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In this work, we investigate the influence of different indium tin ox{tlEO) 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 lay&FO/copper phthalocyanin€CuPg/Al) and double layer
(ITO/CuPc/Gy/Al) solar cells were fabricated. It was found that the surface treatments changed the
parameters of the ITQwork function, carrier concentration, sheet resistance, surface roughness
and significantly influenced the solar cell performance. The AM1 power conversion efficiency of the
ITO/CuPc/Gg/ 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:Gy (1:1)/Gso/ Al was measured to be 0.16%. @003 American Institute of
Physics. [DOI: 10.1063/1.1565824

I. INTRODUCTION oxygen plasma followed by aquarediahe best OLED per-
formance in their work was obtained with oxygen plasma

Ino_llum—tm—omde_(ITO) is frequently used as an_ele_c- treatment:~* The proposed reason for the observed improve-
trode in flat panel displays, solar cells, and organic light

emitting diodes(OLEDs) due to its high conductivity and ments |.n the 'deV|ce per.formance with oxygep plasma treat-
transparency in the visible spectral region. ITO is a highlyme”ts in their work is increased work function and hence

degenerate type semiconductor with a wide band gap andimproved hole injection. It was also reported that plasma
relatively high work function. The effect of various surface treatments remove an insulating overlayer from ITO
treatmentgplasma, chemical, ultravioléUV) ozone, etdto  surface!” This assumption was confirmed by conducting
the ITO properties and the OLED performance was extenatomic force microscopy study of local conductance of ITO
sively studied:~% Surface treatments have an effect on ITOfilms before and after oxygen plasma treatnférhe thin

parameters such as the work function, surface roughnesgsulating layer is most likely organic hydrocarbdid.ocal

carrier concentration, mobility, and surface sheet resistancggriations in surface potential on ITO surface were also
so that with appropriate surface treatment significant im'reportedz.“ This observation can possibly explain the ob-

provement in the OLED performance can be achieved. KirrEerved influence of the ITO morphology to the performance

1-4 ; ; 5
et al' stud|ed.the. influence of the oxygen plasma, aguar organic devices. It was found that the devices fabricated
egia, and combinations of these two treatments to the param-

eters of the ITO surface. They have found that the oxyger?n ITO substrates with similar.V\./ork functions but Qiﬁerent
plasma treatment results in increased work function;  surface mg)lrghology exhibit  markedly different
creased carrier concentration and slightly decreased mobiligerformance®!” The lowest turn on voltage was obtained
resulting in overall decrease in sheet resistdnéand de- With ITO exhibiting granular structure with very rough
creased surface roughnés@n the other hand, aquaregia surface:®’ Contrary to that result, improvement with me-
treatment and combination treatments including aquaregiahanical polishing of ITO which resulted in smoother surface
produced only slight increase in the work functioimcrease  was reported® The relationship between oxidative surface
in the sheet resistance due to decrease in carrigfeatmentgoxygen plasma, UV ozoneand ITO parameters
concentratiort, * and increased surface roughness except forwork function, sheet resistance, carrier concentration and
mobility, surface roughnesand OLED performance is not

dAuthor to whom correspondence should be addressed; electronic maivell understood. It was established that oxidative treatments
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of ITO surface improve the OLED performance. Exact na-materials can serve as a model devices for studying the in-

ture of physical processes contributing to this improvemenftluence of the ITO surface treatments to the organic solar cell

still requires further study. performance. The article is organized as follows. In the fol-
Unlike oxidative surface treatments, reported resultdowing section, experimental details are given. In section llI,

with acid treatments®5~72° are somewhat contradictory. obtained results are presented and discussed. Finally, conclu-

Kim et al!~® studied the influence of aquaregia treatmentsions are drawn.

