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ABSTRACT

Electrical, optical and photosensitivity of aluminium-doped tin oxide (Al-SnO2)

nanocrystallites prepared by sol–gel technique and annealed at 400 �C and

500 �C are studied. The synthesized nanocrystallites are characterized using

spectroscopic techniques such as powder X-ray diffraction (PXRD), scanning

electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy,

energy-dispersive X-ray spectroscopy (EDX) and UV–VIS-DRS spectroscopy.

The PXRD data confirm the development of polycrystalline nanocrystallites

having crystal size & 6.8 nm at 400 �C which increases to & 8.7 nm on

annealing at 500 �C. SEM images illustrate the formation of nanoclusters. Broad

characteristics bands of FTIR spectra demonstrate the presence of physical

interaction between SnO2 and Al2O3. EDX spectra illustrate the presence of

aluminium, tin and oxygen in the particles annealed at 400 �C and 500 �C with

composition Sn0.726Al0.274O2 and Sn0.809Al0.191O2, respectively. UV–VIS-DRS

spectroscopy illustrates that the band gap energy of 400 �C and 500 �C annealed

materials are 3.42 and 3.35 eV, respectively. First time, the electrical properties

and photosensitivity of the Al-SnO2 nanocrystallites annealed at two different

temperatures are studied by making the particles into thin films of thickness

103l (400 �C) and 106l (500 �C) on glass substrate.

1 Introduction

Nowadays metal oxide nanocrystallites are creating

immense interest among researchers because of their

unique characteristics, wide range of applications

and stability. They are key materials for optoelec-

tronic devices [1–5]. Among the oxides, SnO2 is a

significant n-type semiconducting material and is

useful in fabrication of solid-state gas sensors [6],

transparent conducting electrodes [7], rechargeable

Li-batteries [8] optical and electronic devices [9],

catalyst for photo-degradation & organic conversion

[10], photo-electrodes of photovoltaic cells for solar

energy conversion and antistatic coating [11–14].

Researchers have reported that the optoelectronics
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properties of SnO2 can be tailored by doping alu-

minium in SnO2 crystals for making efficient sensor,

active anode, display devices, vacuum electronics

and catalysts [15–18]. So far, as the properties and

specific application is concern, the synthesis tech-

nique of nanocrystallites plays a vital role. The

diverse methods used for the synthesis of Al-SnO2

nanocrystallites of varying structure and morphology

are co-precipitation method [19], chemical vapour

deposition (CVD), vapour–liquid–solid approach

(VLSA), rapid thermal evaporation (RTE) and the

sol–gel method [20–25]. The ion implantation method

can also be used for preparing mixed metal oxides

[26]. Among these techniques, the sol–gel method has

established its credibility as it is a simple, repro-

ducible and inexpensive path for the production of

nanocrystallites. Preparation of multi-component

oxides applying this strategy is appropriate as it has

the competence to bring several components into the

solution phase, size and morphology can be con-

trolled, processing and sintering can be performed at

low temperature, and better homogeneity and phase

purity can be achieved [27].

At present, designing of optical materials of non-

toxic elements is a growing field of research. In view

of the above facts, herein an attempt is taken to pre-

pare Al-doped SnO2 nanocrystallites by the sol–gel

technique. The synthesized materials are character-

ized using PXRD, SEM and EDX. The optical prop-

erties are studied by using the UV–VIS-DRS

spectroscopic technique and electrical and photo-

sensing application by current–voltage (I–V)

measurement.

2 Experimental details

2.1 Chemicals

Chemicals like stannous chloride (98%), aluminium

sulphate (98%), n-hexane (95%), ethanol (95.5%),

acetone (99.5%), methanol (99.9%) and aqueous

ammonia (25%) were purchased from Merck India

Ltd and were used for preparation of nanocrystallites

without further purification. Double distilled water

was used throughout the experiments for the prepa-

ration of solutions.

