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ABSTRACT	

The	sol-gel	spin-coating	(SGSC)	technique,	with	rotational	speed	varied	from	2000	to	3500	rpm,	was	employed	to	prepare	Cu-doped	
SnO2	(CTO)	films.	XRD	patterns	of	the	CTO	films	show	a	polycrystalline	tetragonal	structure.	The	reduction	in	crystallite	size	from	
36	to	21	nm	with	increasing	rotational	speed	supports	the	increase	in	microstrain.	The	rise	in	rotational	speed	promotes	the	formation	
of	smaller	crystallites	because	of	rapid	film	solidification,	which	in	turn	increases	microstrain	owing	to	enhanced	lattice	distortions	
and	grain-boundary	effects.	The	morphology	of	the	CTO	films	shows	homogeneous	growth	with	a	spherical	shape,	and	agglomerated	
grains	were	observed	at	higher	rotational	speeds.	Cu-doped	SnO2	prepared	at	3500	rpm	shows	an	optimum	transmittance	of	82%	in	
the	visible	region.	The	optical	band-gap	energy	of	Cu-doped	SnO2	films	increased	from	3.20	to	3.65	eV	because	of	the	Burstein-Moss	
effect.	This	study	provides	a	novel	correlation	between	lattice	distortion	(via	basal	plane	angle)	and	surface	roughness	evolution	in	
Cu-doped	SnO2	thin	films,	offering	deeper	insights	into	the	structural-morphological	relationship	influencing	their	physical	properties.	
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1. INTRODUCTION	

Tin	oxide	(SnO2)	is	a	well-known	wide-band-gap	(~3.6	eV)	
semiconductor	with	n-type	 conductivity,	which	originates	
from	intrinsic	donor-type	defects	such	as	oxygen	vacancies	
and	 tin	 interstitials	 [1,	 2].	 Nanostructured	 SnO2	 is	widely	
used	in	gas	sensors	[3–5],	as	an	electron	transport	layer	in	
heterojunction	 GaAs-based	 solar	 cells	 [6–10],	 in	
transparent	 electrodes	 [11],	 in	 photodetectors,	 and	 in	
microelectronic	 applications	 [12,	 13].	 The	 structural	
characteristics	 of	 SnO2,	 including	 crystallinity	 and	 the	
existence	 of	 flaws	 such	 as	 oxygen	 vacancies,	 interstitials,	
and	 surface	 defects,	 affect	 its	 physical	 properties.	 The	
properties	 of	 SnO2	 are	 influenced	 by	 crystallite	 size,	
crystallinity,	 shape,	 size	 distribution,	 and	 the	 addition	 of	
dopant	materials.	The	defect	chemistry	and	microstructure	
of	 the	 parent	 system	 are	 altered	 when	 an	 appropriate	
dopant	 is	 introduced	 into	 the	 parent	 crystal	 lattice	 [14],	
which	 also	 changes	 the	 structural,	 optical,	 and	 electrical	
properties.	A	variety	of	dopant	materials,	including	Cu	[15],	
Mg	[16],	and	Sb	[17],	have	been	employed	by	researchers	to	
adjust	the	characteristics	of	SnO2.	Copper	(Cu)	is	one	such	
dopant;	 it	 is	a	ductile	metal	with	exceptional	 thermal	and	
electrical	conductivity.	Because	of	its	high	biocompatibility,	
it	is	widely	used	as	an	antibacterial	agent.	Cu	occurs	stably	
in	 the	+2	oxidation	state,	which	 leads	 to	catalytic	activity.	
When	Sn4+	ions	are	replaced	by	Cu2+	ions,	the	main	effect	is	
the	densification	of	oxygen	vacancies.	Cu	doping	enhances	
the	 structural	 and	 morphological	 properties	 of	 the	 host	
lattice	 by	 effectively	 producing	 localized	 free	 electrons	 at	
the	surface	defects	of	the	host	material	SnO2	[18,	19].	There	
are	different	reports	on	the	preparation	of	Cu-doped	SnO2	

films,	such	as	spray	pyrolysis	[20],	sol-gel	methods	[21,	22],	
the	chemical	bath	deposition	method	[23],	and	magnetron	
sputtering	 [24].	 Among	 these	 deposition	 techniques,	 the	
sol-gel	spin-coating	(SGSC)	method	is	attractive	because	of	
its	 capacity	 to	 deposit	 over	 large	 areas,	 its	 precise	
stoichiometry	 control,	 its	 uniform	 film	 growth,	 its	 cost-
effectiveness,	and	its	ability	to	deposit	at	low	temperatures.	

