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ABSTRACT

In this thesis, the design and modeling of novel organic solar cells (OSCs) containing plasmonic
nanostructures has been described such that the presence of the plasmonic nanostructures leads to an
enhancement in the absorption in the active layer(s), the short circuit current density, as well as the
efficiency of the solar cells. We investigate the effect of plasmonic nanostructures of different
geometries and materials on the performance of single junction OSCs, double junction tandem
OSCs, and triple junction tandem OSCs.

Firstly, a single junction organic solar cell (OSC) with plasmonic butterfly wing-shaped
nanostructure embedded inside the active layer material (PTB7:PC7:BM) and ITO nano-grating
on top has been proposed. Numerical modeling using Finite Difference Time Domain (FDTD)
was employed to study the optical and electrical properties of the plasmonic OSC. Various
parameters of the plasmonic nanostructure and the ITO grating were optimized to obtain a
substantial enhancement of absorption in the active layer medium. The maximum values of
absorption enhancement and power conversion efficiency (PCE) enhancement obtained using the
optimized parameters of the nanostructures are ~20% and ~25%, respectively. The plasmonic
butterfly wing-shaped nanostructures introduce in-plane light scattering which leads to an
increased optical path length in the active layer. The addition of the ITO nano-grating on top
enables light to be coupled and trapped into waveguide modes at the active layer.

A plasmonic double junction series connected tandem OSC, with PTB7:PC7BM as the
active layer material of the top subcell and PDPPSDTPS:PCgBM as the active layer material of
the bottom subcell, has also been proposed. This OSC, having Ag nanospheres over the top
surface of the OSC and Ag nanostars within the active layer of the bottom subcell, has
substantially enhanced absorption, short circuit current density (Jsc), and PCE as compared to a



reference tandem OSC that does not contain any nanoparticles. Different geometries of
plasmonic nanoparticles — nanospheres and nanostars, were used to improve the absorption in
different spectral regimes, corresponding to the absorption bands of the active layer materials of
the two subcells. The effective Jsc of a series connected tandem solar cell is determined by the
smaller Jsc of the subcells. The Jsc values of the two subcells were therefore matched by
optimizing the thickness of the bottom subcell active layer, and by introducing plasmonic
nanoparticles. A combination of plasmonic nanoparticles over the top surface and in the active
layer bottom subcell results in high absorption and hence, higher Jsc. An overall Jsc
enhancement of 26% was achieved by the manipulation of shape, size and surface coverage of
Ag plasmonic nanoparticles in the different regions of the OSC. The tandem OSC containing the
optimized Ag nanospheres over the top surface and Ag nanostars in the bottom subcell active
layer has a calculated PCE of ~15.43%, compared to a maximum PCE of 12.25% in the

reference tandem OSC without any nanoparticles.

We have also proposed the plasmonic enhancement of metal nanospheres added on a triple
junction tandem organic solar cell. Gold, silver and aluminum nanospheres have individually
optimized for size and surface coverage to boost the absorption in the OSC. Aluminum
nanospheres of radius 70 nm and periodicity 350 nm is most effective in increasing the Jsc from
the top and middle subcells and matching them to the Jsc from the bottom subcell. The resultant
OSC with the optimized Al nanospheres has an open circuit voltage of 2.7 V and a short circuit
current density of 9.61 mA/cm?, leading to a calculated power conversion efficiency of 15.57%;
an enhancement of 14% over the reference cell without the nanospheres.

Organic solar cell (OSC) containing plasmonic silver nanostructures in the active layer

medium poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-



benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT):[6,6]-phenyl C71 butyric acid methyl
ester (PC7:BM) were simulated using FDTD leading to a broadband enhancement in the
absorption of the OSC. In this work, it was demonstrated that the enhancement was primarily
because of the far-field scattering due to localized surface plasmon excitation from the
nanostructures in the active layer. Geometries were optimized for plasmonic nanodiscs — of
hexagon, square and circular cross-section. It was observed that the highest value of Jsc was
obtained for hexgonal nanodiscs. An increase of 25.28% in the Jsc from the OSC containing
hexagonal nanodiscs in the active medium was achieved.

