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ABSTRACT

Solar energy and its conversion to electricity is an important research in the last decade.
Solar cells are consist of a p-type semiconductor as donor and an n-type semiconductor as acceptor.
Organic polymers as organic semiconductors are used in an organic solar cell. This research is
a theoretical investigation of fullerene C,, as donor and C_, doped derivatives with Silicon and
Germanium atoms as acceptors for basic structure of a solar cell. This research is done not only
with using related equations but also with investigating theoretical UV-Vis spectrum of the chosen
donors-acceptors and their absorption wavelengths, oscillator strength and maximum coefficient

absorptions of these solar cells.
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short-circuit current density, Fill factor, Power output, Absorption wavelengths, Oscillator strength,
maximum coefficient absorptions, UV-Vis spectrum.

INTRODUCTION

Solar energy is an important energy
sources nowadays. The sun gives to the earth
surface in so much energy in a day that it could be
enough to cover the daily need of the population of
our planet. Photovoltaic devices and solar cells are
the most simple and efficient conversion of the solar
energy to electricity’.

Organic solar cell research has developed
during the past 30 years, but in the last decade it has

attracted scientific and economic interest because
of a rapid increased need for electrical power.
Scientists have achieved new materials, improved
materials engineering, and more advanced device
structures?. The search for new materials has been
extended into the field of organic polymers, inorganic
and semi conducting molecules that their optical,
electrochemical and electrical properties can offer
wide conversion of the solar energy to electricity.
Organic semiconductors are used to be described
as conjugated oligomers or polymers which are able
to transporting charge carriers. Holes and electrons
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in p-orbitals are the typical charge carriers in organic
semiconductors. Charge transport depends on the
movement of the charge carriers to from one molecule
to another and depends on the energy gap between
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels?.

The basic operation of solar cells is
summarized in four steps which are illustrated
in Fig. (1): 1- photon absorption leading to
exciton generation; 2-exciton diffusion to a donor/
acceptor heterojunction; 3-exciton dissociation at
a heterojunction to form geminate pairs; 4-carrier
transport and carrier extraction at the electrodes*.
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Fig. 1. The principles of charge separation in solar cell*

Organic solar cells are basically consist
of a p-type semiconductor as donor and a n-type
semiconductor as acceptor. At the donor—acceptor
interface, charges are separated after photo-induced
charge transfer from the electron donor to the
electron acceptor. Fig. (2) shows a schematic frontier
orbital energy levels and the basic fundamental steps
which happens in a typically Organic solar cell®.
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Fig. 2. Frontier orbital energy levels in donor-acceptor
layers of an organic solar cell®
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Bulk heterojunction (BHJ) structure is the
most successful method for a solar cell can be a blend
of donor and acceptor materials with a bicontinual
phase separation®. Many fullerene-based molecules
can be used in organic photovoltaic devices for the
reason that fullerene is good p-electron acceptor which
can be connected with other organic molecules®. This
observation lead us to the C,, molecule and how there
can be increase in photo-conductivity properties upon
addition of C,; to other conjugated polymers. The
buckminster fullerene C60 and its derivatives are
strong electron acceptors2.

In this paper, First, HOMO and LUMO levels
afullerene C,, and its doped with one, two and three
Silicon and Germanium atoms are calculated and
compared. Then, with equations and approximate
calculations, suitable donors and acceptors for
organic solar cell will be selected. In the end, The
theoretical UV-Vis absorptions of these donors/
acceptors are used to confirm of calculated results.

Computional method

DFT functional methods PBE and
HCTH with 6-31+G(d) basis set are used to
calculate HOMO and LUMO levels a fullerene C_
and its doped complexes configurations which
contain 1-3 doped Silicon atoms and 1-3 doped
Germanium, respectively. Silicon and Germanium
are semiconductors chosen from forth group of
the periodic table of elements. All calculations
were performed by package GAUSSIAN 03.
Vibration frequencies were also calculated at the
same level to confirm that all the stationary points
correspond to true minima on the potential energy
surface. Td=NSTATES=10 is used for determination
theoretical UV-VIS absorptions of donors/acceptors
as solar cells.

