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Analytical Modeling and Numerical Simulation of Hg4.xCd,Te Based
N*n°p* Photodetector for MWIR Free Space Optical Communication
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Abstract: This paper reports an analytical modeling and numerical simulation of N*-Hgose Cdo.41Te /n° Hgoes Cdo.ssTe
Ip*-Hgo.es Cdoss N'n’p* photodetector for operation in medium wavelength infrared region (MWIR) for free space optical
communication. The photodetector has been studied in respect of quantum efficiency, responsivity and detectivity by
analytical method using closed form equations. Also numerical simulation has been performed using device simulation
software ATLAS™ for obtaining the energy band diagram, electric field profile, doping profile, quantum efficiency,
responsivity and detectivity. The photodetector exhibits a high value of quantum efficiency~93%, responsivity~2.86A/W
and detectivity~1.33x10"" mHz"W™" at wavelength of operation 3.8 um.
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INTRODUCTION

The key component of an optical receiver is the
photodetector which converts incoming optical signal to
the corresponding electrical signal. For successful
implementation of high speed optical communication
systems it is necessary to develop suitable
photodetectors. An extensive research work has been
carried out world-wide over the past decades for
exploring various semiconductor photodetectors. There
are two basic mode of optical communication e.g.
guided optical communication that uses optical fibers
as the channel and the wunguided optical
communication that uses free space as the channel.
The latter is also known as free space optical
communication. In guided optical communication
system, the fibers used for optical communication are
primarily made of glass (silica) which offers low loss in
the near infrared (NIR) region, typically 0.85um to 1.65
pm. As the loss of glass increases significantly in the
longer wavelength region optical fiber communication
has not been developed so for, for operation in this
region. Free space optical communication on the other
hand has several atmospheric windows in the near
infrared region as well as in the medium wavelength
infrared region (MWIR) and long wavelength infrared
region (LWIR). For terrestrial applications, certain
strategic atmospheric attenuation windows e.g., 3.8 um
in MWIR and 10.6um in LWIR have been chosen for
development of free space optical links. Hg.xCdyTe
can be used to develop detectors for operation at these
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wavelength regions. The mole fraction of cadmium in
HgCdTe can be adjusted suitably to tailor the energy
bandgap of the material so as to match with the
wavelengths corresponding to the MWIR and LWIR
atmospheric windows [1]. Analytical modeling and
ATLAS TCAD tool based numerical simulation of Hg4.
«CdyTe based photodetectors for operation in LWIR
region have been reported in [2-6], InGaAs based
photodetector for operation in NIR region is reported in
[7], sensitivity analysis of the front end receivers based
on HgxCdsTe based photodetectors has been
reported in [8-10] and some photovoltaic behavior of
Polycarbazole based polymers have been reported in
[11-12] for UV-visible region. Numerical simulation
approach has also been applied to Pentacene based
organic TFTs [13]. In view of above, numerical
simulation using ATLAS TCAD from Silvaco
international can be utilized for numerical simulation of
Hg+1xCd,Te based MWIR photodetector. In this paper
we report analytical and ATLAS™ simulation results of
the proposed N*-Hgose Cdg.41Te /n® Hgoes CdossTe /p-
Hgoes CdossTe N'n’p* photodetector for free space
optical communication at 3.8um MWIR atmospheric
window.

TCAD SIMULATION METHODOLOGY

The proposed N'n%" (p-i-n) device structure is
shown in Figure 1. Various parameters used in the
computations were taken from reference [14-23]. It
consists of highly doped p*-Hgoes Cdo.ssTe over lightly
doped n® Hgoes CdossTe which is virtually grown on
highly doped N*-Hgps9 Cdo41Te on a suitable substrate
such as CdZnTe or sapphire. The N*-Hgose CdosiTe
acts as window and incident light is absorbed in n°

© 2015 Cosmos Scholars Publishing House
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Figure 1: Schematic structure of the proposed N*-Hgo 59 Cdo41Te /n° Hgo.es CdoasTe /p*-Hgoes Cdo.ssTe photodetector.

