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Analytical simulation of HJCdTe photovoltaic detector
for long wavelength infrared (LWIR) applications
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A generic model of a long-wavelength infrared photodetector based on Hg:«CdxTe (x=0.22) narrow bandgap semiconductor
has been developed to examine the potential of the device for possible application in free space optical communication at
10.6 um. The dark current analysis of the detector has been carried out by considering all the dominant current components
including tunneling. The lifetime of the carriers has been modeled by taking into the account radiative as well as non-
radiative recombination processes. The analysis revealed that the current in photodetector under reverse bias is dominated
by trap assisted tunneling component of the current which causes a reduction in the quantum efficiency value at low and
moderate reverse bias. The noise equivalent power decreases with increase in value of the equivalent load resistance of

the receiver circuit. The photodetector exhibits a dark current, Ioz4><10_6A, zero-bias  dynamic

resistance, R, = 10°Q, quantum efficiency, 1 = 67 % at 10.6 pm and noise equivalent power, (NEP) = 107" w-HZ"2.
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1. Introduction

Free space optical communication mode has received
considerable attention because of its potential to serve
applications requiring high bandwidth with relatively high
security to eavesdropping but without the complexity of
installing optical fibers. The basic advantages of free space
optical communication systems include extremely high
bandwidth, rapid deployment time, license and tariff free
bandwidth allocation, low-power consumption, light
weight, small size, low loss and no requirement of material
medium through which information can be processed. It
has been established that infrared region is best suited for
free space optical communication [1] - [2]. The nature
provides us two atmospheric transmission windows in the
long wavelength infrared region at 9.6 pm and 10.6 um
which open up the possibility of exploiting infrared
atmospheric transparency windows for free space optical
communication. In the present study our focus is on the
strategic atmospheric attenuation window at 10.6 um
because this window is more immune to adverse weather
conditions e.g. fog and haze. 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 ultra fast 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.

The most promising semiconductor alloys for use in
LWIR region include InAsSb belonging to III-V family

and HgCdTe (MCT) belonging to II-VI family. Hg;.
«Cd,Te semiconductor material based photodetector is the
best choice for long wavelength applications 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 pm to 30 pm) spectral range. A
considerably high value of dark current at room
temperature generally limits the performance of these
LWIR detectors at room temperature. Surface leakage
currents and tunneling currents through the space-charge
region are usually held responsible for lowering the zero-
bias resistance area product (R,A) value of these
photodetectors. In these devices tunneling of electrons
through the space-charge region takes place under the
influence of an externally applied bias, either from the
valence band from the occupied traps (Wong’s model) on
the p-side to the conduction band on the n-side or from the
trap levels to bands on the opposite side. The necessary
conditions for tunneling to occur are that: (i) there are
occupied energy states on the side from which the
electrons tunnel and (ii) there are unoccupied states on the
side to which electrons tunnel [3] - [5]. The possibility of
tunneling via traps in such devices are known as trap
assisted tunneling which are usually high in this tupe of
device.

In the present paper the performance of photodetector
has been theoretically examined considering the simplistic
receiver circuit consisting of the photodetector, bias circuit
and the input impedances of the following preamplifier
stage.
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Fig. 1. Schematic diagram of p-n junction.

2. Modeling

The device under consideration consists of a p-n
homojunction photodetector based on HgygsCdgnTe
material. The device is supposed to be grown on lattice
matched CdZnTe substrate. The photodetector is suitably
reversed biased and is followed by preamplifier having an
input resistance of R;. The schematic of the receiver is
shown in Fig. 2a. A simplistic noise equivalent circuit of

the receiver is shown in Fig. 2b. The I;no is the d. c. value
of the photon induced current, <lf> is the mean square

value of the shot noise current (produced within detector)
and C,, R, are the junction capacitance and resistance
respectively. R, is the load resistance of load resister and

<l;> is the mean square value of the thermal noise

current.
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Fig. 2. a) Receiver system; b) Simplified equivalent circuit.

