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Abstract

In this paper, a physics based two dimensional (2-D) generic
model of dual band mid wavelength and long wavelength
infrared (MW-LW) photodetector based on HgCdTe has
been reported. The paper discusses variants of the back-to-
back diode structure, which allows the detected waveband
to be selected simply without changing the polarity of the
bias. The structure has been designed by exploiting 2D SIL-
VACO software. A closed form model has been developed
for electrical and optical characterization of the device. The
model includes all the relevant material physics and solu-
tion of non-linear decoupled semiconductor transport and
Poisson’s equations. The results obtained on the basis of nu-
merical simulation have been validated with the reported
analytical and experimental results by the others. Good
agreement is found between both.

Key words: Dualband, MWIR, LWIR, Hetero-interface,
HgCdTe-MCT.

1. Introduction

Mercury-Cadmium-Telluride (HgCdTe) is the dominant
material for development of high sensitivity infrared
photodetectors for military applications, medical imag-
ing, fire control, environment monitoring and surveil-
lance, and amongst other applications. The adjustable
energy gap of HgCdTe with sensitivity spanning from
short wavelength (SWIR) to very long wavelength (VL-
WIR) infrared bands enables it for tremendous poten-
tial applications to be realized using advance material
growth methods and different detectors design. Signifi-
cant progress has been made towards the growth of un-
ispectral HgCdTe photodetectors in MWIR and LWIR
applications during last five decades. The requirement of
the new generation of IR detectors is currently under de-
velopment, e.g. dual band photodetectors, i.e. two color
detection simultaneously. Although unispectral photo-
detectors can serve separately, but two color detectors
offer better performance for same applications.

Initially, the problem in development of dual band pho-
todetector with bias selectable device i.e. independent se-
lection of the optimum bias voltage for both photodiode
and substantial medium wavelength (MW) crosstalk in
the long wavelength (LW) detector.

These problems associated with dual band detector can
be solved by optimizing design guidelines and the de-
vice parameters. The dual band detector cannot be de-
signed and optimized by using 1D model because sev-
eral additional physical phenomena needed to define the
mechanisms inside the device. It is important to point
out that a very few attempts have been made to perform
two dimensional (2-D) simulations of these advanced
devices. The biggest challenge is to minimize crosstalk
effects within the nearest two photodetectors. It is im-
portant to develop a physics based model that can quan-
titively estimate the cross talk and provide useful design
guidelines for minimization of cross talk [1] - [2]

2. Design and 2-D Simulation of MW/LW
Dual Band Detector

Figure la shows the two dimensional cross-sectional
view of a dual band photodetector consisting of back-to-
back photodiodes. The five layer device composed of two
HgCdTe p-n junctions with different energy bandgap. A
thin layer has been sandwiched between two diodes. The
structure has been designed by using ATLAS framework
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Figure 1a. Dual Band (MWIR/LWIR) Photodetector Device
Structure.

interfaced with BLAZE of the SILVACO (Figure 1b) for
electrical characterization. The Luminous module has
been used to design a multi-spectral source and for opti-
cal characterization. [3].

The bottom P-N junction (upper case indicate wide band-
gap material), has grown such that pixel mesa is square
with dimension 45x45 ym and mole fraction (x) of Hg,_
Cd Te material is taken for cutoff wavelength 4.3um.
The doping concentrations of P- and N-layers are 1x10%
m? and 2x10* m? respectively. An n-type buffer layer is
deposited over P-N junction. The doping density of the
buffer layer is taken to be 1x10*' m® with mole fraction
x=0.345 to minimize the crosstalk between MW band to
LW detector. The narrow bandgap n-type layer is depos-
ited on buffer layer with pixel mesa dimension 45x45 ym
followed by deposition of p-type layer over it with mesa
pixel dimension 45x45 um. The cut off wave length of
LWIR detector has been tuned 10.34 ym by choosing ap-
propriate mole fraction (x) value.

The p-type layer is etched within structure to make
common cathode contact to both detectors. The other
two anode contacts have been taken on the bottom
of P-type and top of p-type materials. The main ad-
vantage of this design was to use narrow gap n-type
HgCdTe buffer layer to limit the crosstalk between
two photodiodes. The selected mole fraction and dop-
ing concentration of all the layers ensure the best com-
promise between requirements of effective absorption
of IR radiation and low thermal generation of charge
carriers. The light is incident through MWIR detector.

