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Influence of gaseous annealing environment on the properties
of indium-tin-oxide thin films
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The influence of postannealing in different gaseous environments on the optical properties of
indiu-tin-oxide (ITO) thin films deposited on glass substrates using e-beam evaporation has been
systematically investigated. It is found that the annealing conditions affect the optical and electrical
properties of the films. Atomic force microscopy, x-ray diffraction, and x-ray photoemission
spectroscopyXPS) were employed to obtain information on the chemical state and crystallization

of the films. These data suggest that the chemical states and surface morphology of the ITO film are
strongly influenced by the gaseous environment during the annealing process. The XPS data indicate
that the observed variations in the optical transmittance can be explained by oxygen incorporation
into the film, decomposition of the indium oxide phases, as well as the removal of metallic In.
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. INTRODUCTION substrate surfat®and cause defectswhich will influence
_ _ the performance of optoelectronic devices. E-beam evapora-

As a_3resu|t of the rapid development of optoelectroniciign js often preferred in preparing ITO films for application
devices;®such as solar celfliquid-crystal display devices, i 1j-v compound devices. During reactive e-beam evapo-
organic and inorganic light-emitting devicesaser diodes, ration, oxygen gas is usually guided into the chamber as a
and ultraviolet photodetectors, indium-tin-oxidgrO) thin o4 tive gas that promotes the growth of high-quality ITO
film is attracting increasing attentibii as a low resistance fijm. This procedure, however, can induce other unexpected
contact.material with high transparency in the visible SP€Cproblems because oxygen easily reacts with many elements
tral region. Furthermore, ITO has many unique propertieg,nger high temperature. For this reason, in the present work,
such as excellenf[ substrate adhesion, thermal stability ar%gstudy is made on the influence of different annealing gases
ease of patterning. Several m_etht;tgs such as thermal, the transmittance and electrical properties of e-beam-
evaporatiorl,” f and dc sputtering;"® e-beam evapo-  eyaporated ITO films for which no oxygen overpressure has
ration,”™” ““and so forth have been employed to deposit ITOpeen used during growth. It is found that annealing as-
films on different substrates. Each method has its advantag%posited ITO films in different gaseous environments at
and disadvantages. Available studies show that preparatioghg °c can significantly influence their optical and electrical
methods and conditions strongly affect the microstructuregy gperties. In order to understand these variations, detailed
and chemical compositions of deposited ITO films and thugy,dies on ITO microstructure were carried out by atomic

significantIyArrgol(ilify the electrical and optical characteristicStyrce microscopyAFM), x-ray diffraction(XRD), and x-ray
of the films."™ To obtain optimal electrical and optical Hhotoemission spectroscopyPS).

properties of an ITO film, the growth parameters and condi-
tions must also be studied. There have been some répdfts I EXPERIMENTAL DETAILS
discussing the effects of preparation conditions and post-
deposition annealing in oxygen atmosphere on the optical In,05:SnG, (9:1) powder was used as the evaporation
and electrical properties of ITO films. The electrical proper-source. Before being loaded into the chamber, the glass sub-
ties of deposited ITO films are strongly influenced by thestrate was cleaned in an ultrasonic cleaner for 10 min with
density of charge carriers, i.e., tin dopants and oxygen vaacetone, ethanol, and deionizéd!) water and then dried
cancy donoré.For example, Morit al*? reported that oxy-  with nitrogen gas. The background vacuum in the chamber
gen incorporation during the film annealing plays an impor-was 2x10°° Torr. The substrates were not intentionally
tant role in the optical properties of the ITO films annealed inheated during the e-beam evaporation. The ITO film thick-
03, O,, and air. Huanget al? reported on the influence of ness was controlled to be 400 A using a quartz-crystal moni-
oxygen flux rate during sputtering deposition on surface moritor. After deposition, the films were annealed in a furnace at
phology and grain size. 200 °C for 30 min under the flow of different gases. The
Sputtering preparation method is studied by most resamples prepared for comparison of annealing in different
search groups due to its many advantages, such as fastmospheres were deposited in the same deposition process.
deposition rate. However, it may significantly damage theThe annealing gases studied were air, Ap, Bnd N,:H,
(forming gas.
Author to whom correspondence should be addressed; electronic mail:  1he crystalline structures of the films were examined
sfung@hkucc.hku.hk with a Philips PW1825 x-ray diffractometer at room tem-
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80 Wi in air TABLE |. Properties of the ITO films deposited at 3.3 A/s: as-deposited,
: Lt R annealed at 200 °C in forming gas, Ar, and air.
70 - P T T N ———————. in Ar
Lo —a
1 -~ i . As-deposited BN Forming gas Ar  Air
60 [ e in forming gas
I =TI Transmittancg500 nm 32% 61% 61% 70% 74%
3 50- i inN, p (X104 Q cm) 555.4 4.9 5.8 76 93
3 w (cm?/V's) 0.3 11.4 8.9 35 4.7
1 1 —3
5 40 - as-deposited n (X10% cmd) 0.3 1.1 1.1 22 14
T rms roughnesgA) 14 11 28 1 23
£ 30+ ’ O/In+Sn 2.1 1.6 15 24 23
& 1 Os30.9 Os30.8 35 0.9 1.3 16 0.6
20 -
10 . .
| Figure 1 also shows that the transmittance of annealed
o -— samples depends on the annealing gas. The transmittance of

