Journal of Physics D: Applied Physics

PAPER « OPEN ACCESS Related content

Detection of intra-band gap defects states in spin- '—*"—"—E%#é’é%ﬁ'pé’;&i’ifﬁéft‘ﬂ?i‘?ur‘n’é‘éiz‘é’v‘ﬁ}y°f
sputter deposition and post-annealing

coated sol-gel SnO , nanolayers by photoelectron VV Siva Kumar and D Kaniia

H - Correlation between morphology and local
SpeCtrOSCOpleS thermal properties of iron (11)
phthalocyanine thin layers
Maciej Krzywiecki, Lucyna Grzdziel,
To cite this article: Lucyna Grzdziel et al 2018 J. Phys. D: Appl. Phys. 51 315301 Justyna Juszczyk et al.

- Physicochemical characteristics of fluorine
doped tin oxide films
Al Martinez, L Huerta, J M O- Rueda de
Leon et al.
View the article online for updates and enhancements.

Bringing you innovative digital publishing with leading voices

to create your essential collection of books in STEM research.

This content was downloaded from IP address 185.138.34.190 on 16/07/2018 at 22:13


https://doi.org/10.1088/1361-6463/aacf3a
http://iopscience.iop.org/article/10.1088/2053-1591/aa5bf9
http://iopscience.iop.org/article/10.1088/2053-1591/aa5bf9
http://iopscience.iop.org/article/10.1088/2053-1591/aa5bf9
http://iopscience.iop.org/article/10.1088/0022-3727/47/33/335304
http://iopscience.iop.org/article/10.1088/0022-3727/47/33/335304
http://iopscience.iop.org/article/10.1088/0022-3727/47/33/335304
http://iopscience.iop.org/article/10.1088/0022-3727/39/23/029
http://iopscience.iop.org/article/10.1088/0022-3727/39/23/029
http://oas.iop.org/5c/iopscience.iop.org/995355481/Middle/IOPP/IOPs-Mid-JPDAP-pdf/IOPs-Mid-JPDAP-pdf.jpg/1?

OPEN ACCESS

IOP Publishing Journal of Physics D: Applied Physics

J. Phys. D: Appl. Phys. 51 (2018) 315301 (9pp) https://doi.org/10.1088/1361-6463/aacf3a

Detection of intra-band gap defects states
in spin-coated sol-gel ShO, nanolayers
by photoelectron spectroscopies

Lucyna Grzadziel', Maciej Krzywiecki'~>®, Anna Szwajca’, Adnan Sarfraz,
Georgi Genchev? and Andreas Erbe>*

! Institute of Physics—Center for Science and Education, Silesian University of Technology,

S. Konarskiego Str. 22B, 44-100 Gliwice, Poland

2 Max-Planck-Institut fiir Eisenforschung GmbH, Max-Planck-Str. 1, 40237 Diisseldorf, Germany

3 Faculty of Chemistry, Adam Mickiewicz University in Poznari, Umultowska Str. 89 b, 61-614 Poznan,
Poland

4 Department of Materials Science and Engineering, NTNU, Norwegian University of Science

and Technology, 7491 Trondheim, Norway

E-mail: Maciej.Krzywiecki@polsl.pl

Received 17 April 2018, revised 19 June 2018
Accepted for publication 26 June 2018 @
Published 11 July 2018