2.2 Synthesis of nanocrystallites and thin
films

Al-doped SnO2 nanocrystallites were prepared by the

sol–gel method. First 100 ml of aqueous-ethanol

solution (1:1) of aluminium sulphate (Al2SO4)

(2 mmol) and 100 ml of aqueous-ethanol solution

(1:1) of tin dichloride dihydrate (SnCl2
.2H2O)

(14 mmol) were prepared. Then both the solutions

were mixed under vigorous stirring, to get transpar-

ent sol. Thereafter, ammonia solution was poured

drop by drop into the solution with constant stirring

in magnetic stirrer to get gel. The gel was filtered,

washed with methanol and then dried at 200 �C for

1 h to get dried sample. The dried sample was further

annealed at 400 �C and 500 �C for 2 h to achieve

a fine homogeneous powder of Al-SnO2

nanocrystallites.

A part of the annealed nanopowder was dispersed

in the organic solvent [28], and thin films of the

nanocrystallites were prepared on glass substrate by

the spin coating technique at the rpm rate of 2000 for

the 40 s at room temperature. The thicknesses of the

prepared thin films were measured gravimetrically

using the relation 1 [29].

t ¼ w

Ad
ð1Þ

where t = thickness of the deposited film, W =

weight of the film, A = total surface area of the film,

and d = density of the film with the assumption that

the film density is same as the bulk density. The

measured thicknesses of the films were found to be

103 and 106l for 400 �C and 500 �C annealed

nanocrystallites.

2.3 Characterization

The phases, crystallinity and structural analysis of

Al-doped SnO2nanocrystallites were studied by

powder X-ray diffraction (PXRD) carried out by Sie-

mens (Cheshire, UK) D 5000 X-ray diffractometer

equipped with CuKa radiation source (k = 1.5406 Å)

at 45 kV and 40 mA with a standard monochromator

equipped with a Ni filter, in the range of 10–80�,
using the step size 0:013� and time step 13.6 s. The

scanning electron microscopy (SEM) images were

recorded in a Hitachi S-3000 N scanning electron

microscope operated at 10 kV to investigate the sur-

face morphology. EDX was carried out in Zeiss
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EDAX EVO-18 at 15 k Volt. FTIR spectra were

recorded at 4000–400 cm-1 on a Bruker Alpha spec-

trometer equipped with a DTGS KBr detector. UV–

VIS-DRS spectra were recorded in UV–VIS-DRS

spectrophotometer Cary 5000 by diluting the samples

with KBr. The current–voltage (I–V) of the thin films

was also measured in dark and light using 100 W

tungsten bulb to study photosensitivity.

3 Results and discussion

3.1 PXRD structural analysis

The powder X-ray diffraction (PXRD) patterns of the

annealed samples of Al-doped SnO2 nanocrystallites

are shown in Fig. 1. All peaks observed in the pat-

terns can be indexed for SnO2 of space group P42/

mnm with tetragonal structure (reference to ICDD

card no. 41-1445) [27].

The diffraction patterns attribute the formation of

polycrystalline nanocrystallites with peaks along

(110), (101), (200), (211), (220), (116), (002), (202) and

(310) planes. Sharpening of Bragg’s reflections on

increasing the annealing temperature from 400 to

500 �C of the sample shows that growth of crystals is

taking place (Fig. 1) along (110), (101) and (211)

planes [30] with creation of new nucleating centres in

the whole lattice [31]. The non-appearance of peak for

aluminium in the PXRD pattern attributes the inte-

gration of aluminium atoms homogeneously into the

SnO2 crystal lattice. Rather a slight shifting of (110),

(101), (200), (211) and (220) peaks is observed towards

higher angle (26.70 �C, 33.92 �C, 38.01 �C, 51.92 �C

and 54.66 �C, respectively) for Al-SnO2 nanocrystal-

lites (annealed at 400 �C) from the pure SnO2

(26.69 �C, 33.88 �C, 37.95 �C, 51.79 �C and 54.62 �C,

respectively) [32]. Similar type of shifting is also cited

earlier by Yahia and co-workers where they have

reported the shifting of XRD pattern to higher angle

by incorporation of Ni ions in the crystal lattice of

CdS [33]. The PXRD pattern of Al-SnO2 is found to be

shifting of peaks (110), (101), (200) and (211) further

towards right (26.74 �C, 34.05 �C, 38.45 �C, 51.91 �C
and 54.63 �C) with the increase in annealing tem-

