
concentration corresponding to the doping temperature, from
which we can get the corresponding doping concentration of
the absorption region under each doping temperature, whose
value is used for the latter dark current simulation to illustrate
the experimental results.
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Fig. 4. The relationship between Be doping concentration and temperature.

3.3. Experimental design

In this work, we used a solid source Gen II molec-
ular beam epitaxy (MBE) reactor to grow a series of su-
perlattice photodetectors with an active region structure of
12 ML InAs/ 7 ML GaSb (SLs) with a cutoff wavelength of
about 10.2 µm on an n-type GaSb (001) substrate. An InSb
layer was grown between the InAs and GaSb. The struc-
ture consists of a 0.8 µm p+-doping GaSb buffer followed
by a 0.5 µm InAs/GaSb SLs P+-region (Be doping concen-
tration 1× 1018 cm−3 in both regions). Then, a 3 µm 12 ML
InAs/7 ML GaSb SLs active region was grown with differ-
ent Be doping temperatures (760 ◦C, 780 ◦C, 800 ◦C, 820 ◦C).
Next, a 0.5 µm 18 ML InAs/3 ML GaSb/5 ML AlSb/3 ML
GaSb M-structure SLs was grown with a slightly Si doping
concentration of 1× 1016 cm−3. Finally, a 20 mm n+ InAs
cap was grown followed by a 0.5 µm N+-region M-structure
SLs (Be: 1× 1018 cm−3) with a similar structure of the pre-
vious barrier region. Four epitaxial wafers were grown in this
experiment and except for the different doping temperatures
of Be in the active region, the growth conditions were kept
the same. All samples were processed and characterized in
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exactly the same way, using standard photo-lithography tech-
niques. In order to suppress the surface leakage current, the
surfaces of the all devices were passivated with SiO2. Each
epitaxial wafer includes three mesa areas of side lengths of
117 µm, 167 µm, and 250 µm.
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Fig. 5. A schematic of P-π-M-N photodetector.

3.4. Experimental result

Figure 6 depicts the dependence of the QE of the four de-
vices on the bias voltage. As the bias voltage changes from
positive to negative, the QE rises first and then remains almost
unchanged. The figure clearly shows that the QE of all devices
tends to be saturated when the reverse bias voltage is 30 mV,
indicating that a small bias can help the photo-generated car-
riers to be basically collected, which verifies the rationality
of the device model design described in the previous section.
Among the four devices, the one with the active region Be
doping temperature 760 ◦C has the highest QE and the maxi-
mum value can reach 44% at −90 mV. Besides, the QE of the
devices decreases with the increase of the π-region Be doping
temperature. This is mainly because the higher the tempera-
ture, the higher the defect density of the material, which leads
to the decrease of the minority carrier diffusion length, thus
damaging the quantum efficiency.

Figure 7 demonstrates the optical performance character-
ization results of four groups of LWIR devices with the π-
region doping temperature ranging from 760 ◦C to 820 ◦C.
Figures 7(a) and 7(b) are the absolute spectral responses and
quantum efficiencies measured at 77 K. As can be seen from
the figure, all four devices have similar absolute spectral re-
sponse curves and a 100% cut-off wavelength of approxi-

mately 10.5 µm, indicating that the superlattice active regions
and M-barrier thicknesses of the four devices are consistent,
and the forbidden band gaps are almost the same. All de-
vices are applied with a negative bias of 70 mV. When the
Be doping temperature of the active region is 760 ◦C, the peak
responsivity of the device is 2.46 A/W at 7.3 µm, while the ex-
ternal maximum QE is 46% at 5.1 µm, which is close to twice
that (only 23%) of the high temperature doping (820 ◦C). The
maximum QEs of the other two devices are 42% and 30%, re-
spectively, and the corresponding π-region Be doping temper-
atures are 780 ◦C and 800 ◦C. The decrease of the QE with the
increase of the doping concentration may be attributed to the
increase of the defect density. From the analytical expression
of quantum efficiency, the QE is related to the diffusion length
of minority carriers when the device material and thickness are
fixed (i.e., R, α , and xn,p), and the diffusion length of electrons
(Ln) is larger than that of holes (typical values are 0.55 µm
and 0.15 µm, respectively). In addition, through the formula
of Ln =

