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Indium—tin-oxide (ITO) and indium—tin-oxynitride(ITON) thin fiims have been fabricated by
rf-sputtering in plasma containing Ar or a mixture of Ar ang,Nespectively. The structural,
electrical and optical properties of ITON films were examined and compared with those of ITO
films. The microstructure of ITON films was found to be dependent on the nitrogen concentration
in the plasma. Increasing the amount of nitrogen in the plasma increased the resistivity and reduced
the carrier concentration and mobility of the films. The electrical properties of the ITON films
improved after annealing. The absorption edge of the ITON films deposited in pyrkadina was

shifted towards higher energies and showed reduced infrared reflectance compared to the respective
properties of ITO films. The potential of indium—tin-oxynitride films for use as a transparent
conductive material for optoelectronic devices is addressed20@3 American Institute of Physics.

[DOI: 10.1063/1.1582368

I. INTRODUCTION vices. It is ann-type degenerate semiconductor, with both
substitutional oxygen vacancies and tin contributing to its

_ The interesting physical properties of oxynitride thin pigh conductivity. Too many vacancies in the structure of the
films have been the focus of extensive research due to thefﬂm will turn it into a nonstoichiometric film and the con-

potential application in a wide range of electronic and opto-d

lectronic devi For example. monometallic and bimetal uctivity will decrease due to an increase in lattice structural
€lectronic devices. -or example, monometarlic an Claisorder. The high conductivity of the films is due to the high
lic oxynitrides have been investigated as catalysticon—

. I et ... carrier concentration rather than to the carriers’ mobility. The
tin and lithium-phosphorus oxynitrides have been applied Irhigh optical transmittance of ITO films is a direct conse-

thin-film lithium-ion batteries for microelectroniés,and : ) .
other oxynitrides have been investigated for either theifl'S"c® of it 3tﬁ>|ng a wide band ga(:B_.5—4.06 e_\)’ _
314 the fundamental absorption edge lies in

properties(ZrON3 CuON* TaON® NbON)® or for specific ~ Semiconductor=™ :
applications like gas sensofs1ON),’ transparent and con- the ultraviolet region and shifts towards shorter wavelengths

ductive layers in optoelectronic devicéON 8 7nON? with an increase in carrier concentration due to the Burstein—
TION)™X and optical or hard coatinggiON,° SiON). 1! Moss effect:> Attempts have been made to improve the elec-

Reactive sputtering is the predominant deposition techtrical and/or optical properties of ITO, depending on the
nique employed to fabricate these oxynitride thin films fromtechnological application, by changing its composition to
either an elemental target in,ON,—Ar gas mixtures or an zinc—indium—tin-oxide:>*" or by ion implanting H or O
oxide target in N—Ar plasma. By changing the amount of ions*® Apart from an early investigatidf on the properties
gases in plasma, the properties of the resulting thin films canf ITO thin films prepared from targets with different
be tailored between the properties of the respective oxide an,O5;/SnG, ratios in various dc sputtering plasma gaées
those of nitride thin films. However, the reproducibility of cluding N,), there have been no reports, to our knowledge,
the properties of the oxynitride films is very dependent onon indium—tin-oxynitride thin films.
the sputtering processes and condition of the target, and these In this work, we report on the properties of indium—tin-
can become very complex when plasma is formed by simuloxide thin films fabricated by rf sputtering from an indium—
taneously using two reactive gases, like oxygen andin-oxide target in plasma containing a mixture of &hd Ar
nitrogen?*? gases. The properties of thin films deposited in plasma con-

Indium—tin-oxide(ITO) is widely used as a conductive taining pure nitrogen or Ar—Nmixture, which will be called
transparent layer on many electronic and optoelectronic desereafter indium—tin-oxynitridéd TON) thin films, are com-
pared with the properties of thin films deposited in pure Ar
dElectronic mail: eaper@physics.uoc.gr plasma(ITO). The comparison is made on as-prepared ITO

