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Abstract: In this paper we report a theoretically simulated multilayer Hg1-xCdxTe based heterojunction photodetector for 
dual band operation at temperature 78K. The detector is designed to operate at two strategic atmospheric windows in 

the MIR (3.8 m) and in the LWIR (10.6 m) region. The device has been modeled using closed form analytical formula 
and is also simulated using the device simulation software ATLAS from SILVACO

®
 international. The device has been 

theoretically characterized in respect of energy band diagram, electric field profile, current voltage characteristics, 

spectral response and quantum efficiency. The detector is expected to find application in free space optical 
communication at 3.8 m and at 10.6 m.  
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1. INTRODUCTION 

The key component of an optical receiver is the 

photodetector which converts incoming optical signal to 

the corresponding electrical signal. For optical 

communication systems handling billions of bits of 

information, it is necessary that photodetector should 

have a very high speed. For successful implementation 

of high-speed optical communication systems it is 

necessary to develop suitable photodetectors. An 

extensive research work has been carried out 

worldwide 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 unguided 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 0.85 m to 1.65 m. 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. However, halide fibers 

have been reported to offer extremely low loss up to 12 

m wavelength region. It is therefore, expected that in 
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near future, it would be possible to develop optical fiber 

communication in the long wavelength region as well. 

Free space optical communication on the other hand 

has several atmospheric windows in the near infrared 

region as well as in the long wavelength region. The 

two specific atmospheric windows at 9.6 m and 10.6 

m have drawn special attention of the researchers for 

free space optical communication and opened up the 

possibility of exploiting infrared atmospheric 

transparency windows for free space optical 

communication. The beam, containing billion of bits of 

information comprising a combination of internet 

messages, video images, radio signals or computer 

files, in free space optics (FSO) systems are 

transmitted by laser source focused on highly sensitive 

ultrafast photodetector receivers. Such ultrafast high 

sensitive receivers operating in the long wavelength 

(LWIR) region deploy photovoltaic detectors based on 

narrow bandgap semiconductors. These receivers are 

equipped with telescopic lenses able to collect the 

photon stream and transmit digital data. A number of 

photodetectors based on narrow bandgap 

semiconductors, have been developed over the past 

decades for optical communication applications in long 

wavelength infrared (LWIR) region. The most promising 

semiconductor alloys for use in LWIR region is HgCdTe 

(MCT) belonging to II-VI family. Hg1-xCdxTe 

semiconductor material based photodetector is the best 

choice for long wavelength infrared (LWIR) applications 
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due to flexibility in tailoring its bandgap. For fabrication 

of high-sensitivity detectors the bandgap of HgCdTe 

semiconductor material can be tailored over a wide 

infrared (from 2 m to 30 m) spectral range. Recent 

advances of backside illuminated HgCdTe 

heterojunction photodiodes have enabled a third 

generation of multispectral pthotodetection. In 

reference [1-40] and references therein various infrared 

photodetectors have been studied using various 

approaches. 

Because of the complicated and expensive 

fabrication process, numerical simulation has become 

a critical tool for the development of Hg1-xCdxTe band-

gap engineering devices. The goal of this work is 

investigate the spectral responses of dual band photo 

detectors by numerical simulation using ATLAS device 

simulation software from Silvaco Inc. Specifically, the 

work will focus on the simulation of simultaneous 

MWIR-LMWI dual band detectors spectral response for 

the MWIR–LWIR spectral regions for free space optical 

communication at two strategic atmospheric 

attenuation windows 3.8 μm and 10.6 μm respectively. 

We present numerically simulated results like energy 

band diagram, doping profile, electric field profile of 

dual band detector, dark current, spectral response and 

quantum efficiency of the LWIR junction, MWIR 

junction and MWIR–LWIR dual band detector using 

Atlas simulation tool.  

2. DEVICE STRUCTURE AND HG1-XCDXTE 

MATERIAL MODEL 

The numerical simulations presented in this work is 

based on the MWIR-LWIR back-illuminated dual band 

photodetector structure shown in Figure 1. This device 

is composed of two back to back Hg1-xCdxTe p-n 

junctions with different energy gap supposed to be 

grown on a suitable substrate, such as CdTe, ZnCdTe 

or sapphire. Larger band gap material based diode 

absorbs MWIR radiation and smaller band gap material 

absorbs LWIR radiation. Wider band gap material acts 

as window for LWIR radiation. We employ an ATLAS 

simulation approach [22]. Continuity equations for 

electrons and holes and the Poisson’s equations are 

solved on a finite element grid using the simulation tool 

Atlas from SILVACO
®
 international [22]. A detailed 

discussion of each one of the important parameters 

and their numerical expressions as a function of the 

temperature and alloy composition is discussed in 

following section. 