From	the	 literature	survey,	 there	are	very	 few	reports	on	
the	effect	of	rotational	speed	on	spin-coated	CTO	films.	 In	
the	present	work,	a	systematic	investigation	of	the	effect	of	
rotational	 speed	 on	 the	 morphological,	 structural,	 and	
optical	properties	of	CTO	films	is	reported.	

2. EXPERIMENTAL	DETAILS	

Copper-doped	 tin	 oxide	 (CTO)	 films	were	 prepared	using	
the	 sol-gel	 process	 with	 SnCl2.2H2O	 as	 the	 precursor,	 2-
methoxyethanol	 as	 the	 solvent,	 Cu(CO2CH3)2·2H2O	 as	 the	
dopant,	and	monoethanolamine	(MEA)	as	the	stabilizer	to	
prepare	the	solution.	The	solution	was	stirred	for	two	hours	
at	 80°C.	 The	 synthesized	 solution	was	 aged	 for	 48	 hours	
before	being	spin-coated.	A	spin	coater	(SpinNXG-P1	Apex	
Instruments,	 India)	 was	 used	 for	 the	 preparation	 of	 thin	
films	 by	 varying	 the	 rotational	 speed	 from	 2000	 to	
3500	rpm.	The	films	were	dried	at	150°C	for	15	minutes	in	
an	 oven.	 To	 achieve	 the	 required	 film	 thickness,	 this	
procedure	was	repeated	three	to	five	times.	A	spectroscopic	
ellipsometer	 (Alpha-SE,	 J.A.	 Woollam,	 USA;	 angle	 of	
incidence:	 70°;	 focused	 beam	 diameter	 <1	mm;	
CompleteEASE	 software	 for	 data	 analysis)	 was	 used	 to	
measure	 the	 film	 thickness,	 and	 the	 resulting	 thickness	
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ranged	from	145	to	240	nm.	The	structure	of	the	CTO	films	
was	 determined	 using	 a	 Bruker	 D8	 X-ray	 diffractometer	
with	Cu	Kα	radiation	of	1.54056	Å,	an	operating	voltage	of	
40	kV,	a	current	of	30	mA,	and	a	scanning	range	of	2θ	=	10	
to	 70°.	 The	 surface	 morphology	 of	 the	 CTO	 films	 was	
analyzed	using	scanning	electron	microscopy	(SEM,	Ultra-
55,	Karl	Ziess)	at	15	kV	with	a	working	distance	of	16.8	mm	
and	atomic	force	microscopy	(AFM,	Bruker	Dimension	Icon;	
vertical	 resolution	 =	 0.3	 nm;	 lateral	 resolution	 =	 10	 nm	
depending	 on	 the	 tip).	 The	 elemental	 composition	 of	 the	
CTO	 films	 was	 recorded	 using	 energy-dispersive	 X-ray	
spectroscopy	 (EDS,	Quantax	200)	 at	 a	working	 voltage	 of	
20	kV.	 A	 UV-Vis-NIR	 spectrophotometer	 (Hitachi	 U-2900;	
optical	 system:	double	beam;	spectral	band	pass:	1.5	nm)	
was	employed	to	measure	the	optical	transmission	spectra	
of	 the	 CTO	 films	 over	 the	 wavelength	 range	 of	 300–
2500	nm.	 The	 electrical	 resistivity	 of	 the	 CTO	 films	 was	
measured	by	the	four-point	probe	method	using	a	Keithley	
2450	source	meter.	

