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Solar cells

] The first generation: Silicon-based solar cells

“ Theoretical power conversion

A o efficiency (PCE) limit=~33 %

Pros: Good PCE
Cons: High cost
= MRS Bulletin, 2008, 33, 355-364

o The second generation: Advanced thin film solar cells
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The basic facts about
the third generation solar cells
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Semiconductor Nanomaterials

% RICE

At least one feature in 1-100 nanometer (nm; 10-° m) range
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" Cadmium Selenide (CdSe) SRICE

+ Bulk CdSe
— Semiconductor
— Fixed Band gap — 1.74 eV
— High electron mobility (600 cm?/Vs)

+ CdSe nanoparticles (NPs) < 10 nm
— Size dependent variable band gap
— 1.74 eV to 2.75 eV, Visible spectrum
— Discrete absorption spectrum
— Wide variety of shapes

Madelung O., Crystal and Solid State Physics, Vol. 17, 1982,Springer-Verlag, Berlin. . . .

Saunders B.R. et al., Adv. Coll. Interface Sci., 2008, 138, 1-23. Leekumjorn S., Gullapalli S. and Wong M.S. et al., J. Phys.
Chem. B, 2012, 116, 13063-13070.

Peng X., Adv. Mater. 2003, 14, 459-463. Gullapalli S. et al., Nanotechnology, 2012, 23, 495606 (1-10)

Manna L. et al., J. Am. Chem. Soc., 2000, 122, 12700-12706. paflls. etar., gy, £01£, 23, :



The Effect of Nanoparticle Shape on the Photocarrier
Dynamics and Photovoltaic Device Performance of
Poly(3-hexylthiophene):CdSe Nanoparticle Bulk
Heterojunction Solar Cells

-~

Spheres

By Smita Dayal,* Matthew O. Reese, Andrew J. Ferguson, David S. Ginley,

Garry Rumbles, and Nikos Kopidakis*

Adv. Funct. Mater. 2010, 20, 2629-2635 IPH
vy

Table 1. Open circuit voltage (Voc), short-circuit current (Jsc, corrected &

for spectral mismatch), fill factor (FF), and power conversion efficiency
(n) for nanoparticle:P3HT devices under simulated AM 1.5G light illu- |

mination. The errors represent the variation between 6 devices on the

Voc [mV]  Jsc [mA cm™] FF n[%]
CdSe QD:P3HT 0.24 £0.02 40+ 2
CdSe NR:P3IHT 4151017 38+3 IPH
CdSe TP:P3HT 483 +£0.03 52+1

CdSe TP anly 415 0.34 26 0.03
P3HT only 870 0.035 30 0.009

Fastbandtransport

A = ‘h Leekumjorn S., Gullapalli S. et al., J. Phys. Chem. B, 2012, 116, 13063-13070.
Y 00 Choi C.L. et al., Annu. Rev. Phys. Chem. 2010, 61, 369-389.

Saunders B.R. et al., Adv. Coll. Interface Sci., 2008, 138, 1-23.
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CdSe Tetrapod (TP) Solar Cell Applications

BT

e T

ZB-CdSe Shape directing
agent’

CdSe TPs demonstrate the
highest power conversion
efficiencies in hybrid solar cells?

APPLIED PHYSICS LETTERS 99, 223515 (2011)
Enhanced performance of hybrid solar cells using longer arms of quantum

cadmium selenide tetrapods

Kyu-Sung Lee," Inho Kim,? Sravani Gullapalli,® Michael S. Wong,**
and Ghassan E. Jabbour'-52

Voc [MV]  Jsc [mA cm™] FF n [%]
Long TP: P3HT 730 3.36 46 1.12
Short TP: P3HT 860 2.33 40 0.8

. Huang J. etal., J. Am. Chem. Soc., 2010, 132, 15866-15868. 2. Saunders B.R. et al., Adv. Coll. Interface Sci., 2008, 138, 1-23.
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New Method to CdSe HNPs