 

Figure 1: Device Structure. 

The numerical computations have been carried out 

for theoretical characterization of Hg1-xCdxTe based 

dual band detector for operation at temperature at 78 

K. The mole fraction of cadmium in the ternary MCT 

material has been calculated so that the band gap 

energy of the material corresponds to the long 

wavelength cut-off value of 3.8 μm for MWIR and 10.6 

μm for LWIR absorber layer. The band gap of Hg1-

xCdxTe as a function of temperature, T and alloy 

composition, x is included in the simulation model using 

the following empirical formula [23] 
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The intrinsic carrier concentration was calculated 
using the following expression [24] 
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where k is Boltzmann ’s constant. From Kane band 

Model the hole effective mass is taken as 
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where pE =19 eV, F=-0.8 and =1.0 eV.  
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The electron mobility has been computed using the 
empirical formula given by [23] 
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where 
   
r = 0.2 x( )

0.6

 and 
   
s = 0.2 / x( )

7.5
 which are valid 

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

The hole mobility has been assumed to be of the 
form [23] 
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where 
0

μ = 0.044 m
2
/Vs.  

The absorption coefficient of Hg1-xCdxTe for optical 
carrier generation can be calculated within the Kane 
model, including the Moss-Burstein shift .For photon 

energy E<E
g

(tail region),  <
  g

, the absorption 

coefficient obeys the rule [26-27] 
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And for photon energy E > E
g

(Kane region), the 

absorption coefficient obeys the rule [27] 
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is the fitting parameter and 

   
E

0
= 0.355 +1.77x           (8)  

    
kT

=

ln
g

ln
0

E
g

E
0

          (9)  

    g
= 65 +1.88T + 8694 10.315T( )x       (10)  

    
= 1+ 0.083 + 21 0.13T( )x        (11)  

Modeling of Carrier Lifetime 

For simulation of Hg1-xCdxTe based detectors the 

dominant recombination mechanisms include radiative 

recombination (direct band-to-band, and non-radiative 

recombination mechanisms due to Auger process and 

Shockley-Read-Hall recombination .The radiative 

process takes place when free electron and hole 

recombine, emitting the excess energy in the form of a 

photon. The recombination rate for bands with 

spherical symmetry depends on the absorption 

coefficient through the equation [23] 
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where 
  

E( )  is the optical absorption coefficient, 
   

E( )  

is relative dielectric constant, h is Planck’s constant 
and c is speed of light. Ignoring the dispersion in 
dielectric constant and using the high frequency value 
of dielectric constant the radiative lifetime can be 
obtained as [23]  
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where n
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 is intrinsic carrier concentration, n

0
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are the thermal equilibrium concentrations for electrons 
and holes respectively. The dependence of  on E as 

analyzed by Bardeen et al.  can be expressed as [28] 
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where
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where k is Boltzmann constant, T is temperature and ni 
is the intrinsic carrier concentration. 

 Shockley-Read Hall mechanism is not an intrinsic 

process, as it occurs via levels in the forbidden energy 
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gap. It may be reduced by lowering concentrations of 

native defects and foreign impurities. In the Shockley-

Read mechanism, generation and recombination 

occurs via energy levels introduced by impurities or 

lattice defects into the forbidden energy gap. As 

recombination centers they trap electrons and holes; as 

generation centers, they successively emit them. The 

rates of generation and recombination depend on the 

individual nature of the center and its predominant 

occupation state of the charge carriers as well as on 

the local densities of those carriers in the bands of the 

semiconductor. The expression for the Shockley-Read 

lifetime in n-type material is given as [29] 
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where, 
p

is capture cross section, N
f
is trap density 

and the thermal velocity of charge carrier in n-type Hg1-

xCdxTe alloy is given as 

v
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The band to band Auger effects are classified in 
several processes according to related bands. Beattie 
has determined ten types of photon-less Auger 
recombination mechanisms that are possible in a 
semiconductor with a single conduction band and 
heavy and light hole valence bands [23]. They have the 

smallest threshold (
 
E

T  
E

g
) and the largest combined 

density of states. The CHCC recombination 
mechanism (Auger-1) involves two electrons and a 
heavy hole and is dominant in n type material. The 
CHLH process (Auger-7) is dominant in p-type material 
if the spin split-off band can be ignored. For materials 
such as Hg1-xCdxTe where the spin split-off energy  is 

much larger than the band gap energy 
 
E

g
, the 

probability of the Auger transition through the 
conduction band/heavy-hole band/spin split-off band 
mechanism (called CHSH or Auger S) may be 
negligibly small in comparison with that of the CHLH 
Auger transition. Hence for narrow gap Hg1-xCdxTe only 
Auger-1 and Auger-7 need to be considered. The 

Auger lifetime ( Aug ) is expressed as [23, 30] 
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where, 
1A
 and 

7A
are lifetimes of carrier due to 

Auger-1 and Auger-7 transitions respectively, given as 
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Here,
i

1A
 and 

i
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 are the Auger-1 and Auger-7 

lifetimes for intrinsic material [23].
 

