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ABSTRACT

We report the thermal annealing effect of 2860, composite thin films deposited Ipulsed laser depositian its structural,
electrical, and optical propertieBhe results present a consistent portrayal of the evolutidn©fSnO, compositeoxide films

phase formation in postnnealed condition and its subsequent effect on various physical propéntissdiffraction confirms

that the films transform from nearly amorphous to fully crystalline state on thammahling at 600 °CX-ray photoeletron
spectroscopy reveals a small shift in®hpeak towards lower energy andl®and Zn2p peaks towards higher binding energy

with increasing ZnO concentration and confirms the formation of combined oxides of ZnO apdT&aCaverage mical
transmisin is greater than 80 % in the visible region of the annealedSM® composite films The lowest electrical
resistivity of 9.8 x 10 Qcm has been obtained i%nZnQ.Bu redultsIsuggest that arméaled n g
Zn0O-SnQ;, composie films with improved electrical and optical properties could find potential use in thirsdilan cells or

touch pad control panel€opyright © 2056 VBRI Press.
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I ntroduction and acceptor doped and/or composite metal oxide
- semiconductors are thoroughly investigated since decades.
In the last few decades, a large number of pristine, doped Oj; has been found that more efficient dowlpants

composite materials based on zinc and/or tin oxide have(e'g. Al, Ga) improved conductivitysehigh as 12000 S/cm
been comprehensively studied in various morphologies[Zl 22]'_ On the other hand, Sn@s the most commonly

S"‘C‘? they found many interesting SSH? ph_otovolt_aic sed TCO as low emissivity coating on architectural glass
applications, catalysis, gas sensing, antistatic coating anthynipit conductivities up to 9000 Sicm (when doped
transparent conducting oxides as solar electradé5][ with F) [23].

_Among them, Transparent conducting oxide (TCO)  \jinami et al. [24] first reported that SnEZnO birary

films are widely used in optoelectronic devices such as flat 5 ijes can combine the advantages of both ZnO and. SnO
panel disjmys, thin film transistors, infreed (IR) SnO~ZnO composite films, in spite of having difficulties
reflectors, transparent electrodes and solar cells, becausg, -hemical etching, in particular at higher concentration of
these films possess the desired combinations of high ot a1 1 i ¢ Sn might substitute

electrical conductivity and good optical transparency applications. Asboth Zn and Sn are more abundant than
[16-19]. A vast number of binary compods such as b0, indium, SnQ-ZnO composite films can emerge as a
ZnO, and Sn®have been explored during the last fifty |5, cost alternative. These two materials have the
years as potential TCO candidates. Among themdaped  compined advantage of excellent thermal stability and
In;0s, known as indiuntin oxide (ITO) is the most g herior mechanical strength of Sn@hiles the greater

extensively explored material (for flaanel displays), as it sbility of ZnO under reducing atmosphere. It is worth

shows room emperature conductivity as high as mentioning that the performance and efficiency of the
13500 S/cm0]. Zinc oxide (ZnO) is am-type, wide band T - ¢ depend on various par

gap (3.37%V at room temperature) semiconductor with a c,ncentration, deposition conditions and annealing
large exciton energy of 6@eV. However the significant  yeatment. Previously, many of the TCO thin fillhave
drawback of ZnO is its susceptibility totgeorroded under  peen syccessfully grown by using Pulsed laser deposition
strong acidic and alkaline conditions. On the other hand, p| by technique. It offers numerous benefits as compared
puretin oxide (Sn@) which is a wide band gap (3.6 €V) 5 other deposition techniques including precision of

semiconductor,does not fulfills the industry standard  hickness, morphology and desired composition of the films

requirements of transparent conducting electrodes for solargrown from of multicomponent targets, though uniformity

cell fabrication. In an effort to solve this matter, both donor over a large area is a major concermn. The substrate
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temperatures of the PLD films can be relatively lower as <1 x 10° torr was attained by evacuation using
compared to other PVD techniques since the kinetic energyturbo-molecular and iomgetter pumps. Photoluminescence