0021-8979/2003/94(2)/1258/9/$20.00 1258 © 2003 American Institute of Physics
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and ITON films as well as after annealing. The capability and 320 : , —
potential of ITON thin films for application to GaAs- and I
GaN-based optoelectronic devices as conductive as well a:§ . 280 [ \D ::: s?lg&;s:i: N
optical material are discussed. % E I \D\" ]
£ 240 ® _'
- : \.\ D>E ]
200.L - " 1
Il. EXPERIMENTAL DETAILS g aof © —
= ]
SE 35 \O\\ E
The ITO and ITON thin films were deposited by rf sput- ‘§ E PY O\ ]
tering (13.56 MHz, Nordiko NS2500from an 6 in. diam 2~ 3.0 \.\ O>g 3
indium—tin-oxide ~ (80%Ip05+20%SnQ) target. The S .f "¢ eTT T g
target—substrate distance was 11 cm and the substrates us ' 0 20 40 60 80 100
were Corning 7059 glass and double polished Si or semi- % N, in Ar-N, plasma

insulating GaAs wafers. The substrates were cleaned in an

ultrasonic bath for 15 min that contained organic solventsFIG. 1. Thickness and deposition rate of as-prepared indium—tin-oxide films
: . i as a function of the percentage of nitrogen in the argon plasma deposited on

_then_ rinsed with de |o_n|zed water_and thoroth_ly blown dryGaAs and glass substrate¢S1-ITO: 100%Ar plasma, S2-ITON:

in nitrogen before being placed in the sputtering chambersgy, ar—5006N plasma, S3-ITON: 100%Nplasma.

Plasma was formed by high purity Ar ang jases, and their

flow was controlled by mass flow controllers. All thin films

were erosned on unintentionally heated substrates. Thm_ RESULTS AND DISCUSSION

sputtering chamber was pumped down to better than 1

% 10~ ® mTorr and the target was cleaned in Ar plasma for 10A. Deposition rate

min prior deposition of the ITO and ITON thin films at rf ITO films deposited in pure Ar plasma on different sub-
power higher than that used for deposition of the thin f"ms-strates, in the same deposition run, resulted in films with
In a previous investigatioff, rf-sputtered ITO thin films had gifferent thicknesses, due to the different sticking coeffi-
been fabricated in Ar plasma, under various pressure angients of the impinging atoms, as well as to different growth
power plasma conditions and it was found that ITO filmsmodes of the substrates used. Compared to the thickness of
with the lowest resistivity were obtained at 5 mTorr Ar pres-fiims deposited on GaAs substrates, films deposited on Si
sure and rf power greater than 200 W, followed by annealingypstrates were 8—10 nm thinner, whereas films deposited on
at 400 °C for 2 min. All thin films examined in the present Corning 7059 g|aSS were 60—70 nm thicker. |ntroducing ni-
investigation were depOSitEd for 75 min at 5 mTorr preSSUrQrogen into the p|asma, but keeping the same Sputtering con-
and 300 W power but the contents of the gagesand N,)  ditions, the difference in thickness of the resulting ITON
in the plasma were changed. films deposited on different substrates was reduced. Plasma

The surface morphology and the structural properties otontaining only nitrogen gave ITON films with almost the
ITO and ITON thin films were examined by atomic force same thickness regardless of the substrate on which they
microscopy (AFM) (Digital Instruments, Nanoscope /A were depositedwithin experimental error of-2%). These
x-ray diffraction (XRD) using a CuK« line 1.54 A at graz-  results are plotted in Fig. 1, where the thickness of the as-
ing incidence(Siemens D5000and Auger electron spectros- prepared ITO film deposited on GaAs and glass substrates, in
copy (AES) (Riber 2000 AS(, respectively. An indication of the same deposition run, as well as the respective deposition
film bonds was obtained from IR absorbance measurementate, are shown as a function of the amount of nitrogen in the
(BioRad FTS-40A. The electrical properties of the filnige-  plasma. It can be seen that the biggest change in deposition
sistivity, carrier concentration and Hall mobilityere deter-  rate as the amount of nitrogen increases is observed for films
mined by Hall-effect measurements using the four-probeieposited on the glass substrate rather than on the GaAs
(indium-pressed contagtsan der Pauw techniqudioRad  substrate. It is worth mentioning that the thickness of all
HL5200. The optical properties of the films were examinedfiims was reduced by up to 10 nm after annealing.
by recording the transmittance and reflectance in the UV— A common feature of reactive processes is the hysteresis
visible (vis) spectrum(Varian, Cary 50, as well as in the loop of the experimental parameters upon the introduction of
mid-IR (MIR)—IR spectral rangéBruker 1S66B. reactive gases into the chamb&f! Due to this phenom-