and combined oxygen plasma and aquaregia in different or-

der. Oxygen plasma treatment alone was recommended as

the best treatment in their study as the best compromise bdl: EXPERIMENTAL DETAILS

tween device efficiency and stabilityOn the other hand, Li The devices were made using high purity CuPc powder
et al? and Nuesctet al>~’ found significant improvement \yhich had been purchased from Strem Chemicals agd C
in OLED performance with acid treatments, which was at-whjch had been purchased from Materials and Electrochemi-
tributed to improved injection due to rougher surfécand ¢4l Research CorgTucson, AZ. ITO glass substrates with
increased work function of the ITE)_7 It was also shown surface sheet resistanceloﬂlsquare were Supp"ed by
that the acid treatment of the ITO surfageerformed after  China Southern Glass Holding Co. Ltd., Shenzhen, China,
oxygen plasma cleaningchanges the growth mode of while ITO glass substrates with surface sheet resistance
N, N’-bis-(1-naphtyl)-N,N-diphenyl-1,1-biphenyl-4,4 23 50 /square were supplied by Varitronix Limited, Hong
-diamine from island growth on untreated substrate to layerkong. Unless otherwise specified, ITO glass substrates with
by-layer growth on the treated ofie?® The differences be- surface sheet resistaneel0()/square were used. Prior to

tween reported works are possibly due to different acidsvaporation, ITO substrates were cleaned, first by rubbing
used, different acid concentrations, different treatment timesyith cotton and acetone, cotton and ethanol, then in ultra-

and different device structures. Different acids result in dif-sonic bath for 10 min in acetone, ethanol, and de-ionized
ferent work function and sheet resistance values, as well agater consecutively and blow dried in nitrogen. If no surface
different rms surface roughness and surface morpholdies.treatment other than cleaning with organic solvents as de-
It was also demonstrated that optimal surface treatment/IT@cribed above is performed, ITO substrates will be referred
parameters are dependent on the material 48¥Therefore, to as untreated or as-cleaned substrates. Acid treatment was
it is difficult to make any general recommendations concernperformed by dipping the substrate into 4% aqueous acid
ing ITO surface treatments other than that oxidatiweygen  solution for 1 min. The acid used was HCI since it produced
plasma or UV ozonetreatment will result in better OLED the best results for organic light emitting diod&4JV ozone
performance compared to OLEDs fabricated on untreate¢teatment was done for 10 min, with 12 cm distance between
ITO. Optimal treatment, however, may depend on the mate20 W UV light source and the sample. Mechanical treatment
rials used and it is also likely to depend on the starting prophas been performed using clean room wiper rubbing. The
erties of ITO. Exact nature of the physical processes resporsamples were ultrasonically cleaned with deionized water af-
sible for the influence of surface treatments to the OLEDter mechanical treatment. The films were evaporated in high
performance is still not entirely clear. vacuum. Pressure during evaporation was of the order
In spite of recognized critical importance of the ITO 10 4 Pa. The evaporation rate was 1-2 A/s. The distance
surface in performance improvement of OLEDSs, studies ofrom source to film was about 23 cm to ensure uniformity of
the relationship between ITO surface properties and organifiim thickness, and the substrate holder was rotating. The
solar cell performance have been scarce. At most, UV ozonthickness of the films was controlled using quartz thickness
or oxygen plasma would be used as a part of ITO cleaningnonitor.
proceduré”?8in order to remove carbon from the interface  After evaporation, film thickness was verified using step
without studying the implications of such surface treatmentgrofiler Dektak 3. For the comparison of different ITO sur-
to the solar cell performance. In this work, we have studiedace treatments, the substrates treated in a different manner
the propertiegwork function, sheet resistance, carrier con-were placed on the sample holder and all the devices on four
centration and mobility, and surface topograpbf/ITO sur-  different substrates were fabricated during the same deposi-
face after different surface treatmeiit$v ozone, acid treat- tion process. Eight cells were fabricated on each substrate.
ment, mechanical treatment and their combinati@ml the  Absorption spectra were measured using Hewlett Packard
performance of single layefITO/copper phthalocyanine 8453 UV-Vis spectrometer. The current—voltageY) char-
(CuPg/Al) and double layefITO/CuPc/fullerene (gp)/Al) acteristics were measured using Keithley 2400 sourcemeter.
solar cells fabricated on ITO substrates subjected to differerffor white light efficiency measurements, Oriel 66002 xenon
surface treatments. Studies of metal phthalocyanine andrc lamp with AML1 filter was used. Hall measurements were
metal Pc/G, based organic solar cells have been reported irperformed using Bioradhl 5500 PC. Scanning tunneling mi-
the literaturé®’=3! There exists significant variation of the croscopy(STM) and atomic force microscop{fAFM) mea-
reported power conversion efficiencies. Reported white lighsurements were performed using Digital Instruments Nano-
conversion efficiencies in these devices vary from 0.002%scope Il and Autoprobe CP. The work function change for
for ITO/Cg/OTiPc/CrAu celf* over 0.2% for CuPcl/g,  different surface treatments has been estimated from the tun-
double layer cell with optimized thickné€sto 3.6% for a  neling current in STM measurement. The effect of the work
double heterostructure deviéeSince the materials used are function on the tunneling current at barrier widilis deter-
known to yield promising results, solar cells based on thesenined by
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FIG. 1. AFM images of ITO substrate&@) untreated(b) UV ozone treated,c) UV ozone and HCI treated, arid) mechanical and UV ozone and HClI treated.
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wherem is the electron mass arfdis the Planck’s constant, \yherek is the Boltzmann constant, is the temperature in