H90,55 Cd0,35Te and p+-H90,55 Cd0,35Te regions. The
electrical and optical behavior of the HgCdTe based
N*n%" photodetector has been studied using a finite
element based method (FEM) utilizing a commercial
numerical device simulator ATLAS™. The numerical
simulation of N'n°p* photodetector has been carried
out for non degenerate semiconductor and parabolic
shape of conduction band. The simulation involves
solution of five coupled equations using Newton’s
iteration technique. The set of fundamental equations
comprise of Poisson’s equation, the continuity
equations and the transport equations. The solution of
Poisson's equation and continuity equation that are a
set of coupled, partial differential equations which is
solved numerically with the help of ATLAS software for
obtaining terminal characteristics of the conventional
devices is as below

Poisson’s Equation

Poisson’s Equation relates variations in the
electrostatic potential to local charge densities. It is
mathematically described by the following relation [5,
13]

V.(eVy)=-p (1a)
V.(SVI//)=—q(p—n+N;—N;) (1b)

where ¢ is the electrostatic potential, p is the local
space charge density, ¢ is the local permittivity of the
semiconductor (F/cm), p is the hole density (cm™), n is
the electron density (cm'3), N, is the ionized donor
denséity (cm-3) and N, is the ionized acceptor density
(cm™).

Continuity Equations

For electrons and holes, the continuity equations
are defined as follows [5, 13]
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where n and p are the electron and hole
concentrations, J, and J, are the electron and hole
current densities, G, (R,) and G, (R,) are the
generation (recombination) rates for the electrons and
holes, respectively and q is the fundamental electronic
charge.

Transport Equations

The Current density equations are obtained by
using the “drift-diffusion” charge transport model. The
drift-diffusion model is described as follows

JH = qn/”'nEn + qDHVﬂ (4)

where p, and p , are the electron and hole mobilities,
D, and D, are the electron and hole diffusion
constants, E, and E , are the local electric fields for

electrons and holes, respectively, and Vnand V p are
the three dimensional spatial gradient of n and p.

Analytical Modeling of Quantum Efficiency

For computation of quantum efficiency (n) of N'-
Hgose CdosiTe /n° Hgoes CdossTe /p+'H90.65 CdossTe
NJ'nOp+ photodetector we have taken into account three
major components. These components arise from the
contribution of the three regions e.g., neutral p-region
(1p), neutral no—region (nn), and the depletion region
(Naep)- The optical generation rate of electron-hole
pairs, as a function of distance x from the surface can
be written as

a,(A)(1-R..)(1-R, )P

G,(x)= e exp(-ct, (1)x) (6)

a,(A)(1-R,)(1-R, )(I—Rf )Pw

G, (x)= Ahy

exp(—ap(l)x)
(7)

where o(A) is the optical absorption coefficient of the
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material which is a function of wavelength A, sz*’
Rn0 and Rp+ are the Fresnel reflection coefficient at N*,

n° and p’ interfaces, Py is the incident optical power, v
is the frequency of radiation and A is the device area.
By solving continuity equations using appropriate
boundary conditions at N*-Hgose CdoiTe /n’ Hgoes
CdgssTe hetero interface and at p* region and metal
contact for holes and electrons respectively the
quantum efficiency components can be obtained as
discussed in[4]. The net quantum efficiency can be
written as

n=1n,+1n,+0, (8)
Modeling of Specific Detectivity

The most important figure of merit of the
photodetector for use in optical communication is the
specific  detectivity D*, which depends on the
wavelength of incident light A, the quantum efficiency n
and zero bias resistance area product, RyA. As the
dark current of the detector is contributed by three
major components e.g., diffusion, generation-
recombination and tunneling (which includes ftrap
assisted tunneling (TAT) and band to band tunneling
(BTB)), the detectivity of the photodetector under
consideration has been estimated from the net value of
RA product arising out of these mechanism. The dark
current of the N'n°p* photodetector has been modeled
here by considering (i) the diffusion of thermally
generated carriers from neutral regions, Ipee (i)
generation-recombination of carriers in the depletion
region, lgg and (iii) tunneling of carriers through
barriers, ltyn. In order to generalize the analysis, we
have however considered both trap assisted tunneling
(TAT) as well as band-to-band tunneling (BTB). The
tunneling component of current thus constitutes two
components e.g. ltar arising from the trap assisted
tunneling and lgrg arising out of band-to-band
tunneling. The dark current and resistance area
product modeling has been performed using modeling
equation as in [4]. The net current can be written as

I=lpiF +lgr + ltaT + IaTB 9)

The net value of the resistance area product can be
written as

1 _ 1 + 1 . 1 + 1
(RA)yer  (RA)pyr  (RA)gy  (RA)pyy  (RA)pyy

(10)

The specific detectivity of the photodetector which
is a function of the applied voltage can be written as

* ﬁ (ROA)NET
hc 4kT

D (11)

