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Sb Doped ZnSnQO; Transparent and Conducting Thin Films: Preparation and Property
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Abstract: Undoped and Sb doped ZnSnO; thin films were synthesized by a sol-gel spin-coating method. A
comparative study between these films was presented. The structure, electrical and optical properties of ZnSnO;
thin films doped with Omol%, 1mol%, 8mol% and 30mol% of Sb were investigated by X-ray diffraction (XRD),
(FE-SEM), (XPS), Hall

measurement and ultraviolet-visible spectroscope (UV-Vis). The results show that all films correspond to a pure

field emission-scanning electron microscope X-ray photoelectron spectroscope
phase of ZnSnOj; structure and that Sb doped ZnSnOj; films have lower resistivity than those of undoped ZnSnO;
films. The minimum resistivity is obtained in ZnSnOj; films doped with 8.0mol% of Sh. In addition, interstitial
zinc ions introduced by antimony ion doping in ZnSnOj; crystal lattice lead to a better conductivity. Furthermore,

all doped ZnSnO; films are with >80% transmittance in the region above 475 nm.
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0 Introduction and high transparence in the visible region™. TCOs

such as indium tin oxide (ITO)*, tin fluorine oxide

Transparent and conducting oxide (TCOs) thin
films have been widely used in flat-panel devices,
photovoltaic devices, light emitting diode and other

electrode applications due to their high conductivity
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(FTO)™ and zinc aluminium oxide (AZO)® have been
widely used recently. However, one oxide cannot meet
different application demands due to its specific

characteristics. For example, ITO is the most qualified
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transparent electrodes in flat-panel devices because it
possesses low resistivity, easy etching and smooth
surface. However, in view of low cost and chemical
stability in the markets of glass building, FTO films
are regarded as a more suitable candidate to replace
ITO. Therefore, different systems, namely, ternary
oxides as Cd-Sn-O", Zn-In-0"" Zn-Ga-O", Zn-Sn-
0118 Ga-In-0™ and polycomponent oxides such as
Cd-Sh-In-0"™ Zn-Tn-Ga-0"" Zn-Sn-In-O™ have been
studied in order to achieve various properties. Among
these systems, Zn-Sn-O system draws more attention
due to the abundant and inexpensive raw materials.
Zn,Sn0, and ZnSnO; have been reported as two
phases of Zn-Sn-O system. Several studies have been
conducted to investigate the electrical properties and
conductive mechanisms of Zn,SnO, films **19 while
there have been few studies on ZnSnO; films to the
best of our knowledge. One study predicts that ZnSnOs

BU Tn

film has a lower resistivity than Zn,Sn0O, film
addition, ZnSnO; has a higher work function (5.3 €V)
than that of ITO (4.7 eV) according to Minami et al.”.
Therefore, ZnSnO; is considered as an attractive
material for p-n type solar cells.

Until now, synthetic method as magnetron
sputtering has been developed for fabricating ZnSnOj;
thin films™!. However, ZnSnO; often coexists with other
crystals as Zn0O, SnO, and Zn,SnQO, in the deposited
films and the study of conductive mechanisms of
ZnSn0; films is difficult. Besides, other synthetic
methods have been used to produce pure ZnSnO; micro-
and nanostructures. For example, polycrystalline
ZnSn0; powders have been synthesized by a solid-state
reaction under high pressure (7 GPa) at elevated
temperature (1 000 “C) and first-principles study of
structure properties of ZnSnO; has been reported 2.
And ZnSnO; nanowires have been synthesized by
thermal evaporation of ZnO, Sn0O, and graphite mixture
of ZnSnO;

nanowires have been studied . In the work of He et al®!,

powders and gas sensing properties
pure transparent and conductive ZnSnO; thin films were
obtained by a sol-gel method. However, the resistivity of
pure ZnSnO; films critically limits the practical

applications. Based on the work of He et al, Sb** and

Sh** ion doped ZnSnO; was further studied to improve
the conductivity.

