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Abstract: A series of SnO, thin films doped with low-dose Al (<1mol%) were prepared on slide glass substrates by radio frequency

(RF) magnetron sputtering. The crystal structure and optical properties were investigated by X-ray diffraction (XRD), scanning elec-

tron microscopy (SEM), UV-IR spectrometer, and photoluminescence (PL) measurements. Results show that the lattice constant ¢ de-

creases with increasing the Al content, which implies that Al atoms are successfully introduced into the SnO, and occupy the Sn sites,

and large number of oxygen vacancies are generated. The average transmittance values are higher than 88% within the visible spectral

region (400~800 nm) for all the films. The bandgap broadens when the Al percentage increases, which is dominated by the Burstein-

Moss (BM) effect. The PL spectra of these films have near band edge and deep level emission under the radiation excitation of 265

nm wavelength. The observed intensity of these peaks increases consistently with increasing the Al percentage.
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Doped and undoped tin oxide (SnO,) nanomaterials have at-
tracted a lot of attention!"” due to its applications in photovol-
taic devices*”, flat panel displays', solid-state sensors’'%,
thin-film transistors"", and high order harmonic genera-
tions!"?. Cation valences and adjustable oxygen deficiency are
the bases to create and tune the chemical and physical proper-
ties of SnO, for novel applications. Many dopants have been
used to improve the properties of SnO, for practical using?,
such as Mo, A1 Tal'®l Tnl"®) FR22 and Sb**1, Doped
SnO, thin films with nanostructure show increasing popularity

1-4,6-19.25.26
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in electrical and optical device application . Many

techniques, including spray pyrolysis™*'>'", magnetron sputter-

611192351 go]-gel®), rheotaxis growth!*, thermal oxidation!'¥,

ing!
and chemical vapor deposition (CVD)"'®, have been used to fab-
ricate these thin films. Among these methods, the magnetron
sputtering deposition has the advantages of easy operation, con-
trollable film thickness, high purity, high speed, low tempera-
ture, and favorable adhesion on the substrates!®!"'*!,

Many traditional oxide semiconductor thin films have the
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disadvantages of high cost and durability due to inclusion of
rare metal materials and weak chemical stability, respectively.
Rare metal-free SnO,-system, which has stable physical prop-
erties at high temperatures and under chemical environments,
is a good choice to replace those traditional thin films. Tin ox-
ide thin films usually have a wide bandgap (£,=3.6 eV at 300
K), which indicates that they have excellent optical properties
in the visible spectral range (400~800 nm). However, the un-
doped SnO, thin films commonly have a relatively high resis-
tivity (>107" Q-cm)®?**\. To solve this problem, Al can be con-
sidered for the metallic dopant for SnO, thin films because Sn
has the approximately same large orbit as In does, and Al with
slightly small orbit creates a stable bond with oxygen™". Re-
search of preparation processes to fabricate SnO, materials
continues its drive toward improving the performance of these
semiconducting materials for electrical and optical devices.
However, challenges still exist for improving the fabrication
processes for various advanced applications. A further investi-
gation is required to examine the effect of Al dopant on the op-
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timization of SnO, films®"**,

Bagheri-Mohagheghi™® and Ahmed™ showed that the Al con-
centration can have a strong influence on the electrical and opti-
cal properties of SnO, thin films. The conduction type transition
from n-type to p-type occurs when the critical Al dopant percent-
age is near 8%"”” and 12.05%"", depending on the initial number
of n-type carriers in the films. When Al content is lower than the
critical percentage, SnO,-Al films behave as an n-type material;
when Al content is higher than the percentage, the films behave
as a p-type material™-"!. The variation of structures, resistivity,
and optical bandgap of the films with different Al percentages
was also reported®-". However, the low-dose Al-doped SnO,
films with distinct structure and optical properties were not dis-
cussed thoroughly in those reports.

