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In this work, we investigate the influence of different indium tin oxide~ITO! surface treatments on
the performance of organic solar cells. ITO substrates have been characterized by Hall
measurements, Seebeck coefficient measurements, surface sheet resistance measurements, and
surface probe microscopy. Single layer~ITO/copper phthalocyanine~CuPc!/Al ! and double layer
(ITO/CuPc/C60/Al) solar cells were fabricated. It was found that the surface treatments changed the
parameters of the ITO~work function, carrier concentration, sheet resistance, surface roughness!
and significantly influenced the solar cell performance. The AM1 power conversion efficiency of the
ITO/CuPc/C60/Al cell with optimal surface treatment (;0.1%) is 1 order of magnitude larger than
the power conversion efficiency of the solar cell fabricated on untreated ITO substrate
(;0.01%). The AM1 power conversion efficiency can be further enhanced with improved device
structures. Obtained AM1 power conversion efficiency for a three layer structure
ITO/CuPc/CuPc:C60 (1:1)/C60/Al was measured to be 0.16%. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1565824#
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I. INTRODUCTION

Indium–tin–oxide~ITO! is frequently used as an elec
trode in flat panel displays, solar cells, and organic lig
emitting diodes~OLEDs! due to its high conductivity and
transparency in the visible spectral region. ITO is a hig
degeneraten type semiconductor with a wide band gap a
relatively high work function. The effect of various surfac
treatments@plasma, chemical, ultraviolet~UV! ozone, etc.# to
the ITO properties and the OLED performance was ext
sively studied.1–22 Surface treatments have an effect on IT
parameters such as the work function, surface roughn
carrier concentration, mobility, and surface sheet resista
so that with appropriate surface treatment significant
provement in the OLED performance can be achieved. K
et al.1–4 studied the influence of the oxygen plasma, aqu
egia, and combinations of these two treatments to the par
eters of the ITO surface. They have found that the oxyg
plasma treatment results in increased work function,1 in-
creased carrier concentration and slightly decreased mob
resulting in overall decrease in sheet resistance,1–4 and de-
creased surface roughness.1 On the other hand, aquareg
treatment and combination treatments including aquare
produced only slight increase in the work function,1 increase
in the sheet resistance due to decrease in ca
concentration,1–4 and increased surface roughness except

a!Author to whom correspondence should be addressed; electronic
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oxygen plasma followed by aquaregia.1 The best OLED per-
formance in their work was obtained with oxygen plasm
treatment.1–4 The proposed reason for the observed impro
ments in the device performance with oxygen plasma tre
ments in their work is increased work function and hen
improved hole injection. It was also reported that plas
treatments remove an insulating overlayer from IT
surface.14 This assumption was confirmed by conducti
atomic force microscopy study of local conductance of IT
films before and after oxygen plasma treatment.23 The thin
insulating layer is most likely organic hydrocarbons.23 Local
variations in surface potential on ITO surface were a
reported.24 This observation can possibly explain the o
served influence of the ITO morphology to the performan
of organic devices. It was found that the devices fabrica
on ITO substrates with similar work functions but differe
surface morphology exhibit markedly differen
performance.16,17 The lowest turn on voltage was obtaine
with ITO exhibiting granular structure with very roug
surface.16,17 Contrary to that result, improvement with me
chanical polishing of ITO which resulted in smoother surfa
was reported.19 The relationship between oxidative surfa
treatments~oxygen plasma, UV ozone! and ITO parameters
~work function, sheet resistance, carrier concentration
mobility, surface roughness! and OLED performance is no
well understood. It was established that oxidative treatmeil:
2 © 2003 American Institute of Physics
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of ITO surface improve the OLED performance. Exact n
ture of physical processes contributing to this improvem
still requires further study.

