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Abstract: This study presents the effects of tin and aluminium doping and tin/aluminium co-doping
on structural, optical, morphological properties of ZnO. Solid state reaction method was used to
prepare the samples Zn.«,SnsAlyO ((x:y) = (0.00: 0.00), (0.00: 0.03), (0.03: 0.00), (0.03: 0.03)).
The properties of the samples were examined by XRD, SEM, EDX spectroscopy and UV—vis
spectroscopy. XRD results demonstrated that the lattice parameters a and c, unit cell volume, bond
length L decreases while dislocation density increases with doping. The average crystallite size
decreased compared to undoped ZnO. SEM images indicated that all samples show presence of
hexagonal like grains and grain size decreases with doping. The optical band gaps were estimated
from Tauc plots and found as 3.27, 3.26, 3.23, 3.25 ¢V for undoped and doped Zng97Sng 30,
Zn9.97A10.030 and Zng 94Sng 03Al0.030 samples, respectively. The structural and optical calculations
showed that characteristic properties of ZnO changed with Al and Sn doping.

(Sn, Al) Es-katkili ZnO Yariiletkenlerinin Sentezi ve Karakterizasyonu
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Oz: Bu calisma, kalay ve aliiminyum katkilamasinin ve kalay/aliiminyum es katkilamasinin ZnO'
nun yapisal, optik ve morfolojik &zellikleri tizerindeki etkilerini sunmaktadir. Kati hal reaksiyon
yontemi, Zni«ySnxAlyO ((x:y) = (0.00: 0.00), (0.00: 0.03), (0.03: 0.00), (0.03: 0.03)) 6rneklerini
hazirlamak igin kullanilmistir. Orneklerin 6zellikleri XRD, SEM, EDX spektroskopisi ve UV-vis
spektroskopisi ile incelenmistir. XRD sonuglari, 6rgii parametreleri a ve ¢, birim hiicre hacmi, bag
uzunlugu L'nin azalirken, dislokasyon yogunlugunun katkilama ile arttigin1 gostermistir. Ortalama
kristalit boyutu, katkilanmamis ZnO ile karsilagtirildiginda azalmigtir. SEM goriintiileri, tiim
orneklerde hekzagonal benzeri tanelerin varligini ve tane boyutunun katkilama ile azaldigim
gostermistir. Optik bant araliklar1 Tauc grafiklerinden hesaplanmistir ve sirasiyla katkisiz ve katkili
71n0.97Sn0,030, Zng 97Alo.030 ve Zng94Sng 03Alp.030 numuneleri i¢in 3.27, 3.26, 3.23, 3.25 eV olarak
bulunmustur. Yapisal ve optik hesaplamalar, ZnO'nun karakteristik Ozelliklerinin Al ve Sn
katkistyla degistigini géstermistir.

1. INTRODUCTION

Zinc oxide (ZnO) is an II-VI semiconductor with wide
direct band gap (3.37 eV) and large exciton binding
energy (60 meV) coupled with excellent chemical
stability. ZnO is known as an important semiconductor
which can be utilized in various areas because of its
properties like non-toxicity, being plenty in nature, having
low cost, and suitability to doping [1-6].

ZnO doping with transition elements, rare-earth elements,
alkaline earth elements, and other elements is extensively

worked to reach the desirable optical, electrical, and
structural properties [7-20]. The impact of doping by
single element on ZnO properties drew significant interest
among researchers, and in many studies Al, In, Si, B and
Sn were proposed as a good dopant for various metal
oxides [21-32]. In addition, numerous studies were
deployed to investigate the effects of co-dopant on the
optical and structural properties of ZnO [33-44].

The objective of this work is to explore the effects of Al
and Sn doping and (Sn—Al) co-doping on the structural
and optical properties of ZnO prepared by solid state
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reaction method. In this study, the solid-state reaction
method was selected due to its advantages, including
rapid synthesis, simple synthesis process, high efficiency,
low preparation cost, reduced risk of contamination, and
effective control over the resulting material's morphology.
The structural characteristics were studied by X-ray
diffractometer (XRD), the morphological features were
monitored by Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray (EDX) spectroscopy and optical
properties were examined by Ultraviolet—Visible (UV—
vis) spectroscopy.

