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Thesis Title Study on the effect of Al, Sn and N doping on physical

properties of ZnO thin films prepared by sol-gel

process
Student Mr. Chatpong Bangbai
Student ID 53650608
Degree Master of Science
Program Applied Physics
Year 2012
Thesis Advisor Assoc. Prof. Wicharn Techitdheera
Thesis Coadvisor Assoc. Prof. Dr. Wisanu Pecharapa
ABSTRACT

In this thesis, the effects of Al, Sn and N dopant on relevant physical properties of ZnO
thin films prepared by sol-gel spin coating process were investigated. Doped ZnO thin films were
prepared by spin-coating method using zinc acetate dihydrate(CH,C00),Zn-2H,0, aluminium
acetate (C,H,AlO;), tin(IV)chloride pentahydrate (SnCl 4 5H,0), 2-methoxyethanol and
ammonium acetate (CH,COONH,) as starting precursors and absolute ethanol (C,H,OH) and
diethanolamine ((HOCH,CH,),NH, DEA) as effective solvents. The mixed solution was stirred at
100 C for 6 hr and cooled down to room temperature for 24 hr. All films were spin-coated on
borosilicate substrates and FTO substrates for several coating repetition followed by annealing
process at 550 °C for 4 hr in air. The structural properties and surface morphology of the films
were characterized by X — ray diffracmeter (XRD) and scanning electron microscope (SEM).
Results indicate that as-prepared films have wurzite-ZnO phase in crystallinity with uniform
crystal grain size of 19.5-35 nm. It was found that certain N dopant can significantly improve the
c-axis orientation preferable growth direction of ZnO films. The chemical states were investigated
by X-ray photoelectron spectroscopy (XPS) that can confirm the existence of dopant in the films.
In addition, It can be deduced that all dopants have strong influence on the film crystallinity and
preferable orientation. The optical properties of the films were interpreted from their transmission
spectra using UV-VIS spectrophotometer results indicated that Al dopant enhance the optical

transparency and optical band gap widening. The electron mobility values of Al and Sn-doped ZnO

11



films were calculated following by the transit time results and it is notified that Sn dopant can
greatly increase the electron mobility and the electrical conductivity.

Keywords: ZnO, Al, Sn and N doping, thin films, sol-gel
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VNN 2

NYHHUAZHANNIS

2.1 auiianugmvesdsdesnd Zine Oxide: ZnoO)

FaAo0n 194 (Zinc Oxide: ZnO) WuesAWNIFOAVAT (direct band gap) THOUNF 331U
Uszane 3.3 Sidinasou Tadfigungivewa 3.44 SidnasouTadigungil 4 nadu Fedeen
lydiilassadrauvmanss Inueanes 14 (Hexagonal wurtzite) 130 AI0NF A 11AU(Cubic zinc
blende) H30 F0n¥DAA(Cubic Rocksalt) iaasdagilii 2.1 Tnssadrauumenys Inuea nodlyd 3
'Fhﬂ&ﬁﬂaaﬂ a=b=3.24 A uaz c=5.20 A UAMIATIHANING (carrier effective mass) ¥03d1anATOY
fuTaa D 0.24 m_uaz 0.59 m MudIdY Hanums weanisindeuiivedidnaseu(electron
mobility) AWANIALITeR00N 19§ (ZnO single crystal) 5¥H13 100 713 200 em’/V nag TAIAIIIE
voen1sindeuivealan (hole mobility) Uszunas 180 em™/V quiiAousvesFafoon laduansds
1519 2.1 nanedlidungadeon ladsaiuiitioni Il adegunseiool Insidnnseding
FrnlasaaguiiiGy (light emitting diodes , LED) [2], laToamixo7 (laser diodes) [3] #azéa

A5 Iaua1udans1 1 1e1aa (ultraviolet photodetector) [4] 1Fudu

$ zinc (II) oxide
Zn

= x

(") (V) (M)

UM 2.1 TassadravesBedoon 14 (n) Cubic Rocksalt () Cubic zine blende 11

() Hexagonal wurtzite



a; e e J o
M990 2.1 'CTU‘IJF'I'I.IEN"‘NFIEJSHHI"]M

Property

Molecular weight 81.37
Average atomic weight 40.69
Average atomic number 19
Enthalpy of thermal expansion(298K)(kJ/mol) -350.5
Coefficient of thermal expansion

along the ¢ axis(1/K) 2.9x10°
across the ¢ axis(1/K) 4.8x10"
Dcnsity(g/cm") 5.6803
Melting point(K) 2248
Enthalpy of fusion (kJ/mol) 52.5

Specific heat at room temperature and constant
pressure(J/g.K) 0.494
Debye temperature extrapolated to 0 K 416
Static dielectric constant
along the c axis 8.75
across the ¢ axis 7.8

Optical frequency magnitude

along the ¢ axis 3.75
across the ¢ axis 3.7
Index of refraction(at the wavelength of 1400 nm) 2.01
ordinary indices (n_) 1.984

extraordinary indices(nc) 2.001




e A

2.2 NTANUGINUDITINDZFIAN (Zinc acetate)

FafozFian figas Tuiana fie (CH,C00),zn-2H,0) w3 uw Idvnnsziwonsaezdanly
miveadenzdnioTansdainzd Tanuaziuvowdedu fuaaTuagayszanm 219.50 g/mol
(dihydrate) uuihil 18348 g/mol (anhydrous) vy hiThirfin umumivilssana 1.735 g/em

[} ¥ o = & o wa o =
uaziiTasaaindagili 2.2 Gaezduunmnianamisai 2.2

e O CH3
~
)k _zn \”/ * 2H,0

31 2.2 Tassardavesdadozdian

M3 2.2 aulANug LY IR FIAn

auiifvoadsinil FIA0LFIAN(CH,CO0),Zn.2H,0)
¥o danzdozaian
A A A4 o oA
F¥oouq indodanzd nio
o =4
danzd
qa3 luana (CH,C00),Zn.2H,0
»
WM 219.50 g/mol (dihydrate) (31111)