In this research, with increasing the addition of low-dose
AI*" dopant in SnO, thin films, the lattice constant ¢ decreases,
and the bandgap broadens. These variations of the structure
and optical properties are probably due to the generation of a
large number of oxygen vacancies.

1 Experiment

SnO,-Al thin film samples were prepared by radio frequen-
cy (RF) magnetron sputtering on 1 cmx1 cm slide glasses
with a thickness of 1 mm. Four ceramic targets of SnO, separate-
ly doped with 0.05mol%, 0.25mol%, 0.5mol%, and 1mol% Al
were used in experiments. The slide glass substrates were first-
ly cleaned in acetone, rinsed in deionized water, and dried
with N, gas before loading into the chamber. The distance be-
tween the target and the substrate was ~50 mm. The base pres-
sure was 4.0x10™ Pa, and the film growth was carried out in
the growth ambient with the ratio of oxygen to argon gas flow
(mL/min) of 50:100. The target was pre-sputtered in pure Ar
for 10 min to remove surface contamination and maintain sys-
tem stability. The sputtering power at 80 W was maintained,
and the target area was ~80 cm?. So the power density applied
on all the films was ~1 W/cm? for 2 h during sputtering. The
four samples doped with 0.05mol1%, 0.25mol%, 0.5mol%, and
1mol% Al were marked as SA-0.05, SA-0.25, SA-0.5, and SA-
1, respectively, and were deposited on the substrates at 300 °C.

The XRD patterns were obtained by an X-ray diffractometer
(Brucker D2 Phaser) using Cu Ko radiation (0.154 nm) at 40 kV
and 40 mA. The micrographs of scanning electron microscope
(SEM, JEOL JSM-6930A) were studied. The absorption/trans-
mission and photoluminescence (PL) spectra were investigated
by UV-vis-NIR spectrometer (HR4000) and Horiba FluoroMax-
4, respectively.

2 Structure and Morphological Properties of SnO,-
Al Films

Fig. 1 shows the XRD patterns of all the films. The broad
hump between 20° and 40° is the background intensity due to
the glass substrates. The observed peak positions are corre-
sponding to the rutile structure of polycrystalline SnO, films
(JCPDS 41-1445). The lattice constants of four samples are
shown in Table 1, which agree well with the reported bulk val-
ues a=0.4738 and ¢=0.3187 nm from the reference pattern.

As shown in Fig.1, (110) and (101) are the preferred orienta-
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Fig.1 XRD patterns of SnO, thin films doped with different Al con-

tents

Table 1 Crystalline parameters of the SA-0.05, SA-0.25, SA-0.5, and SA-1 films

Film 26/(°) ChikD Lattice constant/nm d,y/nm /% 1/% B/(®) D/nm
26.281 (110 - 0.3388 100.0 100 0.663 12.5

SA-0.05 33.600 1on a=0.4792 0.2665 93.2 75 0.831 10.1

51.421 Q1D ¢=0.3190 0.1776 42.5 57 0.937 9.5

26.318 (110 - 0.3384 69.0 100 0.661 12.5

SA-0.25 33.723 (1o a=0.4785 0.2656 100.0 75 0.600 14.0
51.575 Q11 c=0.3173 0.1771 47.9 57 0.572 15.7

26.359 (110 - 0.3378 69.6 100 0.642 12.9

SA-0.5 33.996 (1o a=0.4778 0.2635 100.0 75 0.682 12.3
51.782 Q1D c=0.3143 0.1764 69.6 57 0.459 19.7

26.320 (110 - 0.3383 75.9 100 0.743 11.1

SA-1 34.080 (1o a=0.4785 0.2629 100.0 75 0.885 9.2
51.783 Q1D c=0.3131 0.1764 72.4 57 0.525 17.1
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tions for all the films. Other orientations, such as (211), (200),
and (112), also appear with relatively lower intensities. With
lower doping level, the SA-0.05 film grows slightly faster
along preferable plane (110) than that along (101). As the con-
tent of Al dopant increases, there is a gradual suppression of
the growth along (110) plane. Instead, the films growth along
(101) becomes faster than that along (110). Also, the decrease
of lattice constant ¢ from 0.3190 nm to 0.3131 nm indicates
that more Al atoms with slightly small orbit are successfully
introduced into the SnO, host and occupy the Sn sites, and the
preferable peak of (110) shifts to the larger diffraction angles,
i.e., (101) plane. This suggests that the lowest surface energy
density along the (110) orientation in SnO, crystal transfers in-
to (101) orientation with increasing the Al concentration!.