Unlike oxidative surface treatments, reported resu
with acid treatments1–3,5–7,20 are somewhat contradictory
Kim et al.1–3 studied the influence of aquaregia treatme
and combined oxygen plasma and aquaregia in different
der. Oxygen plasma treatment alone was recommende
the best treatment in their study as the best compromise
tween device efficiency and stability.1 On the other hand, Li
et al.20 and Nueschet al.5–7 found significant improvemen
in OLED performance with acid treatments, which was
tributed to improved injection due to rougher surface20 and
increased work function of the ITO.5–7 It was also shown
that the acid treatment of the ITO surface~performed after
oxygen plasma cleaning! changes the growth mode o
N, N8-bis-(1-naphtyl)-N,N8-diphenyl-1,18-biphenyl-4,48
-diamine from island growth on untreated substrate to lay
by-layer growth on the treated one.25,26 The differences be-
tween reported works are possibly due to different ac
used, different acid concentrations, different treatment tim
and different device structures. Different acids result in d
ferent work function and sheet resistance values, as we
different rms surface roughness and surface morphologie18

It was also demonstrated that optimal surface treatment/
parameters are dependent on the material used.1,20Therefore,
it is difficult to make any general recommendations conce
ing ITO surface treatments other than that oxidative~oxygen
plasma or UV ozone! treatment will result in better OLED
performance compared to OLEDs fabricated on untrea
ITO. Optimal treatment, however, may depend on the ma
rials used and it is also likely to depend on the starting pr
erties of ITO. Exact nature of the physical processes resp
sible for the influence of surface treatments to the OL
performance is still not entirely clear.

In spite of recognized critical importance of the IT
surface in performance improvement of OLEDs, studies
the relationship between ITO surface properties and org
solar cell performance have been scarce. At most, UV oz
or oxygen plasma would be used as a part of ITO clean
procedure27,28 in order to remove carbon from the interfac
without studying the implications of such surface treatme
to the solar cell performance. In this work, we have stud
the properties~work function, sheet resistance, carrier co
centration and mobility, and surface topography! of ITO sur-
face after different surface treatments~UV ozone, acid treat-
ment, mechanical treatment and their combinations! and the
performance of single layer~ITO/copper phthalocyanine
~CuPc!/Al ! and double layer~ITO/CuPc/fullerene (C60)/Al)
solar cells fabricated on ITO substrates subjected to diffe
surface treatments. Studies of metal phthalocyanine
metal Pc/C60 based organic solar cells have been reported
the literature.27–31 There exists significant variation of th
reported power conversion efficiencies. Reported white li
conversion efficiencies in these devices vary from 0.00
for ITO/C60/OTiPc/CrAu cell31 over 0.2% for CuPc/C60

double layer cell with optimized thickness28 to 3.6% for a
double heterostructure device.27 Since the materials used a
known to yield promising results, solar cells based on th
-
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materials can serve as a model devices for studying the
fluence of the ITO surface treatments to the organic solar
performance. The article is organized as follows. In the f
lowing section, experimental details are given. In section
obtained results are presented and discussed. Finally, co
sions are drawn.

II. EXPERIMENTAL DETAILS

The devices were made using high purity CuPc pow
which had been purchased from Strem Chemicals and60

which had been purchased from Materials and Electroche
cal Research Corp.~Tucson, AZ!. ITO glass substrates with
surface sheet resistance;10V/square were supplied b
China Southern Glass Holding Co. Ltd., Shenzhen, Ch
while ITO glass substrates with surface sheet resista
;23.5V/square were supplied by Varitronix Limited, Hon
Kong. Unless otherwise specified, ITO glass substrates w
surface sheet resistance;10V/square were used. Prior t
evaporation, ITO substrates were cleaned, first by rubb
with cotton and acetone, cotton and ethanol, then in ul
sonic bath for 10 min in acetone, ethanol, and de-ioniz
water consecutively and blow dried in nitrogen. If no surfa
treatment other than cleaning with organic solvents as
scribed above is performed, ITO substrates will be refer
to as untreated or as-cleaned substrates. Acid treatment
performed by dipping the substrate into 4% aqueous a
solution for 1 min. The acid used was HCl since it produc
the best results for organic light emitting diodes.18 UV ozone
treatment was done for 10 min, with 12 cm distance betw
20 W UV light source and the sample. Mechanical treatm
has been performed using clean room wiper rubbing. T
samples were ultrasonically cleaned with deionized water
ter mechanical treatment. The films were evaporated in h
vacuum. Pressure during evaporation was of the or
1024 Pa. The evaporation rate was 1–2 Å/s. The dista
from source to film was about 23 cm to ensure uniformity
film thickness, and the substrate holder was rotating. T
thickness of the films was controlled using quartz thickn
monitor.