perature (500 �C), which attributes the minimization

of defects level in the crystallites, imperfections and

surface traps. It has also been reported that in the

enhancement of annealing temperature, the defects

level, imperfections and the surface traps of the film

get minimized. So the XRD peaks shift towards

higher angles [31]. From the PXRD data, the size of

nanocrystallites and micro-strain are calculated using

Sherrer’s Eq. 2 and Williamson-Hall (W–H) analysis

(Eq. 3) considering the intercept and slope of the plot

of 4e sin h vs bhkl cos h plots (Fig. 2A and B) [34].

Scattering of points in the plot may be due to low

correlation coefficient (R2 are 0.12 and 0.39 for 400 �C
and 500 �C annealed Al-SnO2 nanocrystallites) [35].

To compare the accuracy of the results, size-strain

plot (SSP) and Halder-Wagner (H-W) method are

employed. SSP is drawn taking (d2bcosO–) along X-

axis and (dbcosO–)2 along Y-axis of Eq. 4. Considering

the slope and intercept of plot (SF-1), size and micro-

strain are calculated. Similarly size and micro-strain

of nanocrystallites are measured by H-W method

from the slope and intercept of the plot drawn taking

(bcosO–/k)/[2dsinO–/k]2 along X-axis and [(bcosO–/

k)/(2dsinO–/k)]2 along Y-axis (SF-2) of Eq. 5 [36]

which are reported in Table 1. The results illustrate

that the average size measured are analogous. Herein

the negative slope of the plots (Fig. 2A and B) indi-

cates the presence of micro-strain in the synthesized

samples [34]. The values of decreasing micro-strain

with the increase in annealing temperature implies

the sample is mechanically fit to resist different kinds

of deforming forces. It reduces the chances of crystal

misalignment and internal lattice deformation.

Accounting the intense peaks (101 and 211) of PXRD

pattern, the d-spacing and D(2h) are reported in

Table-ST-I and dislocation density (d), stacking faults

(Fs) and lattice parameters (a and c) are calculated

using Eqs. 6–8 [31, 37].Fig. 1 PXRD pattern of Al-SnO2 nanocrystallites annealed at

A 400 �C and B 500 �C
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D ¼ kk
bhkl cos h

ð2Þ

bhkl cos h ¼ kk
D

� �
þ 4e sin h ð3Þ

ðdb cos hÞ2 ¼ kk
D

d2ðb cos hÞ þ e2

4
ð4Þ

ðb cos h=kÞ
ð2d sin h=kÞ

� �2

¼ ðb cos h=kÞ
ð2d sin h=kÞ2

� 1

D
þ e

2

� �2
ð5Þ

d ¼ 1

D2
ð6Þ

FS ¼ 2p2 � Dð2hÞ
45 �

ffiffiffi
3

p
� tan h

ð7Þ

1

d2
¼ h2 þ k2

a2
þ l2

c2
ð8Þ

where D = is the size of crystallites, k is 0.94, k is the

X-ray wavelength (1.54060 Å), b is the full width at

half maximum in radians, d is dislocation density,e is

micro-strain, and h is Bragg’s angle.

The calculated parameters of the samples are

reported in Table 1 with units [38, 39]. The data show

the decreasing of d-spacing. The decreasing of

d-spacing and smaller radius of aluminium (Al3?-

= 0.64 Å and Sn4? = 0.71 Å) attribute the successful

incorporation of aluminium in the SnO2 crystal lat-

tice. The lattice parameters calculated for Al-SnO2

(a = 2.403 Å, c = 1.686 Å) are lower than the pure

SnO2 (a = 4.7 Å, c = 3.2 Å)[40], also proving the

successful replacement of Sn ions by Al ions. Simi-

larly on annealing further, a small decrease in lattice

parameters is observed which may be due to devel-

opment of oxygen vacancies in the crystal lattice

[41, 42]. The increase in annealing temperature may

be the reason of enhancement of crystal size and

tetragonality (Table 1).