The grain sizes of samples are calculated (Table 1) by the
Scherrer’s equation”®" as follows:

D=0.91/fcosB (1
where 1 is the X-ray wavelength of 0.154 nm, 6 is the Bragg
diffraction angle, and f is the full width at half maximum
(FWHM) of the diffraction peaks. Besides, f is corrected by
the Warren formula f’=B’- b, where B is the measured peak
width and »=0.1° is the peak broadening due to the machine.
The average calculated grain sizes of SA-0.05, SA-0.25, SA-
0.5, and SA-1 films using the data of (110), (101), and (211)
peaks, are 10.7, 14.1, 15.0, and 12.5 nm, respectively, which
indicates that the crystalline quality of SnO, thin films im-
proves with increasing the Al doping percentage.

The thickness of the films determined by the cross-section
scan is ~430 nm (Fig.2). Considering that there is no apparent
difference between all the films, the observed surface of the
film is smooth and uniform with lower roughness due to the
grain growing induced by large particle coalescence, which al-
so confirms the good quality of thin film.

3 Optical Properties of Sn0,-Al Films

The UV-IR spectra of all samples are shown in Fig.3. The
observed average transmittance values of all the films are
higher than 88% within the visible region (400~800 nm), due
to the improvement of the crystalline structures and surface
quality®>*¥. The sharp band edge absorption of thin films ob-
served in Fig.3a is due to the quantum interaction of incident
light and thin films. A shift of optical band edge towards the

Fig.2 SEM image of SA-0.05 film
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Fig.3 Transmission-4 (a) and (hva)>-hv (b) plots of SnO, thin films

doped with different Al concentrations

short wavelength is also noticeable with increasing the Al dop-
ant percentage. The absorption edge of the films, correspond-
ing to electron transitions from the valence band to the con-
duction band, can be used to determine the optical band gap E,
of the films. The absorption coefficient can be expressed by
Eq.(2)P*:

a(hv)=C\/hv - E, 2)
where C is a constant for a direct transition, « is the optical ab-
sorption coefficient, and /v is the photon energy. The plots of
(hva)*-hv are shown in Fig.3b. The gap values of SA-0.05, SA-
0.25, SA-0.5, and SA-1 films obtained by extrapolating the lin-
ear absorption edge parts of the plots are about 4.02, 4.06,
4.07 and 4.11 eV, respectively. The bandgap broadens obvious-
ly with increasing the Al percentage. This bandgap broadening
is dominated by the well-known Burstein-Moss (BM) shift?*>*¢,

as follows:
2

AE =

(31172]1)2/3 (3)

*

where 7 is the Plank constant, # is the present carrier concen-
tration, m.,, is the reduced effective mass****, as follows:

m=mymf(m, +m;) @
where m. and m_ are the effective mass of carriers in valance
and conduction bands, respectively.

To examine the bandgap broadening, the film type and carri-
er concentration are determined by Hall experimental measure-
ments conducted under a magnetic field of 0.2 T. The result
shows that the SA-0.05, SA-0.25, SA-0.5, and SA-1 films
doped with low-dose Al are n-type films with the carrier con-
centration of ~1.3x10", 4.9x10", 6.8x10", and 1.7x10" cm?,
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Fig.4 PL spectra (a) and Gaussian fitting lines (b) of SA-0.05, SA-0.25, SA-0.5, and SA-1 films

13+

respectively. Although Al is the acceptor doping in SnO, thin
films due to the small radius of A" (~0.051 nm)®", which is
smaller than that of Sn** (~0.069 nm)™, the holes appear with
broken bond induced by the substitution of Al in Sn sites.
Large number of doubly ionized oxygen vacancies are generat-
ed™, so the majority carriers are still electrons whose concen-
tration increases with increasing the low-dose Al dopants.

