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Abstract

Highly conductive and transparent aluminum-doped zinc oxide thin films were prepared by ablating the t
containing 2 wt% AIO; with ArF excimer laserX=193 nm). The films were grown at a repetition rate of 10
Hz, energy density of 2—3 J/cm? and irradiation time of 1860 min (6006-36000 laser shots). The optical and
electrical properties of the films depend on the substrate temperature and oxygen pressure during film ¢
tion. The lowest resistivity was found to be at 1@dm for films deposited at 300 and in 1mtorr of oxygen
ambient. The average transmittance was found to be in the range-@2%4 Sharp decrease in transmittance
and sharp increase in reflectance near the plasma edge in the near-infrared range are due to impurity sc:
which is caused by aluminum doping.

1. Introduction

Transparent conducting oxide (TCO) films have found extensive applications in optoelect
devices (for example, solar celldjquid crystal displays, heat mirrors and multiplayer photothe
mal conversion systein Zinc oxide has attracted attention as a transparent conducting o;
because of its (i) large bandgap (3.3 &¥i), high conductivity, (i) ease in doping, (iv) chemical
stability in hydrogen plasnta(v) thermal stability when doped with 11l group elemétasd (vi)
abundance in nature and nontoxicity. In addition to potential use as transparent condu
oxide in optoelectric devices, ZnO thin films also find application as gas sériserause of
their high electrical resistivity. The optoelectric properties of ZnO thin films depend on
deposition and postdeposition treatment conditions as these properties change signifi
with (i) the nature of chosen doping element, (ii) the adsorption of oxygen that takes place ¢
film deposition, (iii) film deposition temperature and (iv) desorption during annealing treatmel
a reducing atmosphefe.

Several deposition techniques are used to grow aluminum-doped zinc oxide (AZO) thin f
These include chemical vapor deposition (CVBinagnetron sputtering? spray pyrolysig3
and pulsed laser deposition (PLBJ®In comparison with other techniques, PLD has many a
vantages such as (i) the composition of the films grown by PLD is quite close to that of the t:
(ii) the surface of the filmsis very smooth, (iii) good quality films can be deposited at r
temperature due to high kinetic energies (>1 eV) of atoms and ionized species in the
produced plasmd.
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In the present stugdyve have investigated thefedt of film deposition temperature and
oxygen ambient on the optical and electrical properties of aluminum-doped zinc oxide thin-
deposited by pulsed laser deposition. The purpose of this work is to determine the conc
that can produce highly conducting and transparent films for optoelectronic applications.

2. Experimental

Figure 1 shows a schematic diagram of the pulsed laser deposition system. AZO films
deposited on quartz and Corning 7059 glass by focusing an ArF (194 nm) laser on to a
rotating at 15 rpm. The ZnO (99.99% purity) target wais 2liameter and was doped with 2 wt%
Al,O; (99.99% purity). For all experiments, a repetition rate of 1@rdzenergy density of-3
J/cnt were maintained. The laser pulse duration was 20 ns. The distance between the targ
the substrate was 30 mm. The films were deposited by ablating the targetddmiid (6006
36000 laser shots). The deposition cell was initially evacuated to the pressure of the or
6x10° torr and film deposition was done at-€5Imtorr of oxygen pressure. The substrate ten
perature was varied from 25 ta®BG. Film thickness was measured with a DBKF-ST profilometer
The transmission through the films, referenced to the quartz glass, was measured in the
lengths from 2062000 nm by a spectrophotometer (Hitachi-330). The reflectance spectrum
measured from 26800 nm with a CAR 5E UV-VIS-NIR spectrophotometer at an angle o
incidence 10 Electrical resistivity was measured by van der Pauw method. Hall voltage mea:
ments were carried out to calculate the carrier concentration. Electrical and optical prop
were measured as a function of oxygen pressure and substrate deposition temperature

