Appl. Phys. A 72, 361-365 (2001) / Digital Object Identifier (DOI) 10.1007/s003390000534 Applied Physics A

Materials
Science & Processing

Angular-dependent photoemission studies of indium tin oxide surfaces
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Abstract. Indium tin oxide (ITO) surfaces were treated by surface oxygen concentration [10]. Sugiyama et al. reported
solvent cleaning, by plasma of oxygen, argon, nitrogen anthat three factors: (i) C-containing contaminants, (ii) tharO

by argonion (Ar") sputtering. Angular-dependent X-ray pho- ratio, and (i) the InSn ratio on the ITO surface affected
toelectron spectroscopy (ADXPS) and ultraviolet photoelecthe work function [11]. In this work, angle-dependent X-ray
tron spectroscopy (UPS) were used to determine the cherphotoelectron spectroscopy (ADXPS) and ultraviolet photo-
ical composition, the chemical states and the work funcelectron spectroscopy (UPS) were employed to analyze the
tion after each treatment. It was found that oxygen plasmahemical composition, the chemical states and the work func-
and nitrogen plasma chemically reacted with the ITO surtion of ITO before and after different surface treatments,
faces. Yet little etching of the surface can be observed aftdncluding solvent cleaning, oxygen, argon, nitrogen plasma
plasma treatments. Among all treatments, oxygen-plasmareatments and Ar sputtering.

treated ITO achieved the highest work function o4@eV,
whereas Ar-sputtered ITO surface had the lowest work func-
tion of 3.90eV. The stoichiometry of the ITO surface is
shown to be the major controlling factor of the ITO work
function.

1 Experimental

ITO thin films on glass substrates were purchased from Sanyo
PACS: 81.65.Cf; 68.55.Nq Vacuum Industries. They have a thickness of 1500 A and
a sheet resistance of #1Q/0. ITO thin films were first
cleaned by scrubbing in detergent and then in distilled water.
Indium tin oxide (ITO) is widely used as the anode mate-  Then they were immersed sequentially in ultrasonic baths
rial for organic light emitting devices (OLEDs) because of of ethanol and acetone, each for about 15 min. Then they were
its high transparency and low resistivity [1,2]. As a hole-plown dry in a clean hood. Plasma treatments were carried
injecting electrode, the surface properties and the work funcout using a PLASMA-PREEN system. Plasma was generated
tion of ITO directly affect the efficiency of carrier injection by microwave in an atmosphere of oxygen, argon, or nitro-
into organic layers. When used without some type of surfacgen excitation at a pressure of 5 psi and a flow rate@é2fh.
treatments, the devices fabricated with ITO usually exhibitafter p|asma treatment or solvent C|eaning, the Samp|es were
poor device performance [3,4]. It has been known that oxytransferred into ultrahigh vacuum as soon as possible.
gen plasma treatment or ultraviolet-ozone treatment of ITO  XPS and UPS measurements were performed using a VG-
before the fabrication of OLEDs can significantly improve CLAM +4LH multichannel hemispherical analyzer. The an-
the device efficiency, brightness and reliability [5, 6]. Severaklysis chamber was maintained ak20~7 Pa during XPS
studies focused on the relation between ITO surface treafneasurement, 10~ Pa during UPS measurement due to
ments and its surface properties in order to clarify the effecHe, and 5« 105 Pa during At sputtering due to Ar back-
of ITO surface treatments [7—11]. Most of them correlatedfiling. The XPS spectra were recorded using an achromatic
the work function of ITO and its surface chemical composi-Al K, excitation (14866 eV), with a power of 200W and
tion. In our earlier paper we discussed the removal of carbog pass energy of 20 eV. ADXPS measurements were carried
contamination on ITO surfaces treated by UV-ozone and itgut both at 90 and 13 take-off angle (TOA, relative to the
effects on OLEDs’ performance [7]. Mason et al. reportedsample surface). The surface sensitivity was significantly en-
that the work function of ITO is largely determined by the hanced using a low TOA as shown in Table 1 [12,13]. The
- UPS spectra were recorded using a VG YPSource, He |
*Corresponding author. (E-mail: skso@hkbu.edu.hk) radiation(hv = 21.22 eV) from an unfiltered, windowless gas
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Tablel. Information depth of XPS at different take-off angles 60 g
Take-off angle Information depth (A) Reference 50 1
9 ~ 80 40 ]
15° ~20 [12.13]
;\? 30+ 1
S 20r 1
discharge lamp, with a pass energy of 2 eV. The work func ol |
tion @ was determined by the following relation: =
§ ol i
®=hv— AE Q 50
©]
(&}

where AE is the energy, difference between the Fermileve € 4o}
and the secondary electron cutoff [14]. The sample wa 2

biased at— 4.0 eV during UPS in order to observe the low- 30| .