All measurements were performed on as-prepared filmenon, a step-like decrease in the sputtering rate is generally
as well as after annealing at 400 °C in flowing nitrogen in aseen at a specific partial pressure of reactive gased.his
rapid thermal annealin@RTA) system(Jipelec FAV4. Stan-  nonlinear evolution of the process is caused by poisoning of
dard contact photolithography was employed for patterninghe targeithe formation of a compound on the surface of the
ITO and ITON thin films using AZ5214 photoresist. The targe}, especially when elemental targets are used and/or
same photoresist was used as a mask during wet etching tfo reactive gaseflike O, and N,) are introduced into the
the films in 10% HF solution. The thickness of the films waschambet®?1=2® Elimination of this effect is generally
determined by measuring the depth etched using an alphachieved by a target conditioning procedure, which is always
step 100 Tencor stylus profilometer. the first step in such deposition ruffsThe formation of
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FIG. 2. AES depth profiles of ITO and ITON (100%Igdlasma thin films.

] ) FIG. 3. X-ray diffraction profiles of ITO and ITON thin films just after
lower sputtering yield metal-gas compounds at the targefyreparation and after annealing at 400 °C for 1 min.

like InN, is not expected on our ITO target becauBethe
dissociation energy of indium or tin nitrides is very lq@.2

eV/atont®), resulting in a very low sticking probability of ¢oid be related to the degree of crystallinity of the ITO and
nitrogen on the target surface during sputtering due to prefiToN structures(as will be seen in Sec. IlIB2. Second, a
erential sputter removalii) we used a metal-oxide target gradual increase in the signal during etching can be observed
(ITO) instead of a metallic In/Sn target and tHiis) the use  for the ITON film, whereas the respective signal for the ITO
of only one reactive gas (@), instead of N+O, mixture iy is stable. It is anticipated that the presence of nitrogen
and(iv) there was always a predeposition sputtering run fokjther in the plasma or/and in the indium—tin-oxide structure
target conditioning purposes. Thus, the decrease in deposiys caused the observed increase of the In signal in the ITON
tion rate with nitrogen in the plasma, observed in this work.fjim. More experiments are in progress to clarify the above
is attributed to the lower nitrogen sputtering yield comparedypseryations and to quantitatively determine the amount of

2,25,26 . . . ) .
to that of argorf. However, a gradual change of target nitrogen in these oxynitride films after deposition as well as
stoichiometry with the sputtering time due to the different yter annealing.

sputtering rates of In, Sn and their oxi&e% must not be
excluded.

2. XRD results

B. Structural properties i
XRD profiles of ITO (S1)) and ITON (S2-50%M

1. AES results plasma thin films just after preparation are shown in Fig. 3

The existence of nitrogen in the as-prepared films wagXRD profiles 1 and 2 The films had a polycrystalline
examined by AES. Despite the fact that the nitrogen pealstructure with no preferred orientation of the crystallites and,
(~380 eV is very close to the In peak-400 eV) and the furthermore, the diffraction peaks could not be identified as
observed rapid preferential sputtering of nitrogen duringoriginating from either cubic O3, hexagonal InN, Sn©or
depth profile examinatioft was found that nitrogen was any other known In—Sn—O structures. It has been reported
not only present in the structure of all films deposited inthat more than 30% of Sn is needed in order to see clear
plasma containing nitrogen but was also homogeneously disSnO, diffraction peaks? It is worth noticing that the three
tributed throughout the structure of the film. This can be seemajor In,O; peaks of the222), (440) and (400) planes at
in Fig. 2, where AES depth profiles of In, O, Sn and N for 26=30.58°, 51.03° and 35.46°, respectivéJCPDS File
the S1-ITO and S3-ITON (100%) thin films are plotted. No. 06-416, are at a 0.5° higher angle at least than those
The detection limit of the system is also shown in Fig. 2. Theseen in Fig. 3IXRD profiles 1 and 2 Furthermore, the av-
deficiency of the atoms at the surface of both ITO and ITONerage lattice spacing, calculated using the Bragg equétion,
films is attributed to adsorbed carbon-related contaminantor the strongest peak was 2.969 A for the ITO film and it
from either the deposition chamber or/and the atmosphericreased to 2.978 A for the film deposited in pure nitrogen
before the AES measurements. It should be noted th&i;In  plasma(S3-ITON). Such a shift of the diffraction peaks to-
and Ir;(O%,NZ have been reported to be gas-sensitivewards lower angles and the subsequent increasespécing
materials. Two more features are noticeable in the AESwith an increase in the nitrogen concentration in the plasma
depth profiles of the structures examined. First, there is erhave been observed for other oxynitridles well as for ITO
hancement of In, Sn and O Auger signals in the presence diims®® and they have been attributed to residual stress in
nitrogen in the indium—tin-oxide structufeTON film). This  these structures.
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Annealing the films at 400°C shifted the diffraction T
peaks towards higher angles, and the intensities were re | '
duced and new peaks appeared, as can be seen in Fig. $1 As-prepare
(XRD profiles 3 and 4 where the diffraction peaks of the
S1-ITO (pure Ar plasma and S3-ITON(pure N, plasma ';
films are plotted. The three major peaks, after annealing, car® [