3. RESULTS	AND	DISCUSSION	

3.1. XRD	Analysis	

Figure	1	illustrates	the	variation	in	CTO	film	thickness	with	
rotational	 speed	varied	 from	2000	 to	3500	 rpm.	The	 film	
thickness	decreased	from	240	to	145	nm	as	the	rotational	
speed	 increased	 from	 2000	 to	 3500	 rpm.	 At	 higher	
rotational	 speed,	 the	 centrifugal	 force	 acting	 on	 both	 the	
solution	 and	 the	 substrate	 removes	 excess	 solution	 and	
leaves	a	smaller	amount	of	solution	to	produce	thin	films	on	
the	glass	substrate.	For	the	same	reason,	longer	deposition	
times	 result	 in	 thinner	 films.	 For	 each	 spin	 speed	 and	
deposition	 time,	 the	 deposition	 was	 performed	 at	 least	
three	times	to	demonstrate	the	reproducibility	of	films	with	
the	same	thickness.	Overall,	the	film	thickness	exhibited	an	
inverse	proportionality	to	both	spinning	speed	and	time.	

Figure	2	depicts	the	XRD	profiles	of	CTO	films	prepared	at	
different	 rotational	 speeds.	All	 the	diffraction	peaks	were	
indexed	to	the	rutile	tetragonal	SnO2	structure	according	to	
the	reported	data	in	JCPDS	file	no.	41-1445.	No	additional	
peaks	were	observed	in	the	spectrum.	The	dominant	peaks	
of	the	spectra	correspond	to	the	(1	1	0),	(1	0	1),	and	(2	1	1)	
planes,	as	shown	in	Figure	2.	It	is	noticed	that	the	XRD	peak		
	

	

Figure	1.	Plot	of	film	thickness	of	CTO	films	with	rotational	speed	

intensities	decrease	with	 increasing	rotational	speed.	 It	 is	
well	 known	 that	 peak	 intensity	 is	 proportional	 to	 film	
thickness	[25].	The	Debye-Scherrer	equation	[26]	was	used	
to	estimate	the	crystallite	size,	which	was	found	to	decrease	
from	36	to	21	nm	with	increasing	rotational	speed	[27–29].	
The	 lattice	 constants	 a	 and	 c	 increased	 from	 0.4735	 to	
0.4794	 nm	 and	 from	 0.3230	 to	 0.3360	 nm,	 respectively,	
with	 rotational	 speed,	 as	 listed	 in	 Table	 1.	 This	might	 be	
connected	to	the	replacement	of	Cu2+	ions	by	Sn4+	ions	in	the	
crystal	 structure	of	 Cu-doped	SnO2,	 since	 their	 ionic	 radii	
are	 similar	 in	 size	 (Cu2+	 =	 0.074	 nm,	 Sn4+	 =	 0.069	 nm).	
Additionally,	 the	 lattice	 arrangement	 between	 various	
planes	improved	the	lattice	constants	of	the	films	when	Cu2+	
ions	replaced	Sn4+	sites	in	the	SnO2	lattice.	These	results	are	
in	 good	 agreement	 with	 previously	 reported	 literature	
[30,	31].	

The	microstructural	parameters	δ,	σ,	and	Ed	were	estimated	
from	the	relations	δ	=	1/D2,	𝜎 = 𝐸 × 𝜀	(E	∼	200	GPa),	and	
Ed	=	0.5×ε2	[32].	When	the	rotational	speed	increased	from	
2000	to	3500	rpm,	the	dislocation	density	of	the	CTO	films	
increased	 from	 7.70 × 10!"	 to	 2.26	 ×	10!# 	 /nm2.	 Grain	
boundaries	 may	 arise	 more	 frequently	 as	 a	 result	 of	
crystallite-size	 reduction	 caused	 by	 increased	 rotational	
speed.	The	microstructural	parameters	of	the	CTO	films	are	
listed	in	Table	2.	

From	the	SnO2	unit	cell,	the	apical	(d1)	and	equatorial	(d2)	
Sn-O	distances	are	determined	from	Equations	(1)	and	(2).	