(>1 eV) of the ionized and ejected spagroduced byhe (PL) characteristics of adeposited samples were studied

laser plasma[25] are always higher. In the present using a HeCd laser as an excitation source, operating at
contribution, we have explored the structural, optical and 325nm with an output power of 50W and a
electrical properties of annealed SRZNO binary films photomultiplier detector. The sheet resistangg) (@nd
deposited by PLD omp-Si (100) and glass substrate with electrical res st i vi ty (-9n thimfilmstwere 2Zn O
varying ZnO concentration. Tthe best of our knowledge measured by usual foyrobe technique at room

this is the maiden investigation to exploit PLD to produce temperature 25 °C). To avoid ambiguity and minimize
annealed Sn®Zn0O binary thin films for developing TCO error, resistance of each film was measured at ten different

coatings or devices. locations on the film surface and the final régity was
computed by considering thaverage of the measured
Materials and Methods values

Tin oxide (99.99% pure, Aldrich) and zinc oxide

(i) 1 wt% ZnO-Sn0,

(99.99%)powders infour different mixture blends of were 4110 wi% Za0 S0 * * 500,
weighed, mixed and rigorously ground in a mortar by (i) 25 W% ZnO-SO, g
manual and /or mechanical means to create a homogeneot ) (iv) 50 wt% ZnO-SnO,

distribution of ZnO in Sn@ The asprepared powder - '

mixtures were subsequently used to makach diameter Te ‘

disks by cold pressing through the application of 6 ton load. =
The green samples were subsequently sintered in ait
atmosphere at 1000 °C for 4 h. The sintering cycle consists-
of heating and cooling the samples at the rate of 6 °C per
minute in air ambience vile holding them isothermally at

1000 °C for 4 h. Borosilicate glass were used as substrate: [, I A
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for the films to study the optical transmittance spectra and ""‘Wr',w;\.,' M A
p-Si (100) wafers (resistivity ~-I 4 -cif2) of 10 mm ww A * ol A (i)
x 10 mm dimensions were used to studwdtiral and Rt 7
electrical characteristics. The substrates were adjusted on . L L TR T T
particular substrate holder inside the deposition chamber woon oo s 439 (degfee} .
and positioned parallel to the target. The sample was heateu
to sustain an isotherm@mperature of 500 °C and camfi Fig. 1. GIXRD patterns of the Zn€snQ; thin films annealed at 600 °C

a uriform film thickness. KrF excimer laser (Lambda for 1 hin oxygen atmosphere.
Physik COMPEX, wavelength of 248 nm and pulsed
duration of 25 ns) was used to deposit the films. The targetResults and discussion

was continuously rotated during deposition to ensure _ .
uniform ablation and avoid denting or drilling. Fig. 1 shows the GIXRD pattern of the annealed (at 600° C

To deposit high quality and uniform films, the for 1 h at oxygen ambience) ZREnG, composite films.
deposition parameters were set as follows: laser e XRD profiles indicate that there is considerable

energy = 300 mJ, base pressure = 5Xifibar, oxygen improvement in the film crystallinity2p] of the deposited
ambient pressure = 1.1x10 mbar, substrate films on annealing, irrespective of their composition. The
temperature = 500 °C, substratetarget dstance = 45 ~ ZNO-SnG; specimens show semae ZnO and Snipeaks
mm, repetition rate = 10 Hz, laser shots = up to 15000. Theat usual Bragg angles, which implies that there is no
asdeposited ZneBnQ, films were then annealed at 600 °c  (0r limited) mutual solid solubility in the binadyinary

for 1 h in oxygen ambience (2 x 18nbar). Even though  films. However, itis difficult to confirm the extent of solid
the asdeposited films form over a wide range of thickness, Solubility of ZnO into Sn@ (if any) only by the )RD
only those films with constant film thicknesses Measurements. We similarly found no observable change in
(750 + 25 nm) were chosen to for our measurements. Thelattice parameter between undoped rédd SnQ in
surface morphologyand crystalline quality of the as ZNO-SnG;binary blends. Peiteads al. [27] by means of a
deposited composite films was investigated by glancing Solutionbased synthesis route, have earlier shown, that
incidence Xray diffraction (GIXRD), field emission ~ < 0.1 mol% of Sn@is soluble in ZnO. It is worth
scanning electron microscopy (FESEM) and atomic force Mentioning here that Zn&nG, phase diagram is not
microscopy  (AFM).  PerkifElmer ~Lambda 45 determined or reported till dateg]. It is evident from the
spectrophotometer, in the wavelength range-2000nm ~ GIXRD plot that the films crystallinity considerably
was used for recording the optical transmittance spectradeécreases with the increasing ZnO concentration.
The chemical compositions and bondirgjates were  Moreover,at higher ZnO concentration of 25 W and
examined with Xray photoelectron spectroscopy 90 Wt %, SnO; phaseappears a2 6 = 25.66° ar
(ULVAC-PHI, Model PHI 5000 Versa Probe I, Japan) intermediate cubic spinel compound,@nQ, (JCPDF file
with an AFK, X-ray source (1486.6 eV) using a micro NO- 742184) forms, apart from the usual peaks of
focused (100um, 25 W) beam with a photoelectron takeoff t€tragonal Sn& (JCPDF file no. 411445) and wurtzite
angle of 45°. The main chambesiing a base pressure of ZnO phases (JCPDF file no. -3@51), respectively. At