élass sub stPte

I\l
(
)
N

N\

)

N ST
N\

AN

now be ascribed to the cubic J@; structure, with thed 3 \ - 53 Asiprepared
spacing of the222) peak at 30.52° reduced to 2.925 A for § /\ P < 4 / S 7[_ I R N AP
the ITO film and to 2.938 A for the S3-ITON film. It should & ANzt PRI V 4 / 4
be noted, however, that the signal to noise ratio of the spec 8 F NERNZA AR UEA0 R b Sule el N
. - 2 —_ \‘ ref s —~

trum of the S3-ITON film was much lower than in any other [ ! ’lf\/\//\’\ ——
spectrum, indicating a finer crystallite size or a disordered i S ]
structure? S3Annealed r1 Annasiod |

The release of oxygen or/and nitrogen from the struc- - L i
ture, which is generally observed after anneafthdyas 500 1000 1500 2000 2500
helped in the formation of new phases or the separation of Wavenumber (cm™)

already existing phases in the structure. Such phenomena

have also been observed during fabrication of indium~ G- 4. FTIR absorption spectra of S1-ITO and S3-ITON (1009pNsma

. . h .. thin films, as prepared and after annealing at 400 °C for 5 min. Also shown
oxynitride films from an In target in plasma containing N s the spectrum of the glass substrate.

and G.% After a careful examination of the diffraction

peaks betvoveen 28° and 30° it was revealed that the peak gbyosited on a glass substrate. A spectrum of the glass sub-
20=28.35° of the as-prepared S2-ITON film originated gy ate was also recorded. Figure 4 shows absorption spectra
from the substrate used. Furthermore, the peak @t 2. ihe S1.1TO and S3-ITON films just after preparation and

=29.25° of the S3-ITON film can be ascribed to a disturbedyfier annealing at 400 °C for 5 min, as well as the spectrum
tin-oxide peak/[arising from the (113 plane at around

29.749. This particular peak could not be observed in the |t can be seen in Fig. 4 that there were specific FTIR

as-prepared S2-ITON structure since, if it were there, ites1res due to the glass substrate. In particular, the features
would have been entirely overlapped by the strong peak gh, e region of the spectrum between 900 and 1300%cm
29.99°, but it was observed just above the background noisgre associated with asymmetric stretchifangitudinal opti-
in the S2-ITON diffractogram after annealirigot shown cal (LO) and transverse opticdTO)] modes of oxygen in
here. ) Si—O-Si of theglass surfac&” The peaks, seen in the glass
It should be noted that prolonged annealitag 400°C iR gpectrum at around 1043 and 1198 ¢rare ascribed
for an additional 5 minthe peaks at 2=29.25° and 30.52° {, T0 and LO modes, respectively. The TO mode is present
of the S3-ITON film were of aimost the same intensity, in-j, the FTIR spectrum of both the as-prepared thin films at
dicating not only the separation of tin-oxide and indium- 4.5.nd 1063 crmt and shifts towards 1057 ¢ for both
oxide phases at these low diffraction angles but also a nearly s after annealing, whereas the LO mode is present only
amorphous S3-ITON structure. o in the spectrum of the as-prepared S3-ITON film and it is
Even though there was no clear indication of any INNgpsent in all the other spectra. From the observed shift in
phase in the structure of the ITON films, all the as-prepare%ngb of LO and TO modes, it is thought that the glass sur-

films had an average crystallite size, as calculated using thg ;e \as affected by the deposition of these oxides and there
Scherrer formul for the major diffraction peak, of around ¢ partial recovery of these effects with annealing. Further-