The other parameter like dislocation density of Al-

SnO2 nanocrystallites annealed at 400 �C is found to

be 4.68 9 10–2 which is increasing on annealing the

sample at 500 �C. This shows that there may be the

possibility of gradual improvement in crystalline

quality and reduction in all kinds of defects or dis-

location. Hassan et al. have also reported that all kind

of defects are decreasing with the increase in crystal

quality by decreasing of dislocation density [43]. The

decreasing of Fs on annealing (Table 1) proves the

increasing of crystal quality and reduction in planar

misalignments.

3.2 SEM analysis

The surface morphology of the synthesized and

annealed samples has been studied by a scanning

electron microscope, and the micrographs in the

magnification of 25KX and 50KX are shown in Fig. 3.

Figure 3A and B shows the micrographs of Al-doped

SnO2 sample annealed at 400 �C, and C and D show

the micrographs of the sample annealed at 500 �C.

All the SEM images of the samples show agglom-

eration of nanocrystallites to form nanoclusters. The

size of nanoclusters calculated for the Al-SnO2

nanocrystallites from SEM images of sample

annealed at 400 �C and 500 �C is found to be & 60

and & 100 nm [44].

(a)

(b)

Fig. 2 A Williamson–Hall plot for the Al-SnO2 nanocrystallites

annealed at 400 �C. B Williamson–Hall plot for the Al-SnO2

nanocrystallites annealed at 500 �C
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3.3 Elemental analysis

EDX spectroscopy study is performed to know the

chemical composition of prepared Al-SnO2 annealed

at 400 �C and 500 �C and is shown in Fig. 4A and B.

The EDX reveals the presence of tin, aluminium and

oxygen in the synthesized samples. A sharp peak for

Sn and weaker peaks for O and Al are observed in

Fig. 4A. In Fig. 4B, reduction in peak intensity for ‘O’

is observed. It proves that more oxygen deficiency is

taking place on annealing which may lead to turn the

nanocrystallites showing better n-type semiconduct-

ing properties [45].

These results may be due to de-absorption of

oxygen and release of trapped electrons on annealing

the samples. However, the composition (empirical

formula) calculated from the EDX data is found to be

Sn0.726Al0.274O2 (annealed at 400 �C) and Sn0.809-

Al0.191O2 (annealed at 500 �C) which are closer to the

expected experimental ratio of Sn:Al (1:0.28). The

small difference of expected experimental ratio and

ratio obtained from EDX data may be due to error in

weighting of chemicals and experimentation. Thus

the Al-doped SnO2 nanocrystallites might have

application in optoelectronic devices [44].

3.4 FTIR analysis

Figure 5A and B shows FTIR transmittance spectra of

Al-doped SnO2 nanocrystallites annealed at 400 �C
and 500 �C, respectively. The transmittance spectra of

Fig. 5A illustrates peaks at 3389.54, 2487.84, 1636.29,

1103.02, 923.51 and 615.39 cm-1 but peaks at 3412.97,

2925.80, 1636.61, 1103.42, and 624.32 cm-1 are

observed in Fig. 5B.

The peaks at 3389.54 and 3412.97 cm-1 are related

to the O–H bond stretching vibration of water mole-

cules [46]. The transmittance peaks in position

2487.84 and 2925.80 cm-1 may be due to vibration

carbon dioxide. This shows that the samples might

have absorbed moisture and carbon dioxide mole-

cules from the atmosphere [47, 48]. The peaks at

1636.29 and 1636.61 cm-1are related to flexural

vibrations groups of O–H and in water molecules and

Sn-OH bonds [11, 49]. The peaks at 1103.02 and

1103.42 cm-1 are due to the presence of inorganic

ions [50]. Broad transmittance peak at 615.39 and

624.32 cm- 1 can be attributed to of Sn–O-Al bond,

whereas weak one at 923.51 cm-1 is related to Al-O

bound [11, 49].
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(Å

)
c
(Å
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3.5 Optical and photosensing properties

The UV–VIS diffuse absorption/reflectance spec-

troscopy in the wavelength range 200–800 nm is

performed for the synthesized sample annealed at

400 �C and 500 �C to study the effect of oxygen

vacancies on optical properties and electrical prop-

erties as the oxygen vacancy influences the electrical

[51] and optical properties [52] of the Al-doped SnO2

nanocrystallites. Figure 6 shows the absorbance

spectra of nanocrystallites annealed at 400 �C and

500 �C in the visible range though the SnO2 and

Al2O3 are of high band gap.

