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Device Modeling of Nano-Structured 
Solar Cells

1-Broad class of nano-structured solar cells

2-Describe the characteristics of the ‘unit cell’ on a microscopic scale
3-Two models will be presented to combine the multitude of unit cells to the 
macroscopic solar cells:

4-The network model (NM)
5-The effective medium model (EMM)

6- Both models are compared
7-Their results are presented and discussed
8-Finally, it is discussed how these models have to be adapted to include 
excitonic effects

The first goal of our device modeling is to simulate the J–V curve of a nano-structured solar 
cell, both in dark and under illumination
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Common Characteristics of Nano-Structured Solar Cells

consists of
two phases

n-part or
n-phase

p-part or 
p-phase

for example, CuInS2 or a polymer derived from PPV, poly-phenyl-
vinylene.

The core phenomena of the solar cell are taking place on a microscopic (even ‘nano-scopic’) 
scale at the boundary between the two constituent phases
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We call the microscopic environment, where these phenomena take place, the elementary cell 
or unit cell. Often, a macroscopic solar cell is an assembly of a multitude of almost identical 
elementary cells; this assembly is in the form of two interpenetrating networks



93

By: Dr. Jabbari

Solar Cells-

4

In a ‘bulk 
heterojunction’ 
cell

polymer/polymer blend (e.g., MDMOPPV/
PCNEPV [2])

or a polymer/organic molecule blend (e.g., 
MDMO-PPV/PCBM

blends of poly 2-methoxy-5-
3, 7-dimethyloctyloxy-1,4-
phenylene vinylene (MDMO-
PPV) and poly-oxa-1,4-
phenylene-1-cyano-1,2-
vinylene-2-methoxy-5-3, 7-
dimethyloctyloxy-1,4-phenylene-
1,2-2-

and 6,6-phenyl C61-butyric acid methyl ester (PCBM)
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TiO2  20 100 

In case the absorber is a monomolecular layer of an organic dye, and the hole conductor a liquid 
electrolyte, the cells are called dye-sensitized solar cells (DSSCs) or Grätzel cells

the liquid electrolyte by an organic solid hole 
conductor like OMeTAD or a polymer

When the electrolyte replacing material is an inorganic solid-state hole conductor like 
CuSCN [7] or CuI [8], the cells are called dye sensitized heterojunctions (DSHs), or 
interpenetrating heterojunctions (i-hets).

If solid-state absorber is CdTe , a-Si  or CuInS2  the cells thus obtained are the so-called 
extremely thin absorber (ETA) cells
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THE CONCEPT OF THE FLAT-BAND SOLAR CELL
In order to start the device modeling 
we simplify the geometric ordering of 
Fig. 1.

In a Grätzel type cell, a well-
conducting electrolyte, almost 
perfectly, contacts all individual 
TiO2/dye grains

For solid-state TiO2-
based cells (eta-cells, 3-
D cells), the 
arrangement of Fig. 3(b) 
is more appropriate, as 
there is no separate hole 
conductor penetrating 
into the structure.

the structure of Fig. 3(a) is obtained

polymer bulk  
heterojunctions also can be 
simplified to the structure 
of Fig. 3(b)

Along the dashed line a periodic, nano-scale 
ordering: either of n-type TiO2 grains and their 
p-type absorber shell (eta-cells, 3-D cells), or of 
the n- and p-type constituents of an organic 
bulk heterojunction solar cell.

At these lines, 
Neumann-type 
boundary
conditions apply 
for  the 
electrostatic 
potential    , that 
is, f/x0,             and 
no current crosses 
these lines in the 
x-direction
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A Solar Cell with Periodic Boundary Conditions
the dashed line in Fig. 3 is further simplified in Fig. 4.
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the total cell thickness L is 
100 nm for a polymer cell and 
up to 10m for a DSSC

the dimension d of the unit cell is a 
few nanometer for a polymer cell to a 
few tens of a nanometer for a TiO2-
based cell,

We will thus treat our unit cell as if there were no y-variations

(thus as a 1-D cell)
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The first step is calculating the J–V characteristics of a single unit cell
This is difficult to handle analytically:  because, due to the small dimensions, the usual 

photovoltaic cell concepts do not apply (e.g., the concept of depletion layer, quasi-neutral 
region, diffusion of minority carriers, etc.). 

