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In this paper we introduce a new HgCdTe 2-dimensional numerical simulator, HanYang University Semicon-
ductor Device Simulator (HYSEDES). HYSEDES adopts the modified transport models to describe the inherent
natures of HgCdTe such as the degeneracy, the nonparabolic conduction band, and the band offset at
heterointerface. It also takes into account various generation-recombination mechanisms regarding tunnelling
phenomena and optical generation. For the advanced devices employing multiple junctions, all the material pa-
rameters are described as a function of the position. The simulation results are reported for photovoltaic devices
and focal plane array. We also proposed a structure to improve the characteristics in focal plane array, i.e., to re-
duce crosstalk with slight degrading quantum efficiency.
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1. Introduction

As the realisation of the HgCdTe devices is com-
plicate and spends time and cost, the device simula-
tion has become a critical tool for developing the de-
vices. In order to improve the device performance and
to widen the application area, various device struc-
tures have been proposed [1,2]. The demand for accu-
rate HgCdTe device simulator, then, is increasing.
The analysis of characteristics for the HgCdTe de-
vices has relied mostly on analytic models. The com-
mercial simulators [3] don’t fully account the degen-
eracy, the nonparabolic conduction band, and the
band-offset on hetero-interface, and their effects on
the operation characteristics.

When the degeneracy and nonparabolic effects are
omitted, there could be enormous errors in the calcu-
lation of electron concentration [4], which causes an
overestimated dark current in the device. It could be
seen likely that considerable amount of the current
flows even at zero-bias under the dark-state. Most
workers have overlooked the nonparabolic effect on
the current calculation. None has tried to find out the
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cause of the large current [3]. Another problem in the
simulators is that various tunnelling processes are not
included [5,6]. Regarding the various genera-
tion-recombination mechanisms including tunnelling
is an essential part in clarifying the origin of the ab-
normal current. The suitable models, however, have
not been set on the simulators yet. Consequently, to
resolve these two crucial problems, proper numerical
models and methods are required. We have concen-
trated on developing a new simulator for HgCdTe de-
vices, HanYang University Semiconductor Device
Simulator (HYSEDES).

As the process technology is greatly advanced, the
high density of the detectors can be achieved. Then, the
crosstalk causing image spreading becomes one of the
obstacles in further integration. There are some tech-
niques to reduce crosstalk; gettering, trench, guard
ring, antireflection coating. Unfortunately, improving
the crosstalk characteristic results in deterioration of
quantum efficiency. High quantum efficiency is re-
quired for image processing and sensitivity.

In the first part of this paper, we will describe the
modified models to solve the problems in the conven-
tional simulators. In the second part, the numerical
methods used in HYSEDES will be presented briefly.
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2. Simulation model

2.1. Transport equations

The basic semiconductor equations [7,8] to ana-
lyse the devices including heterostructure devices are
given by
VeeV(y-0)=-qg(p—n+Njp—Ny)-ps, (1)
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where 0 is the band structure parameter given by
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where ¥ is the electron affinity and E, is the band gap
energy. N, and N, are the effective density of states of
the conduction and of the valence band, respectively.
Jn and J, represent the electron and hole current densi-
ties. € is the dielectric constant of the material, and Y
is the electrostatic potential defined as the intrinsic
Fermi potential. g, p, n, Nj, and N are the electron
charge, hole concentration, electron concentration,
ionised donor concentration, and ionised acceptor
concentration, respectively. p, and p,, denote electron
and hole mobilities. @, and @, are the quasi-Fermi
potentials for the electron and hole. Along with the
basic equations, precise representation for the carrier
concentration is needed as well. Figure 1 shows the
reduced Fermi energy referencing the conduction
band edge energy, E., and carrier concentration as a
function of the donor density. In the figure, the lines
labelled 1 are for the using Boltzmann statistics, 2 for
the Fermi-Dirac statistics, 3 for the Fermi-Dirac with
the nonparabolic effect, and the symbol e for the
Laguerre formula [9]. As the doping density in-
creases, the band becomes degenerate, which leads
pn — ni2 to deviate largely from zero. It indicates that
the nonparabolic band and degeneracy have a great
role on the carrier concentration. Even though this is
well known prog)erty, it is worth to note that the devi-

ation of |pn — nj | causes the simulation error. For ex-
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Fig. 1. The reduced Fermi energy of (E;— E_)/kT and pn.;f'ni2
as a function of donor density.

ample, a large current can be obtained even at
zero-bias without illumination. Thus, in order to take
into account the degeneracy effect properly, the pre-
cise model for the carrier concentration especially for
the intrinsic carrier concentration is required.