In the simulation of energy band of the heterostruc-
ture using ATLAS, it is assumed that the ground state
degeneracy of conduction band g and valance band g,
are 2 and 4 respectively. The analysis of energy band
diagram of hetero- junction shows that there is energy

Figure 1b. Simulated Energy band diagram.

offset in the conduction AE_ and valance band AE,
due to electron affinity differences and doping con-
centration gradient and justifies the application of An-
derson’s rule. The formation of potential barrier within
heterojunction at the buffer layer can be understood in
terms of forces that arise due to gradient in electrostatic
potential VV and electron affinity Vy. The electrons will
be the dominant current carriers because the barrier is
smaller for electrons as compared to holes. The drop in
energy band at n-n heterojunction accompanies the po-
tential variation at interface of the junction. The height
of the potential barrier at n-n heterojunction depends on
the doping profile of the material. [4]- [5]

In device characterization, (both electrical and optical)
the basic non linear decoupled equations have been
solved. Numerical simulation has been done for degen-
erate semiconductor and non-parabolic shape of con-
duction band. The results presented in this work are
obtained with ATLAS (Blaze 2D) software of SILVACO.
The Newton-Richardson iteration technique has been
used to solve five nonlinear decoupled equations. The
Newton-Richardson based method improves the effi-
ciency of the iteration [3].

The doping of the regions has been taken analytically
uniform for all regions in the above simulation. In cal-
culation of mobility the concentration dependent ANA-
LYTIC model has been considered. For the simulation of
dark current associated with LWIR p-n heterojunction
photodetector, AUGER, SRH and OPTICAL (band-to-
band) models have been taken into account for recom-
bination mechanisms. Band-to-band standard tunneling
and trap assisted tunneling models have been consid-
ered for tunneling mechanism. We have taken into ac-
count the Fermi-Dirac statistics for non-parabolic shape
of conduction band in all the calculations of carrier and
doping densities.
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3. Numerical Simulation

3.1 Dark Current

Basic semiconductor transport equations (continuity
equations for holes and electrons) and Poisson’s equa-
tions have been used for the numerical analysis. The fol-
lowing equation can be given as [5]

- %V]n +(G,~R)
Continuity equation for electrons (1)
o 1
ot " g V], +(G,-R)
Continuity equation for holes ()]
div(eVV') =—p
Poisson’s equation 3)

where n and p are the electron and hole concentration, J_
and ]lD are the electron and hole current densities, G_and
Gp are the generation rates for electron and holes, R_and
RlD are the recombination rates for electrons and holes,
and q is the magnitude of the charge on the electron. V is
the electrostatic potential, €_is the local permittivity and
p is the local space charge density.

The solution of equation (1) to (3) involves drift and dif-
fusion components. The current flowing through each
heterostructure photovoltaic dualband detector under
consideration has three major components:

i)  The diffusion current arising from the minority
carriers injected from the each neutral p and n
regions;

if)  The drift current arising from generation recom-

bination in the depletion region at the each p -n

junction and n-n junctions;

iii) The tunneling current across the p-n heterointerface.

The magnitude of total dark current of the photodetec-

tor is [5]

Tppee = Tomr * Tor + Lron

DARK — * DIFF 4)
3.2 Spectral Response

The spectral response of the dual band photodetector
has been predicted in terms of quantum efficiency. The
quantum efficiency can be obtained by using multilayer
approach in which the electric field should be matched
at the interfaces and structure is supposed to have num-
ber of layers with constant complex refractive index. The
inter-diffusion layers at each metallurgical interface
with continuous variation in the composition, results
in cross talk at these interfaces [4] — [5].

Here, quantum efficiency is defined as the ratio of the
number of carriers detected at a given photodetector
electrode divided by the number of incident photons on
the detector. The absorption coefficient ‘0 is calculated
in terms of complex refractive index of each region sep-
arately. Different refractive index files have been used
for different composition of the MCT materials. The ab-
sorption coefficient plays an essential part in deciding
the spectral response of the both MW/LW detectors.
The available photocurrent within the device can be
calculated with the help of absorption coefficient [3].

4. Results and Discussion

The simulation of dualband photodetector uses ATLAS
tool in conjunction with Blaze module for developing
the structure based on compound semiconductors, for
electrical characterization and the Luminous module
for optical characterization. In the numerical simula-
tion of various characteristics of the heterojunction
dualband photodetector, all the calculations have been
done by using appropriate material parameters, depen-
dent on the mole fraction (x) of different Hg, CdxTe lay-
ers are listed in Appendix 1.1.

