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OPTICO-ELECTRICAL PROPERTIESOF TITANIUM AND NITROGEN
CO-DOPED In;O3 FILMS PREPARED BY SPRAY PYROLYSIS
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Titanium and nitrogen co-doped,® films were prepared using the controlled spray
pyrolysis from mixed solution of In(N§); and TiCl on heated glass substrates. Phase
composition and morphology of obtained films wateritified by XRD, SEM and EDX.
Optico-electrical properties of the films were sasbby UV-vis spectroscopy, resistance
measurements and hot-probe test. By changing tiposdon temperature and the
concentration ratios of starting solutions, it whmind that the films prepared at
temperature region of 380 to 420 from solutions containing 10-40% TiGlhown a low
resistivity and remarkable photoconductivity in thisible light at room temperature.
Obtained titanium and nitrogen co-dopeddsfilms could be promising material for the
development of the high efficiency solar cell apdo®lectronic devices.
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1. Introduction

In,O; is one of the famous transparent conductive oxidaterials. Due to gtunique
optical and electrical propertiesn,O; has been an emerging candidate for wide vareties o
applications such as being used in flat panel ayspltransparent thin film transistors, light
emitting devices, sensor, and in thin film solaliscgl]. Although numerous applications were
introduced into practice, the research on modifyim@; for the improvement of its electrical and
optical properties still remains a hot topic.

It was found that ternary compound ofTiOs is a visible-light responsive photocatalyst
[2,3]. In,O5-TiO, composites appeared to be a high efficiency eldetin photoelectrochemical
production of hydrogen and a potential for soldisdd, 5]. Especially titanium-doped J@; has
been attracted the great attentions due to higisparency, high mobility and low resistivity [6-
10] that promise significant applications in op&mtonics.

It was also reported that nitrogen doping faQOgnnarrowed band gap of the material from
3.6 up to 2 eV [11], which enhanced the visib@ghli absorption. Furthermore, nitrogen-doped
In,O; can emit red-light in wide range and become a sioig material for red-light emitting
diodes and lasers productions [12].

Searching new materials for development of the giffiiciency solar cells is currently a
hot issue, in which environment-friendly semicortdacompounds attract the special attentions.
In,O; and TiQ are known to be potential and were studied to nsgye-sensitized [13] or solid
state solar cell [14]. It is well known that magdsi for the high efficiency solar cell are desited
have a high photo effect and a concomitant lowstiedty. The findings that titanium-doped.(®s
exhibits a high conductivity and nitrogen-dopegOscan be excited by visible light led to the idea
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of combining both the dopants effects in uniqu®krhost for solar cell application.

Titanium-doped 1505 films were deposited by sputtering [6,7], laseamyration [10],
electron beam evaporation [15], chemical vapor dijpm [9] and thermal oxidation [14]
methods. Nitrogen- doped ,D; have been successfully prepared by sol-gel [11A4%q
calcination of In(OHj in air [12]. In this paper we for the first timsad spray pyrolysis method
for preparation of I50; co-doped with titanium and nitrogen films and fomiison the optico-
electrical properties of obtained material.

2. Experimental
The pyrolysis of In(NG@)s is described by the equation
4IN(NGs)3 = 2Oz + 12NQG + 30,

As a result of the reaction, s is formed together with NO a nitrogen doping source.
Thus, from only In(NQ); precursor it is possible to preparg@aand dope it with nitrogen at the
same time. Furthermore, the high and stable malis between N@and InOs; is an advantage
compared to other methods using an external dopitrggen source. Titanium dopant was
produced by the pyrolysis of Ti£l0.05M solutions of In(Ng); in distilled water and TiGlin
ethanol were separately prepared. Prior to sprayiregin(NQ); and TiCl, solutions were mixed
at predetermined ratios. The spay pyrolysis systers used as presented elsewhere [17]. The
frequency of spray was 40 pulses per minute andyesgray pulses lasted for 0.6 s. 1.2 mm-thick
microscope glass slides were used as the subst¢g®sitions were carried out at different
temperatures in optimum region for the both pynslyef In(NGs); and TiCl which was
determined before. At every chosen substrate teatyress, a series of solutions with Tj@lolar
contents changed by the step of 10% were taketirftg preparation. Because In(N@and TiC}
are pyrolyzed simultaneously, under certain cood#i an 1rO; co-doped with titanium and
nitrogen film could be formed. A low resistivity obtained films was considered as the first sign
of the doping success.