2. MATERIAL AND METHOD

Solid state reaction method was used to prepare the
undoped ZnO and Sn-Al co-doped ZnO (Zn.«ySnAl,O
((xty) =(0.00:0.00), (0.03:0.00), (0.00:0.03), (0.03:0.03))
samples. The stoichiometric amounts of starting powders
Zn0O, SnO, and Al,O3; were mixed and ground which is
followed by calcination at 450 °C for 8 h. The resulting
material was reground and pelletized upon cooling.
Eventually, pellets of 10 mm diameter were prepared
using press and these pellets were sintered at 900 °C for
12 h. The samples are referred as undoped ZnO (for x=0,
y= 0), Sn-ZnO (for x= 0.03, y= 0.00), Al-ZnO (for x=
0.00, y=0.03) and (Sn, Al)-ZnO (for x=0.03, y=0.03).

For structural characterization, X-ray diffraction (XRD)
using CuKa radiation (A=1.5406 A) accelerated in a 20
range of 20-70° with a scan speed of 2° min! was
performed. The surface morphology and grain structure of
the samples were observed by scanning electron
microscope (SEM) at magnification of 30 kx, and the
elemental analysis of the samples was performed by
energy-dispersive X-ray spectroscopy (EDX). The optical
properties of all samples were characterized by using a
UV-Vis spectrophotometer in the wavelength range of
300-800 nm.

3. RESULTS
3.1. XRD Analysis

Figure 1(a) demonstrates XRD patterns of undoped ZnO,
Zno978n0.030, Znoo7AloosO  and  Zno.4Sno.03Alo.030
samples. The diffraction patterns indexed with the ‘hkl’
values (100), (002), (101), (102), (110), (103), (200),
(112) and (201) are the characteristic peaks of the
hexagonal wurtzite crystal structure of ZnO (space group
P63mc), which agrees with the standard data (JCPDS card
No 36-1451).

An enlarged version of XRD pattern between 26=31° and
37° to facilitate monitoring effect of doping on the
structure is shown in Figure 1(b). The peaks (100), (002)
and (101) of doped ZnO were slightly shifted to higher
angles compared to undoped ZnO, which might have
resulted from the compression of the lattice parameters
due to the size difference between Sn, Al, and Zn atoms.
The intensity of the peaks of doped ZnO decreased and
the full width at half maximum (FWHM) became wider
with doping. The lattice distortion produced around Sn
and Al atoms increasing the tensile stress, may be held

accountable for the decline in diffraction peak intensity
and the increase of FWHM (Table 1).

Table 1. The peak position (20) values of undoped, Sn-doped, Al-doped
and (Sn, Al) co-doped ZnO samples

(hkl)
Sample (100) (002) (101)
20 (°) Intensity 20 (°) Intensity 20 (°) Intensity
ZnO 31.74 747 3442 534 36.24 1376
Sn-ZnO 31.77 384 3442 353 36.27 674
Al-ZnO 31.75 417 3443 331 36.25 684
(Sn, AD-ZnO 31.85 328 34.51 323 36.35 523
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Figure 1. (a) XRD patterns of undoped ZnO, Zn¢7Sn0.030, Zng97Alg030
and Zng04Sn003Alp03O samples (b) enlarged view of (100), (002) and
(101) peaks

Following relation was used to calculate the lattice
constants (a, ¢) of the samples [45, 46]:

1 4(h*+hk+k? +12 (1)
d2g 3 a? c?

where dnq is interplanar distance, determined from the
Bragg’s law (2duwsin® = nA). From the lattice constants
(a, ¢), the volume of the unit cell (V) for each sample was

computed as follows [47, 48]:
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a®c

V3 2
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The calculated values for the samples are given in table 2.
The lattice parameters for undoped ZnO are a= 3.2523 A,
c= 5.2065 A with unit cell volume V= 47.6920 A3. A
small change was monitored in the lattice parameters a
and ¢ for Sn-ZnO compared to undoped ZnO which were
prepared under same conditions. The lattice parameter a
and c values decreased slightly after Al doping and AL, Sn
co-doping. The radius of AI** (0.053 nm) and Sn*" (0.069
nm) are smaller than the radius of Zn?" (0.074 nm). In
general, it is expected that the lattice constant gets smaller
by Sn, Al atoms substituting Zn atoms in ZnO lattice. The
lattice distortion c/a ratio is approximately 1.633 in a
stoichiometric wurtzite structure. The calculated c/a of the
samples are also given in table 2, and it was noticed that
the values are slightly deviated from the ideal ratio
indicating the presence of extended defects.