A conventional formula for the electron concentra-
tion considering the nonparabolicity and degeneracy
is given by [10]

N E [ B = Ee ) sgsam,, [ B En 6)
= B¢y i I
n 12 T 3/2 T

where the function F represents the Fermi-Dirac inte-
gral, Eg, is the electron quasi-Fermi level, and o is the
nonparabolic factor [11]. With the equation (6) it is
difficult to discretise the continuity equations using
the Scharfetter-Gummel method. The following
Boltzmann type formula is rather used [12]

- cxp[ ""'k;z" ) ™
_ Fia (M) +3750F; 5(n, ) )
2 (1+375c)exp(n..) ’

where 1. is reduced electron quasi-Fermi energy,
(Eq—Eo/KT, and n; is the intrinsic carrier concentra-
tion. Because the valence band can be treated as para-
bolic band, the hole concentration is defined by
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where m, is reduced hole quasi-Fermi energy,
(Ec — Egp)/KT. Therefore, regarding the nonparaboli-
city and degeneracy, the effective intrinsic carrier
concentration becomes

ni =N.N,y,7,exp(—E, [kT) =nly,y . (11)

Rearranging Eqgs. (7) and (9) in terms of the @,
and @, the electron and hole current equations be-
come

Iy = KT,V +q#nnl—V(w+k—Tln(nm)ﬂ, (12)
q

= kT
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The electron affinity rule model [13] for II-V
compounds and the common anion rule model [14]
for HgCdTe have been used for band-offset at het-
ero-interface. In addition, the band parameter ©
should be modified according to the nonparabolicity
and the band-offset

4 E, T I:NC(HS.TSO:)

= +—1In +AE, — AE,, 14
e ] IR
where AE, is the bandgap difference and AE, is the
band-offset of the valence band [15].

2.2. Generation-recombination models

Shockley-Read-Hall (SRH), Auger, radiative re-
combination, tunnelling, and optical generation are
considered as the generation-recombination mecha-
nism for HgCdTe. The SRH, Auger, and radiative
models proposed by Rogalski [16,17] are implemen-
ted in the simulator. Tunnelling can be classified into
two types in general, the indirect tunnelling via the
trap level and direct tunnelling from the conduction
band to the valence band or vice versa. The former
one will be presented. The optical generation rate at a
position is calculated by using ray trace method,
which will be also presented.
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2.2.1. Tunnelling models

Several analytic models for the indirect tunnelling
have been proposed [5,19]. They took into account
only pure tunnelling (PT) process based on the Sah
model [20]. Recently, H. Yuan et al. [6] incorporated
the phonon-assisted tunnelling (PAT) model in ana-
lysing the HgCdTe devices, which is originally in-
tended to explain the tunnelling current of Si diode.
The PT process is dominant at relatively high electric
field and the PAT at low electric field. The PAT pro-
cess consists of two successive procedures as shown
in Fig. 2. An electron captured at the trap is emitted
into a virtual level P located in the forbidden band by
absorbing phonon energy, and then it transits into P’
by tunnelling without loss of time. In this work, two
indirect tunnelling mechanisms are considered with a
simple manner by extending the Hurkx model [21].

In the PAT process, the electron emission rate
epar can be calculated by multiplying ionisation en-
ergy reduction due to phonon by the tunnelling proba-
bility and integrating them along the depth of a poten-
tial well AE,,. In the PT process, epy 18 calculated by
the modified Sah model [18,22]

AE, [kT a@2m,) 2 kT2
€pAT :emjo of vi:xp[z—~z3’f2 o L e3)hF dz,(15)
2 2
n qFm,|\M
epr = f—e‘e’exp(—%‘c ), (16)
h(E. -Ep

where m: is the effective mass of the electrons, F de-
notes the electric field, M, is the transition matrix ele-
ment, O, is related to the electron wave function com-
ponent directed to the tunnelling, z is the direction of
the tunnelling and e, is the emission rate when the
electric field is zero.