In practical intensity modulated direct detection
(IM/DD) systems without internal gain mechanism, the
minimum detectable signal is usually restricted by the shot
and thermal noise components of detector and thermal

noise associated with load resistance and the input
resistance of the following amplifier. The minimum
detectable power can be obtained as
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where h is the Planck’s constant, v is the frequency of light
and R,, is the equivalent resistance experienced by the
photodetector and is given by
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Here R; R, and R; are junction resistance of photodiode,
resistance associated with external load resistor (bias
resistor) and input resistance of amplifier respectively.

Dark Current Analysis

The dark current of the HgCdTe based photodetector
has been modeled considering (i) the diffusion of the
thermally generated carriers from the neutral regions, Iper
(i1) generation-recombination of carriers in the depletion
region, Igr (iii) tunneling of carriers through the barrier,
Itun [7]-[11]. In present analysis, we have considered both
trap assisted (TAT) and band to band tunneling (BTB)
components.

[dark = ]DIFF +[GR +[TAT +[BTB (4)

In the present structure under consideration, the
diffusion of minority carriers from both p and n regions,
contribute diffusion current. The minority carrier diffusion
current under application of a bias voltage, V can be
obtained by solving 1-D diffusion equation under
appropriate boundary conditions. The diffusion current
component can be obtained as
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In the above equations, n; is the intrinsic carrier
concentration of HgCdTe, N, and N, are the acceptor and
donor concentrations in p and n regions respectively, g is
the electronic charge, D, and D, are the hole and electron
diffusion coefficients, S, and S, are the surface
recombination velocities of holes at p-HgCdTe/metal
interface and electrons at HgCdTe/CdZnTe hetero-
interface and L, and L, are respective diffusion lengths of
holes and electrons on n- and p-side respectively. Here ¢
and d are the thickness of p-HgCdTe and n-HgCdTe
regions respectively, x, and x, are respectively the width of
the depletion regions in p and n-regions and 4 is the
junction area, u, and u, are the mobility of electrons and
holes respectively; V' is the applied potential.

The generation-recombination current component
arises due to impurities and defects within the depletion
region that acts as intermediate states for the thermal
generation and recombination of carriers. These
intermediate states are known as Shockley-Read-Hall
centres. This current could be important than diffusion
current, although depletion region is much less than the
minority carriers diffusion length, especially at low
temperature. The generation-recombination component of
current density can be approximated as [11]

___anWV v <0 (8a)
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where Vy, is the built-in potential, V is the applied voltage,
W is the width of the depletion region which is a function
of the applied voltage and n; is the intrinsic carrier

concentration  and 7, is the SRH generation-

recombination lifetime.

The trap-assisted tunneling current component arises
here due to electron transition from valance band to a trap
level within the bandgap and then tunneling to the
conduction band. These trap states are the centre of the
intermediate energy levels created by the presence of
impurities in the material. The trap-assisted tunneling
component of current on the simple 1-D model [3]-[4] can
be written as
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here X = 5
E

where W=x,+x, is the total depletion width, E, is the
energy bandgap of HgCdTe semiconductor, 4 is Planck’s
constant, Vj; is the build in potential, ¥ is the applied

voltage, m; is effective electronic mass, , is the density

of trap occupied by electrons. W, and P are matrix element
associated with the trap potential and interband matrix
element respectively. E, is energy corresponding to trap
centres.

When the crossover of energy bands take place at high
reverse bias voltage, the band to band tunneling current
arises due to flow of electrons from fully occupied valance
band of p-region to partially filled or empty states of
conduction band of n-region. The band to band tunneling

current can be obtained as [8]
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The inverse of resistance due to dark currents can be
directly obtained by differentiating dark currents with
respect to voltage. Thus

R,(V)= ( a j_l (13)

av

The net value of dynamic resistance of photodiode can
be obtained as
1 1 1 1 1

= + + +
(RJ )NET (RJ )D]FF (RJ )GR (RJ )TAT (RJ )BTB
(14)

Modeling of carrier lifetime

In order to accurately compute the drift and diffusion
components of current, it is necessary to model the
lifetime of minority carriers considering all the possible
recombination mechanisms. In the present lifetime
modeling, we have considered bulk recombination
processes in HgCdTe to involve radiative recombination
and two non-radiative recombination mechanisms. The
direct band-to-band photon assisted recombination is
radiative recombination and the phonon assisted
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recombination processes consists of Auger and Shockley-
Read-Hall (SRH) recombination mechanisms which are
non-radiative recombination processes. The modeling of
the radiative recombination process is straightforward. For
direct bandgap HgCdTe semiconductors, the lifetime of
carriers due to radiative recombination for low level
injection can be approximated as [13]-[14]
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O E— (15)
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(16)

where Gy is the thermal equilibrium spontaneous
generation rate of the HgCdTe semiconductor material and
ny and p, are the electron and hole concentrations
respectively in the region under thermal equilibrium. Ej is

the band gap in eV, m; and m; are the effective mass for

electrons and holes.