For hexagonal structure of ZnO, Zn—O bond length (L)
was calculated via following equation [49, 50]:

N

where u is a positional parameter of the wurtzite structure.
The parameter u was calculated using below:

2

a
= — 4
u=35+025 4)

The calculated value of Zn-O bond length (L) was found
as 1.9788 A for undoped ZnO, slightly higher than Zn-O
bond length in the unit cell and decreased for doped ZnO.
The bond length (L) and position parameter (u) values for
the samples are listed in table 2.

Table 2. Lattice constants (a and c), unit cell volume (V), lattice
distortion (c/a), displacement parameter (u) and bond length (L) of
undoped, Sn-doped, Al-doped and (Sn, Al) co-doped ZnO samples

Sample aAd)  cA) ch V(@A)32 u L&)
ZnO 3.2523 5.2065 1.6009 47.6920 0.3801 1.9788
Sn-ZnO 3.2493 5.2066 1.6024 47.6058 0.3798 1.8798

Al-ZnO 3.2514 5.2055 1.6010 47.6549 0.3800 1.8810
(Sn, Al)-ZnO 3.2412 5.1933 1.6023 47.2471 0.3798 1.8751

The crystallite size (D) and lattice strain (€) were
calculated using Scherrer’s and Williamson—Hall method.
The average crystallite size (D) was calculated below
using Scherrer’s equation [51, 52]:

D= K2
" BcosH

©)

where K is the shape factor (is approximately given as
0.9), A is the wavelength of Cu-K, radiation (A= 0.15406
nm), and B is full width at half maximum (FWHM). For
undoped, Sn-doped, Al-doped and (Sn, Al) co-doped ZnO
samples, average crystallite size was calculated as 35.69,
32.63, 33.06 and 30.10 nm, respectively. The average
crystallite size of the samples was smaller than that of
undoped ZnO as shown in table 3. The decrease in the

crystallite size might be due to the distortion in the host
ZnO lattice.

The lattice strain (¢) values were calculated using the
following formula [53]:

_ Pceotd

7 (6)

&

The calculated lattice strain (g) values are given in table
3. It was clearly seen that in doped samples average
crystallite size (D) decreases while lattice strain values (g)
increases compared to undoped ZnO. To approximate
structural flaws in the samples, dislocation density () is
an important parameter. Following equation gives the
dislocation density (8) [54, 55]:

§=— (7

The dislocation density variation trend is like that of
lattice strain, which is the expected behavior. It was
observed that diffraction broadening causes a decrease in
crystallite size (D) and an increase in lattice strain (g).
This may be attributed to the growth in the overall defect
concentration in the structure.

W-H method yields a more accurate crystallite size than
that of obtained using Scherrer’s method, as W—H method
considers the contribution of intrinsic strain due to i.e. the
presence of point defect, stacking faults, grain boundaries.
The average crystallite size (D) and strain (¢) were
determined below using Williamson-Hall method [56,
571

KA 8
Pcosl = o + 4esin ®

The plots of BcosB as a function of 4sinB for all samples
are shown in figure 2. The y-intercept of the
corresponding linear fit extrapolation is used to determine
D values, while the slope of this fit gives € values. The
strain and crystallite size values obtained from W-H plot
is given in table 3.

