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Developing clean energy alternatives
to fossil fuels technology has become
one of the most important tasks
undertaken by modern science.

—_ —— o~ —
Alternativeto silicon solar cell

° Organic/
Crystalline Thin Film 8

Silicon Polymer

X Ref: B. O’Regan, M. Gritzel, Nature, 1991, 353, 737.



Conversion Efficiencies vs. Time
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» There has been steady progress in the improvement of conversion
fficiencies for a number of PV technologies over the last few
dec
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The Typical Silicon Solar Cell

front contact

n-type
silicon

prjunction

p-type
silicon

back contact

» This device structure is used by most manufacturers today.

B One piece of silicon has a small amount of boron added to it, which gives it a tendency to attract
electrons. It is called the p-layer because of its positive tendency.

B The other piece of silicon has a small amount of phosphorous added to it, giving it an excess of free
ctrons. This is called the n-layer because it has a tendency to give up negatively charged electrons.

The‘l efficiencies for screen-printed multicrystalline silicon cells
are typically4f#Pthe range of 14 — 17%. ®



Copper-Indium-Gallium-Diselenide Cell
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»_EMPA has demonstrated an efficiency of 20.4% for the CIGS solar cell.

t ty‘lly requires relatively high temperature processing (> 500°C).
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Spectrolab’s Triple-Junction Solar Cell

Quantum Efficiency
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» Spectrolab has reported a conversion efficiency of 44.4% with
y-this solar cell structure operating at Sharp.
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The mechanism of power generation
Dye-sensitized solar cells
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Basic Components and Parameter

Photon
Jsc®Voc® FF
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e Jsc-short-circuit photocurrent
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electron i ection efilicCI) :
and charge collection efficiency (CCE
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Innovative Design

§ PUITOPEN

» " ‘ Electrolyte

) Dyes adsorbed
|  CNT fiber

Y _ITOPEN
y
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We first made a family of novel organic solar cells with excellent
performance from the highly aligned nanotube fiber.

Excellent Excellent
electrical mechanical

Flexible
Tunable

% Ref: S. Wang, et.al Angew. Chem., Int. Ed., 2011, 50, 1855.



» The tying knots revealing the high flexibility and resistance H N

Carbon Nanotube Fiber

SEM and TEM

to torsion of the nanotube fiber.

» The specific strength is 2.9 times of 771000, and the specific

stiffness is 3.9 times of M70J.

» The conductivities increase with increasing temperatures.

Rl

Q

-

3
Q
H @ 100f °
x
a 80F
~
° 6o} _E
-]
540 n,
3 2 . -
& A A
° 0 1 1 1 1 1
& 0 20 40 60 80 100

Specific Stiffness, E/ p 1108 cm)

Conductivity (S/cm)
>
o

(8}
o
T

0 50 100 150 200 250 30

. . Temperature (K).
a, Mechanical properties of nanotube fibers (red circle),

engineering fibers (cyan triangle) and carbon fibers (blue square).
b, Temperature dependence of the conductivity for a nanotube

fiber. ® 0 14




‘

_—

| é N719 molecules - also well

Polydiacetylene
-Well distributed distributed
a.) Confocal laser scanning microscopy image b,c) SEM images of a
nanotube fiber before (b) and after (c) incorporation of N719.
| a | | b
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®wavatengm ey The two spectra are very similar,
=1 >which indicates that N719 is the
/ / / / source of photocurrent
— - tion.
(7;__:_,@_\_\_5 . . generation

- Tﬁree-dimensmnal ec;nduct!on ’r;'rodel

E action siectrum (red line) and the UV-vis absorption spectrum of N719 in ethanol (blue line)

c, Schematlc dia
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Isc/NA  =—p

The nanotube fibers with different diameters

Diameter Jsc Voc FF n
(1um) (111.»'3..*’(:1112) ) (20) S
Current densities
6 11.0+0.7 0.45+0.02 0.41+0.03 2.03+0.20 N
decreased with
10 7.6x0.2 0.48+0.03 0.39+0.01 1.42+0.10 . A
increasing fiber
13 3.1+0. .25+0.04 .40+0.02 .31+0.03 o
1+0.3 (8] +0.04 0.40+=0.0 0.31+0.0 dlameters
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Conclusions

» High alignment of building nanotubes allows
charges to separate and transport along the
fibers efficiently.