ande; ande, are the work functions of materials compared. K, AE is the difference between Fermi level and top of the
The comparison was performed for fixed distaseed nm.  valence bandbottom of the conduction bandwhile A is a

The work function change was calculated by averaging theactor dependent on the scattering parameter and the Fermi
results obtained for ten samples. Obtained results showegye| 3637 |n some materials, such as organic mateffadsd

good reproducibility, with work function differences between cdo3¢ A can be considered a constant.

different substrates in the range @f0.2 eV. These small

variations among the samples are likely due to inherent local

variations in surface potential of IT€.The trends in the . RESULTS AND DISCUSSION

work function change, such as, for example, increase of the

work function with UV ozone treatment, are highly repro- Figure 1 shows the AFM images of the ITO substrates:
ducible. Surface sheet resistance was determined from foas cleaned, after UV ozone treatment, after UV ozone fol-
point probe measurement{Signatong and Hall measure- lowed by HCI, and after combination of mechanical, UV
ments. Seebeck coefficient measurements were performe&zone and HCI treatments. Untreated ITO substrate exhibits
using a home-built apparatus consisting of heating elemerftakes resulting in rather flat surface with low rms roughness.
and thermoelectric cooler with independent power supplie¥JV ozone treatment results in the reduction of surface
to ensure stable and independent control of the temperatureughness, while UV ozone followed by HCI results in sig-
of the two measurement points. Temperature was measureiificant increase of the surface roughness. Lowest surface
using thermocouples, and Seebeck voltegevas measured roughness is obtained for the mechanical treatment followed
using Keithley 2400 sourcemeter. Samples for Seebeck coelty UV ozone and HCI. Results obtained on the ITO sub-
ficient measurements consisted of ITO substrates with differstrates from the same supplier show good reproducibility.
ent surface treatments. The electrode spacing was 2.0 crilowever, if we compare the results obtained for substrates
The temperature difference between two measurement pointbtained from different suppliers, we can observe similar
was 5 K. Seebeck coefficient measurements represent usetoénds but different magnitude of changé®., changes in
characterization technique for determination of the Fermsheet resistance, work function, and surface roughn€ks
level position®3~3° Seebeck coefficient is defined®43* is most likely due to significant differences in surface mor-
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FIG. 2. STM images of ITO substrate@) untreated(rms roughness 2.9
nm), (b) oxygen plasma treatddms roughness 1.9 niand(c) HCI treated
(rms roughness 1.3 nm

phology of ITO from different suppliers and with different
initial properties. This is illustrated in Fig. 2, which shows
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scanning tunneling microscopd6TM) images of the ITO
substrates with surface sheet resistance 23sguare.

ITO substrates after different surface treatments were
characterized with STM, Hall measurements, surface sheet
resistance measurements, and Seebeck coefficient measure-
ments. The results are summarized in the Table I. It can be
observed in Table | that only UV ozone followed by HCI
treatment leads to increased surface roughness. As expected,
UV ozone yields increase in the obtained work function. In-
crease in the work function of ITO with oxidative treatments
(oxygen plasma, UV ozonehas been attributed to carbon
removal from ITO surfac&!?*3larger number of states cre-
ated close to and possibly below the edge of the conduction
band?* or shift of the Fermi levef1??1t should be noted that
the work function and sheet resistance values are dependent
not only on type of treatment but also on treatment trfie.
This was explained by interplay between different mecha-
nisms responsible for the work function chartgéhree pos-
sible causes for the shift of the Fermi level with ITO surface
plasma treatments have been identified: surface states created
by plasma treatment, change in the ratios of surface constitu-
ents(In, Sn, O, and formation of surface dipolé$.Most
likely the contributions of these causes are combined to pro-
duce the observed work function shift. The possible role of
surface states created by plasma treatment is not entirely
clear since Ar plasma, unlike oxygen plasma, does not result
in the increase of the work functidf?? Also, Ar plasma
treatment yields lower carbon contamination compared to
oxygen plasma, yet the obtained work function is lower for
Ar plasma treatmeritlt was suggested that the influence of
carbon contamination removal is far less significant contri-
bution to work function change compared to the band bend-
ing and Fermi level shift! However, it was also found that
the changes in carrier concentration do not correlate in a
simple way with the changes in surface composifibiihis
indicates that, indeed, there are multiple mechanisms con-
tributing to the observed phenomena.