CrossMark
Abstract
The presence of occupied intra-band gap states in oxygen-deficient tin dioxide (SnO,;
1 < x < 2)is crucial for efficient manufacturing of multipurpose electronic devices based
on transparent conducting oxides. Former experimental determination of these states was
conducted for well-defined, usually thick tin oxides obtained under highly controlled vacuum
conditions. In this work, we present precise specification of gap defects states for ultra-thin
SnO, layers prepared by sol-gel synthesis followed with spin-coat deposition. Post-deposition
drying and annealing processing changed layers’ surface morphology and bulk crystalline
structure as monitored by scanning electron microscopy, atomic force microscopy and x-ray
diffraction. An x-ray photoemission spectroscopy (XPS) analysis of chemical composition
revealed the presence of both Sn** and Sn** species in layers with and without post-drying
annealing step. A stronger contribution of SnO was found for dried SnO,. In the valence band
region, XPS studies revealed pronounced O 2p and hybridised Sn 5p/5s—0 2p states as well as
deep, overlapping with the O 2p, band gap states resulting from Sn 5s orbitals. These states—
attributed to defect states—indicated enhanced presence of Sn>* cations, and were assigned to
‘bridging’ oxygen vacancies. Complementary photoemission yield spectroscopy (PYS) studies
of the SnO, band gap region revealed an increased effective density of occupied electronic
states below the Fermi level Er for annealed layers. The consequence was a work function
reduction by 0.15eV after the annealing process. PYS results allowed a precise detection
of SnO, shallow band gap states close to Er. These states were attributed to surface oxygen
vacancies, which was confirmed by computer modelling. Finally, the annealed layers exhibited
higher calculated charge carrier concentration, hence the increased n-type character.

Keywords: tin oxides, band gap states, defect states, oxygen vacancies, photoemission
spectroscopies
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Introduction

Tin oxides, due to their tuneable electrical, electronic and
optical properties, are permanently attracting attention of sci-
entists and technologists. Especially tin(IV)-oxide (SnO,),
exhibiting high electrical conductivity and transparency,
has become a key material for various optoelectronic device
technologies as transparent conducting oxide (TCO) or gas
sensing layer [1-4]. Due to an insufficient number of car-
riers, it is rarely applied in its pure stoichiometric form SnO,
as a semiconductor with wide band gap E, of 3.6eV [1, 5].
However, intrinsic defects originating from oxygen deficiency
or impurity dopants lead to deviations from the ideal stoichi-
ometry, designated here as SnO, (1 < x < 2). The concomi-
tant higher conductivity is desired e.g. for application as TCO.
The presence of crystallographic imperfections and additives
leads to the creation of additional occupied electronic states,
preferentially surface states, in the band gap, affecting the
energy position of the Fermi level Er, and charge carrier con-
centration [6-8].

Many experimental and theoretical studies have focused
on determination of surface defects states of SnO,, but their
results are debated, as they appear to be strongly dependent on
the particular stoichiometry and conditions of oxide produc-
tion [1, 9—11]. Even for the same oxide stoichiometry, surface
structure and phase composition may depend on the prep-
aration technique [1]. Likewise, oxide electronic structure is
strongly affected by coexisting dual valency of the tin cations,
preferably forming an oxidation state of +4 or +2 [1].

One of the most useful experimental methods allowing
electronic and chemical structure description is the set of
photoemission techniques, comprising ultraviolet and x-ray
photoemission spectroscopies (UPS and XPS, respectively).
For tin oxides, XPS studies focused mainly on [O]/[Sn] ratio
estimation, determination of tin valencies and their evolution
during external processes, e.g. ion bombardment, whereas
UPS investigations concerned modification of valence band
(VB) and shallow core levels in terms of bulk density of states
(DOS) induced by surface treatment [12—14]. The majority of
recent studies was conducted for well-defined samples in form
of thick layers. However, future applications demand cheaper
technologies which often produce less defined samples with
electronic properties which are still not well understood and
described. Contrary to tin oxide layers obtained in highly con-
trolled vacuum conditions by epitaxial growth [15], magne-
tron sputtering [16], laser-induced chemical vapour deposition
[17], rheotaxial growth and thermal or vacuum oxidation [18,
19], SnO; thin films can be also prepared using sol-gel syn-
thesis connected with e.g. spin-coat deposition. This simple,
low-cost technology ensures sufficient control of deposition
parameters under ambient conditions. It is simultaneously
attractive for mass production of optoelectronic elements.