Numerical computations have been carried out for
electrical and optical characterization of dualband
heterojunctions p-Hg,,.Cd,,.Te/n-Hg,  .Cd, ,,.Te/n-
Hgo.ae,sto.MsTe/ N'Hgo.GSCdoszTe/ P—Hg0_55Cd0_45Te/ CdZnTe
photodetector at 77K for operation at MWIR region (2-5
pm) and LWIR region (8-14ym) simultaneously. The pho-
tons with energy higher than the energy gap create elec-
tron-hole pairs in each neutral p and n regions as well
as in depletion regions formed at the all metallurgical
junction.

Chu'’s model [6] has been used to calculate optical ab-
sorption coefficients (an & op) in determining the imag-
inary part of the optical index of refraction (k) are given
in Appendix 1.1.

HgCtTe Dual Band (MWIR/LWIR) Photodetector
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Figure 2. Simulated Doping & Composition Profile.
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Figure 3a. Simulated Electrical Potential profile in absence of
external biasing.

The structure under consideration consists of five lay-
ers p-n-n-N-P heterostucture based on HgCdTe for MW/
LW detection simultaneously is shown in Fig. 1a. The
simulated energy band diagram is shown in Fig. 1b. The
Anderson type discontinuities have been observed at
each hetero-interface. A thin n-type compositional bar-
rier layer is placed between MW and LW absorber lay-
ers. This barrier layer forms an n-N heterojunction at the
interface. The barrier layer thickness can be optimized
such that it would prevent the MW photocarriers from
diffusing into the LW absorber layer and prevents LW
photocarriers from diffusing into the MW absorber
layer. The crosstalk effect between MW and LW bands
has been calculated in present model. Under reverse bias
photodetector behaves as non-equilibrium device. The
analysis has been carried out for non-equilibrium mode
by considering quasi-Fermi level into account.

The variation of composition x and doping profile has been
depicted in Figure 2. The profile of the electrical potential
V across the dualband photodetector at each metallurgi-
cal hetero-junction and all neutral regions, in absence of
infrared radiation flux and external bias, is shown in Fig-

Figure 3b. Simulated Electrical Field profile in absence of ex-
ternal biasing.

ure 3a. The results have been verified against the theoreti-
cal results reported by Rogalski et. al., in reference [1].

The electric field associated with the dualband photodetec-
tor, gives a perfect triangular shape at each metallurgical
junction. The maximum value of electric field (Figure 3b)
of the order of 10° V/m is obtained for MW hetero-junction
photodetector. A separate peak is observed at n-N isotype
hetero-interface due to buffer layer which acts as a barrier
in path of carriers diffusing from MW to LW region and
vice-versa and minimizes the crosstalk effect. The value of
electric field at LW hetero-interface is comparatively low.

The distribution of source photocurrent, available pho-
tocurrent (due to absorption of photons) and cathode
currents produced within the simulated device has been
compared in Figure 4. A multispectral source has also
been designed on Luminous platform, for two color de-
tection operation. The power density (Popt) of the source
has been kept constant. In the 0.2-10 yum wavelength re-
gion source photocurrent and available photocurrent
almost overlap on each other. In 0.2-2 ym wavelength re-
gion the magnitude of cathode current is almost negligi-
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Figure 4. Variation of different currents with operating wave-
length.

Figure 5. Variation of theoretically computed quantum efficien-
cy with wavelength.
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Parameters MWIR LWIR
Theoretical Experimental Theoretical Experimental
Cutoff wavelenght 4.3 4.29 10.33 10.33
(um)
Quantum efficiency (1) 94% 79% 86% 67%

Table 1. Comparison between experimental data with the theoretically calculated data.

ble and shows no influence over available photocurrent.
The cathode current increases for the operative wave-
length region under zero biasing condition. The avail-
able photocurrent suddenly drops after the maximum
cutoff wavelength (10.34 um) of the LW detector because
the designing has been done by optimizing the device
parameters for operation at MW and LW bands only.