For tin-oxide based films, the bandgap shrinkage value in-
duced by electron-electron and electron-impurity interactions is
less than that of BM broadening™”, so it is neglected in this dis-
cussion. Taking m .=m, and m =3m,*", the shift value of the band-
gap induced by BM effect is estimated as ~0.004, 0.045, 0.056,
and 0.10 eV for SA-0.05, SA-0.25, SA-0.5, and SA-1 films, re-
spectively, which agrees with the experimental results.

Fig.4 shows the measured PL spectra and Gaussian fitting
lines for all the films. The PL emissions were measured by a
spectrometer Horiba FluoroMax-4 with an excitation wave-
length of 265 nm at 150 W xenon pulse lamp. Several PL
bands are used in the previous reports, including 564, 488,
417, 400, 387, and 370 nm***), and high-resolution peaks
around 368~384 nm'*l, These emission peaks are usually fea-
tured by a near band edge emission and a defect level emis-
sion in UV and visible regions, respectively. The Gaussian fit
shows six symmetrical peaks centered at 313, ~347, ~403,
615, 680, and 723 nm accordingly. The first and the second
emission peaks in the UV region is very close to the bandgap
values of 4.02~4.11 eV, which indicates that these emissions
are from the band and the near band edge. The observed peak
in the UV band is much larger than that in the visible region,
which implies a good crystallization quality of Al-doped SnO,
thin films. With increasing the Al dopant concentration, more
Al atoms occupy Sn atom sites in the lattice, and the carriers
excited by UV light escape more easily from Al ions than
those from Sn ions do. Therefore, a larger UV peak emerges
due to the increase of excitonic recombination induced by a
quick diffusion of excitons and more electron-hole pairs™.
The third emission peak is centered at 403, 387, 380, and 389
nm for SA-0.05, SA-0.25, SA-0.5, and SA-1 films, respective-
ly. These peaks are ascribed to Sn interstitials in the films™*.
The detailed peaks at 615, 680, and 723 nm are not yet very

clear. It is believed that these peaks are caused by the defect
level emission induced by oxygen vacancies, which forms a
considerable number of trapped states within the bandgap™.
Also, the decrease of lattice parameter ¢ of the film suggests
an increase in oxygen vacancies™, leading to the recombina-
tion of deeply trapped charges and photogenerated electrons
from the conduction band, and the intensity of the peak thus
increases with increasing the concentration of oxygen vacan-
cies™. It is apparent that the structure and optical properties
of SnO,-Al thin films are not monotonous below or above the
critical Al-doping concentration (~8.0%"" and ~12.05%"").

4 Conclusions

1) The lattice constant ¢ decreases with increasing the Al
content in SnO, films. It implies that Al atoms are successfully
introduced into the SnO, host and occupy Sn sites, and a large
number of oxygen vacancies are generated.

2) The UV-IR studies show that the average transmittance
values are higher than 88% within the visible region (400~800
nm) for all the SnO, films with different Al contents. The
bandgap broadens when the Al percentage increases, which is
dominated by the Burstein-Moss (BM) effect.

3) The photoluminescence spectra of the SnO, films with
different Al contents have near band edge and deep level emis-
sion under the radiation excitation of 265 nm wavelength. The
intensity of the peaks increases with the increases of Al per-
centage. It is apparent that the structure and optical properties
of SnO,-Al thin films are not monotonous below or above the
critical Al-doping concentration (~8.0%"" and ~12.05%""). A
further investigation is required to examine the effect of Al-
doping percentage on the optimization of SnO, films.
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