Two factors are important to select among
the calculated HOMO and LUMO levels for the solar
cell. First, the band gap of approximately 0.3-0.4
eV between the LUMO of the donor and the LUMO
of the acceptor is necessary to ensure efficient
exciton dissociation at the D/A interface®. Second,
for commonly large band gap of organic materials
and small absorption range, a LUMO-HOMO
difference (E gap) of 1.1 eV of the donor can show
good results.*
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RESULTS AND DISCUSSION

Calculation HOMO and LUMO levels

In the first step of this work, HOMO and
LUMO levels of C60 and its doped derivatives such
as C,Si, C_Si, C_Si, C,Ge, CGe,, C_Ge, and
C,,GSi is calculated with DFT functional methods
PBE and HCTH. The results are shown in Tables
(1), (), (3) and (4).

The calculated E gaps in Table (1) Shows
a E gap of 1.65( PBE method) and 1.68 (HCTH
method) for C. Titus A. Beu, Jun Onoe, and Akira
Hida have calculated The E gap of C60 with these
two method and reach the same results’. LUMO-
HOMO difference shows that C_ is not a suitable for
a donor compound, so as it was said before. C,; is
considered as an acceptor. Tables (2) and (3) show
us that doping C,, with semiconductor atoms such
as Silicon and Germanium can descries their band
gaps which are around 1.1 eV and can be considered
as assumed donors in the solar cell.

The second factor, as it was said, is the
difference between the LUMO of the donor and the
LUMO of the acceptor which must be 0.3-0.4 eV.The
calculated LUMOs with PBE and HCTH methods in
Tables1, 2 and 3 show us that the best candidates for
donor compounds are C,,Si, C_,Ge. The differences
between of LUMOs for C,,Ge, and C, C,,GeSi with
C,, both with PBE and HCTH methods are near 0.3
eV, so they can be considered as candidates for
donor compounds

Table1: HOMO and LUMO energy levels and Egap of C60

Compound Method HOMO(eV) LUMO(eV) E gap
C60 PBE -5.86 -4.21 1.65
C60 HCTH -5.97 -4.29 1.68

Table 2: HOMO and LUMO energy levels and Egap of
doped C,, with Silicon

Compound Method HOMO(eV) LUMO(eV) Egap
C,Si PBE -5.69 -4.51 1.18
C,Si HCTH -5.78 -4.59 1.19
C,,Si, PBE -5.52 -4.45 1.07
C,Si, HCTH -5.61 -4.52 1.09
C,,Si, PBE -5.43 -4.26 1.17
C_Si HCTH -5.43 -4.26 1.17
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Table 3: HOMO and LUMO energy levels and Egap of doped
C,, with Germanium

Compound Method HOMO(eV) LUMO(eV) Egap
C.,Ge PBE -5.72 -4.59 1.13
C,,Ge HCTH -5.80 -4.67 1.13
C,,Ge, PBE -5.47 -4.50 0.97
C,Ge, HCTH -5.55 -4.57 0.98
C,,Ge, PBE -5.32 -4.25 1.07
C,,Ge, HCTH -5.39 -4.31 1.08

Table 4: HOMO and LUMO energy levels and Egap
of doped C, with Silicon and Germanium

Compound Method HOMO(eV) LUMO(eV) E gap
C,,GeSi PBE -5.53 -4.50 1.03
C,,GeSi HCTH -5.61 -4.57 1.04

Theoretical determination of performance of
donor-acceptor
Calculation of Voc

VOC (open-circuit voltage) represents the
maximum voltage measured in a solar cell, which
depends mainly on the energetic levels of frontier
orbitals of the used organic material. It means the
energy difference of the HOMO level of the donor (D)
and the LUMO level of the acceptor (A)%. The parameter
Voc can be calculated by the empirical equation.

Voc =(1/e)(IE,(D)I-IE (A))-0.3 V (1)

e, EH(D) and EL(A) are the elementary
charge, the HOMO energy of donor and the LUMO
energy of acceptor, and 0.3V is an empirical factor
for efficient charge separation®. Ac The computed
values of Voc for the chosen donors — acceptors
calculated by equation (1) are listed in Table 5.