After evaporation, film thickness was verified using st
profiler Dektak 3. For the comparison of different ITO su
face treatments, the substrates treated in a different ma
were placed on the sample holder and all the devices on
different substrates were fabricated during the same dep
tion process. Eight cells were fabricated on each substr
Absorption spectra were measured using Hewlett Pack
8453 UV-Vis spectrometer. The current–voltage (I –V) char-
acteristics were measured using Keithley 2400 sourcem
For white light efficiency measurements, Oriel 66002 xen
arc lamp with AM1 filter was used. Hall measurements we
performed using Bioradhl 5500 PC. Scanning tunneling m
croscopy~STM! and atomic force microscopy~AFM! mea-
surements were performed using Digital Instruments Na
scope III and Autoprobe CP. The work function change
different surface treatments has been estimated from the
neling current in STM measurement. The effect of the wo
function on the tunneling current at barrier widths is deter-
mined by32
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FIG. 1. AFM images of ITO substrates:~a! untreated,~b! UV ozone treated,~c! UV ozone and HCl treated, and~d! mechanical and UV ozone and HCl treate
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5expF2

4psA2m

h
~Aw12Aw2!G , ~1!

wherem is the electron mass andh is the Planck’s constant
andw1 andw2 are the work functions of materials compare
The comparison was performed for fixed distances55 nm.
The work function change was calculated by averaging
results obtained for ten samples. Obtained results sho
good reproducibility, with work function differences betwee
different substrates in the range of60.2 eV. These smal
variations among the samples are likely due to inherent lo
variations in surface potential of ITO.24 The trends in the
work function change, such as, for example, increase of
work function with UV ozone treatment, are highly repr
ducible. Surface sheet resistance was determined from
point probe measurements~Signatone! and Hall measure-
ments. Seebeck coefficient measurements were perfor
using a home-built apparatus consisting of heating elem
and thermoelectric cooler with independent power supp
to ensure stable and independent control of the tempera
of the two measurement points. Temperature was meas
using thermocouples, and Seebeck voltageVs was measured
using Keithley 2400 sourcemeter. Samples for Seebeck c
ficient measurements consisted of ITO substrates with dif
ent surface treatments. The electrode spacing was 2.0
The temperature difference between two measurement p
was 5 K. Seebeck coefficient measurements represent u
characterization technique for determination of the Fe
level position.33–35 Seebeck coefficient is defined as33,34
.
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S~T!5 lim
DT→0

Vs~T,DT!

DT
5

k

e S DE

kT
1AD , ~2!

wherek is the Boltzmann constant,T is the temperature in
K, DE is the difference between Fermi level and top of t
valence band~bottom of the conduction band!, while A is a
factor dependent on the scattering parameter and the F
level.36,37 In some materials, such as organic materials34 and
CdO,36 A can be considered a constant.

III. RESULTS AND DISCUSSION

Figure 1 shows the AFM images of the ITO substrat
as cleaned, after UV ozone treatment, after UV ozone
lowed by HCl, and after combination of mechanical, U
ozone and HCl treatments. Untreated ITO substrate exh
flakes resulting in rather flat surface with low rms roughne
UV ozone treatment results in the reduction of surfa
roughness, while UV ozone followed by HCl results in si
nificant increase of the surface roughness. Lowest sur
roughness is obtained for the mechanical treatment follow
by UV ozone and HCl. Results obtained on the ITO su
strates from the same supplier show good reproducibi
However, if we compare the results obtained for substra
obtained from different suppliers, we can observe sim
trends but different magnitude of changes~i.e., changes in
sheet resistance, work function, and surface roughness!. This
is most likely due to significant differences in surface mo
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phology of ITO from different suppliers and with differen
initial properties. This is illustrated in Fig. 2, which show

FIG. 2. STM images of ITO substrates:~a! untreated~rms roughness 2.9
nm!, ~b! oxygen plasma treated~rms roughness 1.9 nm!, and~c! HCl treated
~rms roughness 1.3 nm!.
scanning tunneling microscopy~STM! images of the ITO
substrates with surface sheet resistance 23.5V/square.