The calculated value of D and ¢ for undoped ZnO by
Scherrer’s method is 35.69 nm and 2.42x1073,
respectively. By Williamson—Hall’s method, D is found
as 118.50 nm which is larger than that obtained by
Scherrer’s method, while ¢ is smaller, which is 1.68x1073.
The reduction in the € may explain the strain contribution
in crystal size using Williamson—Hall’s method that leads
to obtaining large size compared to Scherrer’s method. In
both method, D decreased with doping Sn and Al into
ZnO, which may be attributed to the slight decrease in the
lattice parameters.
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Table 3. The calculated crystallite size (D), dislocation density () and
the lattice strain (&) for undoped, Sn-doped, Al-doped and (Sn, Al) co-
doped ZnO samples

> W-H
Sample Scherrer’s 1073 s (m)? ——m8 ———
D (nm) D (nm) &(107%)
ZnO 35.69 2.42 0.00078 118.50 1.68
Sn-ZnO 32.63 2.64 0.00094 57.29 1.11
Al-ZnO 33.06 2.61 0.00091 77.03 1.46
(Sn, A)-ZnO 30.10 2.56 0.00110 5524 1.14

3.2. SEM and EDX Analysis

SEM images of undoped ZnO and co-doped ZnO are
displayed in figure 3. In all samples, it was monitored that
the grains were homogeneously distributed and there were
hexagonal like grains. Grains were more closely packed
in undoped sample, whereas the voids between the grains
increased with doping which may be linked to the
existence of defects. SEM images also showed that the
grain size was smaller in doped samples when compared
to the undoped ZnO. In accordance with the crystallite
size obtained from XRD measurements, it was observed
from SEM images that the grain sizes decreased with
doping.

Figure 4 presents the EDX spectra of all samples. Each
image includes an inset showing the atomic and molecular
weights of the elements involved in the synthesis process.
It was observed that all the samples contain Zn, Sn, Al,
and O clements according to their respective
stoichiometric amounts. EDX spectrum and elemental
mapping confirmed the presence of the host and
substituted elements without any other element. The
dopant concentration and reduction in host element
content indicated that materials retain their stoichiometric
compositions.

- & s » b >
Figre 3. SEM images of (a) undoed Zn0, (b) Zngy;Sng 0, (c)
Zn997A1.030 and (d) Zng94Sng 03Al0.030 samples at 30000xmagnifcation

= 3 L
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Figure 4. EDX spectra of (a) undoped ZnO, (b) Zng¢7Snge;0, (c)
Zn0‘97Alo‘03O and (d) Zn0'94S“0‘03A10,030 samples
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3.3. UV-Vis Spectroscopy Analysis

The impact of doping on the optical properties of ZnO was
investigated via reflectance UV-vis spectroscopy
measurement in the wavelength range of 300—800 nm.
Reflectance spectra of undoped and doped ZnO are
displayed in figure 5. From the reflectance spectra, the
absorption edge spectra for each sample were determined.
The reflectance data was converted to absorption spectra
through Kubelka-Munk equation. The optical absorption
spectra of all samples are displayed in figure 6. The
absorption edge spectra of doped samples were shifted
towards higher wavelength as compared to undoped ZnO
sample.

Tauc equation was used to calculate the optical band gap
energy (E,) [58, 591:

ahv = A(hv — Eg)n (€))

where a is the absorption coefficient (¢ =2.303A/t) and n
is a constant depending on optical transition type and
equal to 1/2 for direct gap transitions. Figure 7 denotes the
plotting of (ahv)? as a function of photon energy hv.
Plotting a line tangent to the linear part of the (ahv)?
versus hv curve and taking its intersection point with the

x-axis (hv) gives the energy bandgap, Eg. The obtained
results are also listed in table 4.

The energy band gap value of the prepared undoped ZnO
was estimated as 3.27 eV which is less than that the
reported for ZnO (3.37 eV). This deviation might be
driven by the structural defects that encompass the sample
during the synthesis process and thermal treatment. A
slight decrease compared to undoped ZnO was observed
with doping and co-doping. The samples’ estimated band
gap values were retrieved as 3.26, 3.23 and 3.25 eV for
Znoo7Sn0.030, ZngorAloosO  and  Zng94Sno.03Alo.030,
respectively. Compared with that of Sn doping, it was
seen that Al doping makes the band gap narrowing more
apparent. The values being close to each other may be
attributed to low doping concentration.