The mechanism of electrical conductance for
7ZnSnO; can be attributed to the existence of localized
Zn** and Sn** in the ZnSnO; lattice. By doping of
antimony ion n-type conductivity of ZnSnOj; thin films
can be improved efficiently because of the
introduction of Sbh** ions and Sb’* ions. Zn** and Sn**
ions have electronic configuration of (n—1)d"ns’(n=4,
5)#. Sb** and Sb**ions have similar 4d"5s* and 4d"
electronic configurations, respectively®. And Sb** ion
(0.076 nm) and Sb°* ion (0.060 nm) have similar
radius to that of Zn®* ion (0.090 nm) and Sn** ion
(0.069 nm). So Sh** ions and Sb’* ions may replace
Zn** ions or Sn** ions and generate more interstitial
ions than other common dopants for ZnSnO; films.

Therefore, Sb doped ZnSnO; thin films were
fabricated on quartz substrates by a sol-gel spin-
coating method. The effects of antimony ion doping on
the crystal structure, surface morphology, chemical
states of elements, resistivity, and mobility of ZnSnO;

films were investigated.
1 Experimental

The undoped and Sb doped ZnSnO; films with a
thickness of about 100 nm were prepared by using a
sol-gel process in combination with the spin-coating
method. Zinc acetate dehydrate (Zn(Ac), -2H,0) and
tin chloride pentahydrate (SnCl,-5H,0) were used as
precursors for ZnSnO; films. Antimony trichloride
(SbCls) was added to introduce Sb dopant. Ethylene
glycol monomethyl ether (HOCH,CH,OCH;) was used
as solvent. Monoethanolamine (HOCH,CH,NH,, MEA)
was used as stabilizer to prevent precipitation of the
solution. All reagents are analytically pure and bought
from Sinopharm Chemical Reagent Co., Ltd..

The concentration of total cations in the solution
was 0.4 mol :L7', and MEA to total cations in molar
ratio was kept at 0.9. Firstly, a certain amount of
7Zn(Ac),*2H,0 was dissolved in 82 mI. HOCH,CH,OCHs.
White suspension appeared in 30 min of magnetic
stirring. Then Zn(Ac),*2H,0 dissolved when MEA was

added into the suspension. The solution kept clear
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and stable. Afterward SnCl, -5H,0 was added into
Zn(Ac),*2H,0 solution to get a mixed solution with
the molar ratio of Zn to Sn at 1:1. SbCl; was mixed
into the above mixed solution with various ng/(nz+ns,)
molar ratios(1mol%, 8mol% and 30mol%). Finally, the
solutions were stirred in a three-neck flask with a flux
for 4 h at 80 °C. The sol solutions were aged in
beakers covered with plastic wraps at room
temperature for gelation. Before film forming, the
colloidal gel suspensions remained clear and fluid.
Then they were spin-coated on cleaned quartz glass
substrates at a speed of 1 000 r-min~ for 30 s. After
spin-coating, films were baked at 300 “C for 10 min.
The sequence of coating, drying and coating again was
performed 3 times. Finally, the films were heat-treated
in air at 1 000 °C for 6 h with a ramp of 3 “C-min™".
The crystalline phases of films with different
contents of Sh were identified with the X-ray powder
diffraction pattern (XRD:D/max-rB 12 kW, V=40 kV,
I =60 mA, Cu Ka, A =0.154 18 nm, graphite
monochromator, scintillation counter). The surface
morphology was examined by field emission scanning
electron microscopy (SEM: Quanta 200FEG, HV=20.0
kV). The surface analysis was investigated by X-ray
(XPS: PHI-5000C ESCA

System). The free carrier concentration and free

photoelectron spectrometer

carrier  mobility were carried out by Hall
measurements setup in van der Pauw configuration.
ultraviolet

The transmittance was obtained by

spectrophotometer (UV-Vis: UV-22501PC).
2 Results and discussion

2.1 Structural and morphological studies of
ZnSnO; films
The XRD patterns for films of n, ,ng,,=1:1 with
different doping levels of Sb are shown in Fig.1. It
matches with the standard PDF No.28-1486 of phase
ZnSn0;. There are no other clear sharp peaks
with  ZnO, Sn0O,, or Zn,SnO, The

introduction of Sb does not change the crystal

coincident

structure of Sb doped ZnSnOj; films and some kinds of
ZnSnO; solid solutions with different crystal defects
could be formed through the substitution of Zn or Sn

e~ - d
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(a) Omol%, (b) 1mol%, (c) 8mol%, (d) 30mol%

Figl XRD patterns for films of composition Zn0O:Sn0,=
1:1 with different doping levels of Sh

by Sb. However, with increasing antimony ion doping,
the intensity and sharpness of diffraction peaks
decrease, indicating that the crystallinity is damaged
by the presence of Sb in ZnSnO; crystal structure.
Antimony generally exists as Sb>* and Sb’* in solid
solutions. Possible substitution of Zn** and Sn** by Sb*
or Sb’* forms impurity defects and disturbs local
ordering of the crystal structure, thus leading to lower
diffraction intensity and less sharpness of the
diffraction peaks.