The spectral dependence of quantum efficiency, as a func-
tion of operating wavelength, for MW and LW photodetec-
tor at 77K is shown in Figure 5. It is seen that MW hetero-
junction P-Hg . .Cd ,.Te/N-Hg Cd .Te photodetector
under consideration exhibits almost constant efficiency in
entire MWIR region (2.2- 4.3 ym), which is desirable. The
maximum internal quantum efficiency exhibited by MW
detector is 94%. The quantum efficiency falls very fast be-
yond the long wavelength cut-off. The LW detector shows
almost constant efficiency within wavelength range (4-10.5
pm). The maximum internal quantum efficiency exhibited
by LW detector at near cut off wavelength is 86%. The in-
ternal quantum efficiency of the both devices has been ob-
tained by rigorous computations. The MW detector shows
better spectral response as compared to LW detector. The
crosstalk (defined as the ratio of LW available photocurrent
to MW available photocurrent in absence of LW radiation)
occurs in the LW photodetector, which is less than 4%, and
is due to absence of effective barrier for minority carriers
(in this case hole of the MW detector. The crosstalk effect
has been relatively reduced by optimizing the separation
between MW and LW spectral response. A comparison has
been made between experimental reported data with the
simulation results given in Table 1.
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Figure 6. Variation of normalized quantum efficiency with oper-
ating wavelength.

The simulated results of relative spectral response of de-
signed MW/LW HgCdTe detector have been compared and
contrasted with the experimental reported data [2] is shown
in Figure 6. The calculated quantum efficiency depends on
the dimension of the shorting contact on which common
contact is deposited. Small changes in size affect the quan-
tum efficiency significantly. The average cutoff wavelengths
of MW and LW detectors at 77K are 4.3 ym and 10.33um re-
spectively. The crosstalk effect has been reduced in present
modeling of MW/LW photodetector because relative quan-
tum efficiency is very low for wavelengths beyond 4.4 ym,
which can be clearly seen from the figure.

The theoretically obtained cross talk (< 4%) effect is con-
sistent with the experimental reported value. The MW
to LW cross talk has been seen in 4.0-4.8um wavelength
region. The relative quantum efficiency of MW detector
in shorter wavelength region is very low because of high
recombination rate of the generated photocarriers at the
interface between wide-gap P-type layer. The LW rela-
tive spectral response increases sharply beyond 4.0 ym.
The value of theoretically predicted relative quantum ef-
ficiency is close to experimentally measured values for
the both MW and LW detectors.

6. Conclusion

In present paper, the performance of simultaneous two-
color MWIR-LWIR HgCdTe based photovoltaic detector
has been simulated numerically using SILVACO software.
The photodetector has been designed and optimized for
two colors simultaneously detection applications. A nu-
merical simulation technique has been used to solve the
system of decoupled nonlinear equations and Poisson
equation. The results of the 2-D simulation of dualband
detector show that it is possible to predict the perfor-
mance of complex detector with fairly good accuracy. The
LW detector exhibits lower QE because of much of higher
noise current density. The analysis of QE shows that the
considerable cross talk between MW band and LW band
exists. The simulation of the two color heterojunction pho-
todetector provides useful electrical and optical behavior
of the device. The model can be used for optimization of
HgCdTe based dualband photodetectors for multi spec-
tral detection application. The magnitude of simulated
dark current has a very low value near zero bias. The
simulated results can be used as design guidelines by the
engineers for developing device prototype which in turn
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will reduce the number of experimental trails required for
the development of improved heterojunction photodetec-
tors based on HgCdTe. Finally, the theoretically predicted
spectral characteristics are found to be in good agreement
with the reported experimental data.

Appendix 1.1

A program has been developed for simulation of two
dimensional abrupt p-n heterojunction device based on
HgCdTe. The formula used in calculations of band gap
energy, effective mass, mobilities of charge carriers, elec-
tron affinity, and absorption coefficient (using nonpara-
bolic model) as a function of mole fraction (x) of Cd in
HgCdTe alloy and temperature are given below.

E,=-0.302 + 1.93x - 0.81x?

+0.832x + 5.35 x 104(1-20)T ©)
x=4.23-0.813 (Eq —-0.083) ©)
2"
u =9x10°(0.2/x) T @)
N -1

m, _|_ 2 1

Ti’lo =|-0.6+ 6333(?-"- EX+1) (8)
m’ )
r_

m, = 0.55
e.= 20.5—15.5x + 5.7¢* (10)

The effective Richardson constant is defined as

. dngkim*

Re == 1)

The Kramers and Kronig interrelations are usually used
to estimate the dependence of refractive index on tem-
perature. For Hg, Cd Te with x from 0.276 to 0.540 and
temperatures from 4.2 to 300 K, the following empirical
formula can be used

12)

1-

na

2(\T) = A +( fc } D)2

where

A=13.173-9.852x+2.909x*+(300-T)10°%;
B=0.83-0.246x-0.0961x’+(300-T)8¢-4;
C=6.706-14.437x+8.531x*+(300-T)7e-4;
D=1.953¢-4-0.00128x+1.853e-4x?%

