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Photovoltaic ~PV! devices, using 4,48,49-tris~2-methylphenylphenylamino!triphenylamine
~m-MTDATA ! as an electron donor and tris-~8-hydroxyquinoline! aluminum~Alq! as an electron
acceptor, were fabricated. The relationship between photocurrent generation, exciplex formation,
and device structure was explored. PV performance was significantly enhanced by inserting a thin
mixed layer ~5 nm! of m-MTDATA and Alq between the two organic layers of the original
m-MTDATA/Alq bilayer device. Both the bilayer and trilayer devices showed PV and
electroluminescent~EL! properties, suggesting their potential use as multifunction devices. It was
also shown that strong EL emission from exciplex might be used as an indicator of efficient exciton
dissociation during the reverse PV process. ©2002 American Institute of Physics.
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Organic electroluminescent~EL! and photovoltaic~PV!
devices with heterojunctions have attracted much atten
since the reports by Tanget al.1,2 Both types of devices hav
numerous advantages, such as light weight, low cost,
easy fabrication, over their inorganic counterparts. The
combination of an electron and hole to form exciton~or the
reverse process, i.e., exciton dissociation! at the organic het-
erojunction is a critical process for the operation of the
devices. Therefore, it is important to understand the relat
ship between exciton actions and organic interface for
signing devices with better performance and for understa
ing details of a mechanism.

The contact of two molecules often led to nonintrins
broadband luminescence~usually move to the longer wave
length side!. This is due to the emission from an exciple
formed between the two materials.3 Exciplex emission has
been the subject of recent studies.4–7

In the field of organic PVs, interpenetrating or blending
of materials, such as polymers and C60, provides an effic
transient charge transfer between a donor and acceptor, a
percolation path for oriented carrier transport followed
charge collection.8,9 Doped organic crystal has also been
ported to be a promising pathway for highly efficie
photon–electron conversion.10 Therefore, increasing the

a!Author to whom correspondence should be addressed; electronic
apannale@cityu.edu.hk
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donor–acceptor contact area and providing transport p
for holes and electrons are important for obtaining efficie
PV cells. Although thermal coevaporation of low molecula
weight organic materials provides contact on a molecu
level, so far, most PV devices reported were prepared by
coating instead of thermal evaporation.

On the other hand, in order to convert incident photoe
ergy efficiently into photocurrent, photoluminescence m
be suppressed. As a matter of fact, the transient charge tr
fer in the PV process takes place between two molecule
sites, which strongly interact with each other. In this sense
is a kind of exciplex formation, showing no luminescence
serious luminescent quenching. On the contrary, it is w
known that luminescence can be suppressed by the forma
of exciplex. The formation and dynamics of an exciplex a
quite complicated and very sensitive to the environmen
factors, such as solvents and the surrounding field.11,12 This
sensitivity not only provides an effective probe for fund
mental study but also gives flexibility for controlling thes
kinds of excited states for practical use. Further insight of
exciplex is available in the review by Bhattacharyya a
Chowdhury.13

Here we report the relationship between the PV,
properties, and exciplex formation in the same organic
vices, and the effects of device structure on the PV and
performance. 4,48,49-tris~2-methylphenylphenylamino!tri-
phenylamine~m-MTDATA !, which is known to form an ex-
il:
8 © 2002 American Institute of Physics

 license or copyright; see http://apl.aip.org/about/rights_and_permissions



m
at

d
ef
he

ed
nd
in
e
wa
n

y
n
.
r
e

de

e

w

s

hi
A
on
ha

m
n-

be-
od

-
and
its
,

ton

e

35
b-

rved
b-
r
yer
ilar
ice
nd
n
ha-
in-

an

It
s

-
is

2879Appl. Phys. Lett., Vol. 81, No. 15, 7 October 2002 Hong et al.
ciplex with tris-~8-hydroxyquinoline! aluminum ~Alq!,4,14

was chosen as the electron donor and hole-transporting
terial, and Alq as the electron acceptor and transport m
rial. For comparison, N,N8-diphenyl-N,N8-bis~1-naphyl!-
(1,18-biphenyl! ~NPB! was also used. Our results indicate
that strong EL emission from an exciplex might indicate
ficient exciton dissociation during the PV process in t
same devices.