300 400 S00 600 700 800 900 1000 1100 ITO film annealed in air and Ar gas is higher than that of the
Wavelength (nm) films annealed in B and forming gas. There are many fac-
) ] ) o tors, such as the microstructure difference, chemical compo-
gﬁ' eln'v;cr"';‘]':sgttfnce of ITO films as-deposited and annealed in different; o 41in  and surface roughness that can account for the
observed differences in the measured transmittance and elec-
perature. The chemical compound information for oxygent.rical properties between the as-depo_sited film and_ anr_1ea|ed
- films. The surface morphology of the film annealed in differ-

indium, and tin was studied using a PHI 5600 XPS with .
monochromatic AKa x-rav source for SUDErior eneray reso- ent gaseous atmospheres was measured by AFM as shown in
a x-ray P gy Fig. 2. From Table | and Fig. 2, it can be seen that the

lution. The typical operation parameters were 350 W for thetransmittance of the film annealed in air is the highest al-

x-ray source and the tilted angle of 45° for the analyzer. AIIthough its surface is rougher than that of the film annealed in

XPS_gxperlments were carried out under uItrahl_g_h vacuum .y suggests that the surface roughness of the films seems
conditions at room temperature. The decomposition of the

component peaks in the XPS spectra was carried out with not to have a close relationship with the transmittance of
P P P fims in the present case. The influence of other factors on

mixture of Qaussmn and Lorentzian func'tlons.. The reIa’uvethe transmittance of annealed films will be discussed in the
element ratio was calculated from the ratio of integrated ar-

. fallowing paragraphs.
eas of the corresponding component peaks and correctegl To study the microstructure of the films, XRD measure-

with an instrument response factor. The transmittance of th%1 ents were performed. Figure 3 shows the XRD curves of
ITo f|Ims in the wavelengtlh.range 190-1100 nm was meaie as-deposited and annealed ITO films. Despite the small
sured in a HP 8453 UV-visible spectrophotometer Systemy,; . noss of the films the diffraction peaks from 222
v_\nthout bare substratge as a reference. Th.e e_IectrlcaI prOpeE'rystalline planes are still resolvable for the annealed
ties were probed using a 0.5-T magnetic-field BIO'R'A‘Dsamples. No diffraction peak except a broad background
HL5580 Hall-effect system at room temperature. The Surfac?centered on 8=25° is observed for the as-deposited film

morphology of the samples was observed with Digital Instru-
ment Nanoscope Il AFM. The images were obtained in tap-
ping mode under ambient environment at room temperature

with a scanning area of 85 um?.

Ill. RESULTS AND DISSCUSSION

Figure 1 shows the transmittance curves of the as-
deposited film and films annealed in different gases. It can be
seen that the transmittance of all the annealed films is greatl
improved compared to the as-deposited film. Moreover, un-(a)
like the case of the as-deposited film, whose transmittance
strongly increases with wavelength in the 380-1100-nm
range, the transmittance of the annealed films is only weaklyz‘;}u’
dependent on wavelength. Also, the transmittance edge o
the annealed films shifts to shorter wavelengths. This is the100/
Burstein—Moss shiff caused by the increased carrier con- |
centration and the Fermi-level shift to higher energy in a
more heavily dopea-type semiconductor. This observation :
is consistent with the electrical properties of the films as ) 0 2 47t
|I§'Fed in Table |, Where_ the carrier Concen_tratlon a_nd the mOTZIG. 2. AFM images of the films annealed in different gaseous environ-
bility of the annealed films become significantly higher thanyents at 200 °qra) annealing in 1, (b) annealing in forming gasic)
those of the as-deposited film. annealing in Ar, andd) annealing in air.