3. Resultsand discussion
3.1.Film thickness

AZO films with thickness varying from 120 to 580 nm were deposited in vacuum and 100 to 50
in oxygen ambient (1mtorr) by ablating the target for@@min (6000 to 36000 laser shots) a
300°C. The thickness in the film decreases in the presence of oxygen ambient and is c
reduction in film growth rate. It is attributed primarily to increased collision of the ablated A
particles with the ionized gas plasma during deposition. Zheng and‘ wazkreported a similar
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Fic. 1. Schematic diagram of pulsed laser depositiofric. 2. Variation of film deposition rate with laser
system. target interaction time 60 min(6006-36000 la-
ser shots) for the films deposited at 300n 1 mtorr

of oxygen ambient.
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Fic. 3. Effect of oxygen pressure on the variation ofFic. 4. Variation of resistivity carrier concentration
the resistivity p) of AZO thin films deposited at and Hall mobility of AZO film as a function of oxy-
room temperature and 3%0. gen pressure deposited at 300

effect of oxygen partial pressure on the film thickness and growth rate of ITO films deposite
PLD. Figure 2 shows the effect of variation of film deposition rate on laser target interaction
for films deposited at 30C in 1 mtorr of oxygen ambient. Deposition rate decreases and shc
saturation with increase in las¢airget interaction time. This decrease in the deposition rate
linked directly to a reduction in the amount of target material being vapd?iZée. amount of
target material that vaporizes decreases due to the formation of cones on the target surfe
the size of the cones increases the laser fluence incident on the target decreases, he
deposition rate decreases. This saturation phenomenon of the deposition rate can be du
complete formation of cones on the target surfatethe saturation region, the deposition rat
is found to be 8 nm/min for films deposited in oxygen ambient &C300

3.2. Electrical properties

The resistivity of AZO films deposited at room temperature is very sensitive to oxygen pres
(Fig. 3). High resistivity films were obtained at low oxygen pressure (< 0.5 mtorr) which rap
decrease to a lowest value of ®B0* Q -cm at 1 mtorr of oxygen pressure. As the pressu
increases furtheresistivity increases rapidly and the film prepared in 10 mtorr of oxygen pr
sure showed insulating behavidhe resistivity of AZO films deposited at 3@is less depen-
dent on oxygen deposition pressure. At BD€he lowest resistivity (1.44 10* Q-cm) is also
observed at 1 mtorr of oxygen pressure. It appears that at nearly 1 suftrient oxygen
vacancies exist in the film, which give rise to lowest resistifityower pressure (< 1 mtorr), the
resistivity is high due to deficiency of oxygen vacancies. This is confirmed by the black colc
the films deposited in vacuum and in low oxygen pressure. The sharp increase in resistivity
increase of oxygen pressure (>1 mtorr) can be explained by the fact that the increase of c
pressure in this range may reduce the number of oxygen vacancies in these films. The decr
oxygen vacancies reduces the carrier concentration resulting in increase in resistivity

Figure 4 shows resistivitgarrier concentration and Hall mobility of AZO film as a functiol
of oxygen pressure at 3W. As the oxygen pressure increases freth itor;, sharp decreases

in resistivity and sharp increase in carrier concentration with slight increase in Hall mobility v
a1
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Fic. 5. Resistivity carrier concentration and Hall Fic. 6. Optical transmittance spectra in the wave-

mobility of AZO films as a function of substrate tem- length range of 208800 nm as function of wave-

perature deposited at 1 mtorr of oxygen pressure. length for AZO films prepared at 380 for different
oxygen pressures: (a) vacuum, (b) 0.5 mtorr, (c) :
mtorr, (d), 3 mtorr(e) 5 mtorr and (f)10 mtorr

observed. Wh increase in the oxygen pressure from 1 to 10 mtesistivity increases, and
carrier concentration and Hall mobility decrease. The decrease in resistivity can be due
crease in the carrier concentration, which can be due to decrease in carrier concentratio
increase in oxygen pressure (>1 mtorr). The decrease in the carrier concentration can be
the suppression of oxygen vacancies in films prepared in oxygen pressure range (>1 mtort
decrease of oxygen vacancies reduces the carrier concentration resulting in increase in re
ity. Slight increase in mobility is due to improvement in crystallinity with increase in oxyc
pressure (6 1mtorr) and decrease in mobility is due to degradation of crystallinity with incre
in oxygen pressure (> 1mtoff).

Figure 5 shows resistivitgarrier concentration and Hall mobility film as a function of sut
strate temperature of AZO films deposited in 1 mtorr of oxygen pressure. The carrier conc
tion increases at first up to 2Wand is almost constant despite further increase in substi
temperature. Hall mobility also showed a similar tendeR®sistivity decreased rapidly up to
10C°C and then gradually with increase in substrate temperature. It is worth noting that the
prepared at low substrate temperature ofC@howed a low resistivity value of 3¥10* Q-cm.
The lowest value of resistivity (14410 Q-cm) was observed at 1 mtorr of oxygen pressure
300C.