energy secondary cutoff. The position of the Fermi level wa:

determined using silver as a reference. 20 - 7
10l 1

. . S
2 Resultsand discussion ol 7 n—— —
2.1 Changesin atomic concentrations under different Solven Oxygen Argon Ar' Nitrogen
surface treatments Cleaning Plasma Plasma sputtering Plasma

Treat methods

Figure 1 shows the atomic concentrations of ITO surfacegig 1. changes in atomic concentrations of ITO under different surface
recorded under different treatments at’ 1&nd 90 TOA.  treatments
Comparing to 90 TOA, the signal of C& at 15 TOA is
significantly higher under each treatment. This indicates that
a thin layer of carbon contamination remains at the ITOconcentration of In increased, while the concentration of Sn
surface after each treatment. Oxygen plasma treatment rdecreased. The Sn enrichment at ITO surface is a common
sulted in the highest oxygen concentration at the surfacgghenomenon, and is related to the migration of Sn-rich phases
A small amount of nitrogen (5% of atomic concentration to the surface [15].
ratio) was observed after nitrogen plasma treatment. Thus,
both O-plasma and N-plasma treatments could independently
introduce oxygen and nitrogen to the ITO surface. 2.2 Theremoval of carbon contamination

Table 2 shows the indium-to-tin ratio after different treat-
ments. Similar ratios were obtained after solvent cleaningrigure 2 shows one of the curve-fitting results for thes®©#
and oxygen plasma treatments: in both cases In;:Sn was abdaital. Two kinds of carbon signals can be distinguished from
9:1 at 90 TOA, and 7:1 at 15 TOA. (The ratio was the CX spectra: G-H at 2850¢eV and G-O at 2880 eV.
slightly larger for argon and nitrogen plasma treatments.Jable 3 shows the curve-fitting results of €drbital under
Hence plasma treatments do not etch much of the surfaddifferent treatments. It is clear that O-plasma and N-plasma
layer. This ratio turned into about 19 both at 90 and 13  can greatly reduce the hydrocarbon and thedCcontamina-
TOA after 3min of Ar* sputtering. So after sputtering the tion at the surface. However argon plasma treatment shows

Table2. The indium-to-tin ratio after different

treatments Solve_nt Oxygen Argon Nitrogen Sputtering
cleaning plasma plasma plasma
In:Sn at 90 TOA 9.0 91 9.5 104 184
In:Sn at 18 TOA 6.9 7.3 82 84 19

Table3. Variation of carbon atomic concentra-

tion using different treatment methods Carbon atomic concentration
Methods 90 TOA 15° TOA
Hydrocarbon GO Hydrocarbon GO
Solvent cleaning 12% 43% 489% 82%
Oxygen plasma 15% 24% 231% 39%
Nitrogen plasma 11% 30% 295% 51%
Argon plasma 2B6% 49% 407% 7.8%

Art sputtering 116% 09% 294% 34%
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Fig. 2. A typical curve-fit result for C & orbital
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TOA after solvent cleaning. This remained unchanged after
argon plasma treatment. After oxygen plasma treatment, the
FWHM of In3d; , changed into B7 eV and 207 eV at 90
and 18 TOA (not shown). This was most probably caused by
oxidation of the ITO surface. The change in the dij 3 peak
was relatively large after N-plasma treatment. The FWHM
of In3d;,, increased to be.@3 eV at 90 TOA and 213 eV
at 1% T A, which was probably caused by the chemical re-
action between nitrogen and indium. As mentioned before,
N 1s peak located at 408 eV can be observed after N-plasma
treatment, which confirmed the existence of the chemical re-
action between indium and nitrogen.