ITO substrates after different surface treatments w
characterized with STM, Hall measurements, surface sh
resistance measurements, and Seebeck coefficient mea
ments. The results are summarized in the Table I. It can
observed in Table I that only UV ozone followed by HC
treatment leads to increased surface roughness. As expe
UV ozone yields increase in the obtained work function.
crease in the work function of ITO with oxidative treatmen
~oxygen plasma, UV ozone! has been attributed to carbo
removal from ITO surface,8,12,13larger number of states cre
ated close to and possibly below the edge of the conduc
band,2,3 or shift of the Fermi level.21,22It should be noted tha
the work function and sheet resistance values are depen
not only on type of treatment but also on treatment time1,2

This was explained by interplay between different mec
nisms responsible for the work function change.1 Three pos-
sible causes for the shift of the Fermi level with ITO surfa
plasma treatments have been identified: surface states cr
by plasma treatment, change in the ratios of surface cons
ents ~In, Sn, O!, and formation of surface dipoles.22 Most
likely the contributions of these causes are combined to p
duce the observed work function shift. The possible role
surface states created by plasma treatment is not ent
clear since Ar plasma, unlike oxygen plasma, does not re
in the increase of the work function.12,22 Also, Ar plasma
treatment yields lower carbon contamination compared
oxygen plasma, yet the obtained work function is lower
Ar plasma treatment.1 It was suggested that the influence
carbon contamination removal is far less significant con
bution to work function change compared to the band be
ing and Fermi level shift.21 However, it was also found tha
the changes in carrier concentration do not correlate i
simple way with the changes in surface composition.21 This
indicates that, indeed, there are multiple mechanisms c
tributing to the observed phenomena.

Contrary to results of aquaregia and oxygen plas
treatments reported by Kimet al.2,3 all the treatments em
ployed in this work result in increase in the surface carr
concentration with the largest increase obtained by
ozone treatment which also corresponds to the lowest mo
ity. Obtained increase with combination treatments in o
work is also significantly higher compared to combinati
treatments used by Kimet al.1–4 This is not surprising since
the results reported in the literature for acid surface tre
ments of ITO are to some extent contradictory. Kimet al.1–3

have found that aquaregia and combination treatments
creased sheet resistance and decreased ca
concentration,1,2 while work function showed nonmonoto
nous dependence on the time of aquaregia treatment and
face roughness was increased.1 The lowest turn on voltage
and highest luminance was obtained for oxygen plasma tr
ment, though oxygen plasma followed by aquaregia yield
higher efficiency. Aquaregia treatment alone resulted in b
ter performance than aquaregia followed by oxygen
ITO/poly(p-phenylene vinylene (PPV)/Ca devices, while
ITO/poly(4,48-diphenylene diphenylvinylene)/Ca aquareg
followed by oxygen plasma shows the best performanc1
Lowest carbon contamination of ITO surface out of oxygen
plasma only, aquaregia only, and two combined treatments
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5476 J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 Djurišić et al.
was obtained for aquaregia followed by oxygen plasm
while oxygen plasma followed by aquaregia resulted in hi
est sheet resistance and lowest surface roughness.1 Li et al.20

found significant improvement in the device performan
with aquaregia treatment. The optimal treatment time a
resulting sheet resistance was dependent on the material
for hole transport layer.20 Observed improvements were a
tributed to improved hole injection due to increased surf
roughness with acid treatment.20 Nuesch et al.5–7 studied
acid and base treatments of ITO surface~the surface was
cleaned with oxygen plasma prior to acid treatment!. The
devices treated with H3PO4 exhibited lower turn-on voltage
and higher efficiency compared to oxygen plasma o
treated devices.5 The improvement in the device performan
was attributed to the increase in work function due to pro
nation of ITO surface and the formation of the surfa
dipole.5–7 The differences among the reported results m
likely arise from the use of different acids, different solutio
concentrations and treatment times, and different initial I
parameters.

The lowest sheet resistance in our work was obtained
UV ozone treatment as determined by Hall measureme
while for four point probe technique mechanical treatm
followed by UV ozone and HCl gave the lowest resistan
The difference between the two measurement technique
most likely due to the fact that Hall measurement was p
formed immediately after the treatment, while four po
probe measurement was performed approximately 15
after the treatment. The obtained results indicate lower re
tivity of the surface of ITO with mechanical treatment fo
lowed by UV ozone and HCl. We have not investigated m
chanical treatment alone since in our previous work
resulted in very smooth surface but inferior OLE
performance,18 which is also in agreement with results
Fujita et al.11 Decrease in mobility found in oxygen plasm
treatments of ITO surface2,3 are easy to explain due to de
fects induced by ions. However, reduction in mobility wi
UV ozone treatment observed in our work is more difficult
explain. It is possible that removal of organic carbon co
tamination from the ITO surface would result in existence
dangling bonds and surface states which may result in
decrease of mobility. Increased reactivity of ITO surfa
cleaned by UV ozone or oxygen plasma is another indica
in favor of this assumption. However, observed phenome
requires further study before definite explanation can
found.