3.3 Optical properties

Figure 6 shows optical transmittance (2800 nm) as function of wavelength for AZO films
prepared at 30C at different oxygen pressures. The films deposited in vacuum were blac
color and showed low transmittance. The coloration of the film is due to excessive zinc in the
The low value of transmittance may be because of excessive zinc ions existing at interstitia
that probably absorb light.High transmittance (above 90%) was exhibited by films preparec

0.5-10 mtorr of oxygen pressure. Howeviims deposited in 10 mtorr of oxygen ambien
1 0
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Fic. 7. Transmittance and reflectance spectra of AZQFic. 8. Variation of Ing) and Ing).
film deposited at 30T.

showed slight decrease in transmittance. A shift in the absorption edge was observec
increase in oxygen pressure. The shift in the absorption edge is due to well-known Brus
Moss shift and is related to carrier denéityhis change in the absorption edge (small band g
widening) is important in window layer coating since it can help prevent unwanted absorptit
luminous spectra range.

It is observed that the average transmittance decreases from 92% to 84% as the thi
increases from 100 nm to 550 nm for films deposited by ablating the targi€ tn at 308C in
1 mtorr of oxygen ambient. Howeyéhe transmittance increases continuously with increase
the substrate temperature for films in 1 mtorr of oxygen ambient.

Itis observed that in the infrared region, films behave like metals and have high reflectan
the visible region films, are highly transparent and their spectra are like those of dielectrics
crossover between these two behaviors is at the plasma freqtenag 7 shows the reflec-
tance and transmittance spectra of the AZO film. In the visible range, transmittance is higl
constant, while the reflectance is ldw the near IR range, transmittance decreases while refl
tance starts increasing. Minaatial® also reported such a behaviBigure 7 shows that one of
the samples prepared at 30@xhibits a minimunn the reflectance spectra. Suctmiaimum is
expected to take place near the plasma frequdineyplasma frequeney, is related to the
reflectance minimum by the relatfén

Drin = OpElew —1)3. Q

Hence, by determining,,, from the reflectance minimurnm, can be calculated by using the
relation as predicted by Drude theBd}

03 = N&le,Miye, 1) -7 @

wherez,, is the high-frequency dielectric functianthe electron chargei,, the effective mass of
the electron in the conduction bamd, the mass of the electron apdthe Drude scattering

frequency wherg is given by the relation .
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y =emeu ©)
andu is the mobility of the electrons. The valuegoindm.are 4 and 0.8n.

Substituting the value,, ¢.,, ¥ andm, into eqn (2), the carrier density is calculated to be
the order of 1.% 10** cm®in our films. This is in good agreement with that stimated from the H.
mobility and the conduction data.

The free carrier absorption coefficiend) (s related to wavelengtii)((near-infrared), and it
varies adP, wherep lies between 1.5 and 35If p=1.5,the changes in thaptical properties are
due to scattering by acoustic phondhg=2 it could be assigned to optical phonons and in ca
p=3-3.5itis normally associated with impurity

Figure 8 shows the variation of In@nd In¢). The relationship between them is linear and tt
slope is found to be 3.3. This suggests that in our films the changes in the optical properti
mainly due to ionized (Al) impurity scattering.

4. Conclusions

In this studywe found that oxygenfafcts significantly the deposition rate, optical and electric
properties of AZO films. Good-quality (highly conducting and transparent) AZO thin films
be prepared in a narrow range of oxygen pressure between 0.5 and. Byntmmtrolling the
oxygen pressure, coloration of the films, caused by the lack of oxygen, could be prevente
average transmittance of about 91% in the visible range and a minimum resistivity>of @42
cm were obtained for 2 wt% AZO films prepared in 1 mtorr of oxygen pressure°&. 30h
increase in film thickness, transmittance decrease was observed. The study of variation
sorption coefficientz with wavelengthl. reveals that aluminum atoms in the films not onl
produce conduction electrons, but also ionize impurity scattering centers. An infrared w
length cutoff property is attributed to light absorption by impurity scattering in our films.
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