4 nm, which increased to around 10 nm after 1 min of anyyqre the presence of the LO mode only in the FTIR spec-
nealing. No correlation could be made between the crystallit¢., , of the as-prepared S3-ITON film denotes a strong skin
size and the amount of nitrogen in the plasma during depoggrecy in this film3 which indicates that the as-prepared S3-
sition of the ITON films. It is believed that the polycrystal-

> ; ° ] " ITON film is expected to have higher resistance than the
line structure of t_he films just after preparqtlon containedg_|ToN film (as will be seen belowIt should be noted that
stress or was disordered, and had multiple In-O ande skin effect is related to the FTIR spectrum features, i.e.,

In-Sn—O phases, which become less disordered after anne@lie conductivity and plasmon frequency of metal-oxide thin
ing and have mainly the cubic J0; structure with reduced {1,532 N further results related to the above correlations

lattice spacing and bigger crystallite size. Additional annealy,; pe presented in this work because it is beyond the scope
ing of the ITON films deposited in pure nitrogen plasma

, of this investigation.
would result in & more amorphous structure. At the lower part of the spectra, vibrations from,Oy

phase appear at around 606 and 740 tii~—°Furthermore,
3. FTIR results the peak at 1470 cnt, which appeared only in the FTIR
Infrared absorption measurements were performed usingpectrum of the as-prepared S3-ITON film, disappeared after
a gold mirror as the reference and the angle of incidence waannealing and both films, after annealing, showed two peaks
30°. Fourier transform infrare@F TIR) spectra were recorded at 1431 and 1536 cnt. It is believed that the peak of the
for the ITO film deposited in pure Ar plasm&1-ITO) and  as-prepared S3-ITON film at 1470 ctis associated with
the ITON film deposited in pure Nplasma(S3-ITON), both  the incorporation of nitrogen in the structure and the forma-

of the glass substrate.
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4. Surface morphology

Examination of the surface morphology of the as-
prepared ITO and ITON thin films by AFM revealed that
increasing the amount of nitrogen in the plasma resulted in
ITON films with an apparent increase in crystallite size. Fig-
ure Ha) shows AFM results of the films just after prepara-
tion; the respective surface roughness, deduced from the
AFM measurements is given in Table I. It should be remem-
bered that no correlation was deduced from the XRD results
presented earlier between the crystallite size and the nitrogen
concentration in the plasma. Furthermore, even though the
surface roughness of the S3-ITON film was greater than that
of S1-ITO film (see Table)), the biggest roughness was ob-
served for the film deposited in the plasma containing mix-
ture of N, and Ar, the S2-ITON film.

The annealing process modified the surface appearance
of the ITON films but not that of the ITO film. Figure(s
shows AFM images of the film after annealing at 400 °C for
1 min. It can be seen that there is an apparent increase in
grain size for the ITON film after annealing, which is in
accordance with the observations from XRD measurements.

It is believed that the introduction of nitrogen into the
plasma resulted in ITON films with disturbed grains and de-
fects in the structure. This disturbed structure resulted in the
observed shift in angular position of the XRD diffraction
peaks but not in the increase in grain size, which is contra-
WL SR . dictory to the apparent increase in crystallite size observed
(a) As-prepared (b) Annealed by AFM. These phenomena are more profound when both Ar
and N, are present in the plasma during deposition of the
FIG. 5. Surface morphology of ITO and ITON thin films examined by fijms and have generally been observed for rf-sputtered ni-
AFM, just after preparation and after annealing at 400 °C for 1 min. Areatride thin films22 The structural changes that took place after
=1pumX1um; zscale=20 nm. . L. .

annealing eliminated most of the defects and resulted in the
diffraction peaks being at angles expected for a cubj©jn

tion of a nitride-related vibration mode, which disappearss”“cwre' However, films deposited in plasma with a mixture

after annealing with outdiffusion of nitrogen from the struc- ©f N2 @nd Ar gases have structures with less packing density

ture. From the two peaks at 1431 and 1536 &nwhich are than t_he film deposited in pure _nitrogen plqsma. !ncreased
present in both films after annealing, the former is ascribed©rosity has been observed for |nd|um-oxy7n|tr|de films fab-
to Sn—O—Srvibrations, whereas the latter is due to the glasdCated in plasma containing 20%N80%Ar.
substrate. 8~O—-Sn or Sn—Qvibrations must also be re-
sponsible for the FTIR features at 1805, 1931, 2080 an
2216 cm 3¢