√
Dnτn, the diffusion length Ln is related to the minor-

ity carrier lifetime. Generally speaking, the higher the dop-
ing concentration is (proportional to the doping temperature),
the more effective the composite center is, and the shorter the
lifetime of the minority carriers is. Figure 7(c) exhibits the
specific detectivity of four devices at 77 K, from which we
can obtain a maximum value of 7.35× 1011 cm ·Hz1/2/W at
7.3 µm. The devices with a π-region doping temperature of
760 ◦C are superior to the undoped and any other devices with
a doping temperature above 760 ◦C.
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The J–V characteristic reflects the noise level of the de-
tector. Figure 9 shows the dark current density and RA of four
devices with variable doping concentration in the active re-
gion. The dominant dark current in the detector can be de-
scribed as the sum of bulk dark current and surface leakage
current. In order to suppress the surface leakage current, we
passivated the device surface with SiO2. To study the effects of
the bulk dark current and surface leakage current respectively,
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R0A can be fitted by the following formula:[19]

1
R0A

=
1

R0Abulk
+

1
rsurface

P
A
, (9)

where P/A is the ratio of perimeter to area of square mesa.
Based on the above relationship, we selected a set of devices

to make a curve of R0A versus P/A, as shown in Fig. 8. The
slopes of the curves in the figure, which represent 1/rsurface,
are quite different from each other, indicating a poor unifor-
mity of the passivation process, which leads to the fact that the
dark current does not conform to the simulated behavior with
the doping concentration.
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Figure 9 is the curve of the dark current density and
resistance–area product of the four devices whose active re-
gion is doped at various temperature from 760 ◦C to 820 ◦C.
Under a bias of −100 mV, the maximum value of RA of the
device with a doping temperature of 760 ◦C is 637 Ω·cm2,
which owns the best dark current characteristic of the four
samples. Besides, the device shows diffusion-limitation in a
certain reverse voltage range (−200 mV to −100 mV), as the
RA is practically unchanged. Therefore, the samples doped at
760 ◦C have the best optical response as well as the lowest dark
current to achieve the highest detectivity.

In order to explain the behavior of the dark current
curve in Fig. 9, we use the aforementioned formulas (5)–
(8) to simulate the various components of the bulk dark

current, which is mainly composed of diffusion current,
generation–recombination (G–R) current, and tunneling cur-
rent. As can be seen from the results in Fig. 8, the
surface resistivity of the four samples is in the order of
820 ◦C > 760 ◦C > 780 ◦C > 800 ◦C. Figure 10 shows the
simulation results of the bulk dark current. Under small re-
verse bias, the dominant bulk dark current is the G–R current.
Although the increase of the doping concentration in the ac-
tive region will cause the depletion layer to move towards the
wide band gap barrier, excessive doping may lead to a signif-
icant decrease in G–R lifetime (τGR) due to the formation of
more defect centers, and thus the total current increases ab-
normally at 820 ◦C. As the low surface leakage current of the
device counteracts the high G–R current at small reverse bias
(−200 mV to 0 mV), the total current at 820 ◦C doping tem-
perature is not lower than that of other samples. The same is
true for other devices. Though the samples with doping tem-
peratures of 760 ◦C and 780 ◦C have a relatively low G–R dark
current, the poor surface passivation makes the total dark cur-
rent not lower. For the case of applying high reverse bias volt-
age, the tunneling component plays a dominant role in the bulk
dark current, and the sample doped at 820 ◦C has the largest
tunneling dark current, because the Nt in formula (8) has the
largest value. The results of the addition of the surface leak-
age current and the tunneling current lead to the dark current
behavior at high reverse bias in Fig. 9.
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In a few words, the total dark current is the sum of bulk
dark current and surface leakage current. In a small reverse
bias, the dominant factor of the bulk dark current is the G–R
current while tunneling dominates at large reverse voltage.

4. Conclusion

Based on the eight-band 𝑘·𝑝 model, a LWIR P-π-M-
N structure type-II superlattice (T2SL) photodetector with
10.5 µm cut-off wavelength was designed in this paper. By
designing a set of devices with different active region dop-
ing temperatures, we proved that appropriate doping helps im-
proving the QE, while excessive doping may degrade the per-
formance of the devices in photo response. Unfortunately,

there is no direct evidence that the level of bulk dark cur-
rent varies with the doping concentration due to the partic-
ipation of surface dark current. However, the experiments
showed that when the doping temperature of the active region
is 760 ◦C, the performance of the LWIR devices is the best.
Under 70 mV reverse bias voltage, the quantum efficiency of
the device can reach 45%± 1%, and the maximum detectivity
can reach 7.35×1011 cm ·Hz1/2/W.
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