It should also be pointed out that the obtained results
most likely strongly dependent on the initial ITO used. Fro

TABLE I. ITO parameters for different surface treatments.

ITO treatment
DF
~eV!

Ns(1017

cm22)
m

(cm2/V/s)

Rs

~V/!!
Hall

Rs

~V/!!
4pp

rms
roughness

~nm!

Untreated — 0.54 14.3 8.02 15.8 1.28
UV ozone 0.75 1.48 6 7.03 16.5 1.10
UV ozone1HCl 0.5 0.73 11 7.76 16.6 2.63
Mech.1UV
ozone1HCl

0.19 0.85 10 7.37 15.0 1.06
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comparison of the Figs. 1~a! and 2~a! large difference in the
surface morphology of ITO glass substrates with surfa
sheet resistance;10V/square and substrates with surfa
sheet resistance 23.5V/square is obvious. More importantly
these two types of ITO substrates produce different res
with surface treatments. In the latter case, we observe
more significant increase in sheet resistance with treatm
using HCl, as well as smaller changes in work function w
oxidative treatments, and more significant reduction of s
face roughness in all cases.18 Therefore, final results of the
surface treatments are dependent on the initial properties
surface morphology of the untreated ITO. We have also p
formed Seebeck coefficient measurements on ITO substr
treated with different treatments. Seebeck coefficient dep
dence on the temperature is shown in Fig. 3. Our experim
tal Seebeck coefficient value for untreated ITO is in go
agreement with a previous study of Hall mobility and Se
beck coefficient of pyrolytic ITO~16 mV/K for carrier con-
centration;1021 cm23).38 It can be observed that Seebe
coefficient exhibits nonlinear temperature dependen
which is markedly nonmonotonous in the case of HCl trea
ITO. The largest value of the Seebeck coefficient is obtain
for the untreated ITO, while surface treatments result in
lower values of the Seebeck coefficient. In a degene
semiconductor, Seebeck coefficient can be expressed as37

S5
p2

3

k

e

~r 13/2!

h*
, ~3!

where r is the scattering parameter, andh* is the reduced
Fermi energyEF /kT, whereEF is measured from the bot
tom of the conduction band. From Eq.~3!, it can be observed
that the Seebeck coefficient is inversely proportional to
separation between the Fermi level and the conduction b
However, scattering parameter r is also dependent on
carrier concentration,38,39 so that it would be difficult to es-
timate the position of the Fermi level based on the Seeb
coefficient measurement only. Also, we cannot observe
direct correlation between the Seebeck coefficient, car
concentration changes, and the obtained work funct
changes. It should be pointed out that previous study on
face treatments of ITO1 also did not reveal any simple rela
tionship between the work function, sheet resistance, and

FIG. 3. Seebeck coefficient vs temperature for different surface treatm
of ITO.
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chemical composition of ITO. The work function shift an
carrier concentration changes with the ITO surface tre
ments are still not well understood and the explanations c
monly proposed in the literature for the work functio
change with the surface treatments of ITO~carbon contami-
nation removal,8,12,13 Fermi level shift,21,22 and the surface
dipole formation5–7,9,10,22! do not fully explain all the experi-
mental data. Carbon removal hypothesis is in contradic
with Ar plasma treatment, which significantly reduc
carbon1 but does not yield increase in the work functio
Fermi level shift hypothesis22 is in contradiction with the
carrier concentration results. From the change in donor c
centration determined in their work, Fermi level shift shou
be ;0.04 eV which was much smaller than the measu
experimental value of;0.3 eV.22 Increased surface carrie
concentration with oxygen plasma treatment obtained fr
Hall measurements1–4 does not support the hypothesis of t
formation of depletion region on the surface. Large wo
function changes reported in the literature for various plas
treatments, including increase in the excess of 1 eV,8 are not
likely to be explained by the Fermi level shift only since t
carrier concentration data do not support such large Fe
level shift. Also, the carrier concentration changes canno
fully explained with the changes in indium/tin ratio and ox
gen content. There is no simple correlation between
changes in surface composition of ITO and the car
concentration.21 Furthermore, some electrically active S
species can be deactivated by forming complexes with in
stitial oxygen.10 Surface dipoles hypothesis, which was us
to explain the work function increase with ac
treatments,5–7 represents another possible explanation for
work function shift with UV ozone10 and plasma
treatment.9,10,22 This hypothesis represents a very likely e
planation for the work function increase with the surfa
treatments of ITO. However, this hypothesis does not cla
carrier concentration and mobility changes with surfa
treatments. Further work is necessary to conclusively es
lish whether formation of surface dipoles causes the w
function change due to vacuum level shift5–7 or due to for-
mation of surface depletion region and Fermi level shif22