In this work, we present an approach to tune the elec-
tronic properties of sol-gel derived SnO, layers with extreme
oxygen deficiency by simple post-deposition treatments like
drying or annealing. We show that besides changes reflected
in surface morphology and bulk structure monitored by scan-
ning electron microscopy (SEM), atomic force microscopy

(AFM) and x-ray diffraction (XRD) respectively, the altera-
tions touch in a subtle manner the near valence band energy
region of the material. We focused on detection of band gap
defects states utilizing both traditional XPS and unconven-
tional fine-resolved photoemission yield spectroscopy (PYS),
a technique comparable to UPS. PYS operates with photon
energies between 3 and 6eV. Hence, the mean free path of
photoelectrons reaches 10nm, allowing for investigation of
semiconductor space charge layers with extremely limited
impact of final state effects [20]. Moreover, due to an excel-
lent sensitivity and energy resolution of 0.03 eV, PYS enables
accurate revelation of energy level positions including Er and
the top of VB, Evy. An additional advantage of PYS is the pos-
sibility of precise determination of effective density of occu-
pied electronic states localized in the band gap below Ef, as
well as in the upper part of the VB [21-23]. Based on PYS
analysis supported by DOS theoretical calculations, exper-
imental determination of occupied electronic states close to
Er was executed.

Materials and methods

The SnO, layers were prepared by a sol-gel technique and
deposited by spin-coating. As substrates, silicon Si(100)
wafers (SiMat, n-type, P-doped, 5-10 €2 - cm) covered by
native oxide were used. For cleaning, substrates were ultra-
sonicated sequentially in acetone, isopropanol, and de-ionized
water for 15 min per medium. Then, the substrates were blown
dry with a N; stream and further dried in a furnace under air
atmosphere for 30min at 110 °C. The 0.025 M SnO, sol was
prepared by mixing tin(IV) isopropoxide with triethylamine
(TEA) in a molar ratio of 1:1, and subsequently diluting with
isopropanol. All reagents were supplied by VWR International
and used as purchased. Prior to sol deposition, the substrates
were functionalized by rinsing with 0.007 M TEA in iso-
propanol and then immediately dried with a N, stream. The
spin-coat deposition process (Spin-coater P6700, Specialty
Coating Systems Inc.) was conducted in four cycles with the
following recipe per cycle: 500rpm for 2s, 2000rpm for 8s
and 6000 rpm for 20s. After each cycle, samples were dried in
air for 10min at 110 °C resulting in the series of SnO, layers
referred to as ‘dried’. Subsequently, a selection of the sam-
ples were additionally annealed after the deposition process
in a tube furnace at 550 °C for 4h in ambient atmosphere.
These samples will be referred to as ‘annealed’. The layer
thicknesses were estimated as close to 12nm utilizing angle-
dependent XPS measurements and calculation procedures
with details described elsewhere [7].

The surface morphology of the layers was performed by
SEM (Carl Zeiss LEO 1550 VP) with an in-lens detector
(working distance: 3 mm; ETH voltage: 15kV).

Additionally, surface topography was investigated by
AFM using a PSTA XE-70 microscope in non-contact (NC-
AFM) mode. BS Tap300Al cantilevers (resonance frequency
300kHz, spring constant 40N - m~!) were applied. Recorded
images were processed using image processing software
(WSxM5.0%) [24] to compensate sample inclination and
distortions caused by the z-scanning stage. All quantitative



J. Phys. D: Appl. Phys. 51 (2018) 315301

L Grzadziel et al

topography related analyses were conducted applying WSxM
built-in algorithms. Surface roughness was quantified by root
mean square (RMS) deviation from a planar surface.

For bulk structure characterization, the XRD was employed
using a Bruker-AXS D8 with Cu-K, source of wavelength
0.154 nm.

The XPS investigation was carried out with a Physical
Electronics PHI Quantera II spectrometer equipped with an
Al-K, micro-focused source and a dual-beam charge neutral-
izer. The survey spectra were recorded with an energy step
of 0.4eV and the pass energy set to 140eV. The individual
core level spectra were recorded with 0.025eV energy step
and 26eV pass energy. The XPS system base pressure was
kept at 9 x 1078 Pa. All XPS spectra were recorded with 45°
take-off angle. The XPS data were analysed by curve fitting
using CASA XPS® software [25]. If not specified otherwise in
the text, each peak was represented by a product of a Gaussian
(70%) and a Lorentzian (30%) line. The secondary electron
background was subtracted with a Shirley function. The full
width at half maximum (FWHM) of the components at the
same energy region were allowed to vary within a narrow
range. The lowest possible number of components were
used that yielded acceptably low residual values. The uncer-
tainty estimated for a particular component energy position
determination was 0.07 eV. Quantitative analysis, e.g. comp-
onent ratio determination, was done with use of CASA XPS®
embedded relative sensitivity factors and algorithms [25]. The
binding energy (BE) scale was calibrated to Au 4f;,, (84.0eV)
recorded for a gold plate placed in the same sample holder
[23].