% RICE

1. Cd precursor
Cd(NO,),4H,0
(Melting Point: 59.5 °C)

2. Selenium Precursor
Se powder in
Octadecene (ODE)

3. Surfactant
Cetyltrimethylammonium
bromide (CTAB)

4. Solvent
Octadecene

Colloidally stable
for >24 months

Reddish brown
clear suspension

. Trrasy
e -

in CF

Heat

@ 10T /min

1. Centrifuge
2. Remove solids
|
3. Ethanol wash
4. Collect cleaned
particles
5. Redisperse in

chloroform (CF)

Reddish brown

@ 190 °C

ﬁ 5 min

= ""‘h: "--' . I

cloudy solution
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" General Synthesis Route for Chalc:ogenide@%@iRICE

sl Absorption spectra
S
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« Synthesis strategy can
be applied to other
compositions

* Requires optimization
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2 Photovoltaic Performance of CdSe HNPs

List of abbreviations

Pincigent — INCident Power

Open circuit voltage — V.

Short circuit current — Jg or |,

Fill Factor - FF

Power conversion efficiency — PCE

(éw), . Qgtr”:ell:"gzcii . Series Resistance — R,

™ KAUST

S e Device schematic PCE — o x Vo xFF
I:Jincident

m Photoactive Layer | PCE (%) chrég')A V.. (V) |FF (%) Rs(Iicm
2
QD(90wt%):P3HT(10wt%) 0.16+0.09 0.48:0.14 38.1%4.5

m HNP(80 wt%):P3HT(20 wt%) 1.34+0.07 33.6x1.3 10.9+3.4



Structures of hybrid solar cells

Conventional setup Inverted setup
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Multilayer deposition by LB technique

1. Start the compression exp.

- hquﬂhlj

2. Pull up the solid substrate

Repeat the dipping and pulling-up transfer process to

get the multi-layer stack
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Chao et al., in preparation, 2014



New fabrication with short TPs

0.50

0.00
T -0.50
<
T 100
fy &0 *  MEH-PPV: short TPs = 1:3,
% N [MEH-PPV] = 2.5 mg/mL
Q 200 * LB-SC:
% — LB for 5-layer
% -2.50 —> Spin-coating MEH-PPV
~ —> LB for 5-layer

-3.00

-3.50

020 000 020 040 060 080  1.00
Voltage (V)

Method | V.. (V) |Jsc(MA/cm?) | FF (%) | PCE (%)

LB-SCmix 0.74 1.895 34.4 0.482

Chao et al., in preparation, 2014
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SC

LB-SC

Voltage (V)

Current  Density (mA/cm2)
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								-0.46		-3.88E-05		-9.95E-01		-0.46		-1.15E-04		-2.95E+00		-0.46		-9.79E-05		0.0000552		-2.51E+00																						LB-SC		0.74		1.895		34.3		0.4817

