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In recent times there has been considerable interest in
the use of organic materials in display technologies.
Recognition of the benefits of inexpensive materials and
processing as well as large area conformal construction
have also placed high interest in organic solutions for
solar energy applications. Silvaco has long been a lead-
ing supplier of organic simulation tools for organic light
emitting devices, OLEDs, and organic thin film transis-
tors, OTFTs, as well as crystalline solar cell simulation
in general. Recently, Silvaco has released a product ad-
dressing the simulation needs of the organic solar cell
technologists. This product, aptly named Organic Solar,
is described in this article.

Organic Solar models bulk heterojunction (BHJ) organic
solar cells using the approach of Korster et al. (1) This
model can be described as follows. BHJ solar cells consist
of an interpenetrating mixture of donor and acceptor ma-
terials. Absorbed light generates excess excitons which
are charge neutral and diffuse to the acceptor-donor in-
terface where they dissociate into free electron-hole pairs.
The electron-hole pairs are then separated by the internal
field and are swept up at the contacts as in crystalline pho-
todetectors.

The model includes the standard drift-diffusion equa-
tions (Poisson’s equation and the electron and hole con-
tinuity equations) augmented by the singlet exciton con-
tinuity equation:
Z_; =G , - KNRS . EXCITONS'S - R ip + R np

where Sis the singlet concentration, G, is the photogene-
ration rate, KNRS.EXCITON is the non-radiative singlet
decay rate, R np is the exciton dissociation rate and R, np
is the Langevin recombination rate.

The equation governing the exciton dissociation is given

by:
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Here r, is the Langevin recombination rate constant.
A.SINGLET and S.BINDING are user specified param-
eters representing the electron hole pair distance and the
singlet exciton binding energy, ], is the first order Bessel
function, S is the singlet concentration and the b param-
eter is given by:
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where E is the local electric field, ¢ is the relative perma-
tivity and T the temperature.

b=

We also added a parameter, QE.EXCITON that describes
the fraction of absorbed photons that generate singlets
(as opposed to electron hole pairs). Generally this param-
eter should be assigned to one. We should note that all of
the optical absorption models available in our Luminous
simulator are also available in Organic Solar. These in-
clude geometric ray tracing, transfer matrix, beam prop-
agation and finite difference time domain methods.

To calibrate this model we attempted to reproduce the
experimental results presented in the Korster paper.
These measurements were performed on a 120 nm thick
OC,C,,-PPV/PCBM (20:80 wt %) BH]J solar cell. The au-
thors suggested the parameter values shown in Table 1.

The singlet binding energy, S.BINDING, was not speci-
fied but a value less than 0.4 eV was implied. We chose
as a baseline to use 0.35 eV.

Continued on page 2 ...

INSIDE

Drift-Diffusion Mode-Space Approach to Subband
Transport in Devices with Transverse

Quantum Confinement.............ccocccvvveccunin. 3
Monte Carlo Device Modeling of a Self-Aligned

1-MOSFET ......cccoovovviiiviviciciiciciciiiiicicicicicie 8
MixedMode Netlist Generation Using Gateway ..... 11
Hints, Tips and SOIUIONS .........c.ccccovuvuccciiiicninannn. 14

Volume 18, Number 4, October, November, December 2008

SILVACO




Parameter Symbol Value Units
Band Gap Eg 1.34 eV
Electron mobility un 2.5x10° cm?/Vs
Hole mobility up 3.0x10* cm?/Vs
Eff. density of states Nc/Nv 2.5x10"® cm?
Relative permittivity ~ €r 3.4

Pair distance A.SINGLET 1.3 nm
Decay Rate KNRS.EXCITON 1.5x10® s

Table 1: Suggested Parameter Values

As for photogeneration, the authors suggested a con-
stant photogeneration rate throughout the device of
2.7x10*" cm?s?. Our own calculations indicate that for
complete light collection of AM1.5 solar spectrum a val-
ue of 3.6x102 cms? would be appropriate. The latter
value ignores front reflections or light passing through
the device.

Based on the suggested parameter values we ran the
simulation. Figure 1 shows the comparison of our simu-
lation with the presented experimental results. Although
the short circuit current is a good match, the remainder
of the curve varies quite a bit from the experiment. Due
to our lack of knowledge of various parameters and
models such as the Langevin recombination model in
the Korster paper, we decided to use the DeckBuild Op-
timizer to tune the result.

The DeckBuild Optimizer is a multi-target, multi-param-
eter optimization tool that uses the modified Levenberg-
Marquart algorithm to build a response surface of results
versus input parameters as the iterations progress. The
interface is conveniently embedded inside of DeckBuild
and presents the user with easy to use worksheet based

Organic Solar
BHIJ Solar Cell Characteristics

Simulation

Anode Current (A/sqm)
L

LANLNLE L L L L Y I L L L B
0 01 02 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Cathode Voltage (V)
Figure 1. Organic Solar Cell comparison of experimental versus
un-optimized simulated current-voltage characteristics.

Response Optimized n Minimurm aximum
Parameter name Initial value

type value walue value
material knrs.exciton linear 1.82694e+06 | 1.5e6 7a0000 2.25e+06
material a singlet linear 132167 13 0.65 1.85
material s hinding linear 025484 04 0z 0.6
solve bl linear 0.587647 1.0 0.5 15

Figure 2. Organic Solar Cell optimizer parameter worksheet.

GUI. We felt that this application was well suited to such
an approach since the simulations were one dimensional
and thus fast and there were few input parameters.