-

d o 2
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J/ (222) as that of the as-deposited film. The broad background in the

8 . XRD curves of the films annealed in both, Mnd air be-

_WWWW“WWWMWWWWWM comes relatively weaker although tf222) diffraction peak

’WMWMWWWWWWM%; of the film annealed in Mis likely more clear. Strikingly, the
broad background in the XRD curg&op curve of the film

i WWMWMMWWWMW annealed in Ar disappears. However, t#22) diffraction

4 peak of the film is also rather weak. The reason causing this

phenomenon is not clear and requires further study.

Figure 4 shows the XPS Osldata of the films as-
deposited and annealed in different annealing gases. These
data indicate significant differences in both the chemical
states and the oxygen concentration for the films annealed in
different annealing gases. Compared with the as-deposited

T T T T T T T film, the relative intensity of the Os3, peak of the air-
15 20 25 30 35 40 45 50 55 annealed film increases. The opposite behavior is, however,
20 degree . . . .
observed for the films annealed in other annealing gases, i.e.,
FIG. 3. XRD spectra of the ITO films as-deposited and annealed in differenthe relative intensity of the Q;3, peak decreases with re-
gas environments. spect to the as-deposited film. The decrease of the; O
peak intensity is the largest for the film annealed in forming

indicating a nanocrystalliféand/or an amorphotistructure ~ 9as while the decrease is the smallest for the film annealed in
for the as-deposited ITO film. It is known that tfig22)  Ar. Actually, each O § curve in Fig. 3 can be decomposed
orientation is the preferred orientation of the ITO films de-into three different components at binding energies of
posited using evaporation meth8dshile the (400) orienta- ~ 530.3+0.1 eV, 530.8£0.3 eV, and 532.2+0.7 eV using
tion is dominant for the films grown using sputtering coOmbined Gaussian and Lorentzian functions. In the follow-
method® The obtained XRD results are thus consistent withing discussion, @ 3 Oszo.s and Qg,,are employed to des-
these previous works. The appearance of @22 diffrac-  ignate these three components. The open squares in Fig. 4
tion peaks in the XRD curves of the annealed ITO fiimsare the best fitting curves to the experimental spetoéd
unambiguously indicates the formation of ,@3 and lines). It can be observed that the relative intensity ratios
In,O,Sn, polycrystalline domains during annealing. The between these three decomposed peaks vary with the anneal-
broad background seems to be annealing-gas dependent. Tihg environment. The chemical state of the oxygen is thus
film annealed in forming gas is almost the same backgroundifferent for the ITO films annealed under different ambient

Intensity (a.u.)

in forming gas

as-deposited

R Annealing
3 3 ER
<] 8 G
g z z
2 3 G
£ £ £ ]
528 530 532 534 536 538 528 530 532 534 536 528 530 532 534 536
Binding energy (eV) Binding energy (eV) Binding energy (eV)
Annealing in N, ] \ Annealing
§ informing gas
3 3 ]
8] s
@ @
[ =S =
o c |
£ E
528 530 532 534 536 528 530 532 534 536
Binding energy (eV) Binding energy (eV)

FIG. 4. O I XPS curves of the ITO films as-deposited and annealed in different gas environments.
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gases. In a previous study it was observed that thg O
peak and theC peak were completely removed after sputter-
ing the sample for 4 min to remove the top layer of ITO
film, from which it was inferred that the £, , peak origi-
nates from the top surface oxygen contamination ab-
sorbed water. It is recognized further that the;& and the
Os3gp g lines arise from the D5 region and the oxygen de-
ficient region 1305, of ITO film,® respectively.