Determination of Jsc

JSC (short-circuit current density)
represents the maximum current that could be
obtained in a solar cell. Calculation of Jsc is a great
importance for the further improvement of a organic
solar cell. In this research for determining Jsc, the
incident light intensity dependence of Jsc is used.
A power law dependence of Jsc upon light intensity
| is reported which is represented in equation (2).

JgoocI” @

Where o ranges typically from 0.85 to
1 for polymer/fullerene based solar cells®. OSCs
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are typically characterized under 1000 W/m? light
of AM 1.5 solar spectrum and temperature 25°C3.
According to equation (2), Jsc varies between 354.81
W/m2 and 1000 W/m?2. In this work, the average for
Jsc is considered which is 677.4 W/m2.

Determination of (FF) and power output (P )
Thefillfactor (FF) describes the quality of the
solar cell and is determined by the photogenerated
charge carriers and the fraction thereof that reaches
the electrodes®. For the FF calculation under ideal
conditions, an approximation can be expressed as:

N [ PO L TN
Voe IV~ TU./2)

+1

FF =

_ (3)
Voo
Where v, . is the dimensionless voltage Voc

and can be calculated by equation (4).

_ qVoc

T (4)

>
1C)C‘

here k, T and g are the Boltzmann constant,

Table 5: The computed values of V_, v

oc’
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the temperature (300 K) and the elementary
charge, respectively™. The last step in theoretical
determination of efficiency of the donor- acceptors
candidates for organic solar cells is calculating power
output for each donor- acceptor which is calculated
by equation (5)3.
P = Vo X Jge X FF (5)
If the standard light intensity (1000 W/m?
light of AM 1.5 solar spectrum) considered as the
input power density ( Pin), the power conversion
efficiency (PCE) of the solar cell and can be
calculated as equation (6)*.
PCE = @ (6)
P

i

The calculated, fill factor, power output and
power conversion efficiency of solar cells consist of
C,, as acceptor and C_, doped derivatives as donors
are listed in Table 5.

fill factor and power output for C_ as

acceptor and C_, doped derivatives as donors

Donor/Acceptor Method Voe(V) Voo FF P PP
C,,Si/Cy, PBE 1.18 45.95 0.897 717.00 0.717
C,,Si/Cy, HCTH 1.19 46.34 0.897 723.07 0.723
C,,Ge/C,, PBE 1.21 47.12 0.899 736.73 0.737
C,,Ge/Cy, HCTH 1.21 4712 0.899 736.73 0.737
C,,Ge,/Cy, PBE 0.96 37.40 0.879 571.62 0.572
C,,Ge,/C60 HCTH 0.96 37.40 0.879 571.62 0.572
C,,GeSi/C,, PBE 1.02 39.74 0.885 611.23 0.611
C,,GeSilCy, HCTH 1.02 39.74 0.885 611.23 0.611

Study of theoretical UV- VIS spetrums

In the next step of this research, with using
Td=NSTATES=10, UV- Vis spectrums of C,,, C_Si,
C,Ge, C,Si/C,, C,Ge/C,, CGe/C, and CGeSi/
C,, are calculated. These spectrums shows parameters
such as absorption wavelengths =, oscillator strength
and coefficient absorption of these derivatives and
donors/acceptors which can be compared.

Oscillator strength which represents the
average number of electrons per atom that can be
excited by the incident radiation. It is an important
factor for providing the relative strength of electron
transition and can be related with the molar absorption
coefficient (¢) as a function of frequency (equation 7).
Oscillator strength ranges between 0 and 1.

@)

7
_o mol.ci” j

f=4.32x10 s(v)dv

Although we see sunlight (or white light)

as uniform or homogeneous in color, it is actually
composed of a broad range of radiation wavelengths
in the ultraviolet (UV), visible and infrared (IR)
portions of the spectrum .Visible wavelengths cover a
range from approximately 400 to 780 nm, ultraviolet
1- 400 nm and near infrared 780 nm- 2.5 pm.