	 (1)	

	 (2)	

The	 parameter	 u	 determines	 the	 position	 of	 O2−	 ions	 at	
±(u,	u,	 0)	 and	 ±(0.5+u,	 0.5–u,	 0.5),	 whereas	 a	 and	 c	 are	
lattice	 parameters	 and	 c/a	=	2u.	 Each	 Sn4+	 cation	 bonds		
	

	

Figure	2.	XRD	patterns	of	CTO	films	deposited	with		
(a)	2000,	(b)	2500,	(c)	3000,	and	(d)	3500	rpm	
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Table	1.	Lattice	constants,	volume,	and	crystallite	size	of		
CTO	films	

Rotational	
speed	
(rpm)	

Lattice	constants	 Volume,	
V	=a2c		
(Å)3	

Crystallite	
size,	D	
(nm)	a	(Å)	 c	(Å)	

2000	 0.4735	 0.3230	 72.44	 36	
2500	 0.4766	 0.3289	 74.67	 27	
3000	 0.4783	 0.3340	 76.43	 24	
3500	 0.4794	 0.3360	 77.23	 21	

	
Table	2.	Microstructural	parameters	of	CTO	films	

Rotational	
speed	
(rpm)	

ε	×10–3	
(line–2.m–4)	

δ	×1015	
(nm–2)	

σ	
(GPa)	

Ed	×106	
(J.m–3)	

2000	 12.05	 2.07	 2.41	 14.52	
2500	 13.33	 1.19	 2.66	 17.77	
3000	 13.84	 0.73	 2.77	 19.16	
3500	 14.18	 0.34	 2.83	 20.11	

	
Table	3.	d1,	d2,	and	θ	values	of	CTO	films	

Rotational	
speed	
(rpm)	

u	 c/a	 d1	(Å)	 d2(Å)	 θ	(˚)	

2000	 0.3410	 0.6820	 2.284	 1.934	 25.06	
2500	 0.3451	 0.6902	 2.325	 1.947	 24.82	
3000	 0.3491	 0.6982	 2.362	 1.957	 24.18	
3500	 0.3504	 0.7008	 2.375	 1.962	 23.97	

	
with	each	O2−	 anion	 in	 a	precise	 tetragonal	 configuration,	
resulting	in	perfect	octahedral	coordination	[33].	The	basal	
plane	 angle	 (θ)	 is	 determined	 from	 the	 equation:		
cos	 θ	 =	[a2(1–4u+8u2)−1]/[c2+4a2(0.5−u)2+4a2u2]	 [34].	
When	Cu2+	ions	replace	Sn4+	ions,	the	octahedral	symmetry	
becomes	less	distorted,	leading	to	a	decreasing	tendency	of	
d1	and	d2	with	an	increase	in	the	basal	angle	(θ).	Table	3	lists	
the	d1,	d2,	and	θ	values	obtained	for	the	CTO	films.	

3.2. Surface	Morphological	Analysis	

SEM	 micrographs	 of	 CTO	 films	 deposited	 by	 varying	
rotational	 speeds	 from	 2000	 to	 3500	 rpm	 are	 shown	 in	
Figure	 3.	 All	 samples	 have	 a	 compact,	 dense,	 and	
homogeneous	 surface	 with	 a	 large	 number	 of	 grouped	
grains.	The	films	made	at	3000	and	3500	rpm	had	smooth	
surfaces	with	tiny	spherical	grains.	The	EDS	pattern	of	the	
CTO	thin	film	prepared	at	3000	rpm	is	depicted	in	Figure	4.	
The	 EDS	 spectra	 revealed	 the	 presence	 of	 tin	 (Sn),	
oxygen	(O),	and	copper	(Cu)	in	the	CTO	film.	The	Cu-related	
peak	 in	 the	 EDS	 spectrum	 confirms	 the	 presence	 of	 Cu	
dopant	in	the	SnO2	lattice.	The	corresponding	quantitative	
atomic	percentages	of	 Sn,	Cu,	 and	O	are	63.08%,	31.67%,	
and	5.25%,	respectively.	The	O	Kα	line	has	a	very	low	energy	
(~0.52	 keV).	 At	 such	 low	 energies,	 X-rays	 are	 easily	
absorbed	by	the	detector	window,	the	sample,	or	even	the	
air	 path	 between	 the	 sample	 and	 the	 detector.	 This	
absorption	distorts	and	broadens	the	oxygen	peak.	