The IR absorption spectra of the ITO and ITON films All ITO and ITON films prepared in this work were
showed that annealing promotes the formation of new bonds-type degenerate materials as deduced from Hall-effect
in the structure, which is in agreement with the XRD resultsmeasurements. Hall-effect measurement rego#srier con-
in which In—Sn—0 phases were observed. Since FTIR resultsentration, mobility and resistivijywere also recorded after
on In—-Sn-0 thin films are limited in the literature, more annealing the films at 400 °C for 1 min and then for 5 min-
experiments are needed for precise identification of thaites and the results are shown in Fig. 6. The electrical prop-
phases and related bonds that exist in ITO and ITON strucerties of the as-prepared film deposited in pure Ar plasma
tures. (ITO) deteriorated with the introduction of nitrogen

R
ol

%. Electrical properties

TABLE I. Root mean square roughness of ITO and ITON films deduced from AFM. The RTA was 400 °C for

1 min.
S1-ITO S2-ITON S3-pure ITON
(0%N, plasma (50%N, plasma (100%N, plasma
As prepared RTA As prepared RTA As prepared RTA

Roughnesgnm) 2.54 2.40 5.27 3.51 3.47 3.05
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into the chamber. By increasing the amount of nitrogen in thavhere some outdiffusion of oxygen or nitrogen might have
plasma, the carrier concentration and mobility were reducethken place, increased the oxygen vacancies and subse-
and the resistivity increased. ITON films deposited in purequently the carrier concentration of the films. The mobility
N, plasma exhibited electrical properties which were one-toand conductivity of the ITON films also improved with an-
two orders of magnitude worse than the properties of ITOnealing, but despite the apparent increase in grain size of the
films. Nitrogen incorporation into indium-oxynitride films annealed ITON films, shown earlier, their structures are more
has been reported to increase resistiVife electrical prop- amorphous than polycrystalline, inhibiting further improve-
erties of the films improved after annealing, as can be seen iment of the carrier mobility and resistivity. It should be noted
Fig. 6. However, the mobility and resistivity of the ITON that the second annealing st@®0 °C for 5 min reduced the
films were inferior to those of the ITO film, whereas the carriers’ mobility from the improved value they exhibited
carrier concentrations of the two films were almost the sameafter the first annealing stég00 °C for 1 mir). Noticeable is

at least for the annealing conditions used in this investigathe remarkably high mobility, around 120 & 's, exhibited
tion. by the ITO film after the first annealing step.

As shown in Sec. lll B, where the structural properties of
the films were investigated, the introduction of nitrogen into
the structure of the ITO film created defects, which resulteaD '
in the reduction of carrier mobility. It is worth noticing, that The transmittance, reflectance and absorbance of the
mobility was reduced almost 80% by changing the plasmdTO and ITON films deposited on the glass substrate, just
content from 100% Ar to 50%Ar—50%J\ and it was fur-  after deposition and after annealing at 400 °C for 1 min, were
ther reduced by around 40% in 100% Mlasma. The re- examined in the UV-vis spectf200—1100 nmat an angle
duced carrier concentration of the ITON films and, conse-of incidence 10°. These results are shown in Figs. 7 and 8,
quently, high resistivity of the films, must be attributed to thealong with the respective behavior of the uncoated glass sub-
occupation of oxygen vacancies by nitrogen. Annealingstrate. Figure (& shows the transmittance and reflectance of