The SEM images of the ZnSnO;:Sh are shown in
Fig.2 (a) ~(c). The surface morphology undergoes
substantial changes with increasing doping of Sh.
Voids are observed on the surface of ZnSnO;:Sh film
synthesized with 1mol% ratio of Sb. As molar ratio of
Sb increases, the size of voids decreases and the
surface of the ZnSnO5:Sb films becomes
smooth.

2.2 Chemical binding states of ZnSnQO; films
Precise analysis of Sh3ds, spectra performed on

films with 1mol% , 8mol% and 30mol% of Sb are
shown in Fig.3(a)~(c). For XPS analysis, no attempt

relatively

was made to sputtering clean the samples in order to

avoid sputter-induced chemical changes on the
surface. The Sb3ds, spectra is divided into two
Gaussian lines, one centered at (539.20+0.3) eV (Sbh*)
and the other centers at (540.10+0.3) eV (Sb>*)®.The

fitted results are also shown in Table 1. In films with

Imol% of Sb, 84.8% of Sb detected is in a
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2) 30mol%

Fig.2 SEM mlcrograph of ZnSnO0; films with different doping levels of Sh
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Fig.3 Binding energy of Sh3d;, in ZnSnOs films with different doping levels of Sbh

Table 1 Binding energy of Sb3d,, and percentages of antimony in different chemical states in ZnSnO; films with

different doping levels of Sb

Sh I (Sb*) Sh 1T (Sb™)
Doping concentration / mol%
Peak / eV Content / % Peak / eV Content / %
1 539.3 15.2 540.3 84.8
8 539.5 32.0 540.1 68.0
30 539.4 62.3 540.0 37.7

pentavalent state (Sb™) while the other 15.2% is in a
(Sb**). As Sb increases to 8mol%,
68.0% of Sb is in a pentavalent state (Sb**) while the
other 32.0% is in a tervalent state (Sb**). And when
Sh finally reaches 30mol%, the percentages of Sh’*

tervalent state

decrease to 37.7% while the percentages of Sh®*
increase to 62.3%. The percentages of Sh** gradually
increase and finally surpass that of Sh™. According to
XRD analysis, no new phase is formed in Sb doped
ZnSnO; films because antimony atoms totally dissolve
in the crystal structure. Therefore, chemical states of
Zn, Sn and O could be influenced by substitution of
Zn* and Sn* by Sb ions in ZnSnO; solid solutions.
Sn3d spectra of ZnSnO; films without doping Sb
and with 1mol%, 8mol% and 30mol% of Sb are shown
in Fig.4(a)~(d). The Sn3ds;, spectra and Sn3ds, spectra

are both divided into two Gaussian lines. The binding

energy of Sn3ds, peaks is centered at (494.80+0.3) eV
(Sn I) and (495.60+0.3) eV (Sn Il ). The binding
energy of Sn3dy, peaks is centered at (494.80+0.3) eV
(Sn I) and (495.60+0.3) eV(Sn1l). Sn I and Snll are
attributed to Sn in ZnSnO; crystal lattice and to Sn
2 The

chemical states of Sn in ZnSnO; films with different

adjacent to lattice oxygen vacancy, respectively!

doping levels of Sb are shown in Table 2 based on
XPS analysis (Fig.4). As shown in Table 2, all Sn ions
are at original lattice site in undoped ZnSnO; films.
For films with 1mol% of antimony ion doping, Sn ions
of original lattice site decrease to 66.0% while tin
adjacent to lattice oxygen vacancy increases to 34.0%.
When antimony ion doping increases to 8mol%, Sn at
original sites increases to 85.0% and Sn adjacent to
When with