The phase and the morphology of as-prepared filmie wharacterized by XRD, SEM,
and EDX. The films were also subjected to UV-vieaposcopy and thermo-electric test to
determine the type of conductivity. For the invgation on resistivity and photoconductivity, the
films were deposited in a shape of photoresistth agtive area of 5x10nmfmThe ohmic contacts
to active materials were made from &sq SnQF films. The photoresistors of identical
configuration prepared at different temperatures \@arious components ratios were subjected to
measuring the electric resistance in the dagy é€Rd under visible light (B of 50w halogen lamp
at distance of 12 cm in room condition. The measuesistances were presented in the surface
resistivity unit (ohm/sq).

3. Results and discussion
3.1 Material characterization

Electrical measurement revealed thfitms prepared at 380 to 44D from solutions
contained 10-40% TiGIshown a low resistivity, which is a specific chagaistic of the 1pO;
doped with titanium. XRD characterizations of thm$ prepared at 38t from starting solutions
comprised 10, 20 and 30% TiGlre presented in fig. 1. As seen in the figuretha diffraction
peaks can be indexed tg@3 with cubic crystals. Obtained diffraction patterssimilar to that of
pure IO [18], nitrogen-doped kD5 [11,12,16] and titanium-doped ,ID; [6,7] prepared from
different methods. No clear peaks from other pdssfiompounds such as InN, TiN, Li@nd
In,TiOs were detected. Only crystallinity of films prepadrgom mixed solutions appears to be
slightly lower than that from 100% In(NRsolution. The average size ot@ crystals estimated
using Scherrer equation was about 15 nm.
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Fig. 1: XRD patterns of films prepared at 380 °C from In(NO;); solution
and mixed solutions consisted of 10, 20, 30 TiCl,

The morphology of the films examined by SEM ws®wn to be homogeneous as
presented in fig. 2ZThe elements consisted in the films were estimaie@&DXanalysis. Tab. 1
and 2 show the representative EBiXthe films prepared at 38C and 420°C from solution
containing 30% TiCl

Fig. 2: SEM photography of film prepared at 380 °C from solution
containing 30% TiCl, and 70% In(NO3)3

As the results from XRD and EDX, deposited filme &mO; doped with Ti. Due to the
limitation of EDX methodology, nitrogen elementiiisible in the analysis. However, the fact
that In,O; was formed in a high nitrogen concentration medid @sible light photoeffect of the
films presented below allowed conclusion that dapdsfilms were the I5O; co-doped with
titanium and nitrogen (denoted as ITiNO). It wasoatevealed that the ratios of Ti to In were
almost unchanged from starting solutions to forrfieds. Furthermore, from the same starting
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solution the ratios were constant at different sabss temperatures. Obtained result allowed
characterizing the films according to the composdil ratios of the precursor solutions.

Tab. 1. EDX of fitm prepared at 380 °C Tab. 2. EDX of film prepared at 420 °C
from solution consisted of 30% TiCls from solution consisted of 30% TiCls

Elatment Waight Abomic Elament Waght Atomie

L e %o %%

O K 4627 8228 O K 4687 2000

ME 38 30 BKE 543 52

ClE 121 0582 CIE 143 110

TE T8 428 TiE 76 433

InhL 375§ 834 InL 384 o014

Total 10000 10000 Total 100,00 100,00

3.2 Optico-eectrical characterization

Fig. 3 show the UV-vis absorption spectrum of ITiin prepared at 386C and 20%
TiCl,. Fromthe absorption spectrum it is possible to estinthee optical band gaps using the
Tauc’s equation described a@sv = A (hv- Ey)™.
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Fig. 3: UV-vis absorption spectrum of film prepared at 380 °C
from solution containing 20% TiCl,
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Fig. 4: Graphical determination of the band gap energy
(a): indirect transition, (b): direct transition
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Fig. 4 (a,b)show the results of graphical band gap determinatib the film. It was
estimated that the optical band gap of the filr.&eV for indirect transition (with m=2) and 3.84
eV for direct transition (with m=1/2). The valuegher than 3.6 eV is explained by the quantum
confinement effect [18].