183.48 g/mol (anhydrous) ( liii1i1)

o
sy VOIVIAV)

ANUHUUY 1.735 g/em’ (dehydrate)




2.3 anANug Mve moNTMTHENOZFIAN (Ammonium acetate)
= a - =2 = ~ = o
wonTuidlowozdian figasTuana CH,COONH, iilundndviiiiganasumadii 114 °c
g = 3 L4 4 <4 ] W e i
asiny I luivinnanusuuazaidou Hlassadiadagli 23 Fazdwunauiadiniii

23

N"u,, ‘:C—CHS
H™ \H 7
H O

3UN 2.3 Tassadavowen Tutonozdian

M3199 2.3 auiaveuen TulouasFan

AuinvoIasIni wouTutvwezHian (CH,COONH,)
% uauimﬁunﬂzcﬁmn (Ammonium acetate)
4 4 =
Foouq i
g3 luana (CH,COONH,)
uaa 77.08 g/mol
ANUNITUNL 1.07




Qe

2.4 auIANUGINYD I QHIHENDZTHIAN (Aluminium acetate)

a = & = =
praiioverdanilumssznouniigasluana (€ H,A10,) Huvewdsduna fivaa

o i é o e o i
Tuanavszina 162.08 gmol HiTassadiadagli 2.4 Fasdwunanindamani 2.4

O OH O

Al geAlg A

E‘I = o =
514 2.4 TRssadaozgiitiouuazdian

3197 2.4 auiiAvepzgiiiouasFan

AninvesmIsiAil pegilitivuozdHan (C,H,AI0,)
1 - = ..
¥ DLQUINUNDZHAN (Aluminium acetate)
3 4 _ ‘ _
¥ooUq Aluminum diacetate hydroxide

Aluminum hydroxide acetate

g3 luana (C,H,AI0,)

um 162.08 g/mol




2.5 auAnug e aiunaelsa muazlamsn (Tin(1V)chroride pentahydrate)
a o e g a
nunselsamuaz lamsmilumsilsznoviiigas Tuana (SnCl,-SH,0) iffuveaniiadv

= o ﬂ' é o e o ﬁ"
HuaaTuanaszana 350.60 gmol fiTassad1edsgulil 2.5 Faezduunauiadmsaii 2.5

HO g H,0
Cl-8n-Cl
H.,0 :
2 o o
Hs0

3 2.5 Tnssadeniuaselsd muazlamin

M99 2.5 dutidveanuase lsamuas laasn

iAveImITIAL nunse lsamuas lamsn(sncl sH,0)
¥0 nunse1sd imuazla@sn(Tinchroride pentahydrate)
‘ldfilﬂduq Stannic Chroride
qas luana (SnCl,*5H,0)
wIa 350.60 g/mol
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2.6 N3zUIMM3IAABUNANLII (Thin film deposition method)

Fmanaoudanu1a annsoir 14 2 35ngiq fiv 35maAil (Chemical method) 1az 33
NaHANd (Physical method) [5] Tasudaz3Bidumsiliozaounio Tuanavesmsndou e
[ o [ & aa - A 9/ o [V
dnfluilduuugiusessy Faiimaniifodesiumnlessy msaaedivesmisilsznoy

¥
uazl§AsensrninManioveunaIve g s

2.6.1 m3ndeuan11ad I BManil (Chemical method)
1. nmﬂﬁw?léu‘uNuuuszmﬂm‘s&hﬁﬁnNlﬂﬁ (Chemical vapor deposition: CVD)

o

iluitindeutrvasindenluanizialihliasvi lugwsessvuazniiuitdidy
o o é w o = = o & A -
dmivmsnani Tandnamsinaousziluesmlszneuntisvesmisisenoude annasuuy
= s a a = o o ' - - o a
HIvD4g 1450351 Tanawil o ianuintluednsslumsniugugungil dnyusiAEYDa
= o b1 o o A 9 =) = aa =1 o
MInaoUNANY VLT ZMOE A3 N 1uAl Ao I¥gungiig ifanszurumsanunnd’ld
[ & 1 i =) a1 ;) 1 A 24 P Vet
A IMIANIAADUABUYINGY Msszme ldlinssuITAoudagenin uaziiosninman iy

[ q’: A 4 28 g =] [
Houss dniuszuuniesiioladesdiniulasadogs

2. B1dnlAsINanRAg (Electroplating)
mandaeuiaNdIe35 IMfuail umsindoviaTanydslanz lasmsindoudosng
= A ﬂg Qo o i
Tuanzlesauuinlumsazawdiannglad ¥ loseuviniivzdh s wddnlszy Indhavd

& a o ¢ v - - o A A
minauaztadainm Inaiv duiuminaduiluiagignmaindey

a o J a
3. Bidnlas laimanfa (Electrolyte plating)
matadeuuuy 13 duaiiflumsindo v Tangnsoo Tanzi 18 1A 14 auan Indh
td
nanfe msalivnyiane Ididadgnsoeniuilauuia1d Taesbidawn Mi35iTa10
1c & o [ & o = a
vanuamnn uanmugylden suvanzdmiuadeudduuriuuii Tanznazuuite Tany

azaaun30 lwanadeudna luda lduindie 195500



11

2.6.2 m3tnaeuldunadeIsmaland (Physics vapor deposition: PVD)
mandeuiduu1dieiinaildnd 1418 lursndundwagiidediaosniiiimuni
litnginsaniimsindouniegiusesiumandenidudniinaiandordondnmsii 1y
zaounqAvENYINMsIndoundunaoui I EaRauuivesg e s unaziududuiding

meldnnzqanma Famsindeuilaudriimaildndlsznoudas 3 Sunou fo

3 =) ¥ =) L
I ﬁ'i'l»lﬁ'lilﬂﬁﬂ'l]ﬂlﬂlﬂui%ﬂﬂﬂ Tulﬁf_]ﬂ HID DUMAIINUHAINUUA

&

P=) s o
2. wndoudwmsnioulufigisessy

o Y =) 1 o a : o
3. wﬂﬁmsmaaumuuuu uaxmﬂmmﬁu%uﬁanmq

a ol

WAINUAUTLIEMI190ZABNYDIANTIATOUAUF NI DIAZQUNYIYDIg IMT RS ez u

¥
@ =
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EFFECT OF NITROGEN DOPING ON STRUCTURAL AND OPTICAL
PROPERTIES OF ZnO THIN FILMS PREPARED BY SOL-GEL TECHNIQUE