	

Figure	3.	SEM	images	of	CTO	films	(a)	2000,	(b)	2500,	(c)	3000,	
and	(d)	3500	rpm	

	

Figure	4.	EDS	of	the	CTO	film	

AFM	micrographs	(2	×	2	μm2)	of	the	CTO	films	are	shown	in	
Figure	5.	The	morphology	 shows	grain	 aggregation	and	a	
surface	 free	 of	 cracks.	 The	 presence	 of	 well-segregated	
grains	is	indicated	by	the	numerous	hills	and	valleys	formed	
throughout	the	studied	region	at	higher	rotational	speeds.	
Table	 4	 lists	 the	 roughness	 parameters	 of	 average	
roughness	 (Ra),	 roughness	 kurtosis	 (Rku),	 roughness	
skewness	 (Rsk),	 and	 root-mean-squared	 roughness	 (Rq	 or	
Rrms)	 for	 the	 CTO	 films.	 The	 CTO	 films	 exhibit	 positive	
surface	 skewness,	 representing	 the	 existence	 of	 many	
bumps.	As	crystallization	diminishes,	the	films	prepared	at	
higher	 rotational	 speeds	 exhibit	 a	 considerably	 rougher	
surface	with	 no	 grain	 enhancement.	 Grain-size	 reduction,	
	

Table	4.	Roughness	parameters	of	CTO	films	

Rotational	speed	
(rpm)	

Rq		
(nm)	

Ra	
(nm)	 Rku	 Rsk	

2000	 5.85	 4.55	 0.237	 3.415	
2500	 6.15	 5.68	 0.054	 3.083	
3000	 7.26	 6.51	 0.735	 4.242	
3500	 8.17	 7.37	 0.715	 4.854	
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Figure	5.	AFM	images	of	CTO	films	(a)	2000,	(b)	2500,	(c)	3000,	
(d)	3500	rpm	

surface	defects,	and	strain	that	develops	during	growth	are	
the	 reasons	 for	 the	 increased	 surface	 roughness	 as	 spin	
speed	 increases.	 The	 observed	 reduction	 in	 grain	 size	
suggests	 a	 deterioration	 in	 crystalline	 quality,	 which	 is	
confirmed	by	the	XRD	results.	

3.3. Optical	Analysis	

Optical	 transmittance	 spectra	 of	 CTO	 films	 prepared	 at	
various	rotational	speeds	are	illustrated	in	Figure	6(a).	As	

the	rotational	speed	increases,	the	transmittance	increases,	
whereas	the	film	thickness	decreases	from	220	to	160	nm	
because	of	the	reduced	film	density.	The	transparency	of	the	
films	 increases	 as	 the	 film	 thickness	 decreases	 because	
fewer	photons	 are	 absorbed.	 CTO	 films	were	 found	 to	 be	
transparent	 at	 higher	 wavelengths	 and	 opaque	 at	 lower	
wavelengths.	 The	 decrease	 in	 light	 scattering	 due	 to	
reduced	 film	 thickness	 explains	 the	 increase	 in	 optical	
transmittance.	The	optical	band	gap	of	 the	CTO	 films	was	
determined	from	Tauc's	equation	[35].	

	 (3)	

Here,	 m	 indicates	 the	 optical	 transition	 process,	 A	 is	 a	
constant	that	depends	on	the	nature	of	the	transition,	and	α	
is	 the	absorption	coefficient.	The	optical	band-gap	energy	
(Eg)	of	the	CTO	films,	estimated	from	the	Tauc	plot	of	(αhv)2	
versus	hv,	is	depicted	in	Figure	6(b).	Eg	shifted	from	3.20	to	
3.65	 eV	 with	 increasing	 rotational	 speed	 because	 of	 the	
Burstein-Moss	 (B-M)	 effect	 [36].	 As	 the	 band	 gap	widens	
due	to	 the	B-M	effect,	 the	carrier	concentration	 increases.	
The	carrier	concentration	of	the	CTO	films	increased	from	
3.85	×	1021	to	4.69	×	1021	cm–3	with	increasing	rotational	
speed.	 These	 findings	 are	 consistent	 with	 previously	
reported	literature	[37–40].	