and elucidate a relationship between the changes of diffe
ITO properties. Most likely the combined influence of diffe
ent phenomena plays a role in the observed behavior of
with different surface treatments. A variety of possible phy
cal processes in addition to variation of initial properties
ITO and nonlinear dependence of the change of propertie
the treatment time1 contribute to the complexity of the prob
lem of establishing mechanisms responsible for the obse
changes with ITO surface treatments.

After characterizing ITO substrates after different tre
ment, we fabricated Schottky barrier ITO/CuPc/Al and h
erojunction ITO/CuPc/C60/Al. In heterojunction devices
CuPc was doped with C60 in ratio 20:1, while Schottky bar-
rier cells were not intentionally doped. Figure 4 shows
I –V characteristics of the CuPc Schottky cells with differe
ITO treatments under AM1 illumination. The inset show
current-voltage characteristics in the dark. It can be obser
that the HCl treatment whether alone or in combination w
UV ozone increases short circuit current. UV ozone tre
t-
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ment alone also increases short circuit current, but for a v
small amount. HCl treatment alone reduces open circuit v
age, significantly worsens rectification ratio, and increa
the dark current. If acid treatment is performed without p
vious cleaning of the surface with oxygen plasma or U
ozone to remove carbon contamination, it is possible that
residue from chemical reactions between acid and sur
contaminants would modify the growth of organic layer a
contribute significantly to impurities and pinhole defec
thus causing higher current both in the light and in the da
and lower open circuit voltage for HCl only treated cell.
combination with UV ozone, however, open circuit volta
is increased fromVoc50.94 V for the untreated cell toVoc

50.99 V for the UV ozone1HCl treated one, while shor
circuit current density increases from 23.5 to 28.9mA/cm2.
The best efficiency for a Schottky barrier structure, 0.005
was obtained with UV ozone1HCl treatment.

I –V characteristics of a heterojunction cell under AM
illumination is shown in Fig. 5, while the performance p
rameters are summarized in Table II. We can observe tha
this case UV ozone followed by HCl results in inferior pe

FIG. 4. The current–voltage characteristics of CuPc Schottky barrier c
with different ITO treatments under AM1 illumination:~solid line! un-
treated,~dashed line! HCl treated,~dash-dot line! UV ozone treated, and
~dash-dot-dot line! UV ozone1HCl treated. The inset showsI –V charac-
teristics in the dark.