» Expands the scope of materials and
architectures available for high-performance
photovoltaic devices.
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Nanoparticle-TiO,
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Doping one- Zn/W Doping on FF

P

' The analysis on FF is relatively

rare

Previous

Studies
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Doping one- Zn/W Doping on FF

Table. Measured performance parameters of all the DSSCs

DSSC series

Jo (mAcm %)

Doping amount Ve (mV) FF (%) n (%) RatVv,Q m
Zn-doped 0% 7.63 = 0.03 754 + 3 72.4+0.1 4.17+0.03 37.0%1.0 247+ 0.0
0.5% 8.15 + 0.02 799 + 3 75402 491+ 0.0 352+04 220+ 0.01
1.0% 7.86 = 0.01 785+ 3 76.4 0.0 471+ 0.0l 342+02 207002 m can reflect the leakage of
2.0% 7.69 = 0.00 TI7+3 77.6 0.1 464+ 0.01 36.9 0.2 186202 current and
3.0% 6.42 + 0.02 787 = 3 77.8+0.3 3.94+0.01 373%0.6 1.85+0.01 . . .
, . : . o : carrier and non-radiative
4.0% 7.52 + 0.03 811 =3 783 +0.1 77 +0.03 32505 1.86+ 0.02 T
10.0% 6.95 = 0.01 831+3 78.6 % 0.1 4.54+0.00 353 %02 1.89+0m recombination caused
W-doped 0% 7.03 + 0.01 620~ 1 77.0+0.2 3.36 0.2 263+0.2 1.51=001 by defects, can characterize
0.1% 743 2004 620+ 1 76.8 0.6 3542002 249+10 1.5120.01 the device reliability
0.2% 8.99 = 0.01 610 % 1 76.4+0.3 4.19%0.03 21202 1.54%0.01
0.5% 9.06 = 0.02 604+ 1 69.6 +0.4 3.81 = 0.01 248 +04 2.16%0.01
1.0% 9.20 = 0,01 594 + 1 69.0 0.2 3.77 = 0.00 26.6 0.2 2.21+0.00
2.0% 9.54 + 0.02 592+ 1 67.0+0.1 3.78 = 0.2 259+04 2.59+0.01
T T 80 . — 78
. Zn Doping 26 "~ .
2.4 _ " s W Doping L 76
/./' 2.44
mkT V — 74
A LR - o | al  \
oc m ka 2.2 : —=—FF ! -
q £ 2 £ 2.0 [72 =
: L 74 18 L70
2 2.0 -0 '\
Vo o4V :
JV exp( ) . S 1.64 68
FF =Zmm _ ka ka — - -
JV qV 1.8 4 T T T T T 1414 : : : —1 66
schoc I Texp(F—2<) —1] 0 2 4 6 8§ 10 0.0 0.5 1.0 1.5 2.0
o mkT 840e— . dopingamout(%) .o doping amount (%) 78
Zn dopin . \ ) ) )
q dv ping - 6209 *1 W Doping
m= [ J— 820 ’./' 178 615 76
KT d(Inl) / ; »
<800] ./ 176 e10{ !
S - —
5 2 E 605 F72 1
] Y . S = 4 2
S 7804 N 1™ S €
600 ] \ 70
760 172 595 & L 68
0o 2 4 6 8 10 5904, . . . —L 66
o doping amout(%) 0.0 0.5 1.0 1.5 2.0 PS 2 %

X Ref: S.Wang, et.al, Appl. Phys. Lett., 2011, 99, 113503.
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Doping one- Zn/W Doping on FF

* The increase in FF with doping amount is due to doping induced improvement of
Voc and reduction of m

*W:

W-doping induced increase in m and decrease in Voc result in the reduction of FF

€ Conclusion:
* The ratio of Voc/m could directly determine FF in a high-accurate approximation

for the cells
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X Ref: S. Wang, et.al, Appl. Phys. Lett., 2011, 99, 113503.
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Shed light on the
influencing factors of FF
and guide the design of new
materials towards high FF
for DSSCs
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Doping two- Fe?*/Fe’* Doping

As compared to the typical single valence state of metal ions (Fe3*)-
doped DSSCs, the multi-valence -doped DSSCs improves short-
circuit photocurrent (J,.) by 17.6% and power conversion efficiency
by 17.2%.

Multi-valence
Undoped S ~doped
ing
Single valence
state doping



Doping two- Fe?*/Fe’** Doping

The surface of Fe?*-
doped

TiO, particles become
steric regularity and

homogeneously.
TEM of (a) undoped, (b) 0.5wt% Fe?* doped and (¢) 1wt% Fe** doped

‘ Shifted toward the 2p3/2 a b = * rawdate

L] ° . T4+ 2 }, ; .. + fit date
higher energy side E ;_ungoped 5 f]f:doped .
€ 532.0 eV implies z ~Fedoped 13 | ~—Fe-doped 2
- & 2p12 2 )
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chemisorbed water
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molecules binding energy / eV binding energy / eV binding energy / eV
@ Fer*-Fe3* co-exist for

0.5wt% Fe?" ions doping

*

XPS spectra: (a), Ti** 2p (b), O* 1s (c), and Fe 2p

_ -~ %

X Ref: S. Wang, et.al, 2012 , CN102751099A, Chinese patent



Doping two- Fe?*/Fe’" Doping
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X Ref: S. Wang, et.al, 2012, CN102751099A, Chinese patent
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Conclusions

» The dependence of FF on Voc and m for DSSCs with
Zn- or W-doped Ti0O, is analyzed based on a single-
diode model.