Imaginary part of refractive index can be obtained using
following relation
A

K=—"a
4n

13)

Absorption Coefficient

Investigations of the measured absorption coefficient o
of Hg, Cd Te near the band edge show that the frequen-
cy dependence of a follows a modified Urbach rule of
the form [6]

14)

SE-E,)
kT

o= o, exp (

where

In o= - 18.5 + 45.68x,

E, =-0.355 + 1.77x,

0 /kT= (In a, - In OLO)/(Eg -E),
a, =-65+ 1.88T+ (8694 - 10.31T)x,

Eg (x, T) =-0.295 + 1.87x - 0.28x?
+ 1046 - 14x+3x3)T + 0.35x*

The meaning of the parameter o, is that .=, whenE=E,
the absorption coefficient at the band gap energy. When
E<Eg a<a, the absorption coefficient obeys the Ur-
bach rule in Eq. (14).

The spectral dependence of the absorption coefficient o
well above Eg can be defined as follows

a=o exp[B(E-E)]" (15)

where the parameter 3 depends on the alloy composition
and temperature,

B (T, x)=-1 +0.083T+(21-0.13T)x.
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The Doping Effect Simulation on the OLED Devices Using ATLAS

Introduction

Organic light emitting diodes (OLEDs) have attracted
great attention for full-color flat-panel displays since the
demonstration of efficient electroluminescent devices [1].
Due to electrical doping of the electron and hole trans-
port layer with an intrinsic emission layer sandwiched
in bewteen OLED, the devices have reached high perfor-
mance and high luminance at low voltage.

In this article, we show the doping effect of the 2 layer
NPB and Alq3 with C545T as the dopant using the 2 Di-
mensional Device Simulator ATLAS [2]. The electrical
characteristics as the I-V curve and the local free car-
rier densities and ionized trapped charge densities were
considered in this article using ATLAS. The Cole-Cole
impedance [3] plot of the powerful method on character-
izing many of the electrical properties of materials show
the effective to doping effects.

Device Structure and Simulation Model

The simulated devices for the multilayer structure con-
sist of ITO, NPB(65nm), Alg3(60nm), and Lif/Al for the
without-doping device; and ITO, NPB(65nm), Alg3/
C545T(30nm), Alg3(30nm) and Lif/Al for the with-doping
device.

Figure 1 shows the simulated organic electronic device
thickness and the energy diagram with LUMO and
HOMO. The work function of ITO was chosen 5.05eV
and LiF/Al was chosen the same energy with LUMO of
the Alq3 as 3.0eV from the vacuum energy level. The hole
trapped level of dopant, C545T, is 0.19e¢V from LUMO of
Alq3 and the electron trapped level of dopant is 0.13eV
from HOMO of Alq3.

Wacuum Level

2.4
aqn L/l

319

CE45T
5.05
mo | 56 557

e S
Alg3

Hopping Mobility for the Doping

The intrinsic of organic layer has the constant value as
the zero-field mobility. But when the dopant was intro-
duced to into organic layer, the mobility should be con-
sider the double peak gaussian distribution along the
energy as like the Figure 2.

Diensity of state \Ni

Initrinsic DOS
LUROHOMO

Energy

Ed

Traps

Figure 2. The effective transport hopping energy model and defines
the defects using a double peak Gaussian distribution [4].

Figure 3. shows that the double peak Gaussian distribu-
tion should be considered mobility due to the doping
level.

Hopping Mobility upon dopant concentration
Sigma=0.34, N1+N2=2e20cm-3, v0=8e12 sec-1
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Figure 1. Schemetic energy diagram and thickness of the simu-
lated device.

Figure 3. Charge carrier mobility in doped semiconducting
polymers [5].
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For example, when the doping level is below 1le-2 %,
which is the intrinsic organic layer, the mobility is 2.5e-4
[cm2/Vs] at the Gamma=3.0€e7 [6], but when the doping
level is 10%, then the mobility increased to 4e-2 [cm2/Vs].
The doping is very effective for mobility in this case.

Dopant Effect on Transport Process

The recombination process for free carriers and charged
dopant can be treated as the attractive Coulombic inter-
action between the free carrier and trapped charges plus
the dopant’s dipole because most dopant molecules are
polar molecules.

The exciton generation rates on host and dopant for
the singlet materials arising from the electron-hole
recombination[6].