Also a numerical calculation is problematic for most common photovoltaic device simulators, 

including SCAPS [17, 18] and PC-1D [19], as no Neumann-type boundary conditions are 
implemented

an easy approximation based on the fact that there is almost no 
electrostatic potential drop over the unit cell: the unit cell is in 

essence a ‘flat-band cell’
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This argument is now validated by numerical calculations of a CdTe/TiO2
eta-cell with the device simulator SCAPS [17, 18]. As all other common solar cell
simulation tools available, SCAPS can only handle Dirichlet type boundary (till 2007)
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The kink at x=0 is 
caused by the large 
difference in dielectric 
constant between TiO2 
(4) and CdTe (10).
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The Flat-Band Solar Cell: Energy Band Diagram

current is driven by a 
separation qVd
between the Fermi 
levels, where Vd is by 
definition the ‘applied 
voltage’ over the unit 
cell

For TiO2 Eg>3 eV
for p-absorbers used in eta and 3-D cells, for example, CuInS2 or CdTe, this is not so 

strongly justified since Eg is only1.5 eV.
In organic photovoltaic materials including most polymers and fullerenes, 
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At high forward bias V,      approaches the valence band in the absorber, and holes 
become important (Fig. 9).
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The dark current Jd in flat-band solar cells is determined by recombination

Under low injection              recombination           excess minority carrier density (the equilibrium 
concentration

is only important in the absorber material

recombination current

is the equilibrium minority concentration at 
the interface

lifetime
interface 

recombination velocity
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THE NETWORK MODEL (NM)

voltage at the nodes

representation stand for transport by drift and diffusion
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THE EFFECTIVE MEDIUM MODEL (EMM)

This  can  be  a  dye/electrolyte  combination  in  DSSC  cells,  an  inorganic semiconductor in eta 
cells or 3-D cells, or a PPV derivate such as MDMO- PPV or MEH-PPV in a polymer/fullerene bulk 
heterojunction

Another way to 
describe the 
macroscopic cell 
structure of a nano-
structured
solar cell 

To calculate the external J–V characteristics of the effective medium cell of Fig. 11, it is easiest to 
feed all parameters into a standard solar-cell device simulator, for example, SCAPS [16]. In this 
way it is also possible to define several EM layers in the cell structure, or even to define a 
grading of the materials parameters of the EM in the y-direction of the cell structure.
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EXCITONIC SOLAR CELLS
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Most often, the charge separation only takes place at the boundary between two 
organic phases (molecules or polymers) driven by favorable energetic conditions.

Electrons, e
holes h

Excitons x
total optical absorption

Excitons also can dissociate and convert to a free 
electron–hole pair, with a net conversion rate 

In equilibrium to be zero
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Modeling of nano-structured solar cells is complicated for at least three features:
(i) The geometry of the nano-structure, be it a structure based on TiO2

nano-particles or a bulk heterojunction of organic materials, is very compli-
cated and deviates far from the planar structure of bulk crystalline and even
of polycrystalline thin film cells. 
(ii) The distance scale at which the essential phenomena take place is very small: the typical 
distance is well below a   m for an eta-cell, down to a few nm for an organic solar cell. This 
makes the application of nearly all concepts of the classical diode theory doubtful
or even invalid.
(iii) In organic solar cells, molecular processes of excitation,injection, charge transfer and 

recombination exceed the framework of solid-state semiconductor physics. Owing to these 
three features, the straightfor-ward  application  of  simulation  programs  available  to  the  
photovoltaic research community is rendered impossible.
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AMPS
Analysis  of  Microelectronic  and  Photonic  Structures

one-dimensional

numerically  solves  the  three  governing semiconductor  device  equations  (the  Poisson  
equation  and  the  electron  and  hole  continuity equations) without making any a-priori 
assumptions about the mechanisms controlling transport in these devices.

homojunction and heterojunction p-n and p-i-n, solar cells and detectors;
•  homojunction and heterojunction p-n, p-i-n, n-i-n, and p-i-p microelectronic 
structures;
•  multi-junction solar cell structures;
•  multi-junction microelectronic structures;
•  compositionally-graded detector and solar cell structures;
•  compositionally-graded microelectronic structures;
•  novel device microelectronic, photovoltaic, and opto-electronic structures;
•  Schottky barrier devices with optional back layers.
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output such as current voltage characteristics in  the  dark  function of temperature.

collection efficiencies as a function of voltage,  light bias, and temperature 

electric  field  distributions,  free  and  trapped  carrier  populations,  recombination  
profiles, and individual carrier current densities as a function of position 

Examples
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