Furthermore, FDTD is used to analyze the behavior of a plasmonics-enhanced organic solar
cell (OSC) containing nanostructures of different plasmonic metals — gold, silver and aluminum,
in the hole transport layer extending to the active layer of the solar cell. A low bandgap material
— PDPPSDTPS:PCeoBM, was taken as the active layer material in this study. A comparison of
the enhancement in the performance of organic solar cells (OSCs) — with respect to the
absorption and Jsc, for circular nano-discs of different plasmonic metals introduced in the hole
transport layer of the OSC was presented. A maximum Jsc of 22.72 mA/cm? was recorded for

silver nano-discs having a radius of 100 nm, a surface coverage of 30% and height of 30 nm.
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Figure 4.2. Results of FDTD simulations showing absorption spectra for OSCs containing only 1D periodic arrays
of the plasmonic butterfly wing-shaped nanostructures at the back surface of the OSC with the following number
(N) of branches: N = 2 branches (the branches having widths of 90 nm and 100 nm) in green color, N = 3 branches
(the branches, whose widths are 80 nm, 90 nm, and 100 nm) in yellow color, N = 4 branches (the branches, whose
widths are 70 nm, 80 nm, 90 nm, and 100 nm) in blue color, N = 5 branches (the branches, whose widths are 60 nm,
70 nm, 80 nm, 90 nm, and 100 nm) in red color, and reference solar cell (without plasmonic butterfly wing-shaped
nanostructures or ITO nano-gratings) in black color for (a) TM-polarized, and (b) TE-polarized light illumination.
(c) Average absorption spectra (ATM (L) + ATE (A))/2) multiplied by AM1.5G (AM1.5G is denoted by S(A)) for
OSCs containing only 1D periodic arrays of the plasmonic butterfly wing-shaped nanostructures at the back surface
of the OSC, for different values of ‘N.” (d) Variation of integrated absorption as a function of the number of

branches ‘N’ of the plasmonic butterfly wing-shaped NANOSIFUCTUIE. ..........ccovirueririreiiseseee e 77

Figure 4.3. Results of FDTD simulations showing: (a) Average absorption ((TM + TE)/2) as a function of
wavelength for an OSC containing: (i) only ITO nano-gratings at the top-surface of the OSC (in green color), (ii)
only the butterfly wing-shaped nanostructures with N = 4 whose widths varied from 70 nm to 100 nm (in yellow
color), (iii) both the butterfly wing-shaped nanostructures with N = 4 and the ITO nano-gratings (in red color), and
(iv) reference OSC (in black color), (b) Corresponding absorption spectra with AM1.5G (S(A)) multiplication. These
calculations were done for the following dimensions of the OSC: Aw = 10 nm (difference in the width of the
adjacent rods), P = 400 nm, ITO layer thickness = 20 nm, HTL = 20 nm, HTL = 20 nm, Wg = 70 nm, Hg = 85 nm,
PG = 200 nm and active-layer thickness = 120 nm. (¢) Absorption spectra of the OSCs containing dielectric
butterfly wing-shaped nanostructures (with and without the top surface ITO NGs) and, (d) Corresponding absorption
spectra with AM1.5G multiplication. In these FDTD simulations, light was incident normally on the solar cell

surface. These simulations were done employing either TM-polarized or TE-polarized light............c.ccoveeviiviiinnnns 80

Figure 4.4. Results of FDTD simulations showing absorption enhancement plotted versus wavelength of the
incident radiation for an OSC containing: (a) Only ITO nano-gratings at the top-surface of the OSC (in green color),
only the plasmonic butterfly wing-shaped nanostructures (with N = 4) at the back of the active layer of the OSC (in
blue color), with both the plasmonic butterfly wing-shaped nanostructures (with N = 4) and the ITO nano-gratings at
the top-surface of the OSC (in red color), and a reference OSC (in black color), (b) Only dielectric butterfly wing-
shaped nanostructures at the back of the active layer (in green color), with both the dielectric butterfly wing-shaped
nanostructures and the top-surface ITO nano-gratings at the top-surface of the OSC (in red color), and a reference
O O (gl o] - T 1ol ] [o] o H OSSR UPOURPUTRN 82

Figure 4.5. Results of FDTD simulations showing: (a) Scattering cross-section of plasmonic butterfly wing-shaped
nanostructures with N = 2 (black), with N = 3 (green), with N = 4 (yellow), and with N = 5 (red), (the width
difference between successive butterfly-wing branches, Aw = 10 nm) surrounded by the active material