Thermal emission

rF

Ec(x)

Photon-assisted tunnelling

< = P

Pure tunnelling F
Een .

O (Et level)

Fig. 2. Electron indirect tunnelling.
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The integral interval, AE,, varies with the trap lo-
cation and level, E1(x) [18,21]

AE, (x)=E.(x)—Ey forEr >E_,
=E (x)—-E, for Ey >E,_,.

(17)

Total electron emission rate, then, can be ex-
pressed by

e, =€, +epr =€, (1+ 'TAT L PFTy  (18)

where I ,,P AT and T PT are the normalised thermal
emission rates. The same method is used for the hole.
Following the work of Hurkx with the principle of the
detailed balance, the generation-recombination rates
regarding the tunnelling is obtained, which is in the

form of the SRH generation-recombination rate

pn—mp
Tpo(n+nl) Tno(p+pl)
PAT PT PAT PT
14T, +I," 1+I,™ +T,

R

(19)

trap =

where T, and Ty are the electron and hole intrinsic
lifetime, respectively, and n; and p; are the electron
and hole concentration as the Fermi level is located at
the trap level. Further work is needed in calculating
current with Eq. (19). Without the treatments it leads
to a great amount of error in calculating the genera-
tion-recombination current. At first (pn—n;p;) should
be zero at zero-bias in the dark state, which implies
that no current flows at equilibrium. For the degener-
acy the Fermi-Dirac statistics must be used in calcu-
lating n; and p;. In practical, the form of n2, is better
than that of n;p,. The term of n,p, appeared in the
Auger and radiative recombination rate is substituted
by nfe. Secondly, E_, in equation (17) should be re-
placed by Eg, in the case of the degeneration. In addi-
tion the location of the trap level is testified to permit
PT process. Since the tunnelling is available when
there is an allowed state, Eg, Eg, E, E,, and E, are
compared each other along the direction of electric
field at each position. The testing is also performed
for the direct tunnelling [23]. A criterion of the direct
tunnelling is given by as follows

E.(E)2E,, + MAX[O,(Ep, — E ;)] (20)
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2.2.2. Optical generation model

When the radiation flux Qg(A) emitted from the
object with a constant temperature Ty is imposed on
the devices, the carrier generation rate is given by

G ) = [ 1= RANIQ (W) A) o

exp[—a(A)y]sin? [%Jdﬂ,

where A, is the cutoff wavelength, 6, is the field-
-of-view, R(A) is the reflectance [24,25], o is the ab-
sorption coefficient [26], and y is the distance from
the incident surface. The R(A) and o are the function
of the band gap or mole fraction. The band gap ap-
peared in absorption coefficient should be replaced by
the optical gap. The optical gap becomes Eg—E, for
the degenerate case while it equals band gap energy
for nondegenerate case, by which the Burstein-Moss
shift [2] effect can be incorporated easily.

When the parameters have different values accord-
ing to the position, especially for the heterostructure
devices as in our case, the generation rate varies as
well. We employ the ray-trace algorithm that can
show the attenuation profile of incident flux with
mole fraction and transmittance at each interface eas-
ily. Figure 3 shows the schematic representation of
the algorithm. When the ray is incident to 3-layered
material interfaced at the yy, y;, ¥, and ys, the trans-
mittances and fluxes are calculated at those interfaces.
Because the last layer has can not absorb the ray
stream, the flux is not changed. With the transmit-
tances and fluxes, the generation rate is given by

A
Gopt M) = [ To Op (Mot (M)expl-0t (A)(y = ¥,)]
| 22)

7]
sin 2 [?"]dl for yo Sy <y,

Gopt(¥) = J;"Z Ty Op; (A)at, (A)exp[—oi (A)(y = y1)]
(23)

sin? (%’]d& fory; <y<y,,

Gopr )= [0 T; gy (W3 Mexpl-a3(A)y = 3]
24

Z]
sin? [7"}% fory, <y<ys.