								-0.44		-3.83E-05		-9.82E-01		-0.44		-1.14E-04		-2.92E+00		-0.44		-9.68E-05		0.0000528		-2.48E+00

								-0.42		-3.77E-05		-9.67E-01		-0.42		-1.13E-04		-2.90E+00		-0.42		-9.59E-05		0.0000504		-2.46E+00

								-0.4		-3.71E-05		-9.51E-01		-0.4		-1.12E-04		-2.87E+00		-0.4		-9.52E-05		0.000048		-2.44E+00

								-0.38		-3.66E-05		-9.38E-01		-0.38		-1.11E-04		-2.85E+00		-0.38		-9.40E-05		0.0000456		-2.41E+00

								-0.36		-3.60E-05		-9.23E-01		-0.36		-1.09E-04		-2.79E+00		-0.36		-9.31E-05		0.0000432		-2.39E+00

								-0.34		-3.56E-05		-9.13E-01		-0.34		-1.08E-04		-2.77E+00		-0.34		-9.19E-05		0.0000408		-2.36E+00

								-0.32		-3.51E-05		-9.00E-01		-0.32		-1.07E-04		-2.74E+00		-0.32		-9.12E-05		0.0000384		-2.34E+00

								-0.3		-3.45E-05		-8.85E-01		-0.3		-1.05E-04		-2.69E+00		-0.3		-9.03E-05		0.000036		-2.32E+00

								-0.28		-3.40E-05		-8.72E-01		-0.28		-1.04E-04		-2.67E+00		-0.28		-8.90E-05		0.0000336		-2.28E+00

								-0.26		-3.34E-05		-8.56E-01		-0.26		-1.03E-04		-2.64E+00		-0.26		-8.79E-05		0.0000312		-2.25E+00

								-0.24		-3.31E-05		-8.49E-01		-0.24		-1.01E-04		-2.59E+00		-0.24		-8.68E-05		0.0000288		-2.23E+00

								-0.22		-3.24E-05		-8.31E-01		-0.22		-9.98E-05		-2.56E+00		-0.22		-8.56E-05		0.0000264		-2.19E+00

								-0.2		-3.20E-05		-8.21E-01		-0.2		-9.87E-05		-2.53E+00		-0.2		-8.49E-05		0.000024		-2.18E+00

								-0.18		-3.14E-05		-8.05E-01		-0.18		-9.72E-05		-2.49E+00		-0.18		-8.36E-05		0.0000216		-2.14E+00

								-0.16		-3.09E-05		-7.92E-01		-0.16		-9.62E-05		-2.47E+00		-0.16		-8.27E-05		0.0000192		-2.12E+00

								-0.14		-3.05E-05		-7.82E-01		-0.14		-9.47E-05		-2.43E+00		-0.14		-8.15E-05		0.0000168		-2.09E+00

								-0.12		-2.98E-05		-7.64E-01		-0.12		-9.33E-05		-2.39E+00		-0.12		-8.04E-05		0.0000144		-2.06E+00

								-0.1		-2.94E-05		-7.54E-01		-0.1		-9.16E-05		-2.35E+00		-0.1		-7.95E-05		0.000012		-2.04E+00

								-0.08		-2.89E-05		-7.41E-01		-0.08		-9.03E-05		-2.32E+00		-0.08		-7.83E-05		0.0000096		-2.01E+00

								-0.06		-2.84E-05		-7.28E-01		-0.06		-8.86E-05		-2.27E+00		-0.06		-7.64E-05		0.0000072		-1.96E+00

								-0.04		-2.79E-05		-7.15E-01		-0.04		-8.72E-05		-2.24E+00		-0.04		-7.59E-05		0.0000048		-1.95E+00

								-2.00E-02		-2.74E-05		-7.03E-01		-2.00E-02		-8.58E-05		-2.20E+00		-0.02		-7.47E-05		0.0000024		-1.92E+00

								6.18E-16		-2.69E-05		-6.90E-01		6.18E-16		-8.42E-05		-2.16E+00		6.18E-16		-7.39E-05		-7.4107392E-20		-1.89E+00

								0.02		-2.64E-05		-6.77E-01		0.02		-8.27E-05		-2.12E+00		0.02		-7.27E-05		-0.0000024		-1.86E+00

								0.04		-2.60E-05		-6.67E-01		0.04		-8.12E-05		-2.08E+00		0.04		-7.13E-05		-0.0000048		-1.83E+00

								0.06		-2.54E-05		-6.51E-01		0.06		-7.98E-05		-2.05E+00		0.06		-7.01E-05		-0.0000072		-1.80E+00

								0.08		-2.49E-05		-6.38E-01		0.08		-7.82E-05		-2.01E+00		0.08		-6.90E-05		-0.0000096		-1.77E+00