PYS was also measured under ultra-high vacuum condi-
tions (system base pressure 7.5 x 1078 Pa). The samples were
irradiated with ultraviolet light from a deuterium source con-
nected to a Zeiss" monochromator and a fibre-based optical
path. Excitation wavelength varied in the range of 200—-400 nm
with step of 1nm, which corresponded to photon energy
of 3.1-6.2eV with a resolution better than 0.03eV at room
temperature. The spectral intensity of light was monitored
by a Rohre M12FQCS51 photomultiplier. The photoemission
yield spectra Y(E) were collected using a spectrometer con-
taining a Hamamatsu channeltron electron multiplier and
a Semilnstruments™ acquisition setup. Derivatives of Y(E)
spectra with respect to photon energy were calculated in order
to obtain the effective density of occupied electronic states
N(E) localized below the Fermi level in the band gap [21].
The quantitative PYS data analysis was performed by peak
fitting procedure embedded in OriginLab® v8.5 software.
Particular PYS energy regions were decomposed by curve-fit-
ting procedure with Gaussian (100%) lines after background
subtraction.

Computation of the electronic structure were executed
by a semi-empirical calculation with a method based on the
AM1/d Hamiltonian (MO-G Version 1.1, Fujitsu Limited,
Tokyo, Japan, 2008) using the Scigress software (Fujitsu Ltd)
on a Windows workstation. As representation of SnO, geom-
etry, cluster structures were constructed consisting of 19 or
17 oxygen atoms and 18 Sn atoms. The proposed structures
were fully optimized using the Gaussian03 program package

Figure 1. SEM images of surfaces after deposition of dried (a) and
annealed (b) SnO, layers.

without any symmetry restrictions utilizing the B3LYP level
of theory by using the LanL2DZ basis set [26]. The Sn—O
bonds in nanostructures had distances of 2.078 A (average
value). The GaussSum 3.0 was applied to calculate group
contributions to the molecular orbitals. The DOS spectra were
created by convoluting the molecular orbital information with
Gaussian curves of unit height and FWHM of 0.3eV [27].

Results and discussion

SEM images in figure 1 show the surface morphology of dried
(figure 1(a)) and annealed (figure 1(b)) SnO; thin layers. The
image of the dried layer shows nearly amorphous and uniform
topography with slightly visible, small grains. Contrary to the
dried layer, the image of the annealed layer surface exhibits
more developed crystallites uniformly distributed but without
clear, preferential ordering with respect to the substrate plane.
Dark spots and light bands visible on the annealed oxide
image aside from topographical attributes can also represent
reduced or enhanced density of charge stimulated by the elec-
tron beam during SEM image acquisition. Thus, microscopic
examination of the layers revealed a strong impact of the post-
deposition annealing on the layer morphology.

For quantification of surface topography features, the
NC-AFM imaging of surface topography of dried and annealed
samples was conducted. Obtained images are shown in fig-
ures 2(a) and (b), respectively. The images confirmed differ-
ences in degree of crystallization between samples, revealing
more separated, developed grains with uniform geometry
on annealed SnO, surface. This trend supported roughness
analysis histograms associated with AFM images where dis-
tribution of grain height for annealed layer (figure 2(d)) is sig-
nificantly narrower than for dried one (figure 2(c)) pointing
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Figure 2. NC-AFM images (1 pm x 1 pm) of SnO, surfaces for
dried (a) and annealed (b) layers. Each image is accompanied

by roughness analysis histogram ((c) and (d), correspondingly)
demonstrating the number of events as a function of their height.

out more established topography. To quantify surface features
of samples, the RMS roughness was determined as 6.3(2) nm
and 4.4(2) nm for dried and annealed layer, respectively.