C. Bangbai", K. Chongsriz, W. Pecharapaz'j , W. Techidheera'

'School of Applied Physics, King Mongkut's Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand
“College of Nanotechnology, King Mongkut's Institute of Technology Ladkrabang, Ladkrabang, Bangkok 10520,
Thailand
*ThEP Center, CHE, 328 Siayuthtaya Rd., Bangkok 10400, Thailand

In this work, ZnO and Nitrogen-doped ZnO (NZO) thin films were prepared on glass substrate by spin-coating
technique based on zinc acetate dihydrate (CH;COO),Zn:2H,0, absolute ethanol (C,HsOH) and diethanolamine
((HOCH,CH;);NH, DEA) with concentration 0.5 M and thermal annealing treatment. The certain incorporation
of nitrogen has significant effect on the crystallinity and grain size of the films. In addition, the doped films
exhibit significant blue shift in optical band gap and improvement in its transparency.

Keywords: Nitrogen doping; Sol-gel; ZnO

INTRODUCTION

ZnO is one of most widely used materials for
ultraviolet-visible optoelectronic devices such as light
emitting diodes (LED) [1], laser diodes [2] and
ultraviolet photodetector [3] due to its appropriate
operating optical band gap of 3.37 eV and high
exciton binding energy (60 meV) [4]. ZnO films have
been fabricated by various physical and chemical
techniques, which include RF magnetron sputtering
[5]. pulsed laser deposition [6], chemical vapor
deposition [7], spray pyrolysis [8], and sol-gel
processing [9]. The sol-gel route process has
significant advantages over the other deposition
techniques owing to low-cost experimental
arrangement, ease of adding dopant, high
homogeneity, excellent compositional control, lower
crystallization.temperature and relatively low process
temperature. Many afforts such as doping, alloying,
and heterostructures [10-12] have been purposed to
adjust its electronic and optical properties in order to
enhance its optical properties and adjust its operating
region. Typically, relevant  properties  of
semiconductors are strongly related to its band gap,
which can be practically modified (increased or
decreased), by doping with suitable elements [13].
Recently, a number of reports have recently paid
attention on the effort to adjust the properties of ZnO
by doping with group V elements such as As, P and N.
Generally, the light doping of impurities such as Al,
In, B, Ga into ZnO causes the drastic change in
clectrical conductivity [14]. Meanwhile, nitrogen is
known as preferable dopant due to its considerable
advantages such as low toxicity, low ionization energy
and source abundance. Nitrogen has been utilized as
an effective dopant to adjust the of optical or electrical
properties variety of semiconductors including ZnO,
Ti0,, ZrO,, etc. [15-17]

*Corresponding author. E-mail: chatpong_b@windowslive.com

The main propose of this work is concentrated on
the preparation of N-doped ZnO (NZO) thin films by
sol-gel spin coating technique. The effect of N doping
on the structural and optical properties of the films is
extensively investigated.

EXPERIMENT

NZO thin films were prepared by sol-gel spin-
coating method based on zinc acetate dehydrate

(CH;CO00),Zn-2H,0, ammonium acetate
(CH3;COONH,), absolute ethanol (C,HsOH) and
diethanolamine  ((HOCH,CH,),NH, DEA) with

concentration of 0.5 M. The solution was prepared
with various N-doping concentration of 0%. 5% and
10%. The mixed solution was stirred at 100 °C for 6 h
and cooled to room temperature for 24 h. The spin-
coating process was carried out on pre-cleaned
borosilicate substrate with spin speed of 2000 rpm for
10 s and repeated three times. NZO thin films were
annealed at 550 °C for 4 h in air. The film crystal
structure and morphology was determined by X-ray
diffraction (XRD) and scanning electron microscope
(SEM), respectively. The optical properties of the
films were carried out by a UV-VIS
spectrophotometer.

RESULTS AND DISCUSSIONS

The XRD pattern of NZO with various doping
content of 0%, 5% and 10% is illustrated in Fig. 1.
The distinct diffraction peaks positioned at 20 = 31.8°,
34.5", 36.2" , 47.5" and 56.7" are assigned to (100),
(002), (101), (102) and (110) orientation planes of
ZnO with hexagonal wurtzite structure, respectively.
As seen in XRD patterns, both pure and N-doped
films exhibit three strong diffracted peaks suggesting
that as-prepared films have single-phase

© 2011 Thai Physics Society
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polycrystalline  structure ~ with no  preferable
orientation. This characteristic of XRD pattern is
attributed to the typical formation of ZnO prepared by
sol-gel route [18]. The position of all prominent peaks
shows insignificant change with increasing annealing
temperature indicating good stability of hexagonal
crystalline structure of ZnO. Furthermore, the grain
sizes of all films can be calculated from the full width
at half maximum (FWHM) and angular position of the
(002) diffraction peak by well-known Scherrer
formula. The calculated average grain size of the film
was found to be approximately 19-22 nm and tended
to decrease with increasing N doping concentration.
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FIGURE 1. XRD patterns of sol-gel spin-coated NZO
thin films grown on borosilicate substrates.