Now we consider the integrated intensity ratio of
(Os30.3*+ Os30.6+ Os32. 2/ (IN+Sn) and the ratio @304 Os30.8
in detail. These ratios, which are given in Table I, vary ac-
cording to the different gas environments. Oxygen incorpo-

Intensity (a.u.)

ration and decomposition reactions in the films during an- ' ! \ in air

. . / AY ¢ Pavy wah o™
nealing process should be responsible for the observec |, . .= Samntt
composition variation. First, the oxygen incorporation reac- 4, 445 450 455 460
tion is discussed. It has been reported that the film as- Binding energy (V)

deposited by an e-beam evaporation generally contains metal
phase indium as the iﬁ)3 source is usea_When the film FIG. 5. Ind XPS curves of the ITO fiims annealed in different gas
was annealed, residual oxygen atoms inside the film, on th&"vironments.

top surface, and at the interface between the film and SUbn air C|ear|y shifts to the h|gher binding_energy side com-
strate may interact with In atoms to form the@_, and the  pared with the In @ peak of the film annealed in other gas
In,O3 phases. Thus oxygen is incorporated mainly throughenvironments. When one metal combines with oxygen to be-
the direct oxidation of the metal phase®lrlowever, oxygen come a compound, its inner-shell electron binding increases
incorporation can possibly also occur through absorption intglightly. The increased binding energy of the ld Beak for

the oxygen deficient phase ,B;_ to form In,O5.° These  the film annealed in air indicates that the In metal phase is
oxygen incorporation reactions are reflected by the observegbnverting into the indium-oxide phase by reacting with oxy-
variation of O/In+Sn intensity ratio. From the XPS datagen in air. This supports the picture of metallic In removal as
listed in Table I, the ratio increases from 2.1 for the as-the main reason for the observation of the best transmittance
deposited film to 2.3 and 2.4 as the films annealed at 200 ° Gf the film annealed in air.

in air and Ar, respectively. It is most likely that the oxygen The oxygen decomposition reaction which is reflected
incorporation and oxygen diffusion are responsible for thepy the O/In+Sn ratio variations of the films annealed in N
observed transmittance improvement for the annealednd forming gas with respect to the as-deposited film will be
samples. This is consistent with the observation of Mari  discussed in the following. The oxygen loss of the film is
al.*In the Ar annealing case, the increase of O/In+Sn ratiqproved by a decrease in the ratio from 2.1 for the as-
suggests that oxygen diffuses out from the bulk to the surdeposited film to 1.6 and 1.5 for the films annealed jnalNd
face. That oxygen diffusion are beneficial to form apQp  forming gas, respectively. This means that the dés and
phase during the annealing process in inert gas and oxygedorming gas are likely to react with the top oxygen layer of
environment. The o Os3q gratio data tend to support this the films to, respectively, produce N@nd HO. These re-
picture. From the values listed in Table I, it can be found thataction products are then carried away by the flowing anneal-
the larger the @5 o/ Os39 gratio, the higher the transmittance ing gases during the annealing process. That reaction has
of the ITO films, except for two cases, the as-deposited filmprobably two effects on the ITO film microstructure and
and films annealed in air. The former case can be readilghemical composition. One possibility is the reduction of the
understood since the as-deposited film consists of tiny nana@oncentration of oxygen inside and at the surface. This is
crystal structures and/or amorphous phase from the XRbecause oxygen diffuses continually out from bulk to surface
data shown in Fig. 3. It is well known that the optical and and H,O or NQ, products are carried away during the an-
electrical properties of deposited films can be significantlynealing process mentioned above. As a result, the rate of
improved through annealing films at adequate temperaturds—O bonds formation will decrease. Another possibility is
due to crystallizatiot® The much poorer transmittance, oxygen decomposition. Both of these slow down the forma-
lower mobility, and larger resistance of the as-deposited filntion of In,O5 phase compared with that of the film annealed
are related to the nanosized and/or amorphous struétafes in inert and oxygen gas atmosphere. It is thus believed that
the film having more grain boundaries that increase grainthe oxygen decomposition reaction and the slow formation
boundary scattering probability and thus reduce the conduasf the In—O causes the observed differences in transmittance
tivity as well as the transmittance of the film. In the latterand surface morphology of the films annealed in &hd
case, Q3.9 Os39 g ratio for films annealed in air is only 0.6, forming gas. In spite of the existence of the oxygen decom-
which is significantly smaller than the ratios observed for theposition reaction for the films annealed in, Idnd forming
films annealed in B Ar, and forming gas. This is probably gas, the occurrence of the other competing processes includ-
because the h®;_, phase increases faster than thgQn ing the increase of crystallinity still give rise to improve-
phase during the In oxidation process in air annealing. Fronments in the optical and electrical properties of the ITO films
Fig. 5 it can be found that the Ird3eak of the film annealed annealed in these gases.
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