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This paper presents a theoretical study on the electrical and optical properties of mid-infrared type-II InAs/GaSb

superlattices with different beryllium concentrations in the InAs layer of the active region. Dark current, resistance-

area product, absorption coefficient and quantum efficiency characteristics are thoroughly examined. The superlattice is

residually n-type and it becomes slightly p-type by varying beryllium-doping concentrations, which improves its electrical

performances. The optical performances remain almost unaffected with relatively low p-doping levels and begin to

deteriorate with increasing p-doping density. To make a compromise between the electrical and optical performances,

the photodetector with a doping concentration of 3 x 10'® cm

performances.

—3 in the active region is believed to have the best overall
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1. Introduction

Mid- (MWIR,
LWIR) detection is of growing importance in civil-

and long-wavelength infrared
ian industries, military equipments and space sys-
tems. Commercially available infrared detectors in
this range are Bulk InSb, mercury cadmium tel-
luride (MCT) and quantum-well infrared detectors
(QWIPs). However, they all have inherent problems
with the extremely low work temperature and the
fast Auger recombination in interband detectors (Bulk
InSb, MCT) and the high thermal generation rate in
intersubband detectors (QWIPs).

Recently, type-II InAs/GaSb superlattices has
been studied extensively as a III-V-based alternative
to the established HgCdTe and QWIPs materials on
account of its intrinsic merits. Due to the misaligned
band alignment between InAs and GaSb layers, the
energy bandgap can be tailored from 3 um to 32 pm.
The larger effective mass of electrons and holes and the
slower Auger recombination rate lead to lower dark
current and higher operating temperature in type-II
superlattices.[! 4

The active region in pin photodetectors fabricated
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from InAs/GaSb materials was initially kept undoped
and had a low residual background carrier concentra-
tion. The GaSb and InAs layers have p-type and n-
type residual backgrounds, respectively. Depending
on comparative thickness relationship between InAs
and GaSb layers in superlattices, the background of
the active region is likely either n-type or p-type.
Through studies of Northwestern University,>¢ dop-
ing the active region of InAs/GaSb long wavelength
infrared superlattice photodiodes to make sure the
background slightly p-type would improve the elec-
trical performance.

In the present paper, we would study how
the p-doping concentration of the absorbing layer
works on both the electrical and optical proper-
ties of MWIR InAs/GaSb superlattice photodetec-
tors. The superlattice structure studied here con-
sists of 60 periods of InAs/GaSh:Be p-type region,
200 periods of InAs/GaSbh active region and 60 pe-
riods of InAs:Si/GaSb n-type region and each pe-
riod is built with 8 monolayer/8 monolayer (ML)
InAs/GaSb layers.l”l The reference sample with the
active region unintentionally doped has the n-type

background through Hall measurement and its re-
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duced background carrier concentration is around the
level of 5x 104 cm™3. The other samples are assumed
to be p-type with different beryllium concentrations.
Temperature-dependent dark current, difference resis-
tance, absorption coefficient and quantum efficiency
are calculated as a function of the absorber doping.

2. Theoretical model

To start the simulation of electrical and opti-
cal performances of the photodetector, the electronic
miniband structure of type-IT InAs/GaSb superlat-
tices is first calculated through the empirical tight-
binding method (ETBM) in the sp3s* basis. The an-
timony segregation in the InAs layers and Gag,In;_,
type interface are considered. Theoretical details
about the ETBM model could be found in Ref. [8]
and here just the simulated result will be given later.

2.1. Dark current

Assuming a neutral centre and a triangular poten-
tial barrier in the depletion region, the dark current of
InAs/GaSb superlattices consists of three terms:10)
i) diffusion of thermally generated minority carri-
ers from the quasi-neutral regions; ii) generation—
recombination of carriers in the depletion region and
iil) tunneling of carriers through the barrier, includ-
ing both the trap-assisted tunneling and band-to-band

tunneling. The net current can be written as
I = Ippr + Iy + ITaT + IBTB.- (1)

Current due to series resistance and contribution
arising from avalanche multiplication are ignored at
the present model. Each counterpart of the four cur-
rent density parts is given as follows:[11—13]
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where ¢ is the electron charge, k is the Boltzmann
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constant, T is the temperature, n; is the temperature-
dependent intrinsic carrier concentration, Np and Np
are the acceptor and donor concentrations, e, Te
and pp, 7, are the mobility and lifetimes of elec-
trons and holes, respectively,'*15 V' is the voltage
bias of the diode and V}; is the built-in potential,
dgep is the depletion width,[11:16] Ter is the generation—
recombination lifetime, m, is the electron effective
mass, I, is the bandgap, 7 is the Planck’s constant,
is the electric field in the depletion region, Ny is the ac-
tivated trap density, E} is the position of trap levels lo-
cated about E4/3 below the effective conduction band
edge, M? is a matrix element associated with the trap

potential, which is assumed to be 1 x 10723 eV? . cm3
and
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where d, ,, is the region thickness of the carrier, L., is
the carrier diffusion length, E, 199y is the energy gap
with the 100% cutoff wavelength at 77 K, gq is the vac-
uum permittivity, egy, is the static dielectric constant
of the InAs/GaSb superlattices, Nyq is the reduced
carrier concentration (1/Nyeq = 1/Na + 1/Np) and

4\/2me(By — E¢)?