For solvent-cleaned, O-plasma and N-plasma treated sur-
faces, the FWHM of In8; , at 15 TOAis 0.1 eV larger than
at 90 TOA. This |nd|cated that the chemical states of indium
at the top layer of ITO thin films are more complicated than in
the bulk of ITO. After sputtering, the FWHM of the I3,
peak changed to.89 eV at 90 TOA and 191 eV at 15 TOA,
and its shape became more symmetric. Indium in ITO bulk
mainly exists in the lattice of fD3. Our results show that in-

poor results. Residual carbon signals after O-plasma andium at ITO surface exists in a more complex form than in the
N-plasma treatments are probably introduced during sampld O bulk.

transfer from air to UHV. There was still 1584 of carbon at
90° TOA after 3 min of Ar" sputtering. This result suggests 2.4 The peak position and FWHM of Sn 3

that part of the carbon may originate from the ITO bulk.

2.3 The peak position and full width at half maximum

(FWHM) of In3dj,

Figure 3 showed the InBpeaks after different treatments.
The peak position of In&; , was independent of treatment
conditions and remained constant at #&/ under 90 TOA
and 4448eV under 13 TOA. The FWHM of In3l; , was
determined to be .29eV at 90 TOA and 210eV at 15
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Figure 4 shows the peak position and FWHM of &g 3
orbital after solvent cleaning and Arsputtering. Using the
same XPS system, the peak position and FWHM of &n,3

in SNG, were also independently determined to be .0% &/

and 170eV, respectively. The FWHM of Srujg,%2 in ITO
after each treatment remained unchanged at abdutey/
both at 90 and 18 TOA. The relatively broad SnBpeak in

ITO suggested that Sn in ITO exists in a much more complex
form than Sn in bulk Sn@ In ITO, Sn mainly enters substi-
tutionally in the cation sublattice and acts as an n-type donor.
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However, some defects, such @mn0,4)*, were formed dur- of oxygen bound to In and Sn can be obtained. This was

ing ITO preparation [16]. The peak position of Sh3, after  labeled asOpsnl. In order to obtain the stoichiometry of

solvent cleaning (Fig. 4) and plasma treatments (not showndYO thin films, the [Oj,sn]/1.5[In] + 2[Sn] atomic concen-

remained at 48D eV, which indicated that Sn at ITO surface tration ratios after different treatments were calculated and

mainly existed in the form of Sri. The binding energy of are shown in Table 4. Oxygen plasma treatment achieved

Sn 3j5/2 shifted to 4867 eV after sputtering, which indicated the highesfOynsnl/1.5[In] + 2[Sn|] atomic concentration ratio

that the main component of Sn after sputtering changed intespecially at 15 TOA. This indicates that oxygen plasma

a lower oxide state, such as 3nor Srt*. The change of treatment improves the stoichiometry of ITO surfaces espe-

chemical state of Sn after sputtering was probably caused lgjally at the top layers. Oxygen plasma not only removed

the selective sputtering of oxygen [17]. the surface carbon contamination, but also chemically reacted
with ITO surface layers. ThgOnsnl/1.5[In] 4+ 2[Sn] atomic
concentration ratio was relatively small after sputtering. This

2.5 Analysis of O 1s peak after different treatments proved the selective sputtering of oxygen bytAvombond-
ment [17].

The O 5 peak of ITO was fitted by three components cen-

tered at 53B+0.1eV, 5315+0.1¢V, and 538+0.1eV,

respectively. Figure 5 showed a sample ofs<irve-fitting 2.6 Work function changes under different treatment methods

results (after solvent cleaning). The component centered at

5303 eV can be assigned tc*0ions in the tetrahedral inter- o \ori functions of ITO thin films after different treat-

stices of face-centered-cubic3nion array [18]. The com- ments are shown in the last column of Table 4. Oxygen

ponent at 53B eV is due to loosely boundUrom contam- o “reatment achieved the highest work function of
ination. The medium binding energy component centered 33.40 eV. This result is in good agreement with Niiesch et