Adv. Mater. Lett. 2016, 7(4), 319-324 Copyright © 2016 VBRI Press 320



Research Article

Adv. Mater. Lett. 2016, 7(4), 319-324

Advanced Materials Letterg

lower ZnO concentratioffl wt % and 10 wt% ZnO),
prominent peaks corresponding to

AFM root mean square (RMS) plot of the pasihealed

tetragonal SnO SnO~ZnO thin films with varying ZnO concentration

(at 24 = 26.65°, 33.87°, 51.75° and 54.3°) along with the ranging fran 1.0 wt% to 50 wt%. The midregion of the

weak peaks of hexagonal ZnO appear (at 35.85° andasdeposited film was examined which cover an area of 4
pum x 4 um for measurement. It is evident from the RMS

very low intensity weak peak at 26.43° in the 10 wt % ZnO plot that the surface morphology of each sample varies

61.85°) in the annealed films. In addition, therai®mther

sample which is not accurately identified. No signature of significantly with the amount of ZnO addition. In adiolit,

preferential crystal growth in any plane of the deposited orthe RMS roughness decreases nearly in a linear manner
with increasing ZnO content (RMS roughness values are
35.6 nm, 32.15 nm, 27.45 nm and 8.62 nm with increasing

annealed films has been observed.

g ¢
O

RMS roughness (nm)

-

1wt% 10 wt% 25 wt% S0 wt%
wt %Zn0O

Fig. 2 (a) FESEM image of th#0 wt% ZnG- 90 wt% SnQ thin film (b)
3D-AFM image of 10 wt% Zn©90 wt% SnQ thin film (c) Surface
roughness (RMS) plot of the ZrSnG thin films as a function of
increasing ZnO content in the target.
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Fig. 3. Optical transmission spectra of the Z8DO; thin films with
different ZnO concentrations in the target.

The representative microstructural and
topography of one of the (10 wi# ZnO) SnG-ZnO
composite films has been presentedrFig. 2a (FESEM)
and Fig. 2b (AFM), respectively. The morplhagy of the
10 wt% ZnO film shows uniform walndtke structure with

distinct grain boundary distribution. Other films (not
shown) reveal similar FESEM morphology with varying
grain size. The said morphology revealed by FESEM

images correlates well withhé GIXRD findings. The
surface morphology of the Sp&ZnO thin films has been
studied by threglimensional AFM.Fig. 2(c) shows the

surface

ZnO concentration of 1 v, 10 wt%, 25 wt% and 50 wt
% ZnO, respectively). This trenis in agreement with our
recently published AFM results2q] that film crystallinity
as well as roughness enhances with -pegtosition
annealing compared to that in thedeposited (amorphous)
state. The optical transmission of the annealed-Bm10,

films deposited on glass substrates were investigated in the

wavelength range 300 to 1100 nFid. 3). It appears that
optical transmission of the annealed Z8DG, films

significantly increases as compared to that
asdeposited ones26], which might be attributed to both

better crystallization of the films and lower level of defects
near the grain boundaries, thereby resulting in improvement
internal

of structural homogeneity and decrease of
scattering of light.
The film with 50 wt% ZnO shows typical intensity

oscillations in the visible region owing to the interference
issue in thin films. The absorption edge of the composite
films shifts toward higher wavelength range (red shift) with

increasing ZnO content, as evident froRig. 3. This

change in absorption edge may be ascribed to both
compositional change and structural modification of the
composite films. The modification in the degree of

crystallinity of the composite films is followed by a large to
moderate change of the absorptiedges to the higher

wavelength regime. This result can be accredited to the
decrease of extended to localized state transitions resulting
from the band tails formed owing to the defect or disorder