» Fe-doping results in a relatively positive surface, and
reduces the direct excitation of T10,.
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Innovative Design

SrCO; layer suppress charge recombination and a fresh TiO,
layer available for efficient electron injection

=

TiO, film )

@

initially over the past 20 years in this work
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¥ Ref: S. Wang, et.al, Phys. Chem. Chem. Phys., 2012, 14, §816.
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St/Ti ratio J./ mA cm™ V!V FF n (%)
TiO, 6.28+0.06 0.788+0.012 0.69+0.02 3.41+0.12
TiO,-TiCl, 7.53+0.07 0.815+0.015 0.69+0.01 4.23+0.04
TiO,-Sr(OAc),-TiCl, 0.02% 8.83+0.06 0.833+0.005 0.69+0.01 5.08+0.03
0.84
[ |
0.83 4
8.83 [ ]
o / 0.82 -
§7.53 % 0.81
E S
L / 0.80 -
6.28 [ ]
0.79 -
r r T 0.78 r T :
TiO2 TiO2-TiCl4 TiO2-Sr(OAc)2-TiCl4 TiO2 TiO2-TiCl4 TiO2-Sr(OAc)2-TiCl4
1.0
5.2
[ |
- - 4.8
4.4
o 0.5 D
=~ =
4.0
3.6
: [ |
00 TiO2 Ti02-l’l"iOZ-Sr(OlAc)2-TiCl4 32 Tio2 TiO2-TiCl4 TiOZ-Sr(OIAc)Z-TiCM. 34‘




Double Layer Coating

I

We fabricated thin
films(4.49 = 0.05 pm) through

one-printing

ompared ]
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Effect on dye adsorption and 1PCE

o, .
3 —TiO, 60 - o
024 - = TiO,-TiCl, R
\ - - - - TiO,-Sr(OAc),-TiCl S e A
AN S N
§ g 40 4 7/
S 0.14 W 30
P2 a
< - 20" )
- = TiO,-TiCl, N
. 1041 ----Ti0_-Sr(OAc).-TiCl,
00 Y T T ! 0 T T T ||
400 500 600 700 800 300 400 500 600 700 800
Wavelength / nm 3/ nm
UV-vis spectra for the N719-loaded films IPCE spectra
The Sr(OAc¢),~-TiCl, treatment enhanced dye CIE and CCE both must also be
loading is attributed to the higher isoelectric responsible for the significant increase
peint for SrCO, than that for TiO, in IPCE.
¥ Ref: S. Wang, et.al, Phys. Chem. Chem. Phys., 2012, 14, §816. P 3%

—



Effect on conduction band level and
electron transport

084 = TiO, |—==TIG,
- ]—e—TiO,-TiCl,
e TiO -TiCl *
A" , a 4E-5-—1—T|D -Sr(OAc),-TiCl, /
. TIOQ-Sr(OAC)z-TICL
0.7+ _
> W
= = JE.5. */
0
0.6 1
T3 1‘ T T T
e € 0.6 0.7 0.8
V IV
o Q/uC cm'? oc
(Ci)gles,lilt-;larl:l(l:;ept? (c)itfc\iloi‘ttage s @ function of charge electron diffusion coefficient
The surface charge of the TiO,—Sr(OAc),-TiCl, Trap density is reduced by TiCl,
electrode is dominantly controlled by the final- treatment and further reduced by

step TlCl4 treatment Sr(OAc),-TiCl, treatment.

¥ Ref: S. Wang, et.al, Phys. Chem. Chem. Phys., 2012, 14, §816. 34.
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Effect on charge recombination

= TiO, « TiO,
 TiO,-TiCl, 14 e TIO,TiCl,
4 TiO,-Sr(OAc),-TiCl, : TiO,-Sr(OAc),-TiCl,
e 1074
é’ »
s
0.1
107+ :
10' 10° 20 40 60 80 100
Q/uCem? Q/uCcm*
recombination current vs. charge density electron lifetime against charge density
The introduced electronically insulating layer Treatment with Sr(OAc), followed by
of SrCO,; layer further decreases the TiCl, treatment further improved
mbination rate constant by 2-fold the electron lifetime by 2-fold
¥ Ref: S. Wang, et.al, Phys. Chem. Chem. Phys., 2012, 14, §816. P 3%
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Conclusions

| | Reduced
| | recombination
Two surface | Caused significant | .
i ments cantt | improvements of j Insulating layer blocks

the access of the
injected electrons
back to the surface

\ Double Layer /
Coating

positive shift of CB both Jsc, Vocandn ||
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Novel solar cell from flexible, light-
weight, ultrastrong, and semiconductive
nanotube fiber

FF increases with the doping
amount of Zn(II) but decreases
with W(V]) in TiO,

~a~undoped
—-0.5% Fe* Ti0, 8

Electrode

1% Fe”
> By
—4-0.25%Fe" - 0.25%Fe

TiO,
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2. .
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, ZetaPotentialimV

Modify surface polarity that
caused surface positively charged,
repressed charge recombination

*

Insulating layer of SrCO; increases
dye adsorption and improves
charge separation efficiency
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