30mol% of Sh, again Sn ions are all at original lattice

oxygen vacancy decreases to 15.0% .
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Fig.4 Binding energy of Sn3d in ZnSnO; films with different doping levels of Sh

Table 2 Binding energy of Sn3d and percentages of tin in different chemical states in ZnSnO; films with different

dopings of Sb

Dopingconcentration /  Sn'3ds, Sn'3ds, Sn'3ds, Sn''3d,,
mol% Peak / eV Content / % Peak / €V Content / % Peak / eV Content / % Peak / €V Content / %
0 486.2 100 0 494.6 100 0
1 486.4 66.0 487.0 34.0 494.7 66.0 4953 34.0
8 486.3 85.0 487.0 15.0 494.7 85.0 4953 15.0
30 486.0 100 0 494.5 100 0

site.

From the above analysis of Sh3ds, spectra, Sh™* is
the main chemical state when doping level is 1mol%.
The process of substituting of Sb ions could be
considered as shown in Eq.1

xSh,05 — Zny,+2xSbs, +xSng, +(1-4x)Sng,+30,

Eq.1

where Sbg,” is the Sb’* ions replacing the Sn**
sites with one positive charge and Sn’s, is the Sn* ions
being reduced to Sn** ions at the same time in order
to maintain the electrical neutrality of the crystal.
Possible cation vacancies, such as zinc ion vacancy or
tin ion vacancy, which is not listed in equation, could
also appear to balance electrovalence in the crystal
lattice. However, due to similar binding energy of Sn*

and Sn**, it is hard to separate their Gaussian lines

and actual contents of Sn** and Sn** in Sb doped
7ZnSnO; films are unsure.

If Sn* ions are assumed to be substituted by Sh*
ions, oxygen vacancy would appear to keep
electrovalence balance in the crystal lattice. The
process could be considered as shown in Eq.2.

ySh,03 — Zny,+2yShs, +¥Vo +(1-2y)Sns,+(3-y) 0o

Eq.2

where Shg, is the Sb?* ions replacing the Sn**
sites with one negative charge and Vy~ is the oxygen
vacancy formed at the same time in order to maintain
the electrical neutrality of the crystal. Due to the
existence of Sn ion adjacent to oxygen vacancy gained
from XPS analysis, the assumption for the substitution
of Sn** by Sb** is proved to be true. According to

Table 1, the contents of Sb’* increase with the
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Fig.5 Binding energy of Ols in ZnSnO; films with different doping levels of Sh

increase of antimony ion doping. So oxygen vacancy
might increase accordingly (Eq.2.).

However, the contents of tin adjacent to oxygen
vacancy in 1mol% , 8mol% and 30mol% Sb doped
7ZnSn0; films are 34.0%, 15.0%, 0% . The oxygen
vacancy is on decline even though increasing Sb
substitution. Therefore, it is predicted that defects
other than oxygen vacancy might occur along with
substitution of Sn* by Sb* in ZnSnO; crystal lattice.

Ols spectra of ZnSnO; films with 1mol%, 8mol%
and 30mol% of antimony ion doping are shown in
Fig.5 (a) ~(c).
(530.45+0.3) eV (O 1), (531.4£0.3) eV (O I') and
(532.4£0.3) eV (O1IIl) suggest the existence of three
The
(530.45 +£0.3) eV is atiributed to oxygen in crystal
lattice. The peak at (531.4+0.3) eV is due to O* ions
in an oxygen deficient region and the peak at (532.4%

The binding energies centered at

different environments of oxygen. peak at

0.3) eV is assigned to oxygen of free hydroxyl groups
which is possibly due to environmental moisture
trapped in the surfaces of films!". The Ols peak of
Sn0, and/or SnO and Sh3ds, peak are very close,
making the division of the individual contribution
difficult. So parameters used for division of all spectra
include the intensity ratio of Sh3ds,/Sb3ds,=1.5. The
spin orbit splitting of the Sh3d line is 9.3 eV. The

results are shown in Table 3. The contents of oxygen
vacancy in ZnSnO; films with 1mol% , 8mol% and
30mol% of Sb are 29.8% , 15.1% and 4.8% , whose
variation tendency is consistent with the results
obtained from Sn3d peak fitting of Sn ions adjacent to
oxygen vacancy.