Figure (3) shows C60 has no absorption
in UV-VIS spectrum while in Fig. (4) and (5) there is

one major absorption peak for C_Si, C,,Ge, C,,Ge,
and C58SiGe in wavelength range 300-600 nm.
C,,Si and C_SiGe have a minor absorption peak
in range 300-400 nm which can be related to the
doped silicon atom. Maximum coefficient absorption
for C,Si, C,Ge, C,,Ge, and C_SGe approximately
are 4500 epsilon in 452.3 nm, 5500 epsilon in 452.28

nm, 9900 epsilon in 445.85 nm and 6500 epsilon
in 500 nm, respectively. The results indicates that
these four doped derivatives not only have good
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absorptions in visible spectrum but also with doping  absorption wavelength shifts to higher wavelength
Germanium atom instead Silicon atom Maximum  with higher coefficient absorption.
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Fig. 4. Calculated absorption wavelengths, oscillator strength and coefficient absorption of (a) C,Si (b) C,,Ge, (c) C,Ge,
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Fig. 5. Calculated absorption wavelengths, oscillator strength and coefficient absorption of (d) C,SiGe

Figures (4) and (5) also show excitation
energies and their oscillator Strength in UV/Vis
spectrum of each absorption peak for the four doped
derivatives. Some of the excitation energies which
have stronger oscillator Strength are listed in Table
(6). For C,Si, its spectrum shows the strongest
excitation energy happened in 425.3 nm with oscillator
Strength 0.1059 and there are minor excitation
energies with weak oscillator Strength which mostly
happened in ultraviolet range. In C,,Ge spectrum,
the strongest excitation energy has shifted to 452.28
nm with oscillator Strength 0.13 while the strongest
excitation energy for C_,Ge, happened in 445.85 nm
with 0.2319. we can conclude that stronger maximum
oscillator strength in visible range is the result of
doping one or two Germanium atoms instead silicon
atomin C_ . Just like C,,Si, the two derivatives C_,Ge

and C,,Ge, have excitation energies with weaker
oscillator strength in ultraviolet range.

As for C,,GeSi, it seems doping one
atom Germanium along with one atom Silicon
made the excitation energies in 300-450 nm with
stronger oscillator strength than the three discussed
derivatives but it seems the Silicon atom has made
decrease in oscillator strength of maximum excitation
energy which is 0.1154 in 500.22 nm.

The main purpose of this work is comparing
the absorption peaks and oscillator Strength of these
compounds when they are chosen as donors while
C,, is considered as acceptor. To obtain their UV-Vis
spectrum, the donor derivatives are considered in a
constant distant 1.8 A away from C_ . Table (6) shows us
the comparison of absorption wavelengths and oscillator
Strength of the chosen donor-acceptor compounds.
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Fig. 6. Calculated absorption wavelengths, oscillator strength and coefficient absorption of (e) C,Si/C

Figure (6e) belongs to C,,Si/C,, which its
spectrum shows two absorption peak, one is about
300-600 nm with maximum coefficient absorption
5000 epsilon in 400 nm which can be related to
absorption of C_;Si and a second one which is about

800-2500nm with maximum coefficient absorption
6500 epsilon in 1265.21 nm. This absorption can
be considered as electron transfer from C_Si to
C,, Which happened in infrared range. Comparing
excitation energies of C,,Si with C_Si/C,, which are
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listed in Table (6) show us that coupling C,,Si with C;
asdonor-acceptor notonly has made the excitation energies
in 300-600 nm with stronger oscillator strength with higher
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wavelengths but also maximum coefficient absorption
has increased from 4500 epsilon in visible range
(for C,Si) to 6500 epsilon in infrared range (for CSi/C,)).
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Fig. 8. Calculated absorption wavelengths, oscillator strength and coefficient absorption of (h) C,,Ge,/C