m-MTDATA was synthesized according to the report
method.15 Other materials were commercially available a
used in this study without further purification. Indium t
oxide ~ITO! coated glass substrate, with a sheet resistanc
100V/h, was cleaned by detergent sonication deionized
ter rinse and UV ozone treatment. All the organic layers a
a Mg: Ag ~200 nm, 10:1! alloy cathode were sequentiall
deposited onto the ITO substrates by thermal evaporatio
a pressure of 231026 Torr without breaking the vacuum
Deposition of all layers was monitored by quartz oscillato
and controlled at a rate of 0.2–0.4 nm/s for the organic lay
and 1.0 nm/s for the cathode. All the current–voltage (I –V)
curves of PV devices in the light state were obtained un
an irradiance of 1.27 mW/cm2 from a Handy UV-240 re-
chargeable 365 nm UV light source. All measurements w
carried out in ambient air at room temperature.

Devices fabricated in the present study have the follo
ing configurations:

~a! m-MTDATA bilayer device: ITO/m-MTDATA~50 nm!/
Alq~60 nm!/Mg:Ag;

~b! m-MTDATA trilayer device: ITO/m-MTDATA~50 nm!/
m-MTDATA:Alq ~5 nm!/Alq~60 nm!/Mg:Ag;

~c! NPB bilayer device: ITO/NPB~50 nm!/Alq~60 nm!/
Mg:Ag; and

~d! NPB trilayer device: ITO/NPB~50 nm!/NPB:Alq~5
nm!/Alq~60 nm!/Mg:Ag.

In the mixing layer, the weight ratio of two compound
was 1:1.

The PV response of the four devices fabricated in t
work is shown in Fig. 1. It can be seen that the m-MTDAT
devices have much better performance than the corresp
ing NPB devices, and the trilayer devices perform better t
the corresponding bilayer ones.

Under UV illumination, the m-MTDATA bilayer device

FIG. 1. I –V curves of PV devices under 1.27 mW/cm2 UV light irradiance,
m-MTDATA/Alq ~square!, m-MTDATA/m-MTDATA:Alq/Alq ~circle!,
NPB/Alq ~up triangle!, and NPB/NPB:Alq/Alq~down triangle!.
Downloaded 05 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
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showed an open-circuit voltage (Voc) as high as 1.30 V and
a short-circuit current (I sc) of 0.0098 mA/cm2, which corre-
sponds to a quantum efficiency of 2.6%. The maximu
power conversion efficiency is 0.24%. To obtain better co
tact of the two compounds, a mixed layer was inserted
tween the original two layers. Similar to the blending meth
used in devices based on an organic molecule5 and
polymer,6,16 by adding a 5 nmm-MTDATA:Alq mixed layer,
the quantum efficiency atI sc and the maximum power con
version efficiency were increased considerably to 3.8%
0.40%, respectively. It is clear that the bilayer structure lim
the contact of Alq and m-MTDATA molecules significantly
although the energy level structure is suitable for exci
dissociation.

When the m-MTDATA bilayer and trilayer devices wer
illuminated by monochromatic light~obtained from a
Perkin–Elmer LS50 fluorescence spectrophotometer! of dif-
ferent wavelengths at a constant power density of
mW/cm2, the photovoltage–wavelength curves were o
tained~Fig. 2!. Absorption spectra of thin films of Alq and
m-MTDATA and combined Alq/m-MTDATA were also
shown for comparison. No detectable change was obse
by the insertion of the mixing layer. It is clear that the a
sorption of both m-MTDATA and Alq was responsible fo
the photoinduced carrier generation. The bilayer and trila
devices had the similar PV response, indicating a sim
mechanism in the two devices, although the trilayer dev
exhibited higher photovoltage. Filled factors for bilayer a
trilayer devices~0.21–0.23! are almost same, independent o
the devices structure, indicating that the generation mec
nism of photoinduced carriers probably depended on the
side field and not changed by inserting the mixing layer.