B = /e leoma) (1)
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2.2. Absorption coefficient

The absorption calculated at normal incidence
with the light polarized along the layer plane (TE
mode) is proportional to the probability of finding the
electron and the hole at the same place. The simula-
tion is taken under the Kane four-band model, 2719
when we consider effects of the conduction band, the
heavy hole band, the light hole band and the spin—
orbit band. The absorption coefficient of the super-
lattice is given by

nfhgw ;Iﬁ% /OOO dE|é - pev|*p7P
. (1/)(/70)

(B (0) + Ey — hw) + (h/Tin)?
x [f7(Ey) — f& (B,

where ny, is the refractive index of the superlattice,

a(hw) =

(12)

w is the incident light angular frequency, n denotes
the n-th conduction subband, m denotes the m-th
valence subband, I is the envelope function over-
lap integral of conduction and valence band, |é - pey|?
is the square momentum matrix element, p2P is the
two-dimensional (2D) joint density of states, 7, is the

en

intraband relaxation time, Ep7,

(0) is the transition
energy between conduction and valence subbands at
ky = 0, f and f" are the Fermi-Dirac distribution
for the n-th conduction subband and the m-th valence

subband, respectively and
(13)

where ¢ is the speed of light in vacuum.
To account for the finite lifetime of excitons,
the expression for « has been convoluted with a

Lorentzian broadening function. The 3-to-1 intensity
ratio between the heavy hole and the light hole exci-
ton, arising from the polarization of the light, is con-
tained in the |é - pey|? factor.

As a photovoltaic structure, we focus on the situ-
ation of zero bias when it works and a uniform Fermi
level is used for both conduction and valence bands.
For the ptpn™ superlattices, the Fermi level is deter-
mined by the doping density according to the equa-
tions given by[20!

Np = %ZZZ]%U%%

o m kg

Na= 3 S S 0 sk

n kt

(14)

where A is the area of the active region, k¢ is the
wavenumber in the direction parallel to the growth di-
rection, o represents the upper and lower blocks since
the 8 x 8 Hamiltonian is block-diagonalized into two
4 x 4 blocks through the axial approximation.

2.3. Quantum efficiency

According to the one-dimensional model deduced
from the current continuity equation developed by
Hovel,[2!] the quantum efficiency of a pin photode-
tector generally has three components. These com-
ponents arise from the contribution of three regions:
the neutral n region, the neutral p region and the de-
pletion region. Assuming the surface recombination
velocity is zero, the quantum efficiency in three re-

gions can be obtained respectively as follows:

B aLy aLy — exp(—ad,) sinh (d,/Ly,)
M= (1—-R) L —1 { cosh(dn /) —aly exp(—adn)} ) (15)
= (1— R)i(a[zf;, . exp(—a(dn + ddep)) { ke eXPi;i”ézi/_Lil)nh(dP/LE) * aLe} ’ (16)
Naep = (1 — R){exp(—ady) — exp(—a(dn + daep)) }, (17)

where R is the reflection coefficient of the superlattice—
air interface and is approximately taken to be 0.34.122

Then the total quantum efficiency can be written as
Ntotal = Mn + Tp + Tldep- (18)

This means that the quantum efficiency will not ex-

ceed 66% at the most. Hence an antireflective coating
at the entrance surface of the detector is needed to
further improve the quantum efficiency.

Finally, all the basic material parameters used in
these calculations for MWIR InAs/GaSb superlattices
are listed in Table 1.
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Table 1. Material parameters for the calculation of
MWIR photodetectors.

Parameter Symbol (unit)  Value
Donor concentration Np (cm™3) 1x 1018
Activated trap density N¢ (em™3) 2.8 x 1011
gen.eration recombination Ter (5) 3.3 % 10-8
lifetime

Intraband relaxation time  7in (s) 6.58 x 1014
Refractive index ny 3.8

Static dielectric constant ESL 15.42

3. Results and discussion

In Fig. 1, we show the calculated band structure
along high symmetry directions in the entire first Bril-
louin zone at 77 K. The effective electron and hole
masses for carriers used in this calculation are taken
as: Me.inas = 0.027mg, mn mas = 0.41mo, Me gasp =
0.045mg, and mu.gasb = 0.4mg. The band gap of
8 ML/8 ML InAs/GaSb superlattices is 0.252 eV,
with the cutoff wavelength being 4.9 um. The cal-
culations agree well with the reported experimental
results within a certain growth uncertainty.[?-23]