Contrary to results of aquaregia and oxygen plasma
treatments reported by Kiret al?® all the treatments em-
ployed in this work result in increase in the surface carrier
concentration with the largest increase obtained by UV
ozone treatment which also corresponds to the lowest mobil-
ity. Obtained increase with combination treatments in our
work is also significantly higher compared to combination
treatments used by Kirat al1~* This is not surprising since
the results reported in the literature for acid surface treat-
ments of ITO are to some extent contradictory. Kétnal1~3
have found that aquaregia and combination treatments in-
creased sheet resistance and decreased carrier
concentratiort;? while work function showed nonmonoto-
nous dependence on the time of aquaregia treatment and sur-
face roughness was increadedhe lowest turn on voltage
and highest luminance was obtained for oxygen plasma treat-
ment, though oxygen plasma followed by aquaregia yielded
higher efficiency. Aquaregia treatment alone resulted in bet-
ter performance than aquaregia followed by oxygen in
ITO/poly(p-phenylene vinylene (PPV)/Ca devices, while in
ITO/poly(4,4 -diphenylene diphenylvinylene)/Ca aquaregia
followed by oxygen plasma shows the best performance.
Lowest carbon contamination of ITO surface out of oxygen
plasma only, aguaregia only, and two combined treatments
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TABLE I. ITO parameters for different surface treatments. 0.00

R R rms V—y—V.

AD  Ng(10Y m (Q/O) (Q/O) roughness o ST
ITO treatment  (eV) cm™2) (cn?/Vis) Hall 4pp  (nm) o =0y \X
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Untreated — 0.54 14.3 8.02 158 1.28 E '& ~s
UV ozone 0.75 1.48 6 703 165 110 = %, .
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—8— untreated
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0,024 —b—UVO+HCI \
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—O—HCI
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was obtained for aquaregia followed by oxygen plasma, T (C)
while oxygen plasma followed by aquaregia resulted in high-
est sheet resistance and lowest surface roughrigsst al* FIG. 3. Seebeck coefficient vs temperature for different surface treatments
found significant improvement in the device performanceof ITO.
with aquaregia treatment. The optimal treatment time and
resulting sheet resistance was dependent on the material used
for hole transport layet® Observed improvements were at- comparison of the Figs.(d) and 2a) large difference in the
tributed to improved hole injection due to increased surfacéurface morphology of ITO glass substrates with surface
roughness with acid treatmefft.Nueschet al>’ studied sheet resistance-10{)/square and substrates with surface
acid and base treatments of ITO surfatiee surface was Sheet resistance 23(5/square is obvious. More importantly,
cleaned with oxygen plasma prior to acid treatmeffhe  these two types of ITO substrates produce different results
devices treated with §PO, exhibited lower turn-on voltage With surface treatments. In the latter case, we observed a
and higher efficiency compared to oxygen plasma onlymore significant increase in sheet resistance with treatments
treated device3The improvement in the device performance using HCI, as well as smaller changes in work function with
was attributed to the increase in work function due to proto-Oxidative treatments, and more significant reduction of sur-
nation of 1ITO surface and the formation of the surfaceface roughness in all casbgs'.l'herefore, final results of the
dipole®~’ The differences among the reported results mossurface treatments are dependent on the initial properties and
likely arise from the use of different acids, different solution surface morphology of the untreated ITO. We have also per-
concentrations and treatment times, and different initial ITOformed Seebeck coefficient measurements on ITO substrates
parameters. treated with different treatments. Seebeck coefficient depen-

