
O
PT

IM
IZ

IN
G

 C
A

R
B

O
N

 N
A

N
O

TU
B

E 
C

O
N

TA
C

TS
 F

O
R

 U
SE

 IN
 O

R
G

A
N

IC
 

PH
O

TO
VO

LT
A

IC
S 

Te
re

sa
 B

ar
ne

s,
 J

ef
f B

la
ck

bu
rn

, R
ob

er
t T

en
en

t, 
A

nt
ho

ny
 M

or
fa

, M
ik

e 
H

eb
en

, a
nd

 T
im

 C
ou

tts
P

V
S

C
 2

00
8

5/
13

/2
00

8

N
R

EL
/P

R
-5

20
-4

32
62

P
re

se
nt

ed
 a

t t
he

 3
3r

d 
IE

E
E

 P
ho

to
vo

lta
ic

 S
pe

ci
al

is
t C

on
fe

re
nc

e 
he

ld
 M

ay
 1

1-
16

, 2
00

8 
in

 S
an

 D
ie

go
, C

al
ifo

rn
ia

.. ..-
~

-
.~

l.
r-

I~
=!

.
N

at
io

n
al

R
en

ew
ab

le
E

n
er

g
y

L
ab

o
ra

to
ry

~
"
Q

.U
'
.
.
.

H
:.

J
L

,

N
R

E
L

is
o

p
er

at
ed

b
y

M
id

w
es

t
R

es
ea

rc
h

In
s

ti
tu

te
·B

at
te

ll
e
~

A
n

a
ti

o
n

a
ll

a
b

o
ra

to
ry

o
ft

h
e

U
.S

.D
e

p
a

rt
m

e
n

to
fE

ne
rg

y
O

ff
ic

e
o

fE
ne

rg
y

E
ff

ic
ie

n
cy

&
R

e
n

e
w

a
b

le
E

ne
rg

y



Tr
an

sp
ar

en
t C

on
ta

ct
s 

in
 P

V
•

 
Th

in
 F

ilm
 D

ev
ic

es
–

 
C

dT
e

 
(1

6.
5%

) –
 

TC
 s

ee
s 

60
0o

C
–

 
C

IG
S

 (2
0%

) –
 

TC
 m

us
t b

e 
gr

ow
n 

at
 ro

om
 T

•
 

TC
O

s
–

 
Zn

O
:A

l, 
S

nO
2

 

:F
, I

n 2
 

O
3

 

:S
n,

 
C

d 2
 

S
nO

4
•

 
TC

s
 

m
us

t m
ee

t d
iff

er
en

t 
re

qu
ire

m
en

ts
 in

 e
ac

h 
te

ch
no

lo
gy

•
 

S
uc

ce
ss

fu
l d

em
on

st
ra

tio
n 

of
 

S
W

N
T 

el
ec

tro
de

s 
in

 th
in

 fi
lm

 
de

vi
ce

s

w
w

w
.n

re
l.g

ov
/n

cp
v/

th
in

_f
ilm

/d
oc

s/w
c4

pa
pe

rn
ou

fi_
_.

do
c

13
%

 w
/C

N
T

12
%

 w
/C

N
T

C
IG

S 
-

 

C
on

tre
ra

s, 
J.P

hy
s.C

he
m

. C
, 1

40
45

, 2
00

7;
 

C
dT

e

 

-

 

B
ar

ne
s, 

A
PL

, 2
43

50
3,

 2
00

7

C
IG

S

ln
O

,I
TO

-2
50

0
A

_
M

o

....
lI!

m
....

..
G

la
ss

C
dT

e
2-

81
Jm

Sn
0 2,C

d z
Sn

0 4-
0.

2-
0.

S
IJm

C
d

T
e

I
C

dS
-6

00
-2

00
0

A

·~
]k
.·
,X
J\
:.
l:
Ji
·:

(~
~·
il
'\
.~
~"
V'
.~
._

!\
.l
{~
l

~
~
·
~
>
\
'
'
i
'
t
i
I
~
,
~
~
'
'
l
.
~
t

'.;
~.
~•."~
I;'

\."
.';

.""
""'

.~"
.

:
.

,
.

-
-
1

'
~.

\.
IJ

I
~

l'
"
~
_
'
~.

·,
l

j;

~.';
,...·
'~
i
,
'"

"I."
-~
.~

..
'..

~•../
~.:

.'\
;.

-'":·
.11~.·

.."
';

~
J
)
"

~,:
}i,

;
\r

~~
:'

:"
;'

I;
-:

~'
::
~

.
,.

..
..

..
•

,J
"

~
.'.J

-'
:.

.1.1
!.!!2

..

Z
n

O
/C

d
S

C
IG

S

G
la

ss
S

n
0

2
C

dS

Z
n

T
e

:C
u

T
i

C
d

S
-7

0
0

A

1-
2.

5
IJ

m

C
dT

e

G
la

ss

.....
-

~.
..

.l
il

~=
!.

N
at

io
na

l
R

en
ew

ab
le

E
ne

rg
y

L
ab

or
at

or
y



C
arbon N

anotube
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asics

•
 

M
any synthesis 

m
ethods

–
 

C
V

D
, A

rc, H
ipC

O
, laser 

vaporization
•

 
E

xtensive post-
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evice Structures
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ulk H
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esults:

J. van de Lagem
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arnes, G

. R
um

bles et al., 
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pplied Physics Letters 88

 

(23), 3 (2006).
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Early SW
C

N
T Production at N

R
EL
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O
”
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ork so far uses laser tubes
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1nm

 < d < 1.4 nm
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N
T
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LV

 tubes are very long w
ith low

 defect 
density (R
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an D

/G
 ~1/190)
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Film
s form

ed by vacuum
 filtration/ 

m
em

brane transfer

W
u, Science. 305, 1274 (2004)
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Scalable Production: U
ltra-sonic spray
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Sprayed vs. M
em

brane Transferred
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C
onductivity in “B

ulk”
 

N
etw

orks

•
 

M
ixture of m

etallic (1/3) and sem
iconducting (2/3) tubes

•
 

Tubes/bundles have high aspect ratio in “good”
 

netw
orks

•
 

M
easured “p”

 
is low

, but netw
orks behave like degenerate sem

i
•

 
M

obility of the netw
ork is very different from

 individual tubes
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H
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2/V
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μ

Η
, N
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SW
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T N
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onductivity
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H
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after deposition
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ork consolidation
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Im
provem

ent
–

 
R

s

 

= 60 Ω
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insing after acid
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otes adhesion
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proves stability
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increases to 108 
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/sq
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D
evices on N

R
EL SW

C
N

T N
etw

orks

•
 

U
ltrasonic spray deposition

•
 

S
everal ~ 3%

 devices 
•

 
Thick active layers -

 
spun at 

200 rpm
 

•
 

R
educing electrode 

roughness is key
•

 
P

E
D

O
T can be elim

inated
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C
onclusions

•
 

S
W

C
N

T netw
orks are the best hole-conducting TC

 
available 
–

 

E
nables new

 device structures using “p”

 

TC
•

 
S

W
C

N
T is a good flexible TC

•
 

O
ptoelectronic perform

ance is im
proving 

–

 

S
W

C
N

T processing, deposition, doping, m
/s

 

ratio
•

 
Im

prove process com
patibility for better device 

perform
ance, new

 architectures (no P
E

D
O

T, invert)
•

 
D

evice perform
ance likely to im

prove for sprayed or 
printed active layers

•
 

S
W

C
N

T netw
orks could be a m

odel for new
 TC

s
–

 

If a com
pletely black m

aterial w
orks as a TC

, then w
hat else 

could w
e use??
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