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Image sources:

LED: http://www.photonics.com/Article.aspx?AlD=25012 Modulator: Koch, M. H.; Timbrell, P. Y.; Lamb, R. N. Semicond. Sci.

Laser: http://versteegh.webnode.nl/research/ Technol. 1995, 10, 1523. )
Photodetector: Liu, K.; Sakurai, M.; Aono, M. Sensors 2010, 10,

DSSC: Law, M.; Greene, L. E.; Johnson, J. C.; Saykally, R.; Yang, P. Nat

Mater 2005, 4, 455-4509. 8604-8634.
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Phnlnvnltaic Solar Resource : United States and Eermanv
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Table 3.1 | Annual total technical potential of solar energy for various regions of the world, not differentiated by conversion technology (Rogner et al, 2000; their Table 5.19).

Range of Estimates
REGIONS — :
Minimum, EJ Maximum, EJ
Morth America 181 7410
Latin America and Caribbean 13 3,385
Western Europe 25 014
Central and Eastern Europe 4 154
Former Soviet Union 199 8,655
Middle East and North Africa M2 11,080
Sub-Saharan Africa 372 9528
Pacific Asia 4 994
South Asia 39 1,339
Centrally planned Asia 116 4,135
Pacific OECD 13 2,263
TOTAI 1,575 49,837
Potential global solar energy/Global energy demand - () [T

Mote: Basic assumptions used in assessing minimum and maxirmum technical potentials of solar energy are given in Rogner et al. (2000):

*  Annual minimum clear-sky iradiance relates to horizontal collector plane, and annual maximum clear-sky irradiance relates to two-axis-tracking collector plane; see Table 2.2 in
WEC (1994).

»  Maximum and minimum annual sky clearance assumed for the relevant latitudes; see Table 2.2 in WEC (1994).

In IPCC, 2011: IPCC Special Report on Renewable Energy Sources and Climate Change Mitigation. Cambridge University Press: United Kingdom and New I 7
York, NY, USA.
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* Clean energy source

* Domestic energy source

* Abundant energy source

* Save petroleum for other of humanity's needs

Solvents Bicycle Tires Dishwasher parts  Antiseptics
Bearing Grease Sports Car Bodies  Tpol| Boxes Clothesline
::r}k W E_a'r']_PO“ISh Shoe Polish Curtains

oorivax 'Shing 1res Motorcycle Helmet  Food Preservatives
Ballpoint Pens Dresses Caulki Basketball
Football Cleats Tires aulking asketballs
Upholstery Golf Bags Petroleum Jelly Soap.
Sweaters Perfumes Transparent Tape Vitamin Capsules
Boats Cassettes CD Player Antihistamines
Insecticides Purses Faucet Washers Aspirin
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Current economic state of solar cells
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USGS (2000). Mineral Commodity Summaries 2000. U.S. Dept. of the Interior, Geological Survey, Reston.
Wedepohl, K. H. (1995). The Composition of the continental crust. Geochimica et Cosmochimica Acta 59(7): 1217-1232.
Andersson, B. A. (2000) Materials availability for large-scale thin-film photovoltaics. Progress in Photovoltaics, 8, 61-76.
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- E=2.0eV

— Self-doped p-type material by
V

Ccu

— Inexpensive, abundant

— Easy to deposit polycrystalline
through electrodeposition

(2) Nishi, Y.; Miyata, T.; Minami, T. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 2012, 30, 04D103. I 12
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- E=2.0eV

— Self-doped p-type material by ’ - T T
Ve 1 p-Cu,0 \‘_

— Inexpensive, abundant i

— Easy to deposit polycrystalline 5 T
through electrodeposition 5 -1

Zn0O ’ Ll

— n-type doping via hydrogen o n-Zno

— Wide bandgap E,=34eV

— Type Il heterojunction T T T

(2) Nishi, Y.; Miyata, T.; Minami, T. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 2012, 30, 04D103. I 13
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- E=2.0eV

— Self-doped p-type material by ’ - T T
Ve 1 p-Cu,0 \‘_

— Inexpensive, abundant i

— Easy to deposit polycrystalline 5 T
through electrodeposition 5 -1

Zn0O ’ Ll

— n-type doping via hydrogen o n-Zno

— Wide bandgap E,=34eV

— Type Il heterojunction T N T

Theoretical efficiency ~13%.
Current record ~4%.[1]

(2) Nishi, Y.; Miyata, T.; Minami, T. Journal of Vacuum Science & Technology A: Vacuum, Surfaces, and Films 2012, 30, 04D103. I 14
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Radial junction/3D solar cells