The lowest sheet resistance in our work was obtained foflence on the temperature is shown in Fig. 3. Our experimen-
UV ozone treatment as determined by Hall measurement$@l Seebeck coefficient value for untreated ITO is in good
while for four point probe technique mechanical treatment@greement with a previous study of Hall mobility and See-
followed by UV ozone and HCI gave the lowest resistancebeck coefficient of pyrolytic ITQ(16 uV/K for carrier con-
The difference between the two measurement techniques gentration~107* cm~2).%® It can be observed that Seebeck
most likely due to the fact that Hall measurement was percoefficient exhibits nonlinear temperature dependence,
formed immediately after the treatment, while four pointwhich is markedly nonmonotonous in the case of HCl treated
probe measurement was performed approximately 15 mihlO. The largest value of the Seebeck coefficient is obtained
after the treatment. The obtained results indicate lower reador the untreated ITO, while surface treatments result in the
tivity of the surface of ITO with mechanical treatment fol- lower values of the Seebeck coefficient. In a degenerate
lowed by UV ozone and HCI. We have not investigated me-semiconductor, Seebeck coefficient can be expresséd as
chanical treatment alone since in our previous work it 72 K (r+3/2)
resulted in very smooth surface but inferior OLED S=—
performancé?® which is also in agreement with results of
Fuijita et al!! Decrease in mobility found in oxygen plasma wherer is the scattering parameter, and is the reduced
treatments of ITO surfaéé are easy to explain due to de- Fermi energyEg/kT, whereEg is measured from the bot-
fects induced by ions. However, reduction in mobility with tom of the conduction band. From E®), it can be observed
UV ozone treatment observed in our work is more difficult tothat the Seebeck coefficient is inversely proportional to the
explain. It is possible that removal of organic carbon con-separation between the Fermi level and the conduction band.
tamination from the ITO surface would result in existence ofHowever, scattering parameter r is also dependent on the
dangling bonds and surface states which may result in thearrier concentratioff° so that it would be difficult to es-
decrease of mobility. Increased reactivity of ITO surfacetimate the position of the Fermi level based on the Seebeck
cleaned by UV ozone or oxygen plasma is another indicatioroefficient measurement only. Also, we cannot observe any
in favor of this assumption. However, observed phenomenodirect correlation between the Seebeck coefficient, carrier
requires further study before definite explanation can beoncentration changes, and the obtained work function
found. changes. It should be pointed out that previous study on sur-

It should also be pointed out that the obtained results aréace treatments of ITOalso did not reveal any simple rela-
most likely strongly dependent on the initial ITO used. Fromtionship between the work function, sheet resistance, and the

“3e )
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chemical composition of ITO. The work function shift and 20 ————

carrier concentration changes with the ITO surface treat- ] — -HCi

ments are still not well understood and the explanations com- 101 :Z:H&S;mc. -]
monly proposed in the literature for the work function 0 PN iail
change with the surface treatments of ITérbon contami- r g

nation removaf;'?>* Fermi level shif?!?? and the surface § -10-

dipole formatior~"°1%?% do not fully explain all the experi- 2

mental data. Carbon removal hypothesis is in contradiction —# 201

with Ar plasma treatment, which significantly reduces 30

carbort but does not yield increase in the work function.

Fermi level shift hypothes?$ is in contradiction with the -40

T

04 -02 00 02 04 06 08 10 12 14
Voltage (V)

carrier concentration results. From the change in donor con-
centration determined in their work, Fermi level shift should
be ~0.04 eV which was much smaller than the measured
experimental value of-0.3 eV?? Increased surface carrier FIG. 4. The current—voltage characteristics of CuPc Schottky barrier cells
concentration with oxygen plasma treatment obtained fronyvith different ITQ treatments under AM1 i_IIuminatior(soIid line) un-

Hal measurements* does not support he hypothesis of the Le2(et et ine ) et dasdotine  ozone reaed and
formation of depletion region on the surface. Large wWorKieristics in the dark.