To determine how post-deposition processes affect bulk
structure, XRD studies were conducted. Figure 3 presents the
XRD patterns for both kinds of layers. The diffractogram of
the dried film (figure 3(a)) displays no traces of distinct peaks,
indicating amorphous composition of bulk layers. The XRD
pattern of the post-deposition annealed layer (figure 3(b))
displays at least three very distinctive peaks at the diffraction
angles 26 close to 25°, 29° and 47°. These angles correspond
to co-existing crystallographic phases from SnO, and SnO
with significant reflections SnO, (1 10), SnO (101), and SnO
(200), respectively [28-30]. Further peaks with low intensity
were also present. The XRD results coincide well to the state-
ments derived from surface microscopic studies and confirms
the mostly amorphous character of dried layers and the more
crystalline character of those that were annealed.

Similar results were reported earlier in the literature for
sputtered SnO, thin films, when the increase of substrate
temperature led to morphological changes simultaneously
associated with stoichiometry variation [31, 32]. Sputtered tin
oxides with substrate temperature lower than 100 °C (roughly
corresponding to drying conditions of our samples), exhibited
an amorphous and highly oxygen-deficient SnO, phase with
embedded nanocrystalline SnO; grains [31, 32]. Heating them
up to 600 °C (as analogy condition of our annealing process)
caused forming of large SnO, grains surrounded by shrunken
SnO phase, consequently modifying oxygen substoichiometry
[33-35].

In order to check the impact of post-deposition processes
on the chemical composition and stoichiometry, XPS was
conducted. Figure 4 shows O 1s, Sn 3ds;; and C 1s energy
regions for dried and annealed samples (figures 4(a)—(c),
respectively). For both kinds of layers, the decomposition

L dried
Zz annealled
2f Sno

3 (200)

r SnO,

- b) (110)

20 ' 2I5 I 3I0 I 3I5 I 4I0 I 4I5 I 50

20, deg.

Figure 3. XRD patterns for dried (a) and annealed (b) SnO, layers.
Increasing background at low angles is an instrument-related feature
and is not related to scattering from disordered structure.

of the O 1s peak revealed prominent component assigned
to an O—Sn bond and a noticeable one derived from residual
organic contaminants (O ). The relatively significant inten-
sity of Ocon. component originates from the surface placement
of the adsorbate layer which is consistent with C 1s analysis
described further. Minor traces of a particular contaminant
was found for dried SnO, and attributed to O—C bond prob-
ably related to ambience-layer interaction. This component
was not visible in annealed sample’s spectrum.

Decomposition of the Sn 3ds;, peak showed two major
components originating from Sn>* and Sn** for dried and
annealed layer. Chemical shift between these ionic species
in the order of 0.6eV was determined coinciding with results
of XPS characterisation of tin oxides conducted by Themlin
et al [12]. Small trace of Sn® was also detected, with intensity
significantly bigger in the case of dried SnO,. Applying the
procedure described in [12], the concentration ratio of [Sn**)/
([Sn"] + [Sn?*] + [Sn**]) was estimated as equal to 0.325(7)
and 0.314(7) for dried and annealed samples, respectively.
These values show a stronger change of oxidation state from
Sn** to Sn** in the dried layer [12]. Moreover, for both O 1s
and Sn 3ds, major components, an energy shift of peak max-
imum position of about 0.5eV was observed toward higher
BE for the annealed layer compared to the dried one. Finally,
calculating [O]/[Sn] elemental ratio to estimate x in SnO,
yielded values of 1.03(1) and 1.08(1) for dried and annealed
samples, respectively, manifesting nearly similar oxygen sub-
stoichiometry with stronger fraction of the SnO-like environ-
ment in the dried layer.

The C 1s energy region (figure 4(c)) depicts contributions
of contaminating organic components to the sol-gel prepared
SnO,. The peak decomposition reveals components assigned
to C-C, C-OH (alternatively C-C-0), and C-O. These
components originate from residues of the precursors, and
from ambience-layer interaction [36-38]. Post-deposition
annealing significantly reduced the C—C and C—OH comp-
onents. This reduction could either be caused by evaporation
of residual organic solvents, or chemical decomposition of
residual precursor alkoxides during annealing. Also the C-O
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Figure 4. XPS energy regions of O 1s (a), Sn 3ds/; (b) and C 1s (c) core levels for dried and annealed SnO; layers as indicated in the
respective panel. Note the significant difference in intensity scale (y-axis) in the case of the C 1s region.