PTB7:PC7:BM. The region between the black dotted lines shows the active layer. The scattering cross sections were
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calculated by taking real part n = 1.9 and imaginary part k = 0 of refractive index for surrounding material
PTB7:PC7:BM. Note that the dispersive refractive indices have been taken while calculating the absorption of the
solar cells. E-field enhancement profiles (spatial distribution of E-field enhancement) showing the different
plasmonic modes excited at (b) A = 480 nm, (c) 595 nm, and (d) 830 nm. Electric-field enhancement (|E|/|EQ|) is
defined as the ratio of the magnitude of the electric field (E) to the incident electric-field magnitude (EQ). In the
Figures shown above, the electric-field enhancement (|E|/|EO]) is a normalized E-field enhancement, where the
maximum value of the E-field enhancement has been fixed to 2 so that the E-Fields in the vicinity of the plasmonic
nanostructure and the different plasmonic modes are clearly visible (Actual values of the E-field enhancements
(IE/|EQ]) are shown in Fig. 4.10 in APPENTIX B). c.o.veiiiiiiiieieisie sttt 83

Figure 4.6. J-V characteristics obtained by taking AM1.5G illumination at 100 mW c¢m—2. The J-V characteristics
are shown for OSCs with only the top-surface ITO nano-gratings (green), with only the plasmonic butterfly wing-
shaped nanostructures (with number of branches ‘N’ = 4) in blue color, with both the plasmonic butterfly wing-
shaped nanostructures (with number of branches ‘N’ = 4) and top-surface ITO nano-gratings (red), and reference
OSCs (black). The following optimized parameters of the OSCs and the nano-gratings were employed: P = 400 nm,
PG =200 nm, Wg = 70 nm, and Hg = 85 nm. generation of a larger number of excitons in the active layer. This
further leads to an increase in the number of charge carriers, which results in the enhancement of Jsc as shown in
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Figure 4.7. Optimization of number of branches (N) and period (P) of plasmonic butterfly wing-shaped
nanostructures. Integrated absorption as a function of period (P) of the plasmonic butterfly wing-shaped
nanostructures (a) with number of branches ‘N’ = 2, (b) with number of branches ‘N’ = 3, (¢) with number of

branches ‘N’ = 4, and (d) with number of branches ‘N’ = 5. The width of the branches is shown in bracket. ........... 90

Figure 4.8. Integrated absorption as a function of period (P) of the plasmonic butterfly wing-shaped nanostructures
with number of branches ‘N’ = 2 (black), ‘N’ = 3 (green), ‘N’ = 4 (red), and ‘N’ = 5 (purple). The width of the

DranChes IS SNHOWN 1N DIACKEL. ........uuiiiiiiie ettt e ettt e e s bt e e e s s bt e e e s st ta e e s bbeeesesbbeessabesesssbbeessasbaeseanns 90

Figure 4.9. (a) Integrated absorption as a function of height (Hg) of the ITO nano-gratings for different values of
ITO nano-grating widths (Wg), when the period (PG) of ITO nano-gratings was taken to be 200 nm. (b) Integrated
absorption as a function of ITO nano-grating Period (PG), when the height (Hg ) and width (Wg) of the ITO nano-

gratings were taken to be 85 nm and 70 NM, reSPECLIVELY. .....cviuiiiiiiiiii e 91

Figure 4.10. Results of FDTD simulations showing the actual values (i.e. the non-normalized values) of the E-field
enhancement profiles (spatial distribution of E-field enhancement) showing the plasmonic mode excited at (a) 480
nm, (b) 595 nm, and (c) 830 nm. Electric-field enhancement (|E|/|EQ|) is expressed as the ratio of the magnitude of
the electric field (E) to the incident electric-field magnitude (EO). ......cccoovviriiniiiiiere s 91

Figure 4.11. Schematic diagram for OSCs containing (a) plasmonic butterfly wing-shaped nanostructures with
number of branches ‘N’ = 4 and (b) 1D Ag nano-gratings (Ag NG) with rectangular-shaped nanolines. Results of