Simulation Results and Discussion

In the simulation of electrical process, the energy levels
(HOMO ad LUMO) are shown in Figure 1. The mobility
depend on the doping level was considered as Figure 3.
These are the key input data for the OLED electrical pro-
cess simulation.

At first, we simulated the without dopant device using
the structure as in Figure 1.

The free carrier concentration distribution at 9V on the
anode is shown in Figure 4. At the 65nm of the interface
NPB/Alg3 has the maximum carrier concentration.

For the device with dopants in the emitting layer, Alq3,
as like Figure 5, there are electrons and holes trapped
by dopants, and the trapped charge modifies the carrier
transport process and their distribution in the device.
With ATLAS, the organic device with dopant was simu-
lated the free carrier concentration and trapped carrier
concentration very clearly and simutaneousely.

Carrier due to Dopant & Free Carrier
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Figure 5. Free Carrier and trapped electron and hole concentration
of 1.0% dopant device.

The comparison of the recombination rate at 9V with
and without dopant is shown in Figure 6. The free car-
rier recombination rate for the device without dopant is
confined to a very narrow region nearby the NPB/Alq3
interface. But for the device with dopant in the emitting
layer, it could be observed that the free carrier recom-
bination profile has been affected by the existing dop-
ant and became broader. So the total recombination rate
with dopant is greatly enhanced compared the without
dopant device.

Finally the I-V characteristics for the multilayer devices
with 4 different doping level are shown in Figure 7. The
dopant effect can be simulated using ATLAS from get-
ting the IV curve and it could be compared to measured
data which is in good agreement.
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Figure 4. Free Carrier concentration profile without dopant device

Figure 6. Langevin Recombinaiton rate profiles
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Figure 7. 1-V characteristics with different doping ratios.

Impedance Spectroscopy Method

The measurement of the bias and frequency-dependent
device capacitance is a well-established technique for the
investigation of conductivity, doping and trap states in or-
ganic semiconductors. In ATLAS, with ac analysis, the Cole-
Cole plot could get the Z parameters or Y parameters.

Typical data of the complex impedence Z=Re[Z]-Im[Z]
are shown in Figure 8 for the organic device with and
without dopant.

Using this Impedance Spectroscopy, the Cole-Cole plot
could converted as shown in Figure 9 and 10.

Figure 9 shows this without the dopant and Figure 10
shows the 0.5% dopant effect.

Conclusion

We have presented efficiency calculation of the electri-
cal characteristics for the OLED with dopant in the host
material based due to the dopant level.

Figure 9. Cole-Cole plot without dopant.

We have also shown the Cole-Cole plot with the Imped-
ance Spectroscopy method for the investigation of the
conductance using ATLAS Device simulator.
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Figure 10. Cole-Cole plot with 0.5% dopant.
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Using VICTORY Process to Simulate Thermal Oxidation of Silicon
at High Pressures of Ambient Gases

Introduction

Developing ULSI silicon technology requires good con-
trol of dopant diffusion and minimizing defect forma-
tion during thermal oxidation. The use of high pressures
of ambient gases can have a significant impact on ability
to meet such requirements [1]. In particular, high pres-
sure steam (~10atm) allows the growth of oxide films of
the order of 1 ym in less then 2.5 hours at temperature as
low as 800 C. At such low temperatures dopant redistri-
bution is substantially reduced.

This paper demonstrates the ability of VICTORY Process to
accurately model the thermal oxidation of silicon at high
pressures. The 3D process simulation software VICTO-
RY Process uses the same physical model as one imple-
mented in ATHENA (2D process simulator). The model is
briefly outlined bellow. Numerical results are compared
with the experimental ones [1] and the good agreement is
demonstrated. If plane silicon is thermally oxidized, both
Silvaco’s process simulators (VICTORY Process and ATH-
ENA) give very close results. The paper shows that these
results are also close to the results obtained by integration
of the 1D kinetical equation obtained by DealGrove and
Massoud [2,3]. These comparisons prove that the model
is properly implemented in VICTORY Process and can be
used to oxidize 3D structures at high pressures.