2
X0, @)  dried 1

Intensity, cps

10 8 6 4 2 0
Bindig energy, eV

Figure 5. The XPS spectrum of VB and band gap region for dried
(a) and annealed (b) SnO;, layers. Components of the complex peak
have been labelled 1, 2, 3 and 4. Assignment is discussed in the text.

component reduced in intensity during annealing, which cor-
responds with results of O 1s analysis of organic components.
Nevertheless, the impact of carbon-related contaminants on
layers’ chemical composition can be treated as negligible
taking into account the weak C 1s signal in comparison to the
distinct peaks in the O 1s and Sn 3ds/, energy regions, with a
nearly 10:1 signal ratio after sensitivity factor correction.
Figure 5 shows XPS results for VB and band gap region
below Er. Recorded spectra for both layers revealed main
components corresponding to O 2p states as well as to Sn
5p—O 2p and Sn 5s-O 2p hybridised states (peaks 1, 3 and
4, respectively) [1, 12]. An additional trace of carbonaceous
species-related states (peak no. 2) is also apparent [39]. As the
O 2p peak onset (VBpset) indicated Ev, the energy distance
Ev — Er was determined as equalling 2.55(7) eV and 3.05(7)
eV for dried and annealed oxides, respectively. The 0.5eV
energy shift of valence band edge between dried and annealed
layers corresponds to the detected energy shift of O 1s and Sn
3d components. It should be pointed out that precise determi-
nation of the Ey position was complicated because of appear-
ance of additional, overlapping peak situated at lower BE. This
component was interpreted as deep band gap states generally
assigned to SnO,-related defect levels (VD) [23]. These defect
states are induced mainly by oxygen deficiencies, leading to a
transformation of stoichiometric Sn** valency into Sn?t [1].

Y(E), arb. unit

10y
10

107

—=— dried
—e— annealed

£ .
] L ] L ] 1 l L l L ] L ] L

] b) dried

0.0 1 P [ ] 1 | L | L ] L ] L

c) annealed

Normalized N(E) arb- unit

5.2 5.4 5.6
Photon energy, eV

Figure 6. PYS spectra Y(E) for dried and annealed SnO, layers on
a semilogarithmic scale (a). Derived effective density of occupied
electronic states N(E) localized in the band gap below Ef with
particular components of dried (b) and annealed (c) layers.

Enhanced occurrence of Sn?* cations caused deep band gap
emission of Sn 5s electrons overlapping with the low binding
energy tail of the O 2p signal as observed before by Themlin
et al [12] and Batzill et al [1] during XPS studies of reduced-
SnO; surfaces. Formation of defect states in the band gap near
Ey were also reported by Cox et al [13] for a nearly pure SnO,
crystal subjected to UPS investigations. The authors pointed
out the origin of these states as result of reduction of Sn** to
Sn* species arising from ‘bridging’ oxygen vacancies [13].
Following the procedure described in [12], the peak inten-
sity ratio Is, 5s/Io 2p Was estimated as 0.08(2) and 0.03(2),
respectively, for dried and annealed samples. Higher value of
the Is, s5/lo 2p ratio distinctly indicated increased concentra-
tion of Sn>* species for dried SnO, which is consistent with
deep energy level examination. Furthermore, the low BE
edge of VD, Was located 1.70eV and 2.46¢V, respectively,
from Ep, which was 0.85eV and 0.59eV, respectively, from
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Table 1. Energy positions of components in the effective density
of filled state N(E) on an absolute energy scale (Ey,c = 0eV) and
on the BE scale (Er = 0eV) with corresponding FWHM values for
dried and annealed SnO, obtained from PYS experiments.