Responsivity

The current responsivity (R) of the photodetector is
given as

ngi
i 12
» (12)

R=

RESULTS AND DISCUSSIONS

Numerical computations have been carried out for
theoretical characterization of N*-Hgose CdosTe /n°
Hgo.es Cdo.ssTe /p*-Hgo.es CdossTe N'n’p* photodetector
for operation at temperature 78 K. The mole fraction of
cadmium in the ternary MCT material has been
calculated so that the bandgap energy of the material
corresponds to the long wavelength cut-off value of 3.8
um for MWIR free space optical communication. The
band gap of Hg1xCd,Te as a function of temperature, T
and alloy composition, x is included in the simulation
model using the following empirical formula [14]

3
E,=-0.302+1.93x-0.810x" +0.832x° +5.35x 107 (1-2x) w
¢ 2552+T°

(13)

The intrinsic carrier concentration was calculated
using the following expression [15]

5.24256-3.57290 x— 4.74019x 10™*T +
n =
© 1125942 %107 xT —5.77046 x* —4.24123x 10T
14 1= 3/47n3/2 _Eg
X107 E,""T " exp kT (14)

where k is Boltzmann ’s constant. From Kane band
model the hole effective mass is taken as m; =0.55m,
and electron effective mass has been computed
following [16] as

my

E
S=142F+-—2 l+ ! (15)
m, 3\E, E,+A

where E, =19 eV, F=-0.8 and A =1.0 eV. The electron

mobility has been computed using the empirical
formula given by [14]

_9><104s

n T2r

m2/vs (16)

5

where r=(02x)"" and s=(0.2/x)"* which are valid in



Modeling and Numerical Simulation of Hg,..Cd,Te Based N* nop"r

International Journal of Advanced Applied Physics Research, 2015, Vol. 2, No. 2 23

composition range 0.2 < x <0.6 and temperature range
T >50K.

The hole mobility has been assumed to be of the
form [14]

)14
My = My [H(W) } (7

where u, = 0.044 m*/Vs

The absorption coefficient of Hg,Cd,Te for optical
carrier generation can be calculated within the Kane
model, including the Moss-Burstein shift .For photon

energy E< Eg(tail region), o <o, , the absorption
coefficient obeys the rule [17-18]

wa, exp[%] (18)

And for photon energy E> E  (Kane region), the
absorption coefficient obeys the rule [20]

a=a,exp(B(E-E,)) (19)

where ¢, is the fitting parameter and

E,=-0355+1.77x (20)
kiT:an::lEnoao 21)
o, =—65+1.88T +(8694—10.315T) x (22)
B=-1+0.083+(21-0.13T)x (23)

The expressions of the high frequency dielectric
constant £_ and static dielectric constant ¢, are
obtained as a function of x as [14]

_=152-156x+82x> (24)

e =205-15.6x+5.7x (25)

The light has been assumed to be incident from
substrate side through N*-Hggs9 Cdg41Te. The incident
photons with energy higher than the bandgap of Hgoes
CdossTe are absorbed in both the n® and p* regions.
The doping of the regions has been taken analytically
uniform for all regions in the above simulation. In
calculation of mobility the concentration dependent

ANALYTIC model has been considered. For the
simulation of dark current, associated with N*n%"
photodetector, AUGER, SRH and OPTICAL (band-to-
band) models have been taken into account for
recombination mechanisms modeling. Band-to-band
standard tunneling model has been considered for
tunneling mechanism. The surface recombination
process at the contacts and heterointerface has been
taken into account in simulation and also in analytical
model. The quality of the interface has been
characterized in terms of surface recombination
velocity. We have taken into account the Fermi-Dirac
statistics for parabolic shape of conduction band in all
the calculations of carrier and doping densities. For the
simulation of dark current associated with N'n%"
photodetector, the optical, SRH, Augur and surface
recombination rates are given as given in [2]. The
variation of quantum efficiency, current responsivity
and specific detectivity with wavelength at 78 K have
been computed from the above mentioned model. The
proposed photodetector structure has also been
simulated using device simulation software ATLAS™
from SILVACO® international. A program was
developed separately for calculation of various
characteristics of the photodetector using MATLAB
platform by choosing appropriate material parameters.
The simulated results of N'n°p* photodetector were
obtained by developing program in DECKBUILD
window interfaced with ATLAS for N"-Hgose Cdo4iTe
/n° Hgoss CdossTe /p'-Hgoes CdossTe N+n°p+
photodetector at 78K. Instead of the graded doping the
numerical model includes a uniform doping profile.
Once the physical structure of photodetector is built in
ATLAS, the properties of the material used in device
must be defined. A minimum set of material properties
data includes, bandgap, dielectric constant, electron
affinity, densities of conduction and valance band
states, electron and hole mobility, optical recombination
coefficient, and an optical file containing the
wavelength dependent refractive index, n [7, 24-25]
and extinction coefficient K [7, 24-25] for the used
materials. The wavelength dependent values of
extinction coefficient K is computed from the relation [7]