Physical Model

The main physical parameters that determine the kinet-
ics of silicon oxidation are

e linear rate, B/A

e parabolic rate B

e Massoud rate R

These rates are normally measured and specified at pressure
equal to 1 atm. To describe the pressure dependence of these
parameters VICTORY Process and ATHENA use the relations
suggested by R. Razouk, L. Lie and E. Deal [1]. According to
their model, all three rates are multiplied by correspondent
pressure factors such that the resulting rates become:

% =(%) .Pl.pdup
B:Bz - Plpdep
R:Rl .pthnmx,p

where index 1 denotes the terms taken at pressure equal
to one atm,, Lpdep = p.dep = thinox.p = 1 being calibrat-
ing parameters. The resulting rates are used to calculate the
microscopical parameters like diffusion and reaction coef-
ficients which are used in 3D mathematical model [4].

Numerical and Experimental Results

Using the experimental results from [1] we obtained the
following values for the linear and parabolic rates at
T=900 C (dry) and P=latm: (B/A), = 0.00462 ym/min and
B, = 0.00247 ym”2/min. The rates are assumed to obey
the Arrhenius relations:

(B)=tinh0 - exp (Slinle)
B=parh.0 - exp (:%l’l.(f)

with the user specified parameters lin.h.0, lin.le, par.h.0,
par.l.e. The powers describing the pressure dependence
are taken as following: lL.pdep = 0.8, p.dep=1, thinox.p=1.
All other oxidation parameters (e.g. Massoud rate, silicon-
oxide expansion coefficient etc.) are equal to its default
values specified in Silvaco’s material database (smdb). The
described values are supplied using the deck command:

MATERIAL material=silicon dry02 \
lin.h.0 = 0.00462 lin.h.e = 0.0 l.pded = 0.8 \
par.h.0 = 0.00247 par.h.e = 0.0 p.pdep = 1 \
thinox.p =1

Different times and pressures are set by using com-
mands like :

DIFFUSE time=30 temperat=900 dry02 pressure=10

To compare our results with the experimental ones, we sim-
ulated oxidation of plane silicon at the conditions chosen in
the experiment. Namely, at four different pressures (1, 5, 10,
20) atm.,, times being equal to (0.5, 1, 2, 3) hours. Experimental
and numerical results are compared on the Figure 1.

Oxidation at high pressures
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Figure 1. Oxide thickness vs. oxidation time for silicon oxidized
in dry oxygen at temperature of 900 C and at pressures of 1, 5,
10 and 20 atm.
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VICTORY Process, ATHENA and Analytical
Results

The 3D implementation of the highpressure oxidation
model in VICTORY Process can be partly verified by com-
paring its results with the results obtained by ATHENA
(2D) and with the results obtained by integration of the 1D
Deal-Grove-Massoud equation:

dx B
G Ar R

with the initial condition x (t=0) =x, and x0 being initial
oxide thickness (20A in our case). The 1D model uses the
same values of oxidation rates. The results are plotted on

Oxidation at high pressures
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Figure 2. Oxide thickness vs. oxidation time for silicon oxidized
in dry oxygen at temperature of 900 C at pressure of 1 and 10
atm. Comparison of the numerical results obtained using VIC-
TORY Process, ATHENA and 1D integration of DealGroveMas-
soud equation.

the Figure 2. The figure demonstrates that for the oxida-
tion of plane silicon the results are very close.

Conclusion

In this paper we demonstrated the ability of VICTORY
Process to simulate thermal oxidation of silicon at high
pressures in 3D.
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Hints, Tips and Solutions

Q. Can I export the 3D structures created by VICTORY
Cell or VICTORY Process to a format compatible with
ANSOFT ANSYS?

A. Yes. SILVACO provides the tool ANSYSExporter
which establishes the link between SILVACO software
and ANSOFT ANSYS. ANSYSExporter is fully integrat-
ed within the SILVACO environment and can be called
by means of a deck statement from DeckBuild or used as
a stand-alone tool via command line.

This link between SILVACO format and ANSOFT AN-
SYS is realized via the stereolithography file format (STL)
which is a standard format for describing the surface
geometry of 3D structures. It is compatible with the tool
ICEM CFD Tetra/Prism (ANSYS framework) from AN-
SOFT and with many other third party CAD tools. Files,
containing data in STL format, have an extension “stl".

The STL format represents structures as a set of closed
tessellated surfaces. Each surface outlines parts of the
structure consisting of the same material or belonging
to the same SDB region. It means that a single 3D struc-
ture, composed of several materials or regions, can be
represented as a set of STL files (one for each region or
material).

The ANSOFT ANSYS tool ICEM CFD Tetra/Prism can
load multiple STL files to compose a single 3D structure
and can build the unstructured tetrahedral mesh for
the full structure, while maintaining a consistent mesh
between the parts. This mesh can then be exported into
various formats which are suitable for various tools in
the ANSYS framework. For more details please consult
the ANSYS user manual from ANSOFT.