The net carrier 
lifetime when effect of surface recombination is not 
taken into account is given as
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3. SIMULATION PROCEDURE  

The modeling procedure followed in this work is 

described here. The software used for this device 

modeling is a physically based, numerical device 

simulator from SILVACO called ATLAS. ATLAS is a 

physics-based, two dimensional device simulator that 

predicts the device’s electrical behavior and enables 

the design of high performance semiconductor devices. 

It also provides significant insight into the mechanisms 

involved in device operation in that it can provide a two 

dimensional profile of carrier concentration, electric 

potential profiles, electric field lines and current density 

profiles. A complete documentation of ATLAS can be 

found in the available manual from Silvaco International 

[22]. The simulation procedure followed by the device 

simulation software, ATLAS, is presented in this 

section. The technique followed by this software is to 

solve a set of fundamental equations, which link the 

electrostatic potential and the carrier densities, 

numerically and in a holistic manner. The set of 

fundamental equations comprise of Poisson’s equation, 

the continuity equations and the transport equations 

[41]. These are described as follows. 

Poisson’s Equation 

Poisson’s Equation relates variations in the 

electrostatic potential to local charge densities  

It is mathematically described by the following 

relation 

.( ) =       (22 a) 

.( ) = q p n+ N
d

+ N
a( )     (22 b) 
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where is the electrostatic potential,  is the local 

space charge density,  is the local permittivity of the 
semiconductor (F/cm), p is the hole density (cm

-3
), n is 

the electron density (cm
-3

), 
 
N

d

+  is the ionized donor 

density (cm-3) and 
 
N

a
is the ionized acceptor density 

(cm
-3

). 

The reference potential is always taken as the 

intrinsic Fermi potential for simulations in ATLAS. The 

local space charge density is the sum of all 

contributions from all mobile and fixed charges, 

including electrons, holes and ionized impurities. 

Continuity Equations 

For electrons and holes, the continuity equations 

are defined as follows 

n
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+G
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R
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q
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p
+G

p
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where n and p are the electron and hole 

concentrations, Jn and Jp are the electron and hole 

current densities, Gn (Rn) and Gp (Rp) are the 

generation (recombination) rates for the electrons and 

holes, respectively and q is the magnitude of the 

charge on the electron. ATLAS incorporates both eqns. 

in simulations, but, also gives the user an option to turn 

off one of the two equations and solve either the 

electron continuity equation. 

Transport Equations 

While equations (22)-(24) provide the general 

framework for device simulation, there are secondary 

equations that need to specify particular physical 

models for electron and hole current densities and 

generation (recombination) rates. The Current density 

equations are obtained by using the “drift-diffusion” 

charge transport model. The reason for this choice lies 

in the inherent simplicity and the limitation of the 

number of independent variables to just three, , n 

and p. The accuracy of this model is excellent for all 

technologically feasible feature sizes. The drift-diffusion 

model is described as follows 
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where 
n

 and p  are the electron and hole mobilities, 

D
n

 and 
 
D

p
 are the electron and hole diffusion 

constants, E
n

 and E p  are the local electric fields for 

electrons and holes, respectively, and n and p are 

the three dimensional spatial gradient of n and p. The 

local electric fields are defined as follows 
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where n
ie

 is the local effective intrinsic carrier 

concentration. A key point here is that, ATLAS 
inherently assumes that the Einstein relationship holds 
good for the drift-diffusion model so that the diffusion 

constants and mobilities are proportional 

D
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kT
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The simulation procedure numerically and self-

consistently solves the above equations and obtains 

electron and hole concentrations (n and p) and 

electrostatic potential ( ) at all nodal points, biasing 

voltages, junction and contact lengths form the 

boundary conditions under which these equations are 

solved.  

4. RESULTS AND DISCUSSIONS 

In this section, a numerical simulation has been 

performed to the study the dual band detector structure 

shown in Figure 1. The device thickness along x 

direction is 40 m and thickness of different layers 

along y direction is given in Table 1.The characteristics 

of the layers employed are presented in Table 1.  