FDTD simulations showing: Average absorption ((TM + TE)/2) as a function of wavelength for OSCs containing
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only 1D periodic arrays of the plasmonic butterfly wing-shaped nanostructures with N = 4 branches, whose widths
are 70 nm, 80 nm, 90 nm, and 100 nm) in red color, Ag nano-grating (Ag NG) at the bottom region of the active
layer in yellow color, and reference OSC in black color. The plasmonic butterfly wing-shaped nanostructures had a
period of 400 nm. The Ag nano-grating at the back of the OSCs had a width of 140 nm, height of 60 nm, and a
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CHAPTER S

Figure 5.1. Schematics of the simulated double junction tandem OSCs: (a) OSC without nanoparticles — reference
tandem OSC, (b) OSC with nanospheres over the top surface only, (c) OSC with nanospheres in the bottom subcell
only, (d) OSC with nanostars in the bottom subcell only, (¢) OSC with nanospheres over the top surface and
nanostars inside the bottom subcell, and (f) Real (n) and complex (k) refractive indices of the active layer materials
PTB7:PC7BM and LBG:PCsBM (Inset: Ag nanosphere with radius Rys and Ag nanostar with core radius rg and
prong length Lg, where subscripts T and B are for the top surface of the OSC and the bottom subcell, respectively).
The low bandgap (LBG) material taken is PDPPSDTPS. The top and the bottom subcells of the tandem OSCs are
AISO MEAIKED 1N (C). 11ttt b bbb bbbt b e s bt bt s b st eb e et e ke e b s e ekt s b et r e bt b 104

Figure 5.2. (a) Short circuit current density (Jsc) generated in the top and bottom subcells of a tandem OSC as a
function of the bottom subcell thickness (twottom) With a fixed top subcell active layer thickness of 170 nm, when no
nanoparticles are not present in the tandem OSC (referred to as the reference tandem OSC), (b) Results of FDTD
simulations showing absorption spectra as a function of wavelength for a reference tandem OSC, where the
absorption in the top subcell is shown by the solid black line and in the bottom subcell by a dashed black line.
PTB7:PC7BM (170 nm thickness) and PDPPSDTPS:PCgBM (80 nm thickness) are the active layer materials in the
top and the bottom subcells, respectively. The overall absorption spectrum of the reference tandem OSC (shown by
a dashed maroon line) is the sum of the spectra for the absorptions in the top subcell and bottom subcell active
layers. The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50 nm, TiO layer — 50 nm,
MoOs layer — 50 nm, and Ag back electrode — 100 NML .......oiviiieiice e sre e 107

Figure 5.3. Short circuit current density (Jsc) of the top subcell containing PTB7:PC7BM as the active layer and the
bottom subcell containing PDPPSDTPS:PCgBM as the active layer of the double junction tandem OSC containing
Ag nanospheres over the top surface as a function of nanosphere radius (Rt) and nanosphere periodicity (Pt). The
thicknesses of the different layers of the OSC were taken to be: ITO layer — 50 nm, PTB7:PC7BM layer — 170 nm,
PDPPSDTPS:PCgBM (i.e. LBG:PCgBM) layer — 80 nm, TiO; layer — 50 nm, MoOs layer — 50 nm, and Ag back
L] (o [T 0 PSS 109

Figure 5.4. (a) Comparison of absorption in each subcell (in the top subcell and in the bottom subcell) of double
junction tandem OSCs without (black) and with Ag nanospheres (red) over the top surface. Schematics of the
tandem OSCs: (b) without Ag nanospheres (OSC A) and (c) with Ag nanospheres over the top surface (OSC B) of
the OSC. The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50 nm, PTB7:PC7BM
layer — 170 nm, PDPPSDTPS:PCsBM (i.e. LBG:PCsBM) layer — 80 nm, TiO, layer — 50 nm, MoOs layer — 50
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nm, and Ag back electrode — 100nm. The dimensions of the top Ag nanospheres were taken to be: Rt = 90 nm and
T 00 03 RS TSTSTRRN 110

Figure 5.5. Short circuit current density (Jsc) of each subcell (the top subcell and the bottom subcell) of a double
junction tandem OSCs for OSCs containing Ag nanospheres — (a) and (b) and Ag nanostars — (c) and (d) within the
bottom subcell, as a function of nanosphere radius (Rg) and nanostar core radius (rs), respectively for varying
periodicity (Pg). The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50 nm,
PTB7:PC7BM layer — 170 nm, PDPPSDTPS:PC¢BM (i.e. LBG:PCgBM) layer — 80 nm, TiO; layer — 50 nm,
MoQOs layer — 50 nm, and Ag back electrode — 100 NIM. ......cccciviiiieiiiiie e e 112

