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Abstract
Al doped Gg0;s thin film was prepared by stacking of Al thin fitn GaO; thin film using thermal evaporator. The doping gees
was carried out by post annealing process at tiifferent temperatures. The absorbance spectraaledethe Al doping process and
showed low absorbance at high annealing temperatsicanning Electron Microscope images were theegemd of surface effect due
to Al diffuses at high annealing temperature (> 400 Energy Dispersive Spectra showed the changései elemental composition
of Al doped GgOs thin film for various annealing temperature andealed Al diffusion by observed low Al contenthat surface of

the doped G#Ds thin film.
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1. INTRODUCTION

Thin-film type of semiconductor gas sensors havenbe
developed and widely applied in various applicaiench as
air pollution control, process control, hazard datection, and
so forth. Gallium oxide (G&s) is one such material, and in
the last decade has been investigated for thezagialn of a
new generation of gas sensors [1],Gais a wide band (4.8
eV) intrinsic insulator and can be changed to retyp
semiconductor by doping [2].

Ga0; gas sensor is characterized as a promising high
temperature sensor for the detection of reducingegeor
Oxygen. At high temperature, & exhibits properties of an
electronic semiconductor. The n-type semi conduactis
based on an oxygen deficiency of the crystal latfig]. By
doping these films, sensors with higher responseslawer
operating temperatures may be obtained. Many relsear
have already been reported the properties of d@z0; thin
film using Co [4], Si and Sn [5, 6] and Zn as ddpdhis
suitable for the next generation of optoelectrodievices
operating at ultraviolet wavelength. The Si-dopeg@3 and
Sn-doped G#; behave as the n-type semiconductor because
of donor impurity and oxygen deficiency [6]. Thesensors
operate on the principle that the surface condnctb the
sensors varies in relation to the adsorption ofaimbient gas.
Such changes have been noted since the earlieestaf
semiconducting materials [7,8]. Various methodsehaeen
used to synthesize Ga203 thin film such as metghric
chemical vapor deposition (MOCVD) [9], MBE [10]p#ting
zone [11], rf magnetron sputtering [12], photo glechemical
[13], and pulse laser ablation [9]. Thermal evaporais a
well known technique that does not produce any kidd

surface damage. Because this technique is a ragbetle
process it creates very little or no damage taritesface.

It is important to know the details of the surfagshen the
element is doped into the &% lattice. During the doping
process, there may be a chance to affect the suofabe film
depends on the dopant used. Doping process wasssficity
reported by several methods such as sol gel rdt Stacked
Elemental Layer technique was originally developtd
produce CulnSgthin films [15]. But it has also been used to
produce CdTe films [16,17]. The doping process gisin
elemental stacking is an attractive and many wbiks been
reported and achieved good results by the samergtbup
[18]. In this article, Al doping was performed biasking Al
elemental layer on G@; thin film followed by high
temperature annealing process. The optical andacurf
properties of annealed stack are tested and repdmtehis
paper.

2. EXPERIMENTAL WORK

Al doped GaO; thin films were syntheszied by stacking Al
thin film over GaQOs thin film using thermal evaporator (Auto
evaporator). The G&; (99.99%) powder and Al wire (99.9%)
were used as source material for this stack prépara
Initially, the vacum chamber was pumped down tox4.8°
mbar using the combination of rotary and diffusppmp. The
source material was loaded in the boat and fixedthia
elecrode inside the vaccum chamber after ventionggss. In
the first step, G#s thin film was coated over Si substrate
followed by Al thin film deposition. Each coatingas
performed at a specific time to achive desiredkiéss. The
thickness of G#D; and Al thin film were measured by optical
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method as 1.2 pm and 0.150 pm respectively. Inrorde
achieve higher thickess, two stack configuration
(Ga05/Al/Ga,04/Al) was established and achieved final
thickness of 2.7 um. Secondly, to perform dopihg, stack
were undergon annealing process at three different
temperatures of 300, 400 and 500 °C for about 2ihrs
nitrogen flow @ 6 sccm.

The optical behavior of as grown and annealed sssnpkre
tested using UV-Vis spectrophotometer. The absadan
spectra of all thin films were recorded in betwe0 and
1100 nm wavelength range at 2 nm intervals. FigtdsBion
Scannning Electron Microscopy (FESEM) was usecetomd
and analyze the surface morphology of as grownaamegaled
stack. Atomic Force Microscop (AFM) was used to suea
the surface roughness and grain size of Al dope4thin
film before and after annealing.
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Figl. Absorbance spectra of Al doped Gathin film at
different annealing temperatures.