The	 edge	 potentials	 for	 VB	 and	 CB	 (EVB	 and	 ECB)	 were	
estimated	from	[41]:	

	 (4)	

	 (5)	

Here,	 Ee	 (~4.5	 eV)	 is	 the	 free-electron	 energy,	 and	 χ	
(~6.24	eV)	 is	 the	 electronegativity.	 Therefore,	 the	 EVB	
values	 for	 CTO	 films	 prepared	 at	 2000,	 2500,	 3000,	 and	
3500	rpm	were	obtained	as	3.56,	3.50,	3.40,	 and	3.34	eV,	
whereas	the	corresponding	ECB	values	were	–0.085,	–0.02,	
0.08,	and	0.14	eV.	

The	 decrease	 in	 refractive	 index	 at	 shorter	 wavelengths	
shown	 in	Figure	7(a)	 is	due	 to	 the	 increase	 in	absorption	
caused	 by	 the	 enhanced	 packing	 density	 of	 the	 films	
[42,	43].	 The	 extinction	 coefficient	 values	 increased	 with	
wavelength,	as	shown	in	Figure	7(b),	because	of	the	higher	
number	of	defect	states	[44].

	

Figure	6.	(a)	Optical	transmittance	spectra	(b)	Tauc’s	plot	of	CTO	
films	

	

Figure	7.	Plot	of	(a)	refractive	index	and	(b)	extinction	coefficient	
with	wavelength	for	CTO	films	
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3.4. Electrical	Properties	

The	electrical	resistivity	of	the	CTO	films	measured	by	the	
four-point	 probe	 method	 was	 obtained	 as	 2.12	 ×	 10–3,	
1.52	×	 10–3,	 1.16	×	 10–3,	 and	 0.86	×	 10–3	 Ω.cm	 for	 2000,	
2500,	 3000,	 and	 3500	 rpm,	 respectively.	 The	 sheet-
resistance	 values	 for	 the	CTO	 films	were	 calculated	using	
the	formula	Rs	=	ρ/t.	The	Rs	values	for	CTO	films	prepared	
at	2000,	2500,	3000,	and	3500	rpm	were	obtained	as	88.3,	
72.4,	 61.1,	 and	 59.3	Ω/sq,	 respectively.	 The	 decrease	 in	
sheet	resistance	with	 increased	rotational	speed	 is	due	 to	
improved	free-carrier	concentration.	

4. CONCLUSION	

Cu-doped	 SnO2	 thin	 films	 were	 deposited	 by	 the	 SGSC	
technique	at	rotational	speeds	from	2000	to	3500	rpm.	XRD	
patterns	of	the	CTO	films	exhibit	a	tetragonal	rutile	phase	
with	a	preferred	orientation	along	 (1	0	1).	The	crystallite	
size	decreased	from	36	to	21	nm	with	increasing	rotational	
speed.	 The	 surface	morphology	 of	 the	 CTO	 films	 exhibits	
dense	 grains	 in	 agglomerated	 form.	 The	 transmittance	
spectra	 of	 the	 CTO	 films	 increased	 with	 increasing	
rotational	speed	because	of	the	reduced	film	thickness.	The	
optical	 band	 gap	 of	 the	 CTO	 films	 widened	 from	 3.20	 to	
3.65	eV	 with	 rotational	 speed	 because	 of	 the	 B-M	 effect.	
These	 results	 reveal	 that	 the	prepared	CTO	 films	have	an	
interesting	 capability	 to	 tune	 physical	 properties	 through	
rotational	speed,	which	makes	them	promising	for	various	
optoelectronic	applications.	
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