Figure 5.6. (a) Comparison of absorption in each subcell (in the top subcell and in the bottom subcell) of tandem
OSCs without any nanoparticles in the bottom subcell (in black color), with Ag nanospheres in the bottom subcell
(in green color), and with Ag nanostars in the bottom subcell (in red color). Schematics of the tandem OSCs (b)
without Ag nanospheres (OSC A), (c) with Ag nanospheres inside the bottom subcell (OSC C), and (d) with Ag
nanostars inside the bottom subcell (OSC D). The thicknesses of the different layers of the OSC were taken to be:
ITO layer — 50 nm, PTB7:PC7BM layer — 170 nm, PDPPSDTPS:PCgBM (i.e. LBG:PCsBM) layer — 80 nm, TiO»
layer — 50 nm, MoQOs layer — 50 nm, and Ag back electrode — 100nm. Bottom Ag nanosphere dimensions were taken
to be: Rg =30 nm, and Pg = 100 nm. Bottom Ag nanostar dimensions were taken to be: rg =30 nm, Lg = 20 nm, and
R LN o o OSSOSO 114

Figure 5.7. The arrangement of (a) Ag nanospheres in the bottom subcell with respect to Ag nanospheres over the
top surface of the OSCs, and (b) Ag nanostars in the bottom subcell with respect to Ag nanospheres over the top
surface of the OSCs. The FDTD simulation region is periodic over 500 nm, in X and Y directions. The scales along
the X and the Y directions are different for both (2) and (D). ....coooviiriiiii 116

Figure 5.8. (a) Comparison of absorption in each subcell (in the top subcell and in the bottom subcell) of tandem
OSCs without any nanoparticles in the bottom subcell (in black color), with Ag nanospheres over the OSC top
surface and Ag nanospheres in the bottom subcell (in green color), and with Ag nanospheres over the OSC top
surface and Ag nanostars in the bottom subcell (in red color). Schematics of the tandem OSCs (b) without Ag
nanospheres (OSC A), (c) with Ag nanospheres over the top surface and Ag nanospheres in the bottom subcell (OSC
E), and (d) with Ag nanospheres over the top surface and Ag nanostars in the bottom subcell (OSC F). The
thicknesses of the different layers of the OSC were taken to be: ITO layer — 50 nm, PTB7:PC7BM layer — 170 nm,
PDPPSDTPS:PCgBM (i.e. LBG:PCgBM) layer — 80 nm, TiO; layer — 50 nm, MoOs layer — 50 nm, and Ag back
electrode — 100 nm. Top Ag nanosphere dimensions were taken to be: Rt = 90 nm, and P+ = 500 nm. Bottom Ag
nanosphere dimensions were taken to be: Rg = 30 nm, and Pg = 100 nm. Bottom Ag nanostar dimensions were taken
to be: rg =30 NM, Lg =20 NM, @Nd P = 250 MMttt ettt bbbt e b e sae s 117

Figure 5.9. (a) Total absorption — sum of absorption in top and bottom subcells — of the tandem OSC containing
optimized nanospheres and nanostars (OSC F) (red), and the reference tandem OSC (OSC A) (black); (b)
Absorption enhancement of the tandem OSC containing optimized nanospheres and nanostars (OSC F) over that of
the reference tandem OSC (OSC A). The thicknesses of the different layers of the OSC were taken to be: ITO layer
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— 50 nm, PTB7:PC7BM layer — 170 nm, PDPPSDTPS:PC¢BM (i.e. LBG:PCsBM) layer— 80 nm, TiO; layer — 50
nm, MoOs layer — 50 nm, and Ag back electrode — 100 nm. Top Ag nanosphere dimensions were taken to be: Rt =
90 nm, and Pt = 500 nm. Bottom Ag nanostar dimensions were taken to be: rg = 30 nm, Lg = 20 nm, and Pg = 250
0] 0 0 TR P T T TP U P PP PPP PP UPRPPR 119