function changes reported in the literature for various plasma

treatments, including increase in the excess of £ aké not

likely to be explained by the Fermi level shift only since the ment alone also increases short circuit current, but for a very
carrier concentration data do not support such large Fernsmall amount. HCI treatment alone reduces open circuit volt-
level shift. Also, the carrier concentration changes cannot bage, significantly worsens rectification ratio, and increases
fully explained with the changes in indium/tin ratio and oxy- the dark current. If acid treatment is performed without pre-
gen content. There is no simple correlation between th&ious cleaning of the surface with oxygen plasma or UV
changes in surface composition of ITO and the carrieozone to remove carbon contamination, it is possible that the
concentratiorf® Furthermore, some electrically active Sn residue from chemical reactions between acid and surface
species can be deactivated by forming complexes with intercontaminants would modify the growth of organic layer and
stitial oxygen® Surface dipoles hypothesis, which was usedcontribute significantly to impurities and pinhole defects,
to explain the work function increase with acid thus causing higher current both in the light and in the dark,
treatments;’ represents another possible explanation for theand lower open circuit voltage for HCI only treated cell. In
work function shift with UV ozon¥ and plasma combination with UV ozone, however, open circuit voltage
treatmenf1®?2This hypothesis represents a very likely ex- is increased fronV,.=0.94 V for the untreated cell ¥,
planation for the work function increase with the surface=0.99V for the UV ozone HCI treated one, while short
treatments of ITO. However, this hypothesis does not clarifycircuit current density increases from 23.5 to 288/cm?.
carrier concentration and mobility changes with surfacelhe best efficiency for a Schottky barrier structure, 0.005%,
treatments. Further work is necessary to conclusively estabvas obtained with UV ozoneHCI treatment.

lish whether formation of surface dipoles causes the work |—V characteristics of a heterojunction cell under AM1
function change due to vacuum level shiiftor due to for-  illumination is shown in Fig. 5, while the performance pa-
mation of surface depletion region and Fermi level Szf?lft, rameters are summarized in Table Il. We can observe that in
and elucidate a relationship between the changes of differefitis case UV ozone followed by HCI results in inferior per-
ITO properties. Most likely the combined influence of differ-
ent phenomena plays a role in the observed behavior of ITO
with different surface treatments. A variety of possible physi-
cal processes in addition to variation of initial properties of
ITO and nonlinear dependence of the change of properties on
the treatment timecontribute to the complexity of the prob-
lem of establishing mechanisms responsible for the observed
changes with ITO surface treatments.

After characterizing ITO substrates after different treat-
ment, we fabricated Schottky barrier ITO/CuPc/Al and het-
erojunction ITO/CuPc/g/Al. In heterojunction devices,
CuPc was doped with g in ratio 20:1, while Schottky bar-
rier cells were not intentionally doped. Figure 4 shows the -4
| -V characteristics of the CuPc Schottky cells with different
ITO treatments under AM1 illumination. The inset shows Voltage (V)
current-voltage characteristics in the darl.(' It can .be c.)bser.velglG. 5. Thel-V characteristics of ITO/CuPc{g/Al cells with different
that the HCI treatment whether alone or in combination Withito syrface treatments under AM1. illumination. The inset shows the dark
UV ozone increases short circuit current. UV ozone treatcurrent.

— untreated
= = UVO,+HCI
—k-mech.+UVO,+HCI

Current density (mA/cm’)

0.0 0.5 1.0 1.5
0.0 055 1.0 1.5




5478 J. Appl. Phys., Vol. 93, No. 9, 1 May 2003 Djurisic et al.

TABLE Il. Comparison of the ITO/CuPcig/Al solar cells parameters for K
different ITO treatments for AM1 98 mW/chexcitation. g 30 15
Treatment/ UV ozonet  Mech+UV E 1
parameter Untreated UV ozone HCI ozonet+ HCI ‘; 20+ s
=
s (MA/CNP) 0.20 0.60 0.10 1.81 @ 0
Ve (V) 0.22 0.44 0.34 0.34 8 104 o3
FF 0.17 0.13 0.13 0.15 -
7 (%) 0.008 0.035 0.004 0.093 S
= 0
: -
& -3 — CuPC/CUPC:C,(1:1)/C,,
. . . . - = CuPc/C,
formance, while the best results are obtained with mechani- o / s
cal treatment followed by UV ozone and HCI. The best treat- i 00 0.5 10
ment results in order of magnitude larger efficiency Voltage (V)

compared to untreated cell and about three times larger effi- A . double | JCuRgI and th