As the ray-trace method gives the transmission co-
efficient at each surface, it can consider the interfer-
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Fig. 3. Schematic representation of ray-trace algorithm.

ence by multiple reflections. It is, then, able to design
the thickness of the layer and select the material to
make an antireflection layer.

3. Numerical method

The solution of the basic semiconductor equations
provides the internal distributions of carrier and elec-
trostatic potential. The equations, however, cannot be
solved analytically without the approximations even
for the one-dimensional case. Therefore, the numeri-
cal method has to be applied. In general the method is
composed of three steps, i.e., grid generation step,
discretisation step transforming the differential equa-
tions into the linear equations, and solving step. The
grid generation is a procedure of dividing the simula-
tion area into a small segment called mesh and dis-
tributing the discretised points called node over the
entire device region. It should not depend on the de-
vice structure. The small-generated node number is
required in the view of the simulation time and mem-
ory capacity, but it should be enough that provide ex-
act solutions. HYSEDES employs the triangular mesh
type to be structure-free, and it has a grid generator
developed using the qued-tree [27] and adaptive algo-
rithms [28,29] for effective grid generation. It makes
the simulator utilise in analysing the non-planar struc-
fures like the mesa structure or SPRITE detector
structure [29]. The box integral method [30] is used in
discretising the Poisson equation and current continu-
ity equations, which is developed from the Gauss’s
law. It is a widely used method because of its simple
discretisation procedure and its explicit guarantee of
the carrier conservation in the discretisation proce-
dure. After assembling the discretised equation, the
matrix equation is formulated. Generally, the result-
ing matrix is sparse matrix. In solving the matrix
equation, some treatment is required in assign
non-zero element of the matrix to saving the memory
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[30]. The incomplete LU conjugate gradient squared
(ILUCGS) method was used for solving the matrix in-
stead of the direct Newton method. ILUCGS has been
widely used for the reason that it can be applied to
non-symmetric matrices and has high convergence
speed and a few iterations [7].

4. Results and discussion

4.1. Photovoltaic devices

Though, theoretically, the zero-bias current should
be zero in the dark state, many simulators provide
non-zero current because of inherent errors in numeri-
cal techniques and improper modelling. If the current
is overestimated when the optical signal imposed on
the device, the signal source cannot be detected. The
performance estimation in the dark state, then, be-
comes meaningless. The zero-bias current can be one
of the indicator of good simulator for the devices such
as HgCdTe photodiode.

Figure 4 shows the zero-bias currents calculated
by HYSEDES in the dark state comparing with those
obtained by MEDICI simulation. It is assumed that
the mole fraction x of Hg; ,Cd,Te is 0.2, the doping
concentrations of p-type and n-type HgCdTe are
5%1015 ¢cm3 and 5x10'7 cm™3, respectively; the life-
time of the carriers is 50 ns, the surface recombination
velocity is 2x10* cm/s, and the fixed charge density at
the interface is 8x10'0 cm™2. It is also assumed the
impurity being completely ionised regardless of the
mole fraction and temperature. As the mole fraction is
lower and the temperature is higher, the currents cal-
culated from MEDICI, which is well-known commer-
cial device simulator, show higher values. It is be-
cause of the effect of nonparabolic band and degener-
acy. At the low mole fraction the energy gap is small
and the nonparabolic factor is large. The band, then,
becomes highly degenerated. As temperature in-
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Fig. 4. Zero-bias dark current in HgCdTe photovoltaic
device.

creases, the effect of the nonparabolicity and the de-
generacy are weakened. However, since the intrinsic
carrier concentration at 90 K is higher than that at
77 K, the values of (pn —n?) could be higher at 90 K

showing the higher zero-bias current. These results
demonstrate that conventional simulators have prob-
lems not only in the low temperature region but also
in the high temperature region. As shown in Fig. 4,
the extremely low zero-bias dark current by the
HYSEDES simulation proves its validity.