Electrical characterizations of ITINO were starigith the examination of the interface
characteristic between Sp® and the deposited ITINO films. Using currenttage (I-V)
measurement it was found that Srfoprovided the ohmic contact to ITINO films as g@sted in
fig. 5. Obtained interface characteristic enablesinvestigate the resistivity of the films as a
function of deposited conditions.
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Fig. 5: I-V characteristic of ShO,:F and ITiNO interface.

Fig. 6 presents the dark resistances of ITiN@dilobtained by pyrolysis from solutions
contained 10-40% TiGlat temperature of 380 and 420. As seen in fig. 6, the resistivities of the
films depend on TiGlconcentrations and deposition temperature. Bechusentents in the films
are equivalent to those in starting solutions,dberease of film resistivity can be explained kg th
increase in Ti impurity concentration that producesre conductive electrons. At high TiCl
contents, the structural destruction and the faonaaf high resistivity phases (such as JjiGan
be appeared that resulted in the raising resigtofithe films. The optimum concentration of TjCI
corresponds to the minimum resistivity of the ITiNibns was estimated to be from 20 to 30%.
The role of substrate temperature is to motivatentbal reactions and improve structure that
positively influence on conductivity of the filmSo resistivity of films prepared at 420 was
shown to be lower than that of films prepared 4 %8 And a minimum resistivity of 7 kohm/sq.
was reached at 42Q.
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Fig. 6: Dark resistivity of ITiNO films as a function of deposition temperatures
and percentages of TiCl, in starting solutions.
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The photoconductivity was estimated via the deeéashe resistance of ITINO films under
illumination. At the first exposition moment, theduction of resistance was rapid then slow
similar to results of I§0; doped with sulfur [19]. After time delay (aroun@ fninute), stationary
resistances were taken as the light resistancesvéduation of photoconductivity using formula K
= (Ro-R)/Rp. Fig. 7 presents the calculated K for the fiimegared at conditions of low
resistivity. As seen in the fig. 7, the photocortdiity of these films is fairly high. Furthermore,
the dependence of photoconductivity is similariat of resistivity. Based on obtained resultss it i
reasonable to suggest that nitrogen doping regiere stable for all ITINO films.
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Fig. 7: Photoconductivity of films depended on deposition temperatures
and TiCl, percentagesin starting solutions.
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Thermoelectrical test was also carried out in otdeestimate the type of conductivity.
Based on positive sign of thermo electromotive doat the hot end it was concluded that all the
ITINO films were n-type semiconductors.

Titanium was considered as a substitutional dojaim,O; that could compensate carriers
scattering effect originated from interstitial oxyg[7]. Furthermore, titanium belongs to IV group
so the substitution causes an increase of caoirentration compared to that of indium. Both the
effects of titanium dopant resulted in an enhaneegnwd electrical conductivity. Regarding
nitrogen dopant, it was shown [11, 12, 16, 20] thitbgen atoms can be incorporated intgOmn
by partially substitution of oxygen or interstitidoping with NQ  species, which create the
nitrogen levels in the hO; band gaps. These levels cause absorption andogigmneration in the
visible region of light spectrum. The mechanismdit@inium and nitrogen doping for J@; are
different. So, the co-doping with titanium and ogen could result in the combination of the two
doping effect at a certain condition. Consequeolitained ITINO films simultaneously exhibited
a low resistivity together with a visible light ploconductivity. Together with wide band gap,
visible light transparency and linear interfacehd@nQ:F, titanium and nitrogen co-doped.@
films show an promising potential to enhance tHieiehcy of photoanode in dye sensitized and
window layer in solid state solar cells

4. Conclusion

Titanium and nitrogen co-doped,®s films have been successfully deposited onto glass
slides by spay pyrolysis from solutions consisteth@NOz); and TiCl. Obtained films exhibited
specific characteristics of both titanium and rggn dopants: the films were conductive and
visible light photoconductive.

The films prepared at temperature region of 380-42@rom solutions consisted of 20-
30% TiCl, shown the minimums of resistivity and photocondiitgt under visible light at room
temperature.
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The dependences of the resistivity and photocohdiycbn the deposition temperature
and TiCl concentration allow tailoring the characteristégitanium and nitrogen doped,®s for
the application aim.

With concomitant collection of high photoeffect,wloresistivity, high band gap,
transparency and linear contact to SfQtitanium and nitrogen co-doped.@: films prepared
using simple spray pyrolysis method are shown ta baluable candidate for the development of
the high efficiency solar cells and other optoelstt devices.
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