A program was developed separately for calculation 

of various characteristics of the photodetector using 

MATLAB platform by choosing appropriate material 

parameters. The simulated results were obtained by 

developing program in DECKBUILD window interfaced 

with ATLAS for multilayer heterojunction 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 data of material properties 

may include, bandgap, dielectric constant, electron 

affinity, densities of conduction and valance band 
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states, electron and hole mobility, optical recombination 

coefficient, and an optical file containing the 

wavelength dependent refractive index, n [22-42] and 

extinction coefficient, K [22-42] for the used materials. 

The wavelength dependent values of extinction 

coefficient K is computed from the relation [22, 42] 

  

K =
4

         (31)  

The energy band diagram has been simulated from 

BLAZE, which is interfaced with ATLAS is a general 

purpose 2-D device simulator for III-V, II-VI materials, 

and devices with position dependent band structure 

(i.e., heterojunctions) [22]. BLAZE accounts for the 

effects of position dependent band structure by 

modifications to the charge transport equations. Energy 

band diagram for electron is shown in Figure 2 for the 

given device structure. In this diagram the layer 

thickness is given along x axis and conduction band 

and valance band energy are given along y direction. 

This energy band diagram corresponds to unbiased 

condition. Figure 3 shows doping profile of the dual 

band photodetector. Figure 4 shows electric field profile 

of the dual band detector at common cathode bias 

voltage of 2V. At this voltage the electric field is not so 

high to make the break down of any of the diodes 

MWIR and LWIR. Figure 5, Figure 6 and Figure 7 show 

forward and reverse bias I-V characteristic of LWIR, 

MWIR and MWIR-LWIR dual band detectors 

respectively in dark condition where current is plotted in 

log scale. It can be seen that dark currents of MWIR 

and LWIR detectors have been added up to give the 

dark current of MWIR-LWIR dual band detector. 

 

Figure 3: doping profile of the dual band detector. 

 

Figure 4: Electric field profile of the dual band detector. 

 

Figure 2: Energy band diagram of the dual band detector. 

Table 1:  Hg1-xCdxTe Layer Thickness, Composition and Doping Employed in the MWIR-LWIR Dual Band Detector 
Structure 

Layer Thickness Composition x Doping (cm
-3

) 

P-type 

N-type MW 

n-barrier 

n-barrier 

n-type LW 

p-type top 

9.0 m 

6.25 m 

0.25 m 

0.25 m 

10.25 m 

4.0 m 

0.41 

0.35275 

0.345 

0.345 

0.2215 

0.31 

2.0 10
17 

5.0 10
15 

5.0 10
15 

1 10
15 

1 10
15 

2.0 10
17 
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Figure 5: Forward and Reverse bias I-V characteristic of 
LWIR junction in dark condition. 

 

Figure 6: Forward and Reverse bias I-V characteristic of 
MWIR junction in dark condition. 

 

Figure 7: Forward and Reverse bias I-V characteristic of 
MWIR- LWIR dual band detector in dark condition. 

The optical characteristics of the device have been 

studied by using LUMINOUS tool of ATLAS device 

simulator. The accurate modeling of electron hole pair 

generation is of primary importance in the simulation of 

photodetector. 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 [22, 42]. Figure 8 shows the calculated 

spectral response of MWIR-LWIR dual band detectors. 

In this figures three types of currents are given e.g. 

Source photocurrent, available photo current and 

cathode current as discussed in module LUMINOUS of 

TCAD Atlas Users’ manual [22]. The spectral response, 

defined as device current as a function of wavelength 

of optical source. 

 

Figure 8: Spectral response of MWIR-LWIR dual band 
detector. 

 

Figure 9: Quantum efficiency versus Wavelength ( m) of 
dual band detector. 
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External quantum efficiency is the ratio of cathode 

current to source photo current [22]. Figure 9 shows 

external quantum efficiency extracted from cathode 

current for MWIR-LWIR dual band detector. The dual 

band detector structure simulated in our case has 

nearly 90% and 60% external quantum efficiency in 

LWIR and MWIR spectral regions.  

5. CONCLUSION 

The simulated dual band detector structure can be 

operated at temperature 78 K and MWIR and LWIR 

longer wavelength cut off are 3.8 m and 10.6 m 

respectively. It would be very much attractive for free 

space optical communication in simultaneous dual 

band detection. Using these modeling and simulation 

guidelines one can also optimize the device for 

operation at different temperature and longer 

wavelength cut off. We have simulated for the above 

two longer wavelength cut off because there are two 

strategic atmospheric attenuation windows at 3.8 m 

and 10.6 m in MWIR and LWIR spectral regions at 

which highest transmission is possible as compared to 

other wavelengths in the above spectral regions. 
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