Figure 5 represents the temperature dependency on
RyA. The parameters used in this simulation are same
as that given by the experiment [31]. Because the
trap-related parameters are not given, it is assumed
that the trap density is 1.0x1013 cm™3 , the trap energy
is 0.6E,. Simulations are performed with the carrier
capture rate of 8.0x10~2 cm?s~! labelled 1 in the fig-
ure and of 8.0x10~® cm3s~! labelled 2. The curve 1 ac-
corded with the experimental data shows the diffu-
sion-limited characteristics at above 50 K and indirect
tunnelling-limited characteristics with gentle slope at
below 50 K. The curve 2 with 10 times larger capture
rate than curve 1 shows the SRH-limited characteris-
tics from 77 K to 55 K. The more gentle slope of the
line from 45 K to 55 K than that of the SRH-limited
case is due to the effect of phonon-assisted tunnelling.
The temperature, from which the indirect tunnelling
dominant region begins, shows the identical value of
about 45 K regardless of the capture rate. It can be ex-
plained by the fact that the indirect tunnelling domi-
nant region is determined mainly by the distribution
of electric field at the junction while the value of the
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dark-current and RyA are controlled by the
trap-related parameters.

Figure 6 shows the electrical characteristics of
HgCdTe device in the dark state, the bias dependency
on current and dynamic resistance RpA for the homo-
junction structure, heterojunction structure, and hete-
rojunction structure with potential barrier at the junc-
tion, respectively. All the calculating conditions are
the same as those used in Fig. 5 except the trap den-
sity of 1.0x10'4 cm~3 and the capture rate of 2.0x10-8
cm3s~!. In Fig. 6 (a), RpA is in almost constant value
from 0 to —60 mV for the case of the homojunction
and to —100 mV for the heterojunction without bar-
rier. It implies that not only SRH but also the indirect
tunnelling mechanisms have an influence on the cur-
rent in those regions, since when only SRH is the pri-
mary mechanism in current formulation RpbA would
increase in proportion to the square of the bias volt-
age. As the bias increases resulting in high electric
field and large band overlap, RpA decreases rapidly
because of increased leakage current by the indirect
tunnelling and the band-to-band direct tunnelling. The
difference in the value of RpA is about 2.35 times,
and it grows to about one order at the region where
the indirect tunnelling is dominant. The breakdown
voltage caused by the direct tunnelling for the case of
the heterojunction without barrier is increased about
60 mV with respect to that for the homojunction. This
value is almost equal to half of the bandgap difference
between the materials used as a capping layer and the
absorption layer. The improved performances in the

100K 50 K 40K
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Fig. 5. RyA dependence on the temperature of a HgCdTe
heterostructure photovoltaic device.
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heterojunction is originated from the higher tunnel-
ling barrier and lower intrinsic carrier concentration
accomplished by the high mole fraction of the cap-
ping layer. In the heterojunction with barriers, the p—n
junction is formulated in the wide bandgap p-layer,
where the potential barrier is built up in the valence
band. The little current, then, flows at dark state be-
cause the potential barrier limits hole injection to the
p-type region. It means that the excess carriers gener-
ated optically can not move through the barrier, which
leads to relatively low detectivity.

Figure 6 (b) shows the leakage currents as a func-
tion of fixed charge density at the interface between
HgCdTe active layer and CdTe surface protection
layer for the homostructure and heterostructure photo-
voltaic devices. With the supply voltage of —20 mV
two surface recombination velocities of zero and
10* cms™! are used. As the positive fixed charge in-
creases, more electrons are accumulated at the inter-
face resulting in narrow depletion width. The SRH
generation-recombination current, then, decreases
while the indirect tunnelling current increases. The
various aspects of the current are obtained according
to the primary mechanism except at high fixed charge
density where the direct tunnelling process domi-
nates. When the surface is depleted by negative char-
ges, thermal generation-recombination has a primary
role on the current. Thus the current increases slowly
with the charge density. Much higher charge density
induces the direct tunnelling leading high current. For
the homojunction with the surface recombination ve-
locity 10* cms™!, the current increases slowly to the
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values of —6x10'° cm™2 in fixed charge density and
then decreases to show peak. It is attributed to the
degradation of carrier generation at the surface by the
surface recombination velocity. The similar result has
been presented in Rosbeck’s experiment [32]. The
heterostructure shows an excellent leakage current
characteristics regardless of the high surface recombi-
nation velocity. As a result, it is confirmed that
heterojunction structure is useful in controlling the
generation of leakage current because of its low tun-
nelling probability and a low minority carrier concen-
tration at the surface.