Absorption length = o
Minority carrier diffusion length =L __

Recombination — Lost photocurrent
A common design constraint: Total thickness< L__
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For electrodeposited Cu,O:

L.~ 100nm [1]

(1) Musselman, K. P.; levskaya, Y.; MacManus-Driscoll, J. L. Applied Physics Letters 2012, 101, 253503—-253503-5.
(2) Absorption length derived from data in Malerba, C.; Biccari, F.; Leonor Azanza Ricardo, C.; D’'Incau, M.; Scardi,

P.; Mittiga, A. Solar Energy Materials and Solar Cells 2011, 95, 2848—-2854.
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Det WD E,-l_; —|
¢ TLD47 1 051118b, 2-step Zn0 ¢

Thompson, D. B.; Richardson, J. J.; DenBaars, S. P.; Lange, F. F. Applied Physics Express 2009, 2, 042101.
Kim, J. H.; Kim, E.-M.; Andeen, D.; Thomson, D.; DenBaars, S. P.; Lange, F. F. Advanced Functional Materials 2007, 17, 463—-471.
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Richardson, J. J.; Lange, F. F. Journal of
/ surface active agent Materials Chemistry 2011, 21, 1859-1865.
With addition of ammonia, zinc
< | sample - _ .
solubility decreases with increasing
\ temperature!

Sample holder

Richardson, J. J.; Lange, F. F. Crystal Growth & Design 2009, 9, 2570-2575.
Thompson, D. B.; Richardson, J. J.; DenBaars, S. P.; Lange, F. F. Applied Physics Express 2009, 2, 042101.

17
Kim, J. H.; Kim, E.-M.; Andeen, D.; Thomson, D.; DenBaars, S. P.; Lange, F. F. Advanced Functional Materials 2007, 17, 463—-471.
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Create a ZnO seed layer
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Not enough
space between
ZnO wires for
Cu,0.

ZnO wires
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s i Planar ZnO thin film

2! Annealed zinc r‘_
acetate A0
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|deal solar cell formation

Form a p-n junction

n-type

p-type
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Form a p-n junction

As electrons and holes move to

N-type SR P-type  achieve equilibrium, they leave
(Zn0) Phtihzd=Aod (Cu,0)  pehind charged ions.
t Charge density
> X
4 Electric field .
dE p Energy = -qV
> X dx & |
AV %
dVv = 5
N\ dx
\\_ :
Distance
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Measuring current-voltage

v

distance

.........

distance

v

* |.. : short circuit

current.

* Measure of
photon absorption
and carrier
collection.

« V. : open circuit
voltage.

* Measure of built-in
voltage.

Fill factor, FF = (J

max max)/(‘]sc OC)

in dark |

in light

Qc

SC

P

= Vo FF

SC ~ OC

[ >
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Current density (mA/cm?)

-10

Planar ZnO on FTO

/// J =41 mA/cm?

V. =0.236 V

FF =0.305
Eff = 0.30%

- H '
J . increased! NW ZnO on ETO
J__=8.5 mAlcm?

B /"/ e—e NW structure | V =0.216V
&4 Planar structure ¢ .
. . FF =0.308

-0.2 —=0.1 0.0 0.1 0.2 _ 0
Voltage (V) Eff = 0.57%

Nanowires increased carrier collection,
indicated by increased J_.

SC
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EQE =

EQE

External Quantum Efficiency

Wavelength (nm)

wavelength

Wl z. W AA

— Cug0 absorption length
— Solar AM 1.5 irradiance
’5106 5
=
10
D
c 10*
@ i
# electrons collected (A) c 10t
# photons incident (A ) B,
=(absorption probability ) x ( carrier collection probability ) 3 N
............. f(z 1050 300 350 400 450 500 550 600 650

Absorption length derived from data in Malerba, C.; Biccari, F.; Leonor Azanza Ricardo, C.; D’Incau, M.; Scardi, P.; Mittiga,
A. Solar Energy Materials and Solar Cells 2011, 95, 2848-2854.
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_ # electrons collected (A)

EQE = —
# photons incident (A )
=(absorption probability ) x ( carrier collection probability )
EQE '

)

wavelength

— Cu20 absorption length

— Solar AM 1.5 irradiance

105 T T

1

Absorption length (nm)

VAVAV/

250 300 31130 4(I)O 4'!30 5(I)O 5|50 6(|)0 65(8)'0
Wavelength (nm)