t53l'5 e}/ has t\(/jvozcontributot;s: (13 toxf/ge”(;rgm._ol_rcgnjrh. al. [8]. From Table 4, we can deduce the two factors that can
amination, and (2) oxygen bound to In and Sn in ITO. ThiSge t the work function: (i) carbon contamination on ITO

ztxateeﬁ tl?seellnet;rrg]r?g?ﬁiift?;esr?gl\{gﬁaﬁ?ﬁ%dagigcﬁzd surface, (ij) the stoi.ch!ometry o_f ITO. ITO can be considered
ygen. \ Y e Abns. to be stoichiometric if the ratio ofOpnsnl/1.5[In]+ 2[Sn]
oxygen atomic concentration of-€D contamination can be g pigh First let us discuss the effect of carbon contami-
abtained frtom th? CUC;‘VGt-ngI’g\S/UHS d0f53@(BlT3b|e 3). If dt(;we q nation. Oxygen and nitrogen plasma treatments can remove
components centered at 23 an €V Were atded  qst of the hydrocarbon contamination of ITO surface and
together and the concentration of oxygen from@contam-  raq it in an ultimate work function of.3—44eV. There-

ination (from Table 3) was subtracted, then the concentratiog O-plasma and N-plasma can enhance the work function

of ITO by removing carbon contamination. The work func-
tion after Ar-plasma treatment was alsd @V higher than

' T ' ' ‘ T i T after solvent cleaning, and yet, in this case, no significant
ATO after solvent cleaning =~ |* PeakSum removal of carbon contamination from ITO surface can be
r ~ % |° Background observed. Hence, surface carbon contamination has a rela-
— T R °, |7 Peak tively small effect on the work function. Second, the best
S 0 TOA 90° ATl g:‘tg stoichiometry for ITO surface was obtained when ITO was
S i AN difference t'reatedwnh O-plasma. _Concomltantly, the hlg_hestworkfunc-
P 0 o tion of 4.40 eV was achieved. Thus the stoichiometry of ITO
=3l R - should be the main factor that controls the work function of
S .:’ L % :, ITO. After sputtering, the work function wasaD eV lower
o r o o, % than after oxygen-plasma treatment. Correspondingly, the
O % [Oinsnl/1.5[In] + 2[Sn]| ratio was also much lower.
8%
0,

- . . . . ' . 3 Conclusions
536 534 532 530 528 o .
L ITO thin films were treated by solvent cleaning, by plasma
Binding Energy (eV) of oxygen, argon, and nitrogen, and by Asputtering. The
major results and conclusions are summarized below:

Fig. 5. A typical curve-fit result ofo 1s orbital

Table4. Comparing the chemistry and work

function of ITO after various treatments Treatment Carbon [Onsnl/1.5(In] + 2[Sn Work
removal 90 TOA 15° TOA function (eV)

Solvent cleaning No o 064 415

Oxygen plasma Yes .05 076 440

Argon plasma No a2 062 426

Nitrogen plasma Yes .02 068 432

Art sputtering Yes ®4 059 390




0]
ITO surface exists in more complex chemical states than
in the bulk. For solvent cleaning and plasma treatments, 1.
Sn at ITO surface exists mainly in the form of*SnA re- 2.
duction reaction occurred during Arsputtering.
Both oxygen plasma and nitrogen plasma are effective
in removing surface hydrocarbons from ITO surfaces.
Correspondingly, argon plasma shows poor effect. Little s.
etching of the ITO surface can be observed after plasma
treatments. 6.
(iif) Oxygen-plasma treatment increases the surface oxygen,
concentration of ITO. A small amount of nitride appears
after nitrogen plasma treatment. Both oxygen and ni- 8.
trogen plasma treatments could independently introduce
oxygen and nitrogen to the ITO surface.

3.

(ii)

(iv) Two factors can affect the work function of ITO: (a) sur- 1q.

face carbon contamination and (b) the surface stoichiom-

etry of ITO. In general, reduced carbon contamination 11.

and high stoichiometric ratio diOjnsn]/1.5[In]+ 2[Sn| 1
increase the work function. The surface stoichiometry ;5
of ITO is the dominant factor that controls the work 14
function.
15.
16.
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ADXPS indicates that ITO surface is Sn-rich, and In onReferences
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