4.2. Crosstalk in focal plane array

To get the high quality thermal image, the integra-
tion of focal plane array (FPA) is in increasing. The
size of a device shrinks to the diffusion length of the
minority carrier or absorption length. The crosstalk
becomes, then, an issue. The crosstalk is the phenom-
enon that the photo-generated carriers in a device ac-
tive region are detected not only at the device but also
at the proximate device by lateral diffusion. Gen-
erally, the crosstalk is in trade-off relation with quan-
tum efficiency. When the crosstalk is reduced, the
quantum efficiency is also degraded. Most probable
way of suppressing crosstalk is the isolation of the el-
ement devices. This is accomplished by physically as
trench or by electrically as junctions. Trench is most
reliable way but its realisation is obscure. The junc-
tion such as p—n junction called guard ring is more re-
alistic but it wastes the total device size. There is a
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Fig. 7. Proposed structure with trench and selective doping.

common contact in the isolation area. Therefore, al-
though the isolation can block the diffusion path, the
carriers reached isolation region are swept out
through the common contact resulting loss in quan-
tum efficiency.

We propose a structure with triangle shaped
trench and selective doping, as shown in Fig. 7, to
reduce crosstalk without degrading quantum effi-
ciency. The mole fraction is 0.3, temperature 77 K,
p-sub density 5x10'° cm™3, selective doping density
1x10!7 ¢cm™3. The conceptional idea is that the trian-
gle shaped trench has role on crosstalk and bulk-like
type heavily doped region formulates a barrier
blocking minor carrier diffusion. Triangle shape
with common contact reflects the light to the centre
of the device active region, which also enhances the
quantum efficiency. The characteristics are com-
pared with two other structures, one with common
contact and the other with triangle shaped trench.
Under the back illumination, the quantum efficiency
of the proposed structure is not degraded while that

0.3

Square: only common contact
Triangle: with trench
Circle:

with trench and selective doping

Crosstalk
1
o
(o]

Quantum efficiency

o
~

3.0 35 40 45 5.0
Wavelength (um)

Fig. 8. Crosstalk and quantum efficiency for back illumi-
nation.
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Fig. 9. Crosstalk and quantum efficiency for front illumi-
nation.

of triangle shaped trench is largely reduced. As ex-
pected, the crosstalk of proposed structure increases
but not over 12%, as shown in Fig. 8. For front illu-
mination case, as shown in Fig. 9, the quantum effi-
ciency of proposed structure greatly improved be-
cause the photo generated carriers near the device
surface can not diffuse by the barrier.

5. Conclusions

We present a HgCdTe 2D simulator having the ca-
pability of calculating accurately the characteristics of
the HgCdTe devices. The improper consideration of
the conduction band nonparabolicity and the degener-
acy in the calculation of the carrier concentration
causes higher zero-bias current. By including those
inherent material characteristics of HgCdTe into the
carrier transport equations and the generation-recom-
bination models, the zero-bias current in the dark state
is in the very low level. Furthermore, various genera-
tion-recombination models including the indirect tun-
nelling mechanism are implemented in this simulator
to investigate the source of the leakage current in the
dark state. Those allow good agreement with the ex-
perimental data even at the low temperature region
where the tunnelling has great role in the current.

Simulations for some photovoltaic devices and fo-
cal plane array demonstrate the broad application ca-
pability of the proposed simulator giving their several
important characteristics. As for the photovoltaic de-
vices, the performance improvements in the hetero-
structure were evaluated by comparing those in the
homojunction structure and two heterojunction struc-
tures. We also present the crosstalk in the focal plane
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array with proposing the new structure with triangle
shaped trench and selective doping. Triangle-shaped
trench can focus the incident light to the centre of the
active region and block the carrier diffusion to the
proximate device. The selective doping formulates
the barrier, then the minor carrier can diffuse hardly
through the region resulting in high quantum effi-
ciency. Trench is the promising way for reducing
crosswalk but its realisation is uncertain. The struc-
ture can improve the quantum efficiency with low de-
grading the crosswalk.

From all these results, we conclude that the pro-
posed HgCdTe 2D simulator can resolve some prob-
lems in the conventional simulators completely and
analyse the characteristics of various devices including
multi-junction heterostructure and focal plane aray.
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