Wl z. W AA

Absorption length derived from data in Malerba, C.; Biccari, F.; Leonor Azanza Ricardo, C.; D’Incau, M.; Scardi, P.; Mittiga,

A. Solar Energy Materials and Solar Cells 2011, 95, 2848-2854.
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# electrons collected ()
# photons incident (A )

=(absorption probability ) x ( carrier collection probability )

EQE =

EQE

wavelength

— Cup0 absorption length

— Solar AM 1.5 irradiance
10 E T T T T T T T 1.6

WU z. W AA

1 I | I 1 ] ] ]
250 300 350 400 450 500 550 600 65(8)'0
Wavelength (nm)

Absorption length (nm)

—_

0

Zn0O

Absorption length derived from data in Malerba, C.; Biccari, F.; Leonor Azanza Ricardo, C.; D’Incau, M.; Scardi, P.; Mittiga,

A. Solar Energy Materials and Solar Cells 2011, 95, 2848-2854.
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60 T I | I

&—e NW structure — Cu20 absorption length
A4 Planar structure —~. ¢ L — Solar AM 1.5 irradiance
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Nanowires increase carrier collection
generated by long wavelength photons.
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50 i |
—e Measured immediately in dark

A—4A Measured in 1 Sun light
#—% Measured after light exposure in dark
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=
£
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Photoconductivity

conductivity=une

M : mobility
n : electron concentration
e : charge of electron

Conduction band

Valence band
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Photoconductivity

conductivity=une

H . mobility
n : electron concentration
e : charge of electron

hv>Eg

Conduction band
' Sseee 0 o

../.. ,’O
Valence band

n

Increases.

IT
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Photoconductivity

conductivity=une

M : mobility
n : electron concentration
e : charge of electron

Conduction band

Yy WYY
L J ../.. ,’O
Valence band

Usually happens ~100 ps for Cu,0O.*

N decreases.

(1) Paracchino, A.; Brauer, J. C.; Moser, J.-E.; Thimsen, E.; Graetzel, M. J. Phys. Chem. C 2012, 116, 7341-7350.
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Charging in conductivity is slow
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 Semiconductor
remains conductive
after removal of light —

Persistent
photoconductivity
Before illumination After illumination
* PPC mechanism in ® Oxygen O Oxygen vacancy
CUZO is due to @ Copper O Copper vacancy
dissociation and In Cu,0:

association of (V_ - D(V._) = 9.6x 100 cm?/s

V) complexes. |
In Si:

D(B) = 4.6x10°* cm?/s

D(P) = 1.4x10 cm?/s

A. Mittiga, F. Biccari, C. Malerba. Thin solid Films, 517:2469, 2009. I 39
J. S. Christensen, H. H. Radamson, A. Y. Kuznetsov, B. G. Svensson, Applied Physics Letters 82, 2254 (2003).
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o

n-type NONneee p-type

ghEnan
IATATATAS

<
1
v

V., are highly mobile

t Charge density Compared tO Other
semiconductors.

Internal electric field
drives VCU' motion

' Electric field toward the interface.
dE _p

»x  dx & In Cu,O:
D(V,_,) = 9.6x 10*° cm?/s

In Si:
D(B) = 4.6x10°* cm?/s
D(P) = 1.4x10 cm?/s
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-
9T  1e20
§ g g: Z — 0] | V,, have moved to the interface, leaving behind a
: %’ ot — 1 layer depleted of V.
v = 1
g'_g 0=|=. / ! l L -
&)
~ leb
& 6 g Electric field is larger close the the interface.
4 y Is smaller away from the interface.
9 2r -
&)
00— e Carrier collection is better close to the interface
0123 456 7 8 o rther from the infef
: le—6 worse farther from the inteface.
distance (m) 1€
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Cu,0 film
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| I—— V,, move into region between nanowires,
B creating higher electric field regions.
T T TT T T TT T Incident light
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* Long-term changes result from mobile dopant under the influence of
the internal electric field.

* Structure of the solar cell can strongly influence the effect and the
path of dopant migration.
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Controlled nanostructure with aqueous ZnO synthesis to
obtain both nanowire and planar solar cells

Demonstrated improved carrier collection in the nanowire
structure

Observed changes of EQE over time for both planar and
nanowire devices, which were explained by moving
dopants.
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Nanowire solar cells have potential in increasing carrier
collection efficiency.

Long-term testing of solar cells is a critical part of the
evaluation process.

Device design must account for possible dopant diffusion,
especially in ionic semiconductors.

Creative dopant profiles may be engineered into the structure
to enhance device performance.

Thank you for your attention!
Questions?
Acknowledgements to come....
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