The optical transmittance spectra of NZO thin
films are shown in Fig. 3. All transmission spectra of
NZO thin films possess sharp absorption edge in
visible range suggesting good quality of as-prepared
film by spin coating. All films are highly transparent
in the visible region with more than 85-95%
transparency within visible region of 400-800 nm. As
N-doping concentration increases, the transmission
spectra exhibit the obvious blue shift of absorption
edge to lower wavelength implying the higher shift of
optical band gap of the film with increasing N-doping
concentration. Figure 4 shows the variation of optical
band gap of NZO thin films as a function of N-doping
concentration. The band gap values of all NZO thin
films were calculated following by the equation,

ahv=A(hv-Eg) " (1

where £, is the optical band gap energy, 4 is a
constant having values between | x 10°cm™ eV to 1 x
10° em™eV!, hv s photon energy and « is an
absorption coefficient. From the calculation, the band
gap of the NZO thin films slightly increases from 3.22
to 3.27 eV as the N-doping content increases from 0%
to 10%, respectively. The feature regarding the
widening in optical band gap with increasing doping
concentration may be attributed to the truth that
nitrogen dopant may increase the carrier concentration
of the film resulting in the carrier-induced wideness of

band gap referred as Burstein-Moss effect [19]. ﬁ"be
other possible mechanism taking responsibility on this
widening of the band gap is the quantum size effect of
the nanocrystalline structure of the films [20].

T (c) 10%

N-doped ZnO

FIGURE 2. SEM images of (a) undoped ZnO, (b) 5%
N-doped ZnO and (¢)10% N-doped ZnO.
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FIGURE 3. Optical transmittance spectra of sol-gel
spin-coated NZO thin films prepared with various N-
doping concentration of 0%, 5% and 10%.
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FIGURE 4. The calculated of optical band gap of
NZO thin films as a function of N-doping
concentration.

CONCLUSION

In summary, The N-doped ZnO films have been
successfully prepared on glass substrate by spin
coating technique. The XRD and SEM results
disclosed that the crystallization quality and grain size
of as-prepared films were highly influenced by certain
nitrogen doping content. Nitrogen additionally plays a
crucial role on the improvement of optical properties
of the NZO films, especially its transparency and
optical band gap widening.
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In this work, ZnO ,N-doped ZnO(NZO) , Al-doped ZnO(AZO) and Al,N-doped ZnO(ANZO) thin
films were prepared by the sol-gel spin-coating method based on zinc acetate
dihydrate(CH;C0O0),Zn-2H,0, Aluminium acetate (C:H;AlO:), Ammonium acetate(CH;COONH,),
absolute ethanol (C,HsOH) and diethanolamine ((HOCH,CH,),NH, DEA). All films were spin-coated on
borosilicate substate for several coating repetition followed by annealing process at 550 °C for 4 hr in air.
The structural properties and surface morphologies of films were characterized by X — ray diffraction
(XRD) and Field Emission Scanning Electron Microscope (FE-SEM). The optical properties of the films
were interpreted from their transmission spectra using UV-VIS spectrophotometer.

The XRD patterns of NZO with various N-doping content 5% and 10% are illustrated in Fig.1 and
The XRD patterns of AZO with various Al-doping content 5% and 10% are shown in Fig. 2. The distinct
diffraction peaks positioned at 26=31.8",34.5",36.2", 47.5" and 56.7" are assigned to (100), (002), (101),
(102) and (110) orientation planes of ZnO with hexagonal wurtzite structure, respectively. As seen in
XRD patterns, both Al-doped and N-doped ZnO films exhibit three diffracted peaks suggesting that as-
prepared films have single-phase polycrystalline structure with no preferable orientation. This
characteristic of XRD pattern is attributed to the typical formation of ZnO prepared by sol-gel route[1].
The position of all prominent peaks shows insignificant change with either N and Al doping content
indicating good stability of hexagonal crystalline structure of ZnO. In addition, the significant
deterioration in crystallinity of the films was observed in AZnO films.

Fig. 3(a), (b) and (c) illustrate surface morphology of undoped film, 5%N-doped film, and 10%N-
doped film, respectively. It is clearly observed that all films have smooth surface comprising uniform
grain size. As the N-doping concentration increases, the crystallinity of the film significantly improves
with decreasing grain size. Fig. 4(a), (b) and (c) illustrate surface morphology of undoped film, 5%Al-
doped film, and 10%Al-doped film, respectively. It is clearly observed that the grain size of the film
drastically decreases as Al-doping content increases. The SEM results are in good agreement to results
interpreted from XRD patterns.

As shown in Fig. 5, transmission spectra of as-prepared thin films possess prominent absorption edge
in visible range, suggesting good quality of films obtained by spin coating. All films are highly
transparent in the visible region with more than 85-95% transparency within visible region of 400-800nm.
As Al-doping concentration increases, the transmission spectra exhibit the obvious blue shift of
absorption edge to lower wavelength implying the higher shift of optical band gap of the film with
increasing Al-doping concentration. The noticeable blue shift are also observed in the N-doped films.
The shift in energy gap of Al-doped and N-doped ZnO films may attribute to the alloying effect and
Burstein-Moss effect [2]. Moreover, co-doping with Al and N into ZnO films also leads to significant
blue shift but the shift is less than Al-doped films. The further studies and investigation of the influence of
Al and N doping on physical properties of ZnO films are undergone and will be presented at the
conference.
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Abstract

In this work, the preparation of ZnO, N-doped ZnO (NZO), Al-doped ZnO (AZO) and Al, N-
doped ZnO (ANZO) thin films by the sol-gel spin-coating method is reported. The structural
properties and surface morphologies of films were characterized by X-ray diffraction (XRD) and
Field Emission Scanning Electron Microscope (FE-SEM). The optical properties of the films were
interpreted from their transmission spectra using UV-VIS spectrophotometer. The XRD and SEM
results disclosed that the crystallization quality and grain size of as-prepared films were highly
influenced by N and Al doping. UV-VIS spectrophotometer results indicated that Al and N additives
could significantly enhance the optical transparency and induce the blue-shift in optical band gap of

ZnO films.