In addition, the peak area of Ols at about 532.4
eV in water molecules absorbed on ZnSnO; films
reduces gradually. As shown in Fig.5 (a) ~(c). The
trends are consistent with the decreasing voids present
on the film surfaces shown in SEM photographs
(Fig.2). In general, water could be absorbed by the
voids in a material, resulting in the enhancement of
peak area of Ols in water molecules.

Zn2p spectra of ZnSnO; films without doping Sb
and with 1mol%, 8mol% and 30mol% of Sb are shown
in Fig.6(a)~(d). The Zn2ps, spectra and Zn2p,, spectra
could be respectively separated into two Gaussian
lines. The binding energy of Zn2ps, peaks is centered
at (1 020.5£0.3) eV (Zn 1) and (1 021.8+0.3) eV
(Zn 1l'). The binding energy of Zn2p,, peaks is
centered at (1 043.5+0.3) eV(Zn [ ) and (1 044.8+0.3)
eV (Znll). Zn 1 and Zn Il represent interstitial zinc
ions and lattice zinc ions, respectively!”. The fitted
results are shown in Table 4. The contents of interstitial

zinc ions in ZnSnO; films with 1mol% , 8mol% and

Table 3 Binding energy of Ols and percentages of oxygen in different chemical states in ZnSnQO;

films with different doping levels of Sb

Doping concentration / 0'1s 0''ls
mol% Peak / eV Content / % Peak / eV Content / %
1 530.5 70.2 5315 29.8
8 530.4 84.9 531.4 15.1
30 530.1 95.2 531.7 4.8
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Fig.6 Binding energy of Zn2ps, and Zn2p,, in ZnSnO; films with different doping levels of Sh

Table 4 Binding energy of Zn2p and percentages of zinc in different chemical states in ZnSnQO; films with

different doping levels of Sb

Doping concentration / Zn'2py, Zn'"2py, n'2p s Zn'"2p
mol% Peak / eV Content / % Peak / eV Content / % Peak / eV Content / % Peak / eV Content / %
0 0 1021.7 100 0 1 044.8 100
1 0 1021.8 100 0 1 044.9 100
8 10204 6.7 1021.7 93.3 1 043.6 6.7 1 044.8 93.3
30 1 020.6 45.4 1021.5 54.6 1043.8 454 1 044.5 54.6

30mol% of Sb are respectively 0%, 6.7%, 45.4%. These
interstitial zinc ions are probably formed by substitution
of Sn* by Sh* to keep the lattice charge in balance. The
process can be considered as shown in Eq.3
2Sh,03 = Zny,+2zShs+z7Zn; +(1-22)Sns,+30,,
Eq.3
where Shg, is the Sb** ions replacing the Sn**
sites with one negative charge and Zn; = is the
interstitial zinc ion formed at the same time in order
to maintain the electrical neutrality of the crystal. The
contents of interstitial ions increase with the increase
of Sb1 doping as well as contents of Sh** ions. From
XPS analysis of oxygen and zine, defects as oxygen
vacancy and interstitial zinc ion are found to balance

the negative charge formed by substitution of Sn** by

Sh** in Sb doped ZnSnO; films. When Sh** ions are few,
oxygen vacancy dominates. When Sh’* ions increase,
oxygen vacancy decreases while interstitial zinc ion
increases until finally interstitial zinc ions become the
principle defect. However, original ZnSnO; crystal
lattice would be unstable unless Zn ions in crystal
lattice are replaced by parts of Sb ions, making large
amounts of Zn ions enter into the interstitial sites of
crystal lattice. Anyway this substitution is possible from
the perspective of ionic radii.