The non-radiative Auger recombination is quite
complex. It is an important mechanism in determining the
performance of light-emitting devices and infrared
detectors made from narrow-gap semiconductors. A
semiconductor with a single conduction band and heavy-
hole and light-hole valence band there can occur at least
ten different types of Auger transitions. Out of these
transitions, the two most significant transitions that occur
at the minimum threshold energy (E=E,) are the Auger-1
or CHCC (involving two conduction band electrons and a
heavy hole) and Auger-7 or CHLH (involving one
conduction band electron and one heavy hole and one light
hole). The former is generally dominant in n-type material
and the later in p-type material. The net Auger
recombination lifetime of the carriers can thus be written
as

(17)

The Auger-1 recombination process involves the
direct band-to-band recombination of a conduction band
electron with a heavy hole and excitation of another
electron in conduction band, dominant in n-type HgCdTe
material. The intrinsic lifetime for the Auger-1 process is
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where y is the ratio of electron to hole effective masses, &
is the high-frequency dielectric constant, | F,F, | is the
overlap integral of the Block functions (values ranging
from 0.1 to 0.3). The Auger-1 lifetime is
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where py and n, are the thermal equilibrium concentration
for holes and electrons respectively.
The Auger-7 process involves the direct band-to-band
recombination of a conduction band electron with a heavy
hole and excitation of an electron of an electron from light

hole band to heavy hole band. The Auger-7 lifetime is

2
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here y =17, / 7', depends on composition ‘x’ of
HgCdTe material and temperature.

The computation details of the various components of
Auger recombination lifetime are amply discussed
elsewhere [13].

The lifetime of carriers due to Shockley-Read-Hall
recombination can be modeled in terms of trap density and
capture cross-section as

1
Tsrr = @1
OoN,v,
where N7 is the SRH trap density, o is the capture cross-
section and vy, is the thermal velocity of the minority
carriers in the active region, given by
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n

m: is the effective mass of electrons in the active region.

The effective lifetime of the carriers in the active
region can be obtained as

(23)

Quantum Efficiency

The quantum efficiency (n) of a p-n junction
photodetector has generally three major components.
These components arise from the contribution of the three
regions e.g., neutral n-region (M,), neutral p-region (1)
and the depletion region (ngep,). The optical generation rate
of electron-hole pairs, as a function of distance x from the
surface can be written as [15] - [16]

(A)N1-R)P,

a t
G(x)= e "exp(-a(d)x)  (24)

where a(4) is the optical absorption coefficient of the
material which is a function of wavelength 4, R is the
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Fresnel reflection coefficient at the entrance, P, is the
incident optical power, v is the frequency of radiation and
A is the device area. The quantum efficiency components
can be obtained as

4=Xn |, Gon| =X
(I—R)aLp wrealirns] (Vp’aLp)Cxp(’a(d*Xn))’{/pcosh[ 0 ] h{ T H
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where L, and L, are the hole and electron diffusion lengths
=S,L,/D, and
7,=S,L, / D, are the ratio of surface to bulk

in n and p regions respectively. ¥,

recombination velocity in p and n regions respectively.
The contribution of the photo-generated carriers in the
depletion region to the total quantum efficiency can be
obtained as

Nay = (1= R)iexpl-a (¢~ x, )= exp(-ar(r +x,))j
@)

The net quantum efficiency can be written as
77:7711 +77p+77dep (28)

Photocurrent

In the present analysis the incident light is assumed to
be intensity modulated. The incident optical power for a
single tone modulation is assumed to be of the form

P(t)z P, (1 + u cos 27zfmt) (29)

where f,, is the modulating signal frequency and p is the
index of modulation.