Keywords : ZnO thin films, Al doping, N doping, Sol-gel
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1. Introduction

With a wide band gap of 3.37 eV and high exciton binding energy of 60 meV at room
temperature [Zeng et al. 2007], zinc oxide (ZnO) is one of most widely used materials for
ultraviolet optoelectronic devices such as li ght emitting diodes (LED) [Chichibu et al. 2005],
laser diodes [Znaidia et al. 2003] and ultraviolet photodetectors [Zou et al. 2011]. Up to now,
ZnO films have been fabricated by various physical and chemical techniques, which include
RF magnetron sputtering [Zhang et al. 2006], pulsed laser deposition [Cracium et al. 1994],
chemical vapor deposition [Kachiwaba et al. 2002], spray pyrolysis [Ayouchi et al. 2003],
and sol-gel processing [Kim & Tai 2007]. The sol-gel route process has significant
advantages over the other deposition techniques due to low-cost experimental arrangement,
ease of adding dopant, high homogeneity, excellent compositional control, lower
crystallization temperature and relatively low process temperature. A number of reports have
recently dedicated on the effort to adjust the properties of ZnO by doping with group V
clements such as As, P and N. Generally, the light doping of impurities such as Al, In, B, Ga
into ZnO causes the drastic change in electrical conductivity [Nunes et al. 2002]. Meanwhile,
nitrogen is known as preferable dopant due to its considerable advantages such as low
toxicity, low ionization energy and source abundance. Nitrogen has been utilized as an
effective dopant to adjust the of optical or electrical properties variety of semiconductors
including ZnO [Wang et al. 2011]. C.W. Zou and co-workers prepared ZnO:N films on glass
substrates by thermal oxidation of Zn;N, precursor and reported that the doped films
exhibited p-type semiconductor behavior with strongly temperature-dependent conductivity
[Zou et al. 2009]. Y.R. Sui et.al employed radio-frequency magnetron sputtering technique
to grow B-N codoped ZnO (ZnO:(B,N)) films and they observed that this co-doping was able

to generate the p-type manner and the post-annealing had significant effects on not only



electrical conductivity but optical properties of the films [Sui et al. 2010]. S.W. Xue an?i7
colleague gave the report on the preparation of ZnO:Al films by sol-gel method and it is
found that Al-doping concentration played a major role on the enhancement of transparency
and the shift of optical band gap of ZnO thin films [Xue et al. 2006]. Nevertheless, up to now,
the reports on the preparation and characterization of AI-N codoped ZnO films by sol-gel

method are still very limited.

The main propose of this work is concentrated on the preparation of Al, N-doped ZnO
(ANZO) thin films by sol-gel spin coating technique. The effects of Al and N doping on the

structural and optical properties of the films are extensively investigated.

2. Materials and Methods

The precursor sol was prepared from zinc acetate dehydrate ((CH3CO0),Zn-2H,0),
absolute ethanol (C,HsOH) and diethanolamine ((HOCH,CH;);NH, DEA). Aluminium
acetate (C4H7AlOs) and ammonium acetate (CH3COONH,) were introduced as dopant. The
prepared mixture was vigorously stirred at 100 °C for 6 h by magnetic stirrer and cooled to
room temperature for 24 h. The Al and N doping contents in ZnO were 5 at.% and 10 at.%.
Al-N codoped ZnO (ANZO) samples with the Zn:Al:N concentration ratio of 0.90:0.05:0.05,
0.85:0.05:0.10, 0.85:0.10:0.05 and 0.80:0.10:0.10 are designated as ANZOI, ANZO2,
ANZO3 and ANZO4, respectively. All films were spin-coated on borosilicate substrates at
room temperature with speed of 2500 rpm for 20 s. following by pre-heated in air at 100 °C
for 10 min. After repeated the coating procedure three times, all films were annealed at 550
°C for 4 h in ambient air. The structural properties and surface morphologies of as-prepared
films were characterized by X-ray diffraction (XRD, Panalytical x’Pert Pro MPD) using Cu-

K, radiation over a 26 in the range of 20-60°. The diffraction patterns were recorded with a
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scanning rate 2°/min. The surface morphology and film thickness were examined by field

emission-scanning electron microscope (FE-SEM, Hitachi S-4700) operated at 10 kV after

coating with gold. The chemical compositions of the films were examined by an energy

dispersive X-ray spectrometer (EDS). The optical properties of the films were interpreted

from their transmission spectra using UV-VIS spectrophotometer (Thermo Electron

Corporation Heliosa).

3. Results and discussion

The XRD patterns of NZO thin films with various doping content of 0%, 5 at.% and 10
at.% are illustrated in Fig. 1(a). The distinct diffraction peaks located at 26=31.8°, 34.5°,
36.2°, 47.5° and 56.7° are assigned to (100), (002), (101), (102) and (110) orientation planes
of ZnO with hexagonal wurtzite structure, respectively [Zhang 2010]. As observed in XRD
patterns, both pure and N-doped films possess three strong diffracted peaks advising that as-
prepared films have single-phase polycrystalline structure without any preferable orientation.
This manner of XRD patterns is typically a formation of sol-gel derived ZnO [Wang et al.