								0.1		-2.44E-05		-6.26E-01		0.1		-7.63E-05		-1.96E+00		0.1		-6.79E-05		-0.000012		-1.74E+00

								0.12		-2.39E-05		-6.13E-01		0.12		-7.51E-05		-1.93E+00		0.12		-6.63E-05		-0.0000144		-1.70E+00

								0.14		-2.34E-05		-6.00E-01		0.14		-7.31E-05		-1.87E+00		0.14		-6.48E-05		-0.0000168		-1.66E+00

								0.16		-2.29E-05		-5.87E-01		0.16		-7.15E-05		-1.83E+00		0.16		-6.37E-05		-0.0000192		-1.63E+00

								0.18		-2.23E-05		-5.72E-01		0.18		-6.99E-05		-1.79E+00		0.18		-6.26E-05		-0.0000216		-1.61E+00

								0.2		-2.18E-05		-5.59E-01		0.2		-6.80E-05		-1.74E+00		0.2		-6.13E-05		-0.000024		-1.57E+00

								0.22		-2.13E-05		-5.46E-01		0.22		-6.65E-05		-1.71E+00		0.22		-5.98E-05		-0.0000264		-1.53E+00

								0.24		-2.07E-05		-5.31E-01		0.24		-6.45E-05		-1.65E+00		0.24		-5.86E-05		-0.0000288		-1.50E+00

								0.26		-2.02E-05		-5.18E-01		0.26		-6.30E-05		-1.62E+00		0.26		-5.69E-05		-0.0000312		-1.46E+00

								0.28		-1.96E-05		-5.03E-01		0.28		-6.10E-05		-1.56E+00		0.28		-5.57E-05		-0.0000336		-1.43E+00

								0.3		-1.90E-05		-4.87E-01		0.3		-5.88E-05		-1.51E+00		0.3		-5.41E-05		-0.000036		-1.39E+00

								0.32		-1.84E-05		-4.72E-01		0.32		-5.68E-05		-1.46E+00		0.32		-5.28E-05		-0.0000384		-1.35E+00

								3.40E-01		-1.78E-05		-4.56E-01		3.40E-01		-5.46E-05		-1.40E+00		3.40E-01		-5.12E-05		-0.0000408		-1.31E+00

								0.36		-1.72E-05		-4.41E-01		0.36		-5.27E-05		-1.35E+00		0.36		-4.97E-05		-0.0000432		-1.27E+00

								0.38		-1.65E-05		-4.23E-01		0.38		-5.03E-05		-1.29E+00		0.38		-4.80E-05		-0.0000456		-1.23E+00

								0.4		-1.60E-05		-4.10E-01		0.4		-4.83E-05		-1.24E+00		0.4		-4.64E-05		-0.000048		-1.19E+00

								0.42		-1.52E-05		-3.90E-01		0.42		-4.56E-05		-1.17E+00		0.42		-4.46E-05		-0.0000504		-1.14E+00

								0.44		-1.46E-05		-3.74E-01		0.44		-4.33E-05		-1.11E+00		0.44		-4.27E-05		-0.0000528		-1.09E+00

								0.46		-1.39E-05		-3.56E-01		0.46		-4.06E-05		-1.04E+00		0.46		-4.08E-05		-0.0000552		-1.05E+00

								0.48		-1.30E-05		-3.33E-01		0.48		-3.78E-05		-9.69E-01		0.48		-3.89E-05		-0.0000576		-9.97E-01

								0.5		-1.22E-05		-3.13E-01		0.5		-3.51E-05		-9.00E-01		0.5		-3.67E-05		-0.00006		-9.41E-01

								0.52		-1.14E-05		-2.92E-01		0.52		-3.22E-05		-8.26E-01		0.52		-3.44E-05		-0.0000624		-8.82E-01

								0.54		-1.04E-05		-2.67E-01		0.54		-2.92E-05		-7.49E-01		0.54		-3.21E-05		-0.0000648		-8.23E-01

								0.56		-9.50E-06		-2.44E-01		0.56		-2.60E-05		-6.67E-01		0.56		-2.94E-05		-0.0000672		-7.54E-01

								0.58		-8.40E-06		-2.15E-01		0.58		-2.27E-05		-5.82E-01		0.58		-2.67E-05		-0.0000696		-6.85E-01

								0.6		-7.20E-06		-1.85E-01		0.6		-1.91E-05		-4.90E-01		0.6		-2.38E-05		-0.000072		-6.10E-01

								0.62		-6.10E-06		-1.56E-01		0.62		-1.56E-05		-4.00E-01		0.62		-2.06E-05		-0.0000744		-5.28E-01

								0.64		-4.90E-06		-1.26E-01		0.64		-1.19E-05		-3.05E-01		0.64		-1.73E-05		-0.0000768		-4.44E-01

								0.66		-3.60E-06		-9.23E-02		0.66		-8.10E-06		-2.08E-01		0.66		-1.37E-05		-0.0000792		-3.51E-01