The dc component of the photocurrent generated in
the photodetector can be obtained as

_ anapt

photo — h v

Here 7 is the quantum efficiency of the photodetector
and /o is the photon energy of the incident light beam.

The root mean square value of the signal current can
be obtained as

(30)

. qnk,,
1 photo = /u
2ho

G

Noise current modeling

The shot noise in photodetector is generated out of
thermally generated carriers which are injected randomly.
In presence of illumination, there is generation of excess
carriers due to absorption of light in the material. This
photogeneration is random in nature and manifests in the
form of additional shot noise current. In presence of the
received light, the mean square value of the shot noise
current can be obtained as

.2
<ZS> = Zq(lphoto + ]dark )B (32)
where B is the bandwidth.

The mean square value of the thermal noise associated
with the photodetector can be express as

=——8 (33)
1
where =—+t—+—, (34)

HereR,, R, and R, are dynamic resistance of

photodiode junction, resistance associated with external
load resistor and input resistance of amplifier respectively.
The signal to noise ratio can be expressed as

s ;(q nP,, [hv)
( j - 69
power 2q

N (7 o + Lo JB+4KTB/R,,

here k is the Boltzmann constant and T is the temperature.

The noise equivalent power (NEP) is defined as the

signal power, Pop, necessary to produce the signal noise

ratio of unity at the output for unit bandwidth (B=1Hz).
The root mean square value of the noise equivalent power
can be obtained as

(B )

V2

3. Results and discussion

NEP = (36)

Numerical computations have been carried out on p-
Hgy 3sCdonTe/n- HgjgsCdy o, Te photodetector at 77K for
operation at 10.6 um. The light has been assumed to be
incident on the top p- HgyssCdoo,Te side of the
photodetector. The photons with energy higher than the
energy gap create electron-hole pairs in p and n region.

Various parameters used in the theoretical
computations are listed in Table 1. The absorption
coefficient of HgCdTe has been computed as a function of
wavelength by using modified Urbach’s rule [17] — [18].
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Table. 1. Parameters used for calculation.

Parameters Values
used
E,  [(-0.302+1.93x-0.81x*+0.832x™+5.35x10"
(1-2x)T) eV
A 0.96 eV
N, 2.1x10” m?
G 4.7619x102° m?
Ny 3.5x10% m?
N, 9.3x10* m*
W2 3x10°7 ’m®
P 0.83 eV
A 7.3x10° m*
[ 12.5 g
m, 9.1x10™" kg
m' my(1-+2meP*(E, +2A/3)/(h°Eg (Es+A))) !
m; 0.55 m,
S, 10 m/s
S, 10* m/s
R, 0.5-20 MQ
R; 4.5 MQ

Results of numerical computations reveal that the trap
assisted tunneling component of current in HgCdTe
photodetector is dominant even at low and moderate
reverse bias while the diffusion component of current
becomes dominant at forward bias. The different dark
current components of the photodetector have been
calculated using the theoretical model. The dependence of
dynamic resistance of photodetector on the applied voltage
has been quantitatively estimated and validated with the
experimental results. For the model validation, separate
calculation has been carried out at 77 K for operation at 10
um. The validated model is then applied to electrically and
optically characterize the HgCdTe based photodetector for
operation at 10.6 um.

Fig. 3 illustrates the variation of the total dynamic
resistance  contributed by  diffusion, generation-
recombination, trap assisted tunneling and band-to-band
tunneling components (different components have not
been shown here) with applied voltage. We have applied
our proposed model to estimate the total dynamic
resistance at 77 K for operation at 10 pm. The results
obtained, using model is in fairly good agreement with the
experimental result given in reference [6]. The curve of
total dynamic resistance increases linearly in moderate and
low reverse bias voltage upto zero reverse bias, showing
linear dependence of total dynamic resistance on reverse
bias voltage in 10>-10° Q range of total dynamic
resistance. The total dynamic resistance, in reverse
direction is dictated by trap assisted tunneling component.
The total dynamic resistance has the maximum value of
10° Q near zero bias voltage.