2006]. Average grain sizes of all films can be calculated from the full width at half maximum

(FWHM) and angular position of three distinct diffraction peaks by well-known Scherrer’s

formula. The average grain sizes of undoped and N-doped ZnO films expressed in Fig. 1(b)

are found to be in the range of 38-40 nm, changing upon doping content. The results indicate

that the crystallite size of the film slightly increases as the N doping content increases up to 5

at.% thereafter decreases. The increase of grain size of sol-gel derived ZnO films with certain

N-doping content may originate from the formation of intermediate buffer layer of Zn and N
that can improve the crystallization of the film [Liu et al. 2010]. The XRD pattern of AZO
with various Al doping content of 0%, 5 at.% and 10 at.% is illustrated in F ig. 2. In the same

manner, the position of three characteristic peaks of (100), (002) and (101) orientation planes



still remain the same position as Al doping content varies, indicating stability of hexagonal
crystalline structure of ZnO films deposited on glass substrates. Besides, significant
deterioration in crystallinity of the films was observed in Al-doped films, accompanying the
decreasing intensities and the widening of XRD peaks with the increase of Al content. This
feature is in good accordance with prior report [Zi-giang et al.2006]. Based on Scherrer’s
equation, it is suggested that the decrease of average grain size of ZnO films is strongly
affected by Al doping. As seen in XRD patterns of AZO films, no characteristic peak of
crystalline Al,O; is observed because of the rather high enthalpy required [Kou et al. 2006].
At temperate annealing temperature, aluminum atom doped into the films may form
amorphous Al,O5 and deter the grain growth of ZnO films [Wang et al. 2009], reflecting the
deterioration of grain size of doped films. XRD results of AZNO films are shown in Fig. 3.
All codoped films exhibits unobvious XRD patterns of ZnO, suggesting that the codoping of
Al and N strongly affects the decrystallization of ZnO films leading to higher degree of

amorphousity of ZnO with increasing doping content. Due to different ionic radius between

AP’’(53 pm) and Zn>'(72 pm) [Kim et al. 1997] and between N (171 nm) and O (140 nm)

[Zhao et al. 2012], the substitutional replacement of Al at Zn site and N at O site may

generate the local stresses that takes a major contribution on the prevention of crystal growth

of ZnO [Zi-giang et al. 2006].

Fig. 4(a) shows a cross section image of 5% N-doped ZnO film., indicating the consistence

of the film formation on glass substrate with average thickness of approximately 400 nm. The

thicknesses of the others were found to be in the same value. Fig. 4(b), (c¢) and (d) illustrate

surface morphologies of undoped film, 5 at.%N-doped film, and 10 at.%N-doped film,
respectively. It is clearly observed that all films have smooth surface comprising uniform

grain size. It is observable that, when comparing to undoped film, the N-doped films display
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the amelioration of grain density of the film and the change in grain size. The grain size of

the film increases for 5 at.% N concentration and thereafter decreases. The behavior dealing
the decrease in grain size above the specific doping concentration was also supported by
other previous literature [Bouzidi et al. 2010]. The SEM results are in good agreement to

results interpreted from XRD patterns. The chemical composition of 5 at.%N-doped film, and

10 at.%N-doped film indicated by EDS spectra are shown in Fig. 4(e) and 4(f), respectively.

The atomic percentages of N doping in the films exhibit close agreeable to the ratio of the

precursors in the solution for coating. Fig. 5(a) exhibits the cross section image of 5 at.%Al-

doped film indicating the uniform thickness of about 400 nm. Meanwhile, Fig. 5(b), (¢) and

(d) illustrate surface morphologies of undoped film, 5 at.%Al-doped film, and 10 at.%Al-
doped film, respectively. It is evidently observed that the grain size of the film drastically
decreases as Al-doping content increases, which confirms the presumption from the XRD
results. With increasing doping content, the crystallite is unable to further decrease in
nanometer regime resulting to the domination of an amorphous phase of the films. In

addition, the corresponding EDS spectra of 5 at.%Al-doped film, 10 at.%Al-doped film.

confirming the close chemical composition of Al doping to prepared-precursors are

represented in Fig. 5(e) and 5(f), respectively.

Fig. 6 shows room temperature optical transmission spectra of as-prepared ZnO, NZO,
AZO and ANZO thin films in the wavelength range of 300-800 nm. Transmission spectra of
as-prepared thin films possess prominent absorption edge in visible range, suggesting good
quality of films attained by spin coating technique. Comparing to undoped film, the spectra
of doped films display significantly enhanced transmittance in visible wavelength region of
400-800 nm with more than 85-95% transparency. Besides, for NZO films, their transmission
spectra exhibit the noticeable blue shift of absorption edge to lower wavelength with

increasing N-doping content, reflecting the widening of optical band gap of the film. The
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identical blue shift behavior with increasing doping content is also observed in AZO films.

As shown in Fig. 7, co-doping with Al and N into ZnO films also leads to the increase of
band gap with certain doping content, thereafter decreases. The lower band gap in ANZO4
may be due to the over doping Al content causing the ease of formation and segregation of
AlL;O; in the ZnO films. The corresponding optical band gaps of all thin films were typically

calculated by following equation,

ahv=A(hv-Ey) " | (1)

where E is the optical band gap energy, 4 is a constant having values between 1 x 10°
em’eV! to 1 x 10° em’eV! hv is photon energy and a is an absorption coefficient. The
variation of optical band gap of all thin films as a function of Al and N doping concentration
is summarized in Table 1. From the calculation, the band gap of the NZO thin films
increases from 3.22 to 3.27 eV as the N-doping content increases from 0 at.% to 10 at.%,
respectively. Meanwhile, the band gaps of the AZO thin films slightly increase from 3.22 to
3.25 eV as the Al-doping content increases from 0 at.% to 10 at.%, which is in good
agreement to other former published work [Kim & Tai 2007]. The feature regarding the
increase of optical band gap with increasing doping concentration may be attributed to the
truth that N or Al dopant may increase the carrier concentration of the film resulting in the
carrier-induced wideness of band gap, well-known as Burstein-Moss effect [Li et al. 2010].
The other possible mechanism taking responsibility on this widening of the band gap is the

quantum size effect of the nanocrystalline structure of the films [Marotti et al.2006].
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4. Conclusions

ANZO thin films with hexagonal wurtzite type polycrystalline structure and good
optical properties have been prepared on glass substrates by sol-gel spin coating and
annealing process. The XRD and SEM results disclosed that the crystallization quality and
grain size of as-prepared films were highly influenced by both N and Al doping. In addition,
the Al and N doping significantly caused the blue shift of the direct band gap of the films,
which were beyond 3.22 eV of pure ZnO and the enhancement of the film transparency in the
visible region. These features can be utilized for the feasibility to improve optical

performance of ZnO films for ultraviolet optoelectronic devices.
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Figure captions

Fig.1 (a) XRD patterns of sol-gel spin-coated N-doped ZnO thin films with different N
doping concentrations and (b) the calculated grain size of N-doped ZnO films with different
N doping concentrations.