Optical properties
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100 ey By calculating the absorption coefficient, of the films,
90 :_-::_ —-—- substrate |3 by T~ (1—R)? exp(—ad), whereT is the transmittanceR is
a0 bt Rl 0%N) |3 the reflectance andis the thickness of the film&,and plot-
i \ 2 — S34TON (100%:” ] ting a2 as a function of the photon energyot shown herg
- 705 A\ /v\\ N S the optical energy gap of the films was obtained. Table Il
) 60| ‘\ A I\ As-prepared 3 shows the calculated optical energy gap values of the ITO
§ 50 | \ PR / ] and ITON films prepared in this work. As seen in the optical
S a0k /‘-‘\ Y \\XL ] spectra, the absorption edge and therefore the optical band
S F 400°C | \ \ w g gap of the as-deposited films are comparable. It can be seen,
2 3 ; = N 3\\ ] however, that after annealing the optical band gap increased.
20¢ \-\ s \.'\:v." 3 In both cases, as deposited and after annealing, the optical
10f N\ > S —. 3 band gap of the pure S3-ITON films is higher than that of the
bt T B Gl St ITO film. The effect of annealing the indium—tin-oxide films
250 300 350 400 450 500 550 fabricated in pure nitrogen plasma on the energy gap is more
Wavelength (nm) pronounced than the effect of annealing the films fabricated

in pure argon plasma on the energy gap. The reduced value
FIG. 8._ UV-vis absorbance of ITO _and_ ITON films deduced from the of the optical energy gap of the S2-ITON film prepared in
transmittance and reflectance results in Fig. 7. Ar—N, plasma is believed to be associated with defects in

the structure, which create states in the band gap. It should
the as-prepared ITO and ITON films, whereas the absorband® remembered that S2-ITON film has shown structural be-
of the films, in the range of 250—-550 nm, can be seen in Fighavior quite different from that of the S3-ITON film, which
8. By increasing the amount of nitrogen in the plasma duringvas deposited in pure nitrogen plasma.
deposition the thin film showed an increase in overall trans-  The change in absorption edge after annealing can be
mittance which was more profound for the pure ITON films explained by the Burstein—Moss shiftWith an increase in
(S3 film, 100%N plasma. Transmittance is inversely de- free carrier density higher states in the conduction band are
pendent upon free carrier absorption and thus upon theccupied which leads in turn to an increase in the optical
conductivity?* The ITON film exhibited higher transmittance €nergy gap. As was shown in electrical characterization of
than the ITO film, in accordance with the lower conductivity the films, the carrier concentration increased after annealing,
of the film shown earlier. Furthermore, the absorption edgeso the change in energy gap is attributed to this effect. The
of the as-prepared ITO and ITON films were almost similar.much larger energy gap of the S3-ITON film, which in both

Annealing of the samples improved their behavior, ascases, as deposited and after annealing, has a lower electron

can be seen in Figs.(%) and 8. The reflectance and absor- concentration than respective ITO films, cannot be explained
bance were reduced and the transmittance increased, espy- the Burstein—Moss shift. It is anticipated that a basic
cially for the pure ITON film(sample SBin the UV region structural change in the band structure of the material with
of the spectrum. However, one important change after anthe introduction of nitrogen into the film must have been
nealing was that the absorbance became more abrupt arf@ken place.
furthermore, particularly for the pure ITON film, there was a  An estimate of the refractive index of the films was also
shift of the onset of transmittance and absorbance towardsbtained from the optical spectra in Fig. 7. The index of
shorter wavelengths. The shoulder seen at the onset of thefraction of the ITO film was 2.10, and it increased to 2.18
absorbance curve of the S2 filtRig. 8) is associated with after annealing, whereas the index of refraction of pure
increased roughness of the filfrtompared to SUTO) and  ITON film (S3-pure nitrogen plasmavas 1.64 and increased
S3(pure ITON films and it is consistent with the increase in to 1.81 after annealing. It is known that the refractive index
reflectance of this film and the AFM observations of its sur-is related to the packing density of the filffsThe reduced
face (cf. Fig. 5. A similar shoulder seen for S3 film after index of refraction of the S3-ITON film, compared to that of
annealing cannot be exclusively attributed to surface roughthe S1-ITO film, is in accordance with the reduced packing
ness, since, as seen by the AFM photos of Fig. 5, the S3 filmensity of the film revealed by the AFM images in Fig. 5.
exhibited less rough surface than the S2 film. It is thoughtmprovement of the index of refraction with annealing is an
that this kind of roughness must be associated with the apndication of an increase in the packing density of the
pearance of porosity in the filf. structure®® which may be associated with the relaxed struc-

TABLE Il. Optical energy gapEgy,,, of ITO and ITON films deduced from the optical spectra in Fig. 8. The
RTA was 400 °C, for 1 min.