; f :FIG. 6. The comparison between double layer ITO/Cuk and three
Clehcy compared o UV ozt_)ne_ Only treated cell, which Isaﬁyer ITO/CuPc/CuPc:£g (1:1)/Cso/ Al cells under AM1 illumination. The
mainly due to larger short circuit current. There are Severaj,set shows -\ characteristics in the dark.
factors which affect solar cells performance that can be in-
fluenced by ITO surface treatments. It is possible that the

surface treatments affect the Fermi level alignment. NuescRicated a three layer ITO/CuPc/CuPgg&1:1)/Ceo/ Al cell

et al** investigated CuPc layers grown on untreated, argomyn |TO substrate with mechanicaUV ozone+ HCI treat-
plasma, and oxygen plasma treated substrates and found thaknt. Comparison between three layer and two layer struc-
work function becomes practically pinned at the highest octyres is shown in Fig. 6. It can be observed that three layer
cupied molecular orbital level of CuPc after 10 nm thick ce|| exhibits significantly higher short circuit current and
layer regardless of the surface treatment, which they eXpwer series resistance. The obtained cell parameters are:
plained withp doping of CuPc due to reaction with oxygen gpen circuit voltage/,.= 0.2 V, short circuit current density
from ITO. Fermi level pinning at the ITO/polymer interface |_=3.58 mA/cn?, fill factor FF=0.23, and7=0.16%. It

was also demonstrated and attributed to a high density o§hould be pointed out that our measurements have been per-
deep defect states at the interfdé@®oth mechanisms, i.e., formed on unencapsulated cells in air immediately after fab-
surface states and oxygen doping of interfacial region cafication. While oxygen acts as @-type dopant in
contribute to the Fermi level pinning on |TO/pntnalocyaninephtha|ocyanine§2'143in CGO oxygen impurities act as carrier
interfaces. Small changes in Fermi level alignment of CuPgraps and increase the resistance gf.€° Furthermore, it has
can affect the open circuit voltage of the cell. Another pos-heen demonstrated that water molecules decrease surface
sible contributing factor is the change in surface state de”conductivity of ZnPc layer&’ Negative effects of oxygen
sity. Reduction in the density of surface states which can agind moisture are the most likely cause of the relatively low
as traps would contribute to the increase in the short circuifi|| factor obtained in our work. Aging effects in air are very
current density. From the obtained results, the short CirCUibronounced, indicating strong negative effects of atmosphere
current density increase is the main Contributing factor to th%xposure_ For examp|e, resistance of a double |ayer cell fab-
overall improvement in the cell efficiency. The only signifi- ricated on UV ozone treated substrate increases four times
cant distinguishing factor, which we can identify among ITO after one hour storage in air, while AM1 power conversion
parameters from Table | and Figs. 1 and 3, is the surfacgfficiency decreases by 2 orders of magnitude, which dem-

roughness and morphology of ITO. The surface of UVgnstrates strong effects of the air exposure.
ozonet HCI treatment exhibits highest roughness, with all

other parameters very similar to the results obtained wit
additional mechanical treatment. Therefore, we conclude th;l.}/' CONCLUSIONS
surface roughness and ITO morphology play a significant In this work, we investigated influence of surface treat-
role in the solar cell performance. The difference betweements(UV ozone, UV ozone and HCI, mechanical and UV
optimal treatment between single layer and two layer deviceszone and HGlto the ITO propertieswork function, carrier
is most likely due to different operational principles in termsconcentration and mobility, surface roughness, and morphol-
of where exciton dissociation occufglepletion region at ogy) and the performance of the solar cells fabricated on
metal electrode versus organic/organic interfance ITO  treated ITO substrates. We found that there is a complex
roughness and morphology influence the subsequent growtielationship between ITO parameters and the solar cell per-
of organic layers, the interfaces in fabricated devices andormance. The optimal surface treatmdiest result ob-
hence exciton dissociation will depend on the substrate usethined for mechanical treatment followed by UV ozone and
ITO interface will also play a role in the carrier collection. HCI) enables a 1 order of magnitude increase in the AM1
Therefore, interplay between multiple mechanisms will in-power conversion efficiency for CuPgjgheterojunction cell
fluence the performance of the solar cells fabricated on dif{0.09% for the best treatment compared to 0.008% for no
ferent ITO substrates. Further studies of the ITO/CuPc intertreatment. Power conversion efficiency can further be in-
face are needed in order to fully explain the obtained resultreased by using a three layer structure, which results in
In order to further improve the efficiency, we have fab- 0.16% AM1 power conversion efficiency.
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