[29].
The optical band gagEg) can be calculated from é¢h
Tauc equationd0] given by

ahv =A(Eq— hv)" Q)

where A is a constant related to the effective mass

associated with the bands amé a constant which is equal
to 0.5 for a direcgap material and 2.0 for an indiregap

material, ignoring excitonic effects. The optical data
obtained inFig.3wer e analyzed
plotted as optical band gap as a fiime of composition in
Fig. 4(a, b). Accordingly, the optical band gap valu&g)(

calculated as pethe extrapolation scheme enumerated in

the inset ofFig. 4, lie in the range 3.923.46 eV, varying
with ZnO concentrationk-ig. 4(a) clearly suggests that the

band gap decreases with increase in ZnO concentration.

The observed band gap values fdne tannealed
Zn0O-SnG, composite films with 1.0 w6, 10 wt%,
25 wt% and 50 wB6 ZnO concentrations are 3.92,

3.69, 3.51, and 3.45 eV, respectively. For comparison,

the E4 values of pulsed laser deposited pure Sal pure

ZnO films have also been included here. A representative

band gap plot is shown iRig. 4(b) for the sample with
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1 wt % ZnO-SnG; concentration. The relative band levels with that for pure Snefilm using G1s peak (284.6 eV) as

of the 2ZnQGSnG, composite thin films and the
corresponding electrenole transition isdepicted in inset
of Fig. 4 (b).
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Fig. 4. (a) Optical band gap of the ZrRSnQ, thin films with increasing
ZnO content. (b) Repr esent?aversuy e
photon energy relation of 1 wt% ZnO sample. Inset shows the electron
hole trarsition in ZnGSnG, thin film composites.

It is known that in degenerated semiconductors such a
SnG, and ZnO, the optical band gap can be increased o
decreased by varying the carrier concentration. Therefore
the optical band gap value decreasdb véin increase
in ZnO concentration or with the decrease in carrier
concentration. It is seen froFig. 4 that thermal annealing
have increased the band gap of 2800, composite films
with respect to that of the @eposited ones2f]. Earlier
Young et al. [31] have shown that sputter deposited
crystalline zinetin oxide (ZTO) thin films exhibit a direct
optical band gap in the range 3-33.9 eV. They further
concluded that this broad band gap range could probabl
arise with the combined effecf a large BursteidVioss
(B-M) shift and compositional as well as structural
dissimilarity of the zinetin oxide thin films.

To further study the effect of ZnO addition to Srad
chemical bonding and structural states of the anneale
Zn0-SnG; films, XPS study has been carried out for the
present set of ZnEsnO, composite films and compared

a reference for calibration of binding energy.
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Fig. 5. Peak fitting results of XPS O1s core level gpe of ZnG-SNQ
thin films with varying ZnO concentration (ZnO:Sp® (a) 0:100 (b)
1:99 (c) 10:90, (d) 25:75 (e) 50:50 wt.%).

The effect of oxidation behavior of the p@stnealed
Zn0O-SnG;, composite thin films has been well understood
by deconvolutingthe G1ls peaks by two nearly Gaussian
curves centered at 531.2 + 0.2 and 532.5 + 0.2 eV, as
depicted mFig. I5(te). Theo@ks peak dn ther AncbnG,
composite films has been observed in the binding energy
region of 531534 eV. The asymmetric-@s peak indiates
the coexistence of various chemical bonds in the composite

Silms. The peak at 531.2 eV (Pcorresponds to ©in an

roxygen deficient region3p]. The intensity of the 531.2 eV

‘peak increases with increasing ZnO concentration. The high
binding energy component of the-X9 peak at 532.5 eV
(Oy is characteristic for the presence of OHdroups
integrated in the marial and to loosely bound oxygen on
the surface such as,B [33]. Earlier, Sharmat al. [34]

have assigned the 532.0 eV peak to absorbed hydroxyl ions
in pure SnQ films prepared by spray technique. The film
with 10 wt % and 50 wt% ZnO further shows a@n
additional peak at 533.4 + 0.3 which might be attributed to

yweakly bound surface oxygen (i.e. presence Sf @nions)

in the composite structure3q].
Fig. 6 summarizes the electrical resistivity results of as
deposited and annealed Z8DG, binary-binary oxide thin