Fig. 2 XRD patterns of sol-gel spin-coated AZO thin films with different Al doping
concentrations.

Fig. 3 XRD patterns of sol-gel spin-coated ANZO thin films with different Al, N doping
concentrations.

Fig. 4 (a) cross-section image of 5 at.% N-doped ZnO thin film, SEM images of (b) undoped
Zn0, (b) 5 at.% N-doped ZnO, (c)10 at.% N-doped ZnO thin films and EDS spectrum of (e)
5 at.% N-doped ZnO and ()10 at.% N-doped ZnO thin films.

Fig. 5 (a) cross-section image of 5 at.% Al-doped ZnO thin film, SEM images of (b) undoped
Zn0, (b) 5 at.% Al-doped ZnO, (c)10 at.% Al-doped ZnO thin films and EDS spectrum of (e)
5 at.% Al-doped ZnO and ()10 at.% Al-doped ZnO thin films.

Fig. 6 Optical transmittance spectra of Al,N-doped ZnO thin films.

Fig. 7 Optical transmittance spectra of ANZO thin films.
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Table 1 The calculated optical band gap of all thin films as a function of Al, N-doping
concentration.



Al doping N doping Band gap
concentration(at.%) | concentration(at.%) (eV)
0 0 3,22
0 5 3.26
0 10 3.27
3 0 3.24
5 5 3.23
5 10 3.23
10 0 3.25
10 5 3.27
10 10 3.25

Table 1
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Effect of Sn doping on Structural and Optical Properties of ZnO Thin Films
Prepared by Sol-Gel Technique
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In this work, ZnO and Tin-doped ZnO (SZO) thin films were prepared on glass substrate by
spin-coating technique based on zinc acetate dihydrate (CH3COO0),Zn*2H,0, tin(IV) chloride
pentahydrate (SnClL5H,0), 2-methoxyethanol(C;Hz0,) and diethanolamine ((HOCH,CH,),NH,
DEA) with concentration 0.5 M. All films were spin-coated on borosilicate substrate for several
coating repetition followed by annealing process at 550 “C for 4 hr in air. The structural properties
and surface morphologies of films were characterized by X - ray diffraction (XRD) and Scanning
Electron Microscope (SEM). The optical properties of the films were interpreted from their
transmission spectra using UV-VIS spectrophotometer. The significant effects of Sn doping on
both structural and crucial optical properties of the ZnO films are notified. The increasing Sn
doping content into ZnO films results to the enhancement in transparency of the films and the

observable alternation in their grain size.

Keywords: ZnO thin films, sol-gel, Sn doping

1. INTRODUCTION

With a wide band gap of 3.37 eV and high exciton
binding energy of 60 meV at room temperature [1], zinc
oxide (ZnO) has been extensively studied as material for
ultraviolet optoelectronic  devices, gas sensors and
‘photovoltaic devices[2-4]. Up to now, ZnO-based thin
films have been synthesized by various physical and
chemical techniques [5-9]. Sol-gel route process has
significant advantages over other deposition techniques
accompanying low-cost experimental arrangement, ease of
adding dopant, high homogeneity, excellent compositional
control, non-toxic and relatively low process temperature.
A number of reports have recently pioneered on the effort
to adjust crucial properties of ZnO by doping with
appropriate metals including Cu, Ag, Ga, Al, In, Sn and Sb
[10-12]. The metal doping is an effective procedure to
modify the grain size, plane orientation, optical and
electrical properties of the ZnO structure. Meanwhile, Sn is
known as preferable dopant due to its considerable
advantages such as low toxicity, low ionization energy and
source abundance. Sn has been utilized as an efficient
dopant to adjust the optical and electrical properties of
variety of semiconductors [13].

This work emphasizes on the preparation of Sn-doped
ZnO(SZO) thin films by sol-gel spin coating technique.
The effect of Sn doping on the structural and optical
properties of the films is extensively investigated.

f‘:Corrasponding author. Tel: 0806061188
Fax:023264733 ; E-mail: wdheera@gmail.com

2. EXPERIMENT

The precursor sol was prepared from zinc acetate
dnhydrate((CH3COO)zZn-2HZO), 2-med10xyethanol (C;HgOz)
and diethanolamine ((HOCH,CH,),NH, DEA). Tin (IV)
chloride pentahydrate (SnCI,5H,0) were introduced as
dopant. The prepared mixture was vigorously stirred at
100°C for 6 h by magnetic stirrer and cooled to room
temperature for 24 h. The Sn doping content in ZnO was
assigned at 2%, 4%, 6%, 8% and 10%. All films were spin-
coated on glass substrates at room temperature with speed
of 2500 rpm for 20 s following by pre-heated in air at 100
°C for 10 min. After repeating the coating procedure three
times, all films were annealed at 550 °C for 4 h in ambient
air. The structural properties and surface morphologies of
as-prepared films were characterized by X-ray diffraction
(XRD, Panalytical x’Pert Pro MPD) using Cu-Ka radiation
over a 20 in the range of 20-60°. The surface morphology
and film thickness were examined by field emission-
scanning electron microscope operated at 10 kV after
coating with gold. The chemical states of ZnO and Sn in
the SZO films were investigated by X-ray photoelectron
spectroscopy (XPS, AXIS Ultra DLD). The optical
properties of the films were interpreted from their
transmission spectra using UV-VIS spectrophotometer
(Thermo Electron Corporation Heliosa).