								0.68		-2.10E-06		-5.38E-02		0.68		-4.20E-06		-1.08E-01		0.68		-1.00E-05		-0.0000816		-2.56E-01

								0.7		-7.00E-07		-1.79E-02		0.7		-3.00E-07		-7.69E-03		0.7		-6.10E-06		-0.000084		-1.56E-01

								0.72		1.00E-06		2.56E-02		0.72		3.80E-06		9.74E-02		0.72		-2.10E-06		-0.0000864		-5.38E-02

								0.74		2.40E-06		6.15E-02		0.74		7.80E-06		2.00E-01		0.74		2.00E-06		-0.0000888		5.13E-02

								0.76		4.10E-06		1.05E-01		0.76		1.18E-05		3.03E-01		0.76		6.20E-06		-0.0000912		1.59E-01

								0.78		5.70E-06		1.46E-01		0.78		1.58E-05		4.05E-01		0.78		1.02E-05		-0.0000936		2.62E-01

								0.8		7.40E-06		1.90E-01		0.8		1.97E-05		5.05E-01		0.8		1.43E-05		-0.000096		3.67E-01

								0.82		9.20E-06		2.36E-01		0.82		2.35E-05		6.03E-01		0.82		1.83E-05		-0.0000984		4.69E-01

								0.84		1.10E-05		2.82E-01		0.84		2.73E-05		7.00E-01		0.84		2.22E-05		-0.0001008		5.69E-01

								0.86		1.28E-05		3.28E-01		0.86		3.12E-05		8.00E-01		0.86		2.62E-05		-0.0001032		6.72E-01

								0.88		1.46E-05		3.74E-01		0.88		3.49E-05		8.95E-01		0.88		3.03E-05		-0.0001056		7.77E-01

								0.9		1.65E-05		4.23E-01		0.9		3.85E-05		9.87E-01		0.9		3.41E-05		-0.000108		8.74E-01

								0.92		1.84E-05		4.72E-01		0.92		4.21E-05		1.08E+00		0.92		3.81E-05		-0.0001104		9.77E-01

								0.94		2.03E-05		5.21E-01		0.94		4.56E-05		1.17E+00		0.94		4.19E-05		-0.0001128		1.07E+00

								0.96		2.23E-05		5.72E-01		0.96		4.91E-05		1.26E+00		0.96		4.58E-05		-0.0001152		1.17E+00

								0.98		2.44E-05		6.26E-01		0.98		5.28E-05		1.35E+00		0.98		4.99E-05		-0.0001176		1.28E+00

								1		2.62E-05		6.72E-01		1		5.64E-05		1.45E+00		1		5.40E-05		-0.00012		1.38E+00
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All-conjugated block copolymers provide molecular
control over organic semiconductor interfaces

(Verduczo group)
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All-conjugated block copolymers provide molecular
control over organic semiconductor interfaces
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P3HT-b-PFTBT block copolymer

P3HT

PFTBT
2.9 eV 3.2 eV PCBM
P3HT-b-PFTBT ' 61V

* Majority P3HT (56 wt % P3HT, 44 wt % PFTBT)

* Some homopolymer impurities ( 17 wt % P3HT homopolymer)

e Conjugation across linker between block copolymer (fluorene linker)
* Large HOMO LUMO,,,,., offset

acceptor

Guo, Gomez, Verduzco et al., Nano Lett., 2013, 13, 2957.



High-temperature processing leads to
Block Copolymer OPVs with near 3% PCE
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! .
howser®’ = P3HT/PFTBT 100 °C
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| + P3HT-PFTBT 165 °C
R EPPEE B B PR B B

Guo, Gomez, Verduzco et al., Nano Lett., 2013, 13, 2957.

Block Copolymer OPV
(annealed at 165 °C):

Efficiency: 3.1%

Fill Factor: 0.47

Voc: 1.21V

Jec 5.28 mA/cm?
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