This may be attributed to the defect and oxygen

vacancies as shown by EDX data and the decrease in

the lattice parameters [42, 53]. The absorption edge of

nanocrystallites annealed at 400 �C and 500 �C is

located in the visible region. So the synthesized

nanocrystallites may be used as photosensing mate-

rials in visible light. The spectra also show the red

shift of the absorption from 380 to 410 nm of

nanocrystallites on annealing. The direct band gap of

nanocrystallites annealed at 400 �C and 500 �C is

estimated from tauc’s plots taking ht in X-axis and

(aht)2 in Y-axis of Eq. 8 and considering the points at

which the extrapolated lines intercept the X-axis

(Fig. 7) [54–56]. The ‘n’ of Eq. 9 is either 1/2 or 2/3

for direct transition, two or three for indirect transi-

tion according to allowed or forbidden, respectively.

It is reported earlier that SnO2 is a direct energy band

gap n-type semiconductor metal oxide. Herein thus

‘n’ value is taken � and the band gap energies are

measured and found to be & 3.42 and & 3.35 eV for

400 �C and 500 �C annealed samples, which attribute

the red shift on annealing. A similar result has also

been reported by Mendoza–Damián [19, 39].

ahm ¼ a0ðhm� EgÞn ð9Þ

The observed band gap of the Al-doped SnO2

nanocrystallites annealed at 500 �C is considerably

smaller than that of the Al-doped SnO2 nanocrystal-

lites annealed at 400 �C which may be due to the

presence of defects, increase in size from 4.62 to

6.16 nm and increase in oxygen vacancies as shown

by EDX data and decrease in the lattice parameters

[42].

The other properties, such as refractive index and

dielectric constant, the electrical properties like sheet

resistance and resistivity and photosensing proper-

ties such as photosensor efficiency (P), photosensi-

tivity (S) and photorensposivity of the synthesized

and annealed Al-doped SnO2 nanocrystallites are

also calculated from reflectance (Fig. 8), absorbance

spectroscopy and current–voltage (I–V) measurement

(Fig. 9) using Eqs. (10–17) [57–59] and are reflected in

Table 2.

n ¼ n0½1 þ ae�bEg � ð10Þ

where n = refractive index, n0 = 1.73, a = 1.9017,

b = 0.539 (eV)- 1 and Eg = band gap

e1 ¼ n2 ð11Þ

e0 ¼ 18:52 � 3:08Eg ð12Þ

where e1 = high frequency dielectric constant, e0 =

static dielectric constant

Rsheet ¼ 4:53
V

I
ð13Þ

q ¼ Rsheet � t ð14Þ

where Rsheet = sheet resistance, V = voltage, I = cur-

rent and t = thickness of film.

P ¼
Ip
Id

ð15Þ

R ¼
Ip � Id
APi

ð16Þ

S% ¼ Rd � Rl

Rd
� 100 ð17Þ

where P = photosensor efficiency, Ip = photonic cur-

rent, Id = dark current, R = photoresposivity,

Fig. 3 Top view SEM image of sol–gel-synthesized Al-SnO2

nanocrystallites annealed at 400 �C in the magnification of

A-25KX and B-50KX and 500 �C in the magnification of

C-25KX and D-50KX
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A = effective film area, Pi = power of incident light,

S% = photosensitivity, Rd = resistance in dark and

Rl = resistance in light.