In the next step, C,, is doped once with
one Germanium as C,,Ge/C_, and also with two
Germanium atoms as C,Ge,/C . The UV/Vis
spectrum of C59Ge/C60 (Fig. 7f) show two absorption
peak with maximum coefficient absorptions 5000
epsilon in 720.72 nm and 15000 epsilon in 1687.24
nm, respectively. As for C,,Ge,/C_, there is only
one absorption peak with maximum coefficient
absorptions 9500 epsilon in 500 nm. Also Fig. (7f)

shows a bonding for electron transfer between the doped
Germanium atom and one of Carbon atoms in C butin
Fig. (7g) one of the two doped Germanium atoms and
also one of Carbon atoms of C have lost their bonding
to create a new ring which happened among two doped
Germanium atoms of C_,Ge, and Carbon atoms of C_.
This may explain only one absorption peak in the UV-Vis
spectrum of C_Ge,/C, .
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In C_,Ge/C,, spectrum, stronger excitation
energies has happened with oscillator Strength
0.0616, 0.0951, 0.1136 and 0.3736 in 400.3 nm,
524.54 nm, 720.72 nm and 1687.24 nm, respectively
while in C_Ge,/C,, spectrum, stronger excitation
energies with oscillator Strength 0.01272 and 0.0643
are in 506.86 nm and 570 nm which has occurred in
visible range. Some of excitation energies and their
oscillator Strength of these two donors-acceptors
are listed in Table (6). These results shows C,,Ge/
C,, has a good absorption in both visible and infrared
range because of doping one Germanium atom
but by doping two Germanium atoms not only the
structure of donor and acceptor .

Table 6: Absorption wavelengths, oscillator strength
of doped C, derivatives and donors-acceptors
compounds

Compound  Absorption Wavelengths (nm) Oscillator Strength

C,,Si 297.96 0.012
316.01 0.0129
342.95 0.0229
388.21 0.007
452.3 0.1059
C,Ge 316.57 0.0161
366.18 0.0368
418.44 0.009
452.28 0.13
C,,Ge, 328.27 0.0174
375.42 0.0245
445.85 0.2319
C,GeSi 322.22 0.018
351.49 0.0184
376.62 0.0531
393.15 0.0298
460.96 0.0501
500.22 0.1154
C,,SilC,, 342.75 0.0195
375.68 0.0283
393.8 0.0638
423.16 0.0246
445.91 0.015
539.61 0.0124
1265.21 0.1623
C,,Ge/C,, 4003 0.0616
524.54 0.0951
720.72 0.1136
1687.24 0.3736
C,,Ge,/Cy, 433.23 0.0182
456.57 0.0283
506.86 0.1272
570.49 0.0643
791.74 0.0161
1185.85 0.0106
C,,SiGe/C,, 4326 0.0164
4451 0.0344
464.57 0.1161
518.31 0.0511
530.42 0.0118
752.36 0.187
1642.2 0.0672
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Compounds may change but also there will
be a decrease in maximum absorption and oscillator
Strength UV-Vis spectrum of C_SiGe/C, (Fig. 8)
shows three absorption peak, the first one is about
300-600 nm with maximum coefficient absorption
8500 epsilon that can be related to absorption of
C,,Si. In this case excitation energies which has
happened in 300-600 nm have stronger oscillator
strength than C_Si such as 0.1161 in 464.57 nm
(Table 6). The increase of excitation energies can
be result of doping Germanium atom along side
Silicon atom. The second and third peak are about
600-1000nm and 1200-2000nm with maximum
coefficient absorptions 7500 epsilon and 3000
epsilon, respectively. Fig. (8) shows, Germanium atom
has two bonds with Carbon atoms in C_, while Silicon
atom has one bond. As Germanium shows more
tendency in being donor than Silicon Atom, we can
assume that the second peak is related to electron
transfer from Germanium atom to C,, which happened
with oscillator strength 0.187 in 752.36nm. Fig. (8) also
show us a ring between donor and acceptor and it
consist of Germanium and Silicon doped atoms and
Carbon atom of C, . The electron movements in this
ring can result the third absorption peak with oscillator
strength 0.0672 in 1642.2nm (Table 6).

CONCLUSION

C,, is agood acceptor and has no absorption
in sunlight range. The theoretical research indicates
that by doping C_, with Silicon and Germanium atom,
the derivatives will have donor property and can
have absorptions in ultraviolet and visible range of
sunlight. Furthermore, the results of equations and
theoretical UV- Vis spectrums indicates that, when
these doped derivatives are used as donor with C_,
as their acceptor for basic of a solar cell, the resulted
solar cells will have absorption in visible and infrared
range of sunlight.
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