The input parameter worksheet is shown in Figure 2.

Here we can see that we chose the decay rate (KNRS.
EXCITON), the pair distance (A.SINGLET), the binding
energy (S.BINDING,) and a scale factor on the photogene-
ration rate (Bl) as the variable parameters. The target
was chosen as the digitized experimental data as shown
in Figure 1.

Then with a single mouse click the optimizer performs
a series of iterations of running the simulation automati-
cally adjusting the input parameters each simulation un-
til convergence to the target is met. The results of each
iteration are shown on the Optimizer Results worksheet
shown in Figure 3.

Here we see that convergence was obtained in only 14 iter-
ations. A comparison of the experimental results with the
optimized and unoptimized results is shown in Figure 4.

We see that a good match has been obtained, not just in
the short circuit current, but also the open circuit voltage
and the entire curve.

If we return to the results worksheet in Figure 3, we
can examine how the input parameters were changed
to match the experimental results. In comparison with
the original parameters we can see that the decay rate
and electron-hole spacing are reasonably close to the
original values.

Continued on page 7 ...

|
Iteration e S e solve b1 IV Sensitivity
knrs.exciton | a.singlet 5.hinding
1 1.5e+06 1.3 0.35 1 err=46% S
2 1.54743e+06 | 1.3 0.35 1 err=47% 6%
3 1.58+06 1.34111 0.35 1 err=50% 2.7e+02%
4 1.5e+08 1.3 0.361068 1 err=f4% 1.2e+03%
il 1.5e+06 1.3 0.35 1.03182 err=44% -14e+02%
B 1.64468e+08 | 1.32324 0.321206 0.762386 er=25% =
7 1.78237e+068 | 1.34459 0.296588 0.5 err=31% e
8 1.76051e+08 | 1.34434 0.300619 0.566389 err=25% S55
&l 1.76525e+06 | 1.34434 0.300619 0.566389 Brr=25% ===
10 1.76051e+08 | 1.34905 0.300619 0.566389 Brr=26% ===
1 1.76051e+08 | 1.34434 0.301726 0.586389 Brr=27% ===
12 1.76057e+08 | 1.34434 0.300819 0.570152 err=25% mon
13 1.70478e+08 | 1.29676 0.28762% 0.58442 ern=2% e
14 1.82694e+068 | 1.32167 0.28484 0.587647 err=1.7% ==

Figure 3. Organic Solar Cell optimizer results worksheet.
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Figure 9. Gate length scaling of surround gate FETs with diameter of 4nm (left) and 12nm (right).

Introduction

The Drift-Diffusion Mode-Space model (DDMS) is a semi-
classical approach to transport in devices with strong
transverse confinement. The solution for carrier den-
sity and current is decoupled into 1D, 2D or cylindrical
Schrédinger equation in transverse direction and 1D clas-
sical drift-diffusion equation to account for carrier trans-
portin each subband. Thus, the model rigorously captures
quantum effects in transverse direction and yet inherits
all familiar ATLAS models for mobility, recombination,
impact ionization, and band-to band tunneling,.

Simulation

Usage of DDMS is quite analogous to that of Schréding-
er or mode-space NEGF models. The DDMS models is
activated by an option DD_MS along with SCHRO (for
electrons) and/or PSCHRO (for holes) on the MODELS

statement. Variable CARR on the METHOD statement
should be set to zero, since multidimensional drift-diffu-
sion solvers are not used. Due to a variation of electron
density and potential in transverse direction, Dirichlet
boundary conditions in contacts are not the best option.
Instead, a quasi Fermi level is fixed, while electrostatic
potential is subjected to von Neumann (zero electric
field) boundary conditions, which are set by specifying
REFLECT on the CONTACT statement.

Schrédinger equation is solved in each transverse slice to
find electron and/or hole eigen energies and wave func-
tions. The minimum required number of eigen states is
determined automatically, but may also be set by param-
eter EIGEN on the MODELS statement. The DDMS model
is compatible with all ATLAS Schrédinger solvers: 1D and
cylindrical in Atlas2D and 2D in Atlas3D. Position depen-
dent eigen energies play a role of conduction (valence) band
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Figure 10. Id-Vd characteristics of surround gate FETs (Lg=30nm D=4nm) in the absence (left) and in the presence (right) of generation-

recombination.
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Organic Solar
BHI Solar Cell Characteristics
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Figure 4. Organic Solar Cell comparison of experimental versus
optimized simulated current-voltage characteristics.

The binding energy has changed somewhat but we can
take comfort in the fact that value used by Korster et al
was not given. Finally we see that the photogeneration
rate was reduced to roughly 58% of the suggested value.
With respect to experiment this seems reasonable since
the assumed constant generation rate was probably not
measured. In all we are quite satisfied with the tuning
experiment and feel confident that such an approach can
be applied to other devices/materials.

Before concluding we would like to remark that we used
the Optimizer simply as a tuning device.

For more complicated situations such as larger simula-
tions with many unknowns we acknowledge that the
Optimizer may not be the best approach. We also point
out that the number of inputs can usually be reduced.
For example referring back to equation 2 we note that
A.SINGLET and S.BINDING could have been replaced
by a single parameter in the optimization.

Conclusion

In conclusion, we have demonstrated the newest TCAD
device simulation tool at Silvaco. We feel confident that
Organic Solar can be of use in the accurate prediction of
preformance of organic solar cells. We have also demon-
strated in a practical example the use of the DeckBuild
Optimizer.
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