Figure 5.10. Normalized spatial distribution of the electric field enhancement inside the double junction tandem
OSCs. For a wavelength of 520nm - (a) Reference tandem OSC; (b) OSC with Ag nanospheres over the top surface;
(c) OSC having Ag nanospheres over the top surface and Ag nanostars in the bottom subcell. For a wavelength of
730nm - (d) Reference tandem OSC; (e¢) OSC with Ag nanospheres over the top surface; (f) OSC having Ag
nanospheres over the top surface and Ag nanostars in the bottom subcell. For a wavelength of 920nm - (g)
Reference tandem OSC; (h) OSC with Ag nanostars in the bottom subcell; (i) OSC having Ag nanosphere over the
top surface and Ag nanostars in the bottom subcell. The thicknesses of the different layers of the OSC were taken to
be: ITO layer — 50 nm, PTB7:PC7BM layer — 170 nm, PDPPSDTPS:PCsBM (i.e. LBG:PCsBM) layer— 80 nm,
TiO; layer — 50 nm, MoOs layer — 50 nm, and Ag back electrode — 100 nm. Top Ag nanosphere dimensions were
taken to be: Rt =90 nm, and Pt = 500 nm. Bottom Ag nanostar dimensions were taken to be: rg = 30 nm, Lg = 20
MM, AN PE T 250 NIML Lttt bbbt b b bt b e b e e h b e s e e E e b eb e e b £ e b e e Rt e s b et et e nbeeb e e b e e st e ne b et e 120

Figure 5.11. J-V characteristics of double junction tandem OSCs containing Ag nanoparticles in the different regions
of the OSCs, in comparison with the reference tandem OSC. The thicknesses of the different layers of the OSC were
taken to be: ITO layer — 50 nm, PTB7:PC7BM layer — 170 nm, PDPPSDTPS:PC¢BM (i.e. LBG:PCgsBM) layer —
80 nm, TiO; layer — 50 nm, MoQs layer — 50 nm, and Ag back electrode — 100 nm. Top Ag nanosphere dimensions
were taken to be: Ry = 90 nm, and P+ = 500 nm. Bottom Ag nanosphere dimensions were taken to be: Rg = 30 nm,

and Pg = 100 nm. Bottom Ag nanostar dimensions were taken to be: rg = 30 nm, Lg = 20 nm, and Pg = 250 nm...123

Figure 5.12. Short circuit current density (Jsc) generated in the top and bottom subcells of a tandem OSC:(a) as a
function of the bottom subcell thickness (thotom) With a fixed top subcell active layer thickness of 170 nm, (b) as a
function of the top subcell thickness (twp) with a fixed bottom subcell active layer thickness of 110 nm, and (c) as a

function of the bottom subcell thickness (tnotiom) With a fixed top subcell active layer thickness of 170 nm............. 126

Figure 5.13. (a) Comparison of absorption in each subcell (in the top subcell and in the bottom subcell) of tandem
OSCs — with Ag nanospheres over the OSC top surface and Ag nanostars in the bottom subcell (in black color), with
Ag nanospheres over the OSC top surface and Ag nanostars in the intermediate layer (TiO;) extending into the
bottom subcell active layer (in green color), with Ag nanospheres in the top buffer layer (TiO2) extending into the
top subcell active layer and Ag nanostars in the intermediate layer (TiO2) extending into the bottom subcell active
layer (in red color), and with Ag nanospheres in the top buffer layer (TiO,) extending into the top subcell active
layer and Ag nanostars in the bottom subcell (in purple color). Schematics of the tandem OSCs (b) with Ag
nanospheres over the OSC top surface and Ag nanostars in the bottom subcell (OSC F), (c) with Ag nanospheres
over the OSC top surface and Ag nanostars in the intermediate layer (TiO2) extending into the bottom subcell active
layer (OSC H), (d) with Ag nanospheres in the top buffer layer (TiO2) extending into the top subcell active layer and
Ag nanostars in the intermediate layer (TiO2) extending into the bottom subcell active layer (OSC 1) and (e) with Ag
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nanospheres in the top buffer layer (TiO,) extending into the top subcell active layer and Ag nanostars in the bottom
subcell (OSC J). The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50 nm,
PTB7:PC7BM layer — 170 nm, PDPPSDTPS:PC¢BM (i.e. LBG:PCgBM) layer — 80 nm, TiO; layer — 50 nm,
MoOs layer — 50 nm, and Ag back electrode — 100 nm. Top Ag nanosphere dimensions were taken to be: Rt = 90

nm, and Pt = 500 nm. Bottom Ag nanostar dimensions were taken to be: rg = 30 nm, Lg = 20 nm, and Pg = 250 nm.