The refractive index is very much useful to study

the behaviour of light passing through materials. It is

an important parameter to study the optical and

electrical properties of semiconducting materials. The

velocity of light passing through a material decreases

by increasing the refractive index [60]. Materials with

a high refractive index can trap more incidents light

[61]. The relative permittivity of a material is deter-

mined from its dielectric constant. It is a significant

factor for characterization of capacitors. Materials

with high dielectric constant are used in

Fig. 4 A EDX of sol–gel-synthesized Al-SnO2 nanocrystallites annealed at 400 �C. B EDX of sol–gel-synthesized Al-SnO2

nanocrystallites annealed at 500 �C

J Mater Sci: Mater Electron (2022) 33:24559–24570 24565



semiconductor manufacturing processes, memory

cell dielectrics, gate dielectrics and passive compo-

nents. The measured values of the refractive index,

dielectric constant, sheet resistance and resistivity

calculated using the above-mentioned relations are
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Fig. 5 A FTIR spectra of sol–gel-synthesized Al-SnO2

nanocrystallites annealed at 400 �C. B FTIR spectra of sol–gel-

synthesized Al-SnO2 nanocrystallites annealed at 500 �C

Fig. 6 UV–Vis spectra of sol–gel-synthesized Al-SnO2

nanocrystallites annealed at A 400 �C and B 500 �C

Fig. 7 Tauc’s plot for band gap determination of Al-SnO2

nanocrystallites annealed at A 400 �C and B 500 �C

Fig. 8 Reflectance spectra of sol–gel-synthesized Al-SnO2

nanocrystallites annealed at A 400 �C and B 500 �C

Fig. 9 I-V characteristics curve of sol–gel-synthesized Al-SnO2

nanocrystallites annealed at A 400 �C and B 500 �C
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reported in Table 2. The results show that the syn-

thesized Al-doped SnO2 particles have significance in

optical and electro-optical applications [62]. Here the

data show the increase in refractive index and

decrease in dielectric constants (both high-frequency

dielectric constant and static dielectric constant)

(Table 2) on annealing at 500 �C supporting its

importance in semiconductor industries. The photo-

sensing properties of the thin films synthesized from

the nanocrystallites annealed at 400 �C and 500 �C
are studied in dark and light of using 100 W tungsten

bulb by measuring the change of current vs voltage.

The I–V plots passing through the origin show the

ohmic nature of films (Fig. 9). The radical increase in

photocurrent on the illumination of light is attributed

to the creation of electron–hole pair in conduction

and valence bands by incident photons. The photon

energy may be the cause of breaking the covalent

bond to increase the free hole and electron in valence

and conduction band. The sheet resistance (Rsheet)

and resistivity (q) of the thin films, measured from

the I-V plots, are reported in Table 2. The results

show the decrease in Rsheet and q on annealing. The

photosensing properties of the synthesized materials

have also been studied from the I–V curves and are

reported in Table 2.

Results show that the properties improve on

annealing. The photosensitivity of Al-SnO2 annealed

at 500 �C is found to be 24% which is higher than the

photosensitivity of CdSe (12%) reported by Mahato

et al. [63] and SnO2 (18%) annealed at 400 �C reported

by Badr Aly [64] The schematic representation of

photosensitivity mechanism of sol–gel-synthesized

Al-doped SnO2 thin film under the illumination of

light is shown in Fig. 10.

4 Conclusions

The Al-doped SnO2 nanocrystallites are synthesized

by the sol–gel technique, and annealing effect is

studied at two different temperatures. The results

show that, in the SnO2 crystal lattice, aluminium is

incorporated forming interstitially or substitutionally

solid solution which on annealing creates oxygen

deficiency in the crystal lattice. SEM micrograms

show that the synthesized materials are composed of

nanoclusters with the foam-like structure which is

suitable for application as photosenser. The shifting

and widening of FTIR peaks illustrate the physicalT
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interaction of SnO2-Al2O3 nanocrystallites. The

decrease in dislocation density, micro-strain and

increase in crystalline quality, n-type direct band gap

semiconducting character and resistivity data prove

that Al-doped SnO2 nanocrystallites are useful

materials for fabrication of optoelectronic devices.
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