FIG. 5. The I –V characteristics of ITO/CuPc/C60 /Al cells with different
ITO surface treatments under AM1 illumination. The inset shows the d
current.
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formance, while the best results are obtained with mech
cal treatment followed by UV ozone and HCl. The best tre
ment results in order of magnitude larger efficien
compared to untreated cell and about three times larger
ciency compared to UV ozone only treated cell, which
mainly due to larger short circuit current. There are seve
factors which affect solar cells performance that can be
fluenced by ITO surface treatments. It is possible that
surface treatments affect the Fermi level alignment. Nue
et al.40 investigated CuPc layers grown on untreated, arg
plasma, and oxygen plasma treated substrates and found
work function becomes practically pinned at the highest
cupied molecular orbital level of CuPc after 10 nm thi
layer regardless of the surface treatment, which they
plained withp doping of CuPc due to reaction with oxyge
from ITO. Fermi level pinning at the ITO/polymer interfac
was also demonstrated and attributed to a high densit
deep defect states at the interface.41 Both mechanisms, i.e.
surface states and oxygen doping of interfacial region
contribute to the Fermi level pinning on ITO/phthalocyani
interfaces. Small changes in Fermi level alignment of Cu
can affect the open circuit voltage of the cell. Another po
sible contributing factor is the change in surface state d
sity. Reduction in the density of surface states which can
as traps would contribute to the increase in the short cir
current density. From the obtained results, the short cir
current density increase is the main contributing factor to
overall improvement in the cell efficiency. The only signi
cant distinguishing factor, which we can identify among IT
parameters from Table I and Figs. 1 and 3, is the surf
roughness and morphology of ITO. The surface of U
ozone1HCl treatment exhibits highest roughness, with
other parameters very similar to the results obtained w
additional mechanical treatment. Therefore, we conclude
surface roughness and ITO morphology play a signific
role in the solar cell performance. The difference betwe
optimal treatment between single layer and two layer dev
is most likely due to different operational principles in term
of where exciton dissociation occurs~depletion region at
metal electrode versus organic/organic interface!. Since ITO
roughness and morphology influence the subsequent gro
of organic layers, the interfaces in fabricated devices
hence exciton dissociation will depend on the substrate u
ITO interface will also play a role in the carrier collectio
Therefore, interplay between multiple mechanisms will
fluence the performance of the solar cells fabricated on
ferent ITO substrates. Further studies of the ITO/CuPc in
face are needed in order to fully explain the obtained resu

In order to further improve the efficiency, we have fa

TABLE II. Comparison of the ITO/CuPc/C60 /Al solar cells parameters for
different ITO treatments for AM1 98 mW/cm2 excitation.

Treatment/
parameter Untreated UV ozone

UV ozone1
HCl

Mech.1UV
ozone1HCl

I sc (mA/cm2) 0.20 0.60 0.10 1.81
Voc ~V! 0.22 0.44 0.34 0.34

FF 0.17 0.13 0.13 0.15
h ~%! 0.008 0.035 0.004 0.093
i-
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ricated a three layer ITO/CuPc/CuPc:C60 (1:1)/C60/Al cell
on ITO substrate with mechanical1UV ozone1HCl treat-
ment. Comparison between three layer and two layer st
tures is shown in Fig. 6. It can be observed that three la
cell exhibits significantly higher short circuit current an
lower series resistance. The obtained cell parameters
open circuit voltageVoc50.2 V, short circuit current density
I sc53.58 mA/cm2, fill factor FF50.23, andh50.16%. It
should be pointed out that our measurements have been
formed on unencapsulated cells in air immediately after f
rication. While oxygen acts as ap-type dopant in
phthalocyanines,42,43 in C60 oxygen impurities act as carrie
traps and increase the resistance of C60.26 Furthermore, it has
been demonstrated that water molecules decrease su
conductivity of ZnPc layers.44 Negative effects of oxygen
and moisture are the most likely cause of the relatively l
fill factor obtained in our work. Aging effects in air are ver
pronounced, indicating strong negative effects of atmosph
exposure. For example, resistance of a double layer cell
ricated on UV ozone treated substrate increases four ti
after one hour storage in air, while AM1 power conversi
efficiency decreases by 2 orders of magnitude, which de
onstrates strong effects of the air exposure.

IV. CONCLUSIONS

In this work, we investigated influence of surface tre
ments~UV ozone, UV ozone and HCl, mechanical and U
ozone and HCl! to the ITO properties~work function, carrier
concentration and mobility, surface roughness, and morp
ogy! and the performance of the solar cells fabricated
treated ITO substrates. We found that there is a comp
relationship between ITO parameters and the solar cell
formance. The optimal surface treatment~best result ob-
tained for mechanical treatment followed by UV ozone a
HCl! enables a 1 order of magnitude increase in the AM
power conversion efficiency for CuPc/C60 heterojunction cell
~0.09% for the best treatment compared to 0.008% for
treatment!. Power conversion efficiency can further be i
creased by using a three layer structure, which results
0.16% AM1 power conversion efficiency.

FIG. 6. The comparison between double layer ITO/CuPc/C60 /Al and three
layer ITO/CuPc/CuPc:C60 (1:1)/C60 /Al cells under AM1 illumination. The
inset showsI –V characteristics in the dark.
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