From all XPS analysis, Sb ions detected in
ZnSn0;
pentavalent state (Sb**) and tervalent state (Sb*). With

films are in two oxidation states as

increasing doping of Sb, the contents of Sb™ ions

decrease while that of Sh** ions increase, leading to
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more substitution of Sn** by Sh**. Meanwhile, oxygen
vacancies and interstitial zinc ions appear to maintain
electrical neutrality in the crystal lattice. However,
with increasing antimony ion doping, the contents of
oxygen vacancies decrease while that of interstitial
zinc ions increase.
2.3 Electrical properties of ZnSnQ; films

To clarify the influence of antimony ion doping
on resistivity, carrier concentration and mobility, the
Hall measurement was used to examine these
electrical properties of ZnSnO; films with Omol% ,
1mol%, 8mol% and 30mol% of Sb. Results are listed

in Table 5. The carrier concentration and mobility of

undoped ZnSnO; films are 8.5x10" e¢m™ and 1.440
cm+V™'es)™, resulting in resistivity of 51.0 +cm. For
7ZnSn0; films with antimony ion doping from 1mol% to
8mol% , the mobility values are similar. The carrier
concentrations increase from 3.9x10"® em™ to 5.5x10"
cm?, resulting in the minimum resistivity of 0.96 Qcm
in films with 8mol% of antimony ion doping. For
ZnSn0; films with 30mol% of Sb, the

concentration increases to 1.5 x10® c¢m 2 while the

carrier

mobility decreases remarkably, thus leading to a
higher resistivity of 5.90 €} -cm. The variation trends
of carrier concentration, mobility and resistivity are

shown in Fig.7.

Table 5 Resistivity, carrier concentration and mobility of ZnSnQ; films with different doping levels of Sb

Doping Concentration / mol% Resistivity / ({2-cm)

Concentration / ¢cm™

Mobility / (em+V™'-s™)

0 51.0
1 1.30
8 0.96
30 5.90

8.5x10" 1.440
3.9x10" 1.100
5.5x10"% 1.150
1.5x10" 0.068
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Fig.7 Resistivity, carrier concentration and mobility of

ZnSnO; films with different doping levels of Sh

According to Hall measurements, ZnSnO; films
are n-type semiconductors, whose majority carriers are
electrons. Meanwhile, the carrier concentration
increases significantly from 8.5x10' ¢cm™ to 1.5x10"
cm™. For XPS analysis, two defects offering electrons
as oxygen vacancy and interstitial zinc ion exist in Sbh
doped ZnSnO; films. With the increase of antimony
ion doping, the contents of oxygen vacancies decrease
while that of interstitial zinc ions increase. Only the
variation trend of interstitial zinc ions is consistent
with  that of Therefore,

carrier  concentration.

interstitial zinc ions can be considered as the main
free carrier for ZnSnO; films. The result matches well
with our previous report of conductive mechanism of
7ZnSnO; thin films ™. However, with the increase of
interstitial zinc ions as well as carrier concentrations,
the resistivity of ZnSnO; films does not always
decrease and a minimum resistivity is obtained at 8%
molar ratio of Sh. Therefore, the high antimony ion
concentration, which leads to a lower carrier mobility,
is one of the crucial factors limiting the electrical
properties. Our future work is to find a more suitable
dopant which can provide higher concentration of
interstitial zinc ions at low ion doping concentrations,
thus achieving ZnSnO; thin films with both high
carrier concentration and mobility.
24 UV-Vis light transmissions

The optical-transmission spectra of ZnSnOj; films
with different doping levels of Sb are shown in Fig.8
(a) ~(c). The average transmittances of ZnSnO; films
with 1mol% and 8mol% of Sb in visible region are all
above 80% . The minimum transmittance of ZnSnO;

films with 30mol% of Sb is 65% in visible region of
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Fig.8 UV-Vis light transmission of ZnSnO; films with
different doping levels of Sh
475 nm to 380 nm while in region larger than 475
nm, the transmission is above 80% . The scattering
centers and crystal boundaries aroused by antimony

ion doping account for this decrease.
3.3 Conclusions

In this study, ZnSnO; films with different doping
levels of Sb were prepared by sol-gel spin-coating
method. With increasing doping of Sb, the contents of
Sh’* ions increase and that of Sh’* ions decrease in
7nSnO; solid solution. Meanwhile, interstitial zinc ions
increase and oxygen vacancies decrease. ZnSnOj films
are n-type semiconductors. The carrier concentrations
increase with the increase of free electrons offered by
interstitial zinc ions in ZnSnOj; lattice. However, due
to the decreasing carrier mobility, the minimum
resistivity (0.96 () -cm) is obtained with 8 mol% of
antimony ion doping. The average transmissions of all
films prepared are over 80% in region larger than 475
nm.
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