_o

K=
4r

(26)

The energy band diagram has been simulated from
BLAZE, which is interfaced with ATLAS is a general
purpose 2-D device simulator for 1lI-V, 1I-VI materials,
and devices with position dependent band structure
(i.e., heterojunctions) [25]. BLAZE accounts for the
effects of positionally dependent band structure by
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modifications to the charge transport equations.
Equilibrium energy band diagram for electrons is
shown in Figure 2, It has been simulated using BLAZE
which shows the notch and spike at the heterointerface
for estimation of amount of discontinuity in the
conduction band and valence band. Doping
concentration inside the device along with the device
structure is shown in Figure 3. Equilibrium condition
electric field profile of the photodetector is shown in
Figure 4. Doping profile of the device is shown in
Figure 5, which shows, position dependent electron
and hole concentration inside the device in different
regions. The optical characteristics of the device have
been studied by using LUMINOUS tool of ATLAS
device simulator. LUMINOUS, the optoelectronic
simulation module in ATLAS, determines the
photogeneration at each mesh point in an ATLAS
structure by performing two simultaneous calculations.
The refractive index n is used by LUMINOUS to
perform an optical ray trace in the device. Difference in
n values across the material boundaries determines the
rate of light transmission and reflection. By following
the path of light from the source to a mesh point,
Luminous is able to determine the optical intensity at
that point. Together, these simulations provide for
wavelength dependent photogeneration throughout the
photodetector [7, 24-25]. The spectral response of the
photodetector showing the variation of actual value of
cathode current, source photocurrent and available
photocurrent with wavelength is shown in Figure 6.
Cathode current increases with wavelength of
operation and attains a maximum value at A=3.8um
and there is a sharp fall beyond A=3.8um which is
longer cut off wavelength for the proposed composition
of the Hg.xCdsTe, which is absorbing layer in the
proposed photodetector. All the results discussed
above have been obtained by ATLAS TCAD

+ 0 _+

simulation. Variation of quantum efficiency of N'n'p
photodetector with wavelength of operation as obtained
from analytical model and ATLAS TCAD simulation at a
bias voltage of 0.5V is shown in Figure 7. From this
figure it is clear that there is a good agreement in the
quantum efficiency value estimated analytically and
that computed on the basis of ATLAS simulation. The
device exhibits very high quantum efficiency ~ 93%
which attributes the high detectivity of the
photodetector. The variation of responsivity of the
photodetector with wavelength of operation is shown in
Figure 8. From this figure we can see that there is a
very good matching between responsivity obtained
from analytical model and those obtained from ATLAS
TCAD simulation. The device exhibits very high values
of responsivity ~2.86A/W at wavelength 3.8um and a
bias voltage of 0.5V. Figure 9 shows variation of
specific detectivity with wavelength of operation,
obtained by analytical model and also by ATLAS TCAD
simulation which indicate that the order of the
detectivity values as obtained by the two methods are
very close. The device exhibits very high value of
specific detectivity~1.33x10"" mHz"?W'at wavelength
of operation 3.8um.

CONCLUSION

We proposed an N'-Hgose CdosTe /n’ Hgoes
CdossTe /p*-Hgoss CdossTe N'n’p" photodetector for
free space optical communication. The performance of
the device has been examined by developing an
analytical model for the quantum efficiency,
responsivity and detectivity and results obtained from
analytical model have been compared and contrasted
by those obtained from ATLAS™ device simulation
software from SILVACO® international. There is a very
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Figure 2: Equilibrium energy band diagram.
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good agreement between results obtained by analytical
model and those obtained from ATLAS simulation. The
device exhibited very high quantum efficiency~93%,
responsivity~2.86 A/W and detectivity~1.33x1 0"
mHz"?W™" at wavelength of operation 3.8 um. While the

analytical model explores various physical mechanisms
that shape the device characteristics, the simulation
make use of advanced numerical technique to extract
the performance of the N'n%" structure.
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