3. RESULTS AND DISCUSSIONS

Fig.1 shows XRD pattern of as-prepared ZnO film
annealed at 550 °C. The distinct diffraction peaks
positioned at 26=31.8°, 34.5°, 36.2°, 47.5° and 56.7° are

© 2012 Thai Physics Society
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assigned to (100), (002), (101), (102) and (110) orientation
planes of ZnO with hexagonal wurtzite structure,
respectively. As seen in XRD patterns and the grain sizes
of ZnO thin film can be calculated from the full width at
half maximum (FWHM) and angular position of the (002)
diffraction peak by well-known Scherrer formula. The
calculated average grain size of the film was found to be
approximately 22 nm.
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Figure 1. XRD pattern of sol-gel spin-coated ZnO thin film
grown on borosilicate substrate.

Figure 2. SEM images of (a) undoped ZnO, (b) 4% Sn-
doped ZnO, 6% Sn-doped ZnO and 10% Sn-doped ZnO
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Figure 3.The survey and high resolution XPS spectra of Zn
2p, O Is, and Sn 3d of 10%Sn doped ZnO thin film.

Fig. 2(a), (b), (c) and (d) illustrate surface mo;[) logies
of undoped film, 4%Sn-doped film, 6%Sn-doped film and
10%Sn-doped film, respectively. It is clearly observed that
all films have smooth surface comprising uniform grain
size. As the Sn-doping concentration increases, the
crystallinity of the film significantly decreases
accompanying decreasing grain size. When Sn s
introduced into the film, Sn atom may deter the grain
growth of ZnO films [14], reflecting to the deterioration of
grain size of doped films.

The survey and high resolution XPS spectra of Zn 2p, O
Is, and Sn 3d of 10%Sn doped ZnO thin film were
exhibited in Fig.3. The survey spectra disclose the Zn 2p, O
Is and Sn 3d binding energy peaks as shown in Fig 3(a). In
addition, as observed in Fig. 3(b) Zn 2p XPS spectra
exhibit Zn 2p;, and Zn 2p;; corresponded by two main
peaks near 1020.9 eV and 1044.0 eV respectively [15]. It
has been calculated that the energy difference from two
energies is ~24 eV, which is well-agreeable with the
standard value of ~22.97 eV [16]. The O 1s spectra possess
four binding energies peaks at 529.89 eV, 530.96 eV,
531.86 eV and 532.92 eV, as shown in Fig. 3(c). A peak
centered at 530.96 eV is observed related to Sn-O bond
formation, attributed to oxidized metal ions in the Sn-ZnO
compounds such as, O-Sn and O-Zn in the ZnO lattice.
Meanwhile the binding energy near 532.92 eV is ascribed
to O* ions and the lowest binding energy near 529.89 eV is
attributed to O”" ions in the Zn-O structures [17]. An seen
in Fig. 3(d), Sn 3ds; and Sn 3d;, were corresponded by two
binding energies peaks near 485.17 eV and 493.60 eV,
respectively. The appearance of these peaks indicates the
incorporation of Sn dopant in the form of O-Sn in the ZnO
lattice [18]. The position of binding energies and atomic
concentration displayed in the XPS spectra of SZO thin
film are summarized in Table 1.

Table 1: Atomic concentration of 10% Sn-doped ZnO thin
film.
Peak

Atomic
Conc. (%)
29.48
4293

8.96

Position
BE (eV)
1019.753
529.753
493.753

Zn2p
O ls
Sn 3d

80 e
:’\ \‘\ ;
AN
Zn0

o 1 \\\\ 2 % doped ZnO
b \\ " 4 % doped ZnO
] \\ \ € % doped Zn0
| 8 % doped ZnO
2 E= ™ 10 % doped ZnO

Transmittance(%)

0 40 40 %0 50 B0 650 700 o 800
Wavelength (min)
Figure 4. Optical transmittance spectra of sol-gel spin-

coated SZO thin films prepared with various Sn-doping
concentration from 0% to 10%.
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Figure 5. The variation of optical band gap of SZO thin
films as a function of Sn-doping concentration

The optical transmittance spectra of SZO thin films
are shown in Fig. 4. All transmission spectra of SZO thin
films have prominent absorption edge in visible range,
indicating good quality of as-prepared film by spin coating.
All films are highly transparent in the visible region with
more than 80-95% transparency within visible region of
400-800nm. As Sn-doping content increases from 0% to
8%, the transmission spectra exhibit the obvious red shift of
absorption edge to higher wavelength implying the lower
shift of optical band gap of the film with increasing Sn-
doping concentration. The band gap values of all SZO thin
films were calculated following by the equation,

ahv=A(hv- Eg) 1 L

where E, is the optical band gap energy, 4 is a constant
having values between 1 x 10°cm™eV™' to 1 x 10° cm™eV"',
hv is photon energy and « is an absorption coefficient. Fig.
5 shows the variation of optical band gap of SZO thin films
as a function of Sn-doping concentration. From the
calculation, the band gap of the SZO thin films slightly
heighten from 3.22 to 3.25 eV as the Sn-doping content
increases from 0% to 10%, respectively. The feature
regarding the widening in optical band gap with increasing
doping concentration may be attributed to the Sn-induced
increment in carrier concentration of the film resulting in
the carrier-induced wideness of band gap referred as
(Burstein-Moss effect[19].

4. CONCLUSION

In summary, The Sn-doped ZnO films have been
successfully prepared on glass substrate by spin coating
technique. The XRD and SEM results disclosed that the
crystallization quality and grain size of as-prepared films
were highly influenced by certain Sn doping content. XPS
results indicate the existence and chemical state of Sn, Zn
and O. Sn additionally plays a significant role on the
enhancement of optical properties of the SZO films,
especially its transparency and optical band gap widening.
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