Current—voltage characteristics are simulated for
both the unintentionally doped reference sample and
photodetectors with different p-doping concentrations
at 77 K and the results are shown in Fig. 2. We can
see that the total dark current is suppressed with the

active region p-doped slightly and begins to deterio-
rate with further increased doping concentration. The
first suppression comes from the fact that the diffu-
sion current decreases with increased doping concen-
tration due to the reduced minority carrier density;
besides, the depletion width also decreases, thus low-
ering the generation—recombination current. However,
when the doping concentration is large enough, the
trap-assisted tunneling and the band-to-band tunnel-
ing terms come to play a dominant role, hence leading
to the sharp increase of the dark current.
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Fig. 1. Band structure of 8 ML/8 ML InAs/GaSb super-
lattices along high symmetry directions in the entire first
Brillouin zone.
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Fig. 2. Simulated current density of the reference sample and beryllium doped samples. The reference sample is

modeled as ptn and doped samples treated as ntp.
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The reduced diffusion and generation—recombi-
nation current would increase their contribution to
Ry A product. In comparison with the reference sam-
ple, the differential resistance can be improved by al-
most one order of magnitude when doping slightly p-
type in the active region. This is shown in Fig. 3 and it
predicts the differential resistance as a function of the
temperature. In our calculations, we ignore the Zener-
tunneling-limited RyA, which is much higher and thus
does not limit the performance of the diode. Figure
3 implies that there are different dark current mecha-
nisms which are dominant in different temperature re-
gions. When the temperature is below 70 K, the diode
is temperature-insensitive trap-limited; from 70 K to
130 K, thermally generated carriers produce a strong
generation—recombination current which overwhelms
the others; above 130 K, the device performance is
limited by the diffusion current.
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Fig. 3. Theoretical prediction of the differential resistance
as a function of temperature for both the reference and
doped samples.

Considering different p-doping concentrations in
the active region, we polt their relationship with RyA
in Fig. 4. The diffusion and generation—recombination
terms, which are both proportional to the doping con-
centration, are the two competing factors to the Ry A
when the doping concentration is below 8 x 106 cm=3.
By further increasing the doping, the maximum elec-
tric field in the depletion region enhances greatly,
which results in the increased electron tunneling prob-
ability and hence the sharply decreased differential re-
sistance.

We also studied the influences of the doping level
on the optical properties of the device. Figure 5 shows
the absorption coefficient as a function of the p-doping
density. Apart from the absorption peak correspond-
ing to the transition between fundamental electron
and heavy-hole minibands (C1-VH1), there are two
other peaks in the spectrum due to excited transi-
tions C1-VL1 and C1-VH2, which associate the low-

est electron miniband to the light-hole miniband and
to the second heavy-hole miniband, respectively. As
shown in Fig. 5, the doping density has almost no
effect on the absorption coefficient when it is below
1 x 10'7 cm™3. However, once the doping density ex-
ceeds 1 x 10'7 cm ™3, the absorption coefficient begins
to decrease due to the band filling effect.(?*] This can
be understood by the Fermi energy lying in the valence
band for heavy p-type doping density, which leads to
the decrease in the number of available final states and
the filled states therefore block optical excitation.
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Fig. 4. Theoretical simulation of differential resistance at
zero bias voltage at 77 K for doped samples.
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Fig. 5. Simulated absorption spectra of 8 ML/8 ML
InAs/GaSb superlattices with different p-doping concen-
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trations.

The quantum efficiency can be determined by the
absorption coeflicient, the diffusion length of minority
carriers and the total thickness of the active region.
In our simulations, layer thicknesses for all samples
are the same. Both the absorption coefficient and the
minority diffusion length are the function of doping
concentrations. Figure 6 implies that the quantum ef-
ficiency stays almost unchanged when the doping den-
sity is below 1 x 10'6 cm ™2 and begins to decrease as
the doping density further increases. This is because
the depletion region shrinks with increasing doping
density as well as the decrease of absorption coeffi-
cient caused by the band filling effect.
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Fig. 6. Modeled quantum efficiency with different p-
doping concentrations at 300 K.

4. Conclusions

We have investigated the electrical and optical
properties of MWIR InAs/GaSb superlattice photode-

tectors as a function of the active region p-doping
density. By switching the background from residual
n-type to slight p-type, the electrical properties have
been improved greatly. However, both the dark cur-
rent and the differential resistance would begin to de-
teriorate by further enhancing the p-doping concen-
tration, which is the result of the increasing tunnel-
ing mechanism. The absorption coefficient and quan-
tum efficiency would stay almost unchanged when the
doping concentration is relatively small and the op-
tical properties get worse seriously once the doping
density exceeds 1 x 10'7 cm™3. To make a compro-
mise between the electrical and optical properties, we
find that slightly p-doping the active region to the
3 x 10" cm ™3 level would improve the overall perfor-

mance of the structure.
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