CHAPTER 6

Figure 6.1. (a) Schematic diagram of the triple junction tandem OSC with nanospheres over the top surface. (b)
Schematic for OSC without nanospheres — the reference tandem OSC. The plane field monitors in the subcell active
layers are shown — T1 and T, are for the top subcell, M1 and M are for the middle subcell, and B, and B, are for the
bottom subcell. The thicknesses of the layers of the OSCs were taken to be: ITO layer — 50 nm, TiO; layers — 10 nm,
MoOs; layers — 10 nm, and Ag Back Electrode — 100 NM. ....ocveieeiiiiice et s 134

Figure 6.2. (a) Short circuit current density (Jsc) for variation in bottom subcell active layer thickness (tpottom), With
constant top and middle subcell active layer thicknesses of 150 nm. (b) Absorption in the OSC without nanospheres
— reference tandem OSC. The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50nm,
TiO; layers — 10 nm, MoOs layers — 10 nm, P3HT:PC7,BM layer — 150 nm, Si-PCPDTBT:PCBM layer — 150 nm,
PMDPP3T:PC7BM layer — 100 nm, and Ag back electrode — 100 NM. .....oviiiiiiiniieeeseee e 137

Figure 6.3. Short circuit current density (Jsc) map for the variation of Au nanosphere radius ‘r’ and periodicity ‘P’ in
the (a) top subcell, (b) middle subcell, and (c) bottom subcell of the tandem OSC with Au nanospheres over the top
surface. The star marks the maximum subcell Jsc in each plot. (d) Absorption spectra of the top, middle and bottom
subcells of the reference tandem OSC and the OSC containing Au nanospheres of radius, ‘r” = 30 nm and
periodicity, ‘P> = 450 nm. The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50nm,
TiO2 layers — 10 nm, MoOs layers — 10 nm, P3HT:PC+,BM layer — 150 nm, Si-PCPDTBT:PC7BM layer — 150 nm,
PMDPP3T:PC7BM layer — 100 nm, and Ag back electrode — 100 NM. .....coviiiiiiiniereeee e 139

Figure 6.4. Short circuit current density (Jsc) maps for the variation of Ag nanosphere ‘r’ and periodicity ‘P’ in the
(a) top subcell, (b) middle subcell, and (c) bottom subcell of the tandem OSC with Ag nanospheres over the top
surface. The star marks the maximum subcell Jsc in each plot. (d) Absorption spectra of the top, middle and bottom
subcells of the reference tandem OSC and the OSC containing Ag nanospheres of radius, ‘r’ = 70 nm and
periodicity, ‘P’ = 400 nm. The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50nm,
TiO2 layers — 10 nm, MoOs layers — 10 nm, P3HT:PC+,BM layer — 150 nm, Si-PCPDTBT:PC7BM layer — 150 nm,

PMDPP3T:PC7BM layer — 100 nm, and Ag back electrode — 100 NM. .....oviiiiiiiiieee e 140

Figure 6.5. Short circuit current density (Jsc) map for the variation of Al nanosphere radius ‘r” and periodicity ‘P’ in
the (a) top subcell, (b) middle subcell, and (c) bottom subcell of the tandem OSC with Al nanospheres over the top
surface. The star marks the maximum subcell Jsc in each plot. (d) Absorption spectra of the top, middle and bottom
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subcells of the reference tandem OSC and the OSC containing Al nanospheres of radius, ‘t> = 70 nm and
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periodicity, ‘P’ = 350 nm. The thicknesses of the different layers of the OSC were taken to be: ITO layer — 50nm,
TiO2 layer — 10 nm, MoOQs layer — 10 nm, P3HT:PC+BM layer — 150 nm, Si-PCPDTBT:PC7BM layer — 150 nm,
PMDPP3T:PC7BM layer — 100 nm, and Ag back electrode — 100 NIM. .....ccviiiiiiininineneeesese e 142