3. RESULTS AND DISCUSSION
3.1 Optical Studies

The absorbance spectra of the non-annealed andlednl
stacked G#; thin film samples at three different
temperatures were recorded at the wavelength rah@®0
nm to 1100 nm as shown in fig.1. A noticeable daseein
absorbance could be observed clearly for the siaokaled at
300 and 500°C. Overall, in other words, an improved
transmittance can be clearly seen from the absoebapectra
for annealed samples. It depicts clearly that thaealing
process helps to diffuse Al atom into the,Galattice and
doping occers and hence the absobance decreasesisTh
because of activation of Al in @a; by annealing process. A
contrary results in absorbance could also beemrabddor the

stack annealed at 400 °C as increased value wirepared to
300 and 500 °C which could not be indentified diear

3.2 FESEM Analysis

FESEM characterization was carried out in ordesttaly the
surface morphology of the prepared stack before afitet
annealing process. The FESEM images were capturdtea
magnification of 100 kx and scale of 500 nm as showrig.
2. Here, the SEM images revealed that the graiostste has
been observed for anneald samples. Fig. 2 indidhgdsthe
annealing process induced the morphological chafgiee Al
doped GgOs thin film samples. From the image, it is observed
that the density of the film increases as the dmtea
temperatures increases. The surface image of thek st
annealed at 300°C shows loosly bounded particleshat
surface with clear grain boundaries. The stack aledeat 400
°C shows uniform morphology with good grain growthen
compared with the surface of stack annealed atr dilve
temperatures. Surface damage with bigger partizk could
be easily seen for the stack annealed at 500 °@rallythe
annealing process influenced the surface of Al dopa203
thin film considerably. Using the surface analysidftware,
the particle size of doped & thin film isevaluated and the
average particles size of Al doped ,Ga thin film lies in
between 100 and 145 nm. Agglomorated bigger pestiare
absorbed with stack annealed at 500 °C.

Fig2. FESEM image of the sample: (a) as-prepared, (b)
annealed at 300°C, (c) annealed at 400°C and (aded at
500°C.

In addition to this, the elemental composition gsal of as
grown and annealed stack was also performed byrdiegp
energy dispersive spectroscopy and observed thes mas
percentage of elements as shown in table — 1. Fabe 1,
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the elemental mass percentage of Ga, O and Aligsngawith
respect to the annealing temperatures. It shoveslglthat the
Al content slowly decreases as the annealing tesbyoer
increases. It is attributed to the diffusion ofiafo the GaO;
lattice as a result of annealing. Since Al was dépd on top
of Ga0s; thin film, the as grown sample has high Al mass
percentage than annealed samples. It could alsubberved
that the gallium and oxygen content are also chérfge
higher annealing temperature. Especially, Ga canaton
increases with 300°C and slowly decreass for theealing
temperature > 300°C. But, it does not match witke th
elemental composition of as grown samples.

Tablel Elemental mass percentage of Al doped@zahin
film stack at various annealing temperatures

Elements| As grown 300°C 400°C 500fC
0o 8.8 4.72 7.24| 10.4(
Ga 84.1 90.100 87.61 84.98
Al 7.10 5.18 5.16 4.62

Overall, the Al and O content increases and Ga etdnt
decreases for higher annealing temperatures. liti@udit is
clearly observed that the O concentration increaséh
annealing temperature increases.

oz sisen %

Fig3. AFM images of (a) as grown and annealed sta¢)at
300 °C, (c) 400 °C and (d) 500 °C.
3.3 AFM Analysis

To understand the surface properties in detail, dhdace
images of as grown and annealed Al dopedGgahin film

were captured by AFM and presented in Fig.3. Théase
image of as grown sample is shown in fig.3a. Fran8f it is
clearly understood that the Al diffusion as a resaf
annealing process has more influence in the surface
morphology and also the patrticles size. Grain ghowds also
observed for Al doping from AFM images.

Table2 Surface parameters of Al doped,Gathin film
measured from AFM images

As grown 300°C| 400°C 500°C
Roughness 0.0060 0.065| 0.0043 0.011
(Hm)
Particle 0.162 0.136| 0.208 0.250
size (uUm)

The AFM image of sample annealed at 500°C (FigsBaws
granular structure than other two temperaturess Ty be
due to grain grown as a result of high annealimgpierature.
It may be attributed to the high rate of diffusioh Al into
Ga0; layer at high temperature which is also evideniogd
EDS analysis in the previous section. Fig.3c shew®oth
and dense nature when compared to the images egtaiith
the samples annealed at other two temperaturesvidiwell
agreed with the SEM results. For detailed analy#ig
surface parameters such as roughness and paitel@fsthe
as grown and annealed samples were evaluated lyzegg
the AFM images using image software and summarined
table — 2. It clealy revels that the particle sofethe stack
slowly increases as with annealing temperaturecas®s from
300 °C — 500 °C. But it is also noticed that thecktannealed
at 300°C has small size particles than as growrpkesrand
increases gradually with temperatures. In rougheesdysis,
the surface roughness of this annealed thin filrs high and
showed the influence of Al diffusion on surface gedies of
doped Ga203 thin film. The improved surface rougsneas
noticed with the samples annealed at 300 °C and°60and
explained the effect of al diffusion at high tengdare. In
addition, very low value in surface roughness wasasared
with the stack annealed at 400°C. Over all, thedifflusion
into GgO0; thin film changes the surface roughness noticeably

CONCLUSIONS

Al doped GaO; thin film was synthesized by stacking Al
layer on GaOs thin film using themal evaporator followed by
high temperature annealing process. The opticabrbbace
spectrum was the evidence of Al doping into,@alattice
with decreased absorbance for increased temper&urtace
of Ga0O; thin film was modified by Al diffusion at high
temperatures. Grain growth was also observed asudt of Al
diffusion. Elemental composition of Al doped &g thin film
was showed the behavior of elemental diffusion rdyri
annealing process as O difficient. Noticeable sarfa
roughness and particle size was achieved in pastading
process at high temperature as a result of Al siiffio.
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