Dark Current (A)

10°

10°

10*

10°

Dynamic Resistance ()

102
0.5

-04 -03 -02 -01 00 01 02
Bias Voltage (V)

Fig. 3. Variation of dynamic resistance with bias voltage
(Theoretical model and experimental results reported
in ref. 6) for operation at 10 um.

Fig. 4 depicts the variation of different components of
dark current (e.g. diffusion (DIFF), generation-
recombination (GR) and tunneling) and total dark current
of the photodetector with applied reverse bias voltage for
operation at 10.6 pm. The variation of total dark current
with applied reverse bias indicate that the trap assisted
tunneling (TAT) component of dark current, dominate in
moderate and low reverse bias voltage while in forward
bias direction total dark current is dominated by diffusion
component of dark current. In moderate to low reverse
bias direction, the total dark current is almost constant and
has the minimum value 4x10° A at near zero bias. The
contribution of band-to-band tunneling (BTB) and
generation-recombination (for an SRH trap density of 10"
m™) components of dark current, in the total dark current
in reverse direction is almost negligible.

10°
5
10 TAT Tnfﬂl
107 BTB
DIFF

10°

m
10-11

05 -04 -03 -02 -01 00 01

Bias Voltage (V)

Fig. 4. Variation of different components of dark current
with bias voltage.
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The variation of quantum efficiency, as a function of
operating wavelength, of photodetector at 77 K is shown 100

in Fig. 5. It is seen that homojunction p- Hgy ssCdgxTe/n- o
HgossCdo 2, Te photodetector under consideration has a T
peak of efficiency near 10.6 pm wavelength, which is o
desirable. The maximum quantum efficiency exhibited by & 80
the device is 67%. The quantum efficiency falls very fast %
beyond the cut-off wavelength (A=10.6 pm). In shorter .£2
wavelength region quantum efficiency falls very slowly, 2
because of high absorption of photons in the neutral S
region. Z60
(1}
c
2
087 »
40
1 4 7 , 10
=06 Optical Power density (W/m°)
o)
5 Fig. 6. Variation of Noise-equivalent-power with
:;E’ 04} Equivalent load resistance.
g Fig. 7 shows the variation of signal-to-noise ratio with
=) incident optical power density. The variation of signal-to-
S 0.2 noise ratio at low incident optical power density indicates
S that the shot noise produced within the device is low. The
o signal-to-noise ratio increases upto a particular value of
incident optical power density, where the device has ultra
0.0 ‘ ‘ ‘ ‘ ‘ low noise current. The graph shows a sudden decrease in
. signal-to-noise ratio at high incident optical power density
2 4 ? 8 10 12 near 7x10° W/m?, because in this region the shot noise
Wavelength (um) associated with photogenerated carriers override the signal
current generated at the output by the received optical
Fig. 5. Variation of quantum efficiency with operating power. The signal-to-noise ratio associated with receiver

wavelength. exhibits peak value of 90 dB for an incident optical power
density of value 7x10° W/m?.

10

The variation of noise equivalent power of the
receiver circuit with equivalent resistance experienced by
detector is shown in Fig. 6. In noise equivalent power
computation, a simplistic noise model has been
considered. In the shot noise modeling, we have taken
only shot noise generated by the photodetector only. The
shot noise generated by the following amplifier stage has
not been taken into consideration. The photodetector

exhibits a NEP of~ 107" W-Hz"? for an equivalent
resistance of 0.1 MQ. The NEP value improves as the
equivalent resistance is increased. A  significant
improvement in NEP value is obtained when the
equivalent load resistance increases beyond 0.1 M.

)

10|

W-Hz'2

NEP (

10'13 | | | J
0.0 01 0.2 0.3 0.4

Fig. 7. Variation of signal-to-noise ratio with received
optical power density.
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4. Conclusion

In this paper a simplistic noise model of a receiver
based on an HgCdTe photodetector has been developed for
the proposed application in free space optical
communication system. The key photopdetector
parameters have been theoretically analyzed in order to
estimate the noise equivalent power. The study reveals that
the proposed photodetector can be effectively used in the
receiver of a free space optical communication system at
10.6 pum. A more rigorous analysis of the receiver
considering the noise components associated with the pre-
amplifier is currently underway.
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