Figure 6.6. (a) Normalized scattering cross-section of Au, Ag and Al nanospheres of radius, ‘r” = 70 nm; simulated
here on an ITO substrate, under PML boundary conditions. (b) Subcell absorption profiles of OSCs containing Au,
Ag and Al nanospheres of radius, ‘t” = 70 nm and periodicity, ‘P’ = 350 nm. The thicknesses of the different layers
of the OSC were taken to be: ITO layer — 50nm , TiO; layers — 10 nm, MoQs layers — 10 nm, P3HT:PC+,BM layer —
150 nm, Si-PCPDTBT:PC+BM layer — 150 nm, PMDPP3T:PC7BM layer — 100 nm, and Ag back electrode — 100
1] O TP T TP 143

Figure 6.7. Quadrupole resonance modes in nanospheres of (a) Au, A = 520 nm (c) Ag, A =460 nm and (e) AL, A =
370 nm. Dipole resonance modes in nanospheres of (b) Au, A = 690 nm (d) Ag, A = 660 nm and (f) AL, A =610 nm.
The nanosphere radius, ‘r” was taken to be 70 nm and simulated over am ITO substrate under PML boundary

[o0] g 10 1 (10 ] TR 145

Figure 6.8. J-V characteristics of the tandem OSCs containing Au, Ag and Al nanospheres over the top surface, in
comparison with the reference tandem OSC. The thicknesses of the different layers of the OSC were taken to be:
ITO layer — 50nm, TiO; layers — 10 nm, MoOs; layers — 10 nm, P3HT:PC;cBM layer — 150 nm, Si-
PCPDTBT:PC7BM layer — 150 nm, PMDPP3T:PC;BM layer — 100 nm, and Ag back electrode — 100 nm. The

nanospheres have a radius, ‘tr’ = 70 nm and periodicity, ‘P’ =350 NML. .....ccocoeiiiiiiiiiinii e 147

CHAPTER 7

Figure 7.1. Schematic of the OSC device with (a) hexagonal Nanodiscs (NDs), (b) square NDs and (c) circular NDs
in the active layer (PCDTBT:PC71BM). ..ot ettt e e e saeesneenaeenes 154

Figure 7.2. Variation of short circuit current density, Jsc as a function of (a) ND height, H with fixed ND cross-
section area, A = 1.8x10"%*m?; and (b) ND cross-section area, A with fixed height, H = 80 nm for hexagonal NDs

(red), square NDs (blue), circular NDs (green), and reference (D1ack). ... 155

Figure 7.3. (a) Absorption spectra and (b) absorption enhancement plot as a function of wavelength of the incident
radiation for OSCs containing only 2-D periodic arrays of the hexagonal NDs (red), square NDs (blue), and circular

NDs (green), in the active material, and reference cell (DIack). .........ccoooiiiiiiiiiii e 156

Figure 7.4. Elevation view of electric-field enhancement profiles showing the different plasmonic modes excited at
(@ A = 450 nm, and (b) 720 nm for reference solar cells and (c) A = 450 nm, and (d) 720 nm for OSC with
hexagonal NDs. Electric-field enhancement, |E|/|Eq| is expressed as the ratio of the magnitude of the electric field, E

to the incident electric-field MAgNItUE, Ep.......coiiiiiiiii e e 158

Figure 7.5. Plan view of electric-field profiles in (a)-(b) circular NDs; (c)-(d) square NDs; and (e)-(f) hexagonal
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CHAPTER 8

Figure 8.1. Schematic diagrams of the OSCs, without (left) and with the circular nano-discs in the TiO; hole

transport layer. The nano-discs have radius R, height H and are placed with periodicity P.........cc.cccocovveiiieininnnns 165

Figure 8.2. Optimization for high Jsc by variation in nano-disc radius and surface coverage of the OSCs containing
(@) Au nano-discs, (b) Ag nano-discs, and (c) Al nano-discs. In all OSCs, height H=30 nmM.......c..c.ccceeveverernnnnn. 166

Figure 8.3. Absorption data for the OSCs with and without the optimized nano-discs of different metals; reference in
black, gold in green, silver in red, and aluminum in blue. (a) Absorption and (b) Absorption enhancement as a
function of wavelength. Inset shows expanded plot between 350-900 nm spectrum. Legend — ND-100 SC-30 is a
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