OIIilms. The resistivity plot follows the same trend as the as

deposited ZnesnQ, films, reportel earlier P6]. Earlier

Kil i ¢ an3] hae es@gldished [that the activation
energy for the formation of oxygen vacancies and tin
interstitials in Sn@ is quite low and accordingly these
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defects can readilgreate Finally, these defects tries to
enhance the conductivity in doped (e.g.rdaped Sng

and nonstoichiometric Sn@Q The conglomeration of an
extrinsic oxide like ZnO with Sngn bulk amount further

deposited state. The surface roughness of the films also
decreases with increasing ZnO concentration. The average
optical transmittance of the annealed ZTO films in the
visible range (40800 nm) decreases from 92 to 78%

increases its charge carrier concentration, resulting in awith increasing ZnO concentration in the filithwasfound

reduction in the resistivity.

1| —©— Anneated <}
1| —®»— As-deposited
’é‘ 0.1
= E
- 1 @ ,
_E ] ~ ©
= ] \ ! \
= ~
> © .
s |
‘»
L
(=5
1E-3 ')

20 30
Wt % ZnO

Fig. 6. Variations of electrical resistivity of afeposited and annealed
ZnO-SnG thin films as a function of increasing ZnO concentration
(plotted in logarithmic scale).

that by controlling the ZnO/ShG, ratio in the composite
aggregatethe optical bandgap of the PLD films could be
finely tuned between the bandgap (E) of ZnO
(EgD3.37eV) andSnG, (E4D3.6 eV). The atomic ratios of
the ZnG-SnG, composite films, as obtained from the XPS
spectrum, confirms the formation of mixed oxides rather
than alloyed phases. The XPS data revealed that in
Zn0O-SnG; films, Sn is present inr8(+4) state, while Zn
and O is present in mixed chemical states. The electrical
resistivity of the annealed Zr@nG films substantially
decreased with increasing ZnO concentration and also
compared to those of -@eposited films. The lowest
resistivity @8 x 100 Q c¢m) i s
annealed film with 25 wt % ZnO. The reduction may be
attributed to an increase in carrier concentration and
mobility due to diffusion process, and less giagundary
scattering. The present investigation shows that Z8@D,
binarybi nary annealed fil ms (
be a potential candidate for optoelectronic applications,
such as solar cells or touch panel controls owing to their
excellent structural, optical and electrical properties.

The resistivity of ZnGSnG, films is consistently lower
(follows a nonlinear mttern) than that of the -@eposited
films and reaches as low 89.84 x 10 Q-cm (25 wt%
ZnO film). This low resistivity may possibly be due to
further increase in mobility and carrier concentration due to
annealing at 600 °C in air. However, the nekly high
resistivity in the film with 50 w% ZnO is largely caused
by the compositional variation and the existence of
compositional and structural difference. It can be observed
that the film with 50 w&b ZnO is the smoothest with lowest
RMS roughness(RMS~8.62 nm), yielding maximum
defects and strain variations, which would obstruct the flow
of electrons and increases the resistivity. A comparative

study reveals that the electrical resistivity of the annealed®

Zn0O-SnG; films is an order of magnitude l@w compared

to its asdeposited counterpart. It may be presumed that duea.

to thermal annealing there is a greater possibility of
diffusion of Sn atoms from grain boundary and interstitial
lattice sites to regular ZnO lattice site37]. Annealing

influencesthe grain growth, subsequently resulting in less
grain boundary area, which finally, reduces the grain
boundary scattering. The mobility of the charge carriers,

therefore, enhances in the annealed films. Consequently the

resistivity of the films decreasés of the ZnGSnQ, films
in annealed state.

Conclusion

In summary, the structural, chemical and optical properties
of postannealed Zn&snQ, (ZTO) thin films with varying

concentrations have been studied. The ratios of zinc oxide

to tin oxide were formlated to range from 1:99 to 50:50.

It was observed that upon thermal annealing, the
crystallinity of the composite films increases significantly
with increasing concentration of ZnO compared te as
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