ANSYSExporter can be used with structures repre-
sented by a volume (tetrahedral) mesh and to structures
represented by a surface (triangle) mesh enclosing the
regions.

Q. How can I export VICTORY Cell structures to a for-
mat compatible with ANSYS?

A. You can interface with the ANSYS framework from
ANSOFT either via simulation deck or by exporting any
structure created by VICTORY Cell using ANSYSExport-
er. The result of the export is a set of .stl files, which you
need to start the simulation in the ANSYS framework.
When the ANSYSExporter is applied to structures repre-
sented by a prismatic mesh, they are automatically inter-
nally converted to tetrahedral meshes before export.

1. Interface via simulation deck.

After saving the structure with the VICTORY Cell deck
statement

STRUCT outfile=myVcellStructure.str
add the following deck statement

ANSYSEXPORTER stl myVcellStructure.str
myVcellStructure

When this deck statement is executed several .stl files
with the names

myVeellStructure_<material_name>.stl

are created.

2. Interface via saved VICTORY Cell structure.

You can convert the structures, created by VICTORY
Cell, to the set of .stl files by calling the ANSYSExporter
from the system command line. If your file has the name
myVcellStructure.str just call

ANSYSEXPORTER stl myVcellStructure.str
myVcellStructure

on the system command line.
Note: The file name (including extension) is case sensitive.

Once you have executed this command, several .stl files
with the names

myVeellStructure_<material_name>.stl
are created.

You can process the resulting .stl files with the ANSOFT
tool ICEM CFD Tetra/Prism. For more details please con-
sult the ANSYS user manual from ANSOFT.

Q. How can I export VICTORY Process structures to a
format compatible with ANSYS?

A. You can interface with the ANSYS framework from
ANSOFT either via the simulation deck or by exporting
any structure created by VICTORY Process using the
ANSYSExporter. The result of the export is the set of the
.stl files, which you need to start the simulation in the
ANSYS framework.
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1. Interface via simulation deck.

First, you need to export the VICTORY Process structure
into an appropriate format for the ANSYSExporter with
the following deck statement:

EXPORT surfaces name=myVprocessStructure_
surf

then add the statement for converting the results to the
set of .stl files:

ANSYSEXPORTER stl myVprocessStructure_surf.
str myVprocessStructure

Note : You should use a VICTORY Process version great-
er or equal 2.17.3.C.

After this statement has been executed several .stl files
with the names

myVprocessStructure_<material_name>.stl

are created.

2. Interface via structure saved with STRUCT command

If the structure file was created by VICTORY Process by
means of the deck statement

STRUCT outfile=myVprocessStructure.str

you need a deck with the following statements to create
the .stl files suitable for the ANSYS framework.

go victoryprocess
INIT infile=myVprocessStructure.str
EXPORT surfaces name=myVprocessStructure_surf

ANSYSEXPORTER stl myVprocessStructure_surf.
str myVprocessStructure

By executing this deck within DeckBuild several .stl files
with the names

myVprocessStructure_<material_name>.stl

are created.

3. Interface via structure created with EXPORT command

If the structure file was created by VICTORY Process by
means of one of the following statements:

EXPORT surfaces name=myVprocessStructure.str
[parameters]

EXPORT process name=myVprocessStructure.str
[parameters]

EXPORT device name=myVprocessStructure.str
[parameters]

you can convert this structure to several .stl files by call-
ing ANSYSExporter from the system command line. It is
recommended to use the ‘surfaces’ mode of the EXPORT
command when creating the structures for processing
with the ANSYSExporter.

If your file is named myVcellStructure.str just type

ANSYSEXPORTER myVcellStructure.str
myVcellStructure

on the system command line. Note that the file name (in-
cluding extension) is case sensitive.

Once you have executed this command, several .stl files
with the names

myVeellStructure_<material _name>.stl
are created.

You can process the resulting .stl files with the ANSOFT
tool ICEM CFD Tetra/Prism. For more details please con-
sult the ANSYS user manual from ANSOFT.

Call for Questions
If you have hints, tips, solutions or questions to contribute,
please contact our Applications and Support Department
Phone: (408) 567-1000 Fax: (408) 496-6080
e-mail: support@silvaco.com

Hints, Tips and Solutions Archive
Check out our Web Page to see more details of this example
plus an archive of previous Hints, Tips, and Solutions
www.silvaco.com
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