S1-ITO S2-ITON S3-pure ITON
(0%N, plasma (50%N, plasma (100%N, plasma
As prepared RTA As prepared RTA As prepared RTA
Egap 3.43 eV 3.61 eV 3.35eV 3.43 eV 3.51 eV 3.95 eV

361 nm 343 nm 370 nm 361 nm 353 nm 314 nm
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FIG. 9. Midinfrared transmittance and reflectance of ITO and ITON films
just after deposition and after annealing at 400 °C for 1 min. S1-ITO:
100%Ar plasma; S3-ITON: 100%N\blasma.

FIG. 10. Figures of merit as a function of the wavelength for ITO and pure
ITON films.

ture of these films after annealing, discussed in Secs. IllB 2  Figures of merit of the ITO and ITONpure nitrogen
and Il B 3. plasma are plotted in Fig. 10 in the wavelength spectrum

The effect of the free carriers on the optical properties of?etween 300 and 500 nm. The transmittance values of the
the ITO and pure ITON films in the mid-IR spectrum was films were corrected by taking into account the transmittance
examined and the results are shown in Fig. 9. The Drud®f the glass substrate. It can be seen that the figure of merit
absorption caused by free carriers is more pronounced in thgalues of the as-deposited films, particularly of the ITON
case of ITO compared to ITON films. Also, after annealingfilim. are low. Even though these values improved after an-
the free carrier absorption is shifted towards higher photoft€@ling, the figure of merit values of pure ITON fim were
energies, indicating an increase in carrier concentratiortil inferior to the respective value of the ITO film. This is
which is in agreement with the electrical characterization. Pasically due to the high resistivity of the ITON film, despite

Thus, we conclude that during deposition nitrogen is in-the fact that its transmittance is higher than that of the ITO
corporated into the film by occupying oxygen vacanciesfilm- However, the behavior of the ITON film in the UV-
This leads to a change in the band structure as well as to @YV region (\ <350 nm) is better than that of the ITO film
decrease in the electrical conductivity of the film. After an-due to the higher energy gap of the ITON film. The use of
nealing the electrical conductivity increases due to the relTON thin films as transparent conductive layers on devices
lease of nitrogen, leaving a deficient structure behind. operating at these.wavelength.s certainly requires further im-

Apparently there is a substantial increase in the opticaProvement of the figure of merit value. As mentioned above,
energy gap of the annealed pure ITON film compared to irfhis |mproyement can be' realized by reducing the. reS|st'|V|ty
the ITO film after annealing. This makes ITON promising as®f ITON films more, which necessitates further investiga-
an optical material for GaN-based optoelectronic devices. [fions be made for the optimal deposition parameters of the
should further be noted that the transmittance of ITON aftef@yer. In the present work the gas mixture in the plasma was
annealing in the near-IRNIR) and mid-IR regions is much the.only vanaple parameter in the deposition and more ex-
higher than the transmittance of ITO. Since ITO has alsd®€fiments are in progress where the total pressure, power and
been considered for applications in the telecommunicationgnnéaling conditions will be the deposition parameters exam-
area(1.55 um),% the present investigation strongly indicates n€d in order to produce ITON film with improved conduc-
that ITON films are suitable for application in the whole tVity without reducing the transmittance presented in this
deep UV(DUV)-IR spectral range. work.

E. Figure of merit IV. CONCLUSIONS

A well-behaved transparent conductive thin film should Indium—tin-oxide and indium—tin-oxynitride thin films
exhibit transmittance and high conductivity. However, thewere fabricated by rf sputtering from an ITO target in plasma
transmittance and conductivity properties of indium—tin-containing a mixture of Ar and Ngases. By increasing the
oxide films are known to have an inverse dependence upoamount of nitrogen in the plasma the deposition rate was
each other. The figure of merit for the optimum value ofreduced, as well as the carrier concentration, mobility and
transmittance and conductivity to obtain the best perforconductivity of the deposited thin films. The electrical prop-
mance of a thin film is defined By ®;r=TYRg,, whereT erties of the films improved after annealing but the properties
is the transmittance arfe, is the sheet resistivity of the thin of the ITON films were inferior to those of the ITO films, at
film. The higher the figure of merit, the better the perfor-least for the sputtering deposition parameters and the anneal-
mance of the transparent conducting thin film. ing conditions used in this work. The microstructure of the
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