100
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Figure 5. Reflectance spectra of undoped ZnO, Zngg7Sngo;0,
Zl’lov97Alov030 and Zn0,94Sn0,03A10,030 samples

Zno

— ZngySng0
Zngg7Al 30
Zn94Sn0341 030

15

10

Absorbance (a.u)

| S—

300 400 500 600 700 800

A (nm)

Figure 6. Absorbance spectra of undoped ZnO, Zngg7Sneo;0,
Zl’lo_97Alo_03O and Zl’l0>94Sn0_03A10_030 Samples
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Figure 7. Tauc plots of undoped ZnO, Zn47Sny.030, Zng97Alp 030 and

Zn0,94sn0,03A10,030 samples

The band gap of ZnO exhibits a slight reduction upon
doping with Al and Sn, which is attributed to the presence

of defect bands in the band gap. Interactions between ZnO
lattice and dopant ions leads to the creation of localized
states within ZnO band gap. An urbach tail is produced by
these defect states which extends deep into the forbidden
gap and the energy associated with this tail is referred as
Urbach energy [60].

The Urbach energy (E.), which correlates the band tails of
the localized states with the crystal defects and
microstructural lattice disorders, and is determined from
the following relation [61-63]:

a = agexp (h/E,) (10)

where ay is a constant, a is the absorption coefficient, and
hv is the photon energy. E, is determined by plotting In(a)
versus (hv). The value of E, was obtained by taking the
reciprocal of the slope of the linear fit. The obtained
values of E, are given in table 4.

The values of Urbach energy evaluated from the slopes of
the fitted curves were found as 0.491, 0.554, 0.577 and
0.660 eV for undoped ZnO, Zng97Sn0.030, Zng97Alo.030
and Zno.04Sn0.03Al0.030, respectively. An opposite trend in
the variations of E, and E, with doping concentration was
observed. The E, value is relatively high for doped
samples, and this might be associated with structural
defects or disorder presents in the samples.

The Urbach energy of doped ZnO was found to be higher
than that of undoped ZnO. Previous studies have reported
that increasing Urbach energy results in an increase in
dislocation density. Consistent with the XRD and UV-vis
spectroscopy results, the observed increase in Urbach
energy in doped ZnO was accompanied by an increase in
dislocation density [64-65].

Table 4. The optical band gap (E,) and Urbach (E,) energy for undoped,
Sn-doped, Al-doped and (Sn, Al) co-doped ZnO samples

Sample E, (eV) E, (V)
ZnO 3.27 0.491
Sn-ZnO 3.26 0.554
Al-ZnO 3.23 0.577
(Sn, A)-ZnO 3.25 0.660

4. DISCUSSION AND CONCLUSION

The effects of Al, Sn doping and co-doping on the
structural, optical, and morphological properties of ZnO
samples prepared by solid-state reaction method were
reported in this study. XRD, SEM, EDX, and U-Vis
measurements were deployed to investigate the main
characteristic features of the samples. From XRD, it was
concluded that the doping resulted with no change in the
hexagonal wurtzite structure of ZnO. With doping, there
was a slight decrease in the cell parameters and bond
length which results in the shrink of the cell volume. The
crystallite size (D) estimated both by Scherrer’s and
Williamson—Hall methods decreased with Sn, Al doping
and with (Sn-Al) co-doping compared to undoped ZnO.
SEM indicated the presence of hexagonal like grains in all
samples and showed that the grain size decreases with
doping. The band gap values were determined to be 3.26
eV and 3.23 eV for Sn and Al-doped ZnO, respectively,
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and 3.25 eV for Sn, Al co-doped ZnO, compared to 3.27
eV for undoped ZnO. According to the UV-Vis
spectroscopy data, both doping and co-doping of ZnO led
to a slight narrowing of the band gap and an increase in
Urbach energy compared to undoped ZnO. The increase
in Urbach energy may be attributed to a higher degree of
structural disorder and a reduction in crystallite size
resulting from the incorporation of Al and Sn dopants into
the ZnO lattice. Overall, the obtained results suggested
that the structural and optical properties of ZnO can be
altered by doping.
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