While the molecular structure of m-MTDATA and NPB
are rather similar, and hole mobility of NPB is better th
that of m-MTDATA,17,18 the PV performance of the
m-MTDATA and the NPB devices differed considerably.
can be seen from Fig. 1 that theI sc of the NPB-based device
is almost one order smaller than that of the m-MTDATA
based devices in spite of superior hole mobility of NPB. It

FIG. 2. PV dependence on excited wavelength of m-MTDATA/Alq~solid
circle! and m-MTDATA/m-MTDATA:Alq/Alq ~solid square!, and absorp-
tion spectra of Alq film~up triangle!, m-MTDATA film ~down triangle! and
combined m-MTDATA/Alq film ~diamond!.
 license or copyright; see http://apl.aip.org/about/rights_and_permissions



he
e
si

ed
he
ic
d

ye
d
e

es
s
-
o

w
th
ca
le

e
e
f

lq
he
n
th

ce
w
o

ec

to
ffi-

ex-
even

is-
ent
-
PL
l-

ave
ss

re
ion
was
om
ro-
ce
as-
was
ic
is-

ge
ent

i-

J.

H.

to,

.

ys.

g,

in

d

2880 Appl. Phys. Lett., Vol. 81, No. 15, 7 October 2002 Hong et al.
also interesting that EL spectra of the m-MTDATA and t
NPB devices differ significantly as shown in Fig. 3. Th
bilayer and trilayer NPB devices exhibited the same intrin
Alq luminescence peak at about 525 nm~curve 3 in Fig. 3!,
while the m-MTDATA devices show EL peaks broaden
toward a longer wavelength. The EL spectra of t
m-MTDATA devices could be deconvoluted into the intrins
Alq peak and another one at a longer wavelength. The
convoluted longer wavelength components for the trila
and bilayer m-MTDATA devices are shown as curves 4 an
in Fig. 3, respectively, were due to exciplex formation b
tween m-MTDATA and Alq.4 The exciplex peak in the
trilayer device is stronger than that in the bilayer devic
consistent with a previous study.5 This can be understood a
the mixed m-MTDATA:Alq layer in the trilayer device pro
vides more direct contacts between the two types of m
ecules.

Furthermore, comparing curves 4 and 5 in Fig. 3 sho
the peak in the trilayer device was shifted by 20 nm to
longer wavelength compared to the bilayer device. This
be attributed to the different average distance between e
tron donors and acceptors molecules/ions.19 The present re-
sults suggest that the mixing layer has effectively improv
donor–acceptor contact and reduced the average distanc
tween the electron donors and acceptors. The formation o
exciplex and exciplex emission is enhanced, and the em
sion peak is redshifted.5

Considering the energy levels,4 electron injection from
Alq to m-MTDATA, and hole injection from m-MTDATA to
Alq are difficult due to the large energy barriers at the A
m-MTDATA interface. Thus charge carriers injected from t
respective electrode tend to accumulate at the orga
organic interface under low drive voltages and generate
Alq2 and m-MTDATA1 species. When the spatial distan
between the two species was small enough, the ion pairs
be bound by Coulomb force. In this case, the formation
the exciplex is caused by carrier injection. Therefore, el
tron transition from Alq2 to m-MTDATA1 either gives rise

FIG. 3. EL emission from devices, m-MTDATA/m-MTDATA:Alq/Alq~1,
down triangle!, m-MTDATA/Alq ~2, square!, NPB/Alq ~3, circle!, exciplex
emission from m-MTDATA/m-MTDATA:Alq/Alq ~4, diamond!, and
m-MTDATA/Alq ~5, up triangle!.
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to the nonintrinsic emission from an exciplex or leads
other nonradiative processes. Exciplex is usually less e
cient emissive center and thus is harmful for EL emission.4,14

The situation in the trilayer device was almost the same
cept that the average donor–acceptor distance was
smaller. This, therefore, causes redshift in the exciplex em
sion. Both the EL and PV processes in the pres
m-MTDATA devices involve exciplex formation. It is con
sidered that exciplex formation and emission in EL and
studies could be criteria for selection of PV materials. A
though similar materials20 and devices with both EL and PV
functions21 have been reported, the present devices h
much better performance, including high EL brightne
~.400 cd/m2 within 10 V!.

In summary, PV devices sensitive to near-UV light we
obtained. The relationship between the exciplex emiss
and PV effect of devices based on a starburst amine
established. A relatively strong PV effect was observed fr
the EL devices which showed exciplex emission. The int
duction of a mixing layer enhanced both the PV performan
and the exciplex emission. Our results showed that incre
ing the contact between electron donors and acceptors
an efficient way to improve the PV performance of organ
molecular devices. It is considered that strong exciplex em
sion in an EL device is a good indicator of efficient char
transfer at the organic interface, which is a basic requirem
for good PV performance.

This work is supported by the NSFC/RGC project N_C
tyU 114/00.
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