Absolute Binding energy

SnO, energy (eV) (eV) FWHM (eV)

Dried 5.42 0.62 0.24
5.64 0.84 0.12
5.80 1.00 0.16
6.01 1.21 0.17
6.19 1.39 0.16

Annealed 5.14 0.49 0.40
5.35 0.70 0.35
5.51 0.86 0.21
5.80 1.15 0.27
6.02 1.37 0.20
6.18 1.53 0.17

VBnset for dried and annealed samples as depicted in figure 5.
These findings correspond well to the theoretical prediction of
oxygen vacancy positioning (~1eV above Ey) in a bridging
site for bulk rutile SnO, [10].

As XPS analysis of deep and shallow core levels revealed
differences in chemical composition between differently
treated sol-gel SnO,, in a next step, PYS examination of the
band gap region below Er was conducted. Figure 6(a) pre-
sents PY spectra for both kinds of samples. The low energy
threshold of the Y(E) spectrum allowed determination of
the absolute value of Er with respect to the vacuum energy
level position Ey,c = 0eV, which, basing on its elementary
definition, is the value of the work function ¢ [21]. Hence,
p=4.80eV and 4.65eV were obtained for dried and
annealed layers, respectively, manifesting work function
reduction after thermal treatment. A similar work function
decrease after an annealing process up to 1000K in high-
vacuum conditions was observed by Cox et al [13] for SnO,
in UPS studies. In their work [13], annealing at temperature
above 800K led to creation of additional electronic defect
states localized higher in the gap and was accompanied by
significant increase of surface conductivity, likely induced
by reduction. Cox et al [13] concluded that these intra-band
gap states could be associated with surface rather than sub-
surface oxygen vacancies. Indeed, for our annealed samples
which were also annealed to >800K in ambient atmosphere,
although substoichiometric, an increase of quantum yield
near Er was observed. This increase pointed to an increased
density of occupied electronic states in this region in com-
parison to Y(E) of dried samples (figure 6(a)).

In order to precisely analyse the distribution of occupied
electronic states in the band gap below EFf, the effective den-
sity of filled states N(E) was derived. Figures 6(b) and (c) dis-
play N(E) curves for dried and annealed SnQO,, respectively,
decomposed into particular components fitted with Gaussian
peaks. Table 1 shows obtained peak positions, separately with
respect to Ey,. and Ep, and their FWHM, for both kinds of
layers.

The obtained component positions confirmed an enhanced
contribution of occupied electronic band gap states close to Ep

- ——DOS
r occupied orbitals
- unoccupied orbitals

Intensity, arb. units

QO
~

T T I
-14 -12 -10 -8 -6 -4 -2 0
Y ——DOS
occupied orbitals
unoccupied orbitals

Intensity, arb units

b)

-14 -12 -10 -8 -6 -4 -2 0
Energy, eV

Figure 7. DOS calculation results of SnO, electronic structure in
the absence (a) and presence (b) of surface oxygen vacancies. Inset
to panel (b) presents example of optimized SnO cluster. ‘0’ on
energy scale equalled to Ey,.

to the N(E) curve. The enhancement is more pronounced for
annealed layers. This result is evident especially in the abso-
lute energy range 5.1 eV-5.4¢eV, where an additional, wide
peak with BE =0.49e¢V and FWHM = 0.40eV was found
(figure 6(c)). Following the above mentioned reasoning by
Cox et al, the peak’s origin was assigned to surface oxygen
vacancies induced by the annealing process [13]. Moreover,
energy positioning of these states is consistent with location
of the highest occupied states at ~5.74eV of absolute energy
in DOS calculation of band structure by Trani et al for the
SnO;(110) surface with oxygen vacancies at the outermost
bridging site [14].

Increased intensities and widths of PYS-detected comp-
onents for annealed SnO, with respect to these for dried layers
point out stronger impact of surface oxygen vacancies, in
other words surface defect states, on electronic DOS within
the band gap. It should be mentioned here that shallow core
levels detected by XPS close to Ey roughly situated ~8eV of
absolute energy stemming from ‘bridging’ oxygen vacancies,
have no contribution to the photoemission yield spectrum due
to insufficient excitation energy of the incident photon applied
in PYS.

The origin of additional shallow band gap states was veri-
fied utilising DOS semiempirical calculations. The SnO,
layers were modeled by a fragment of the tetragonal SnO bulk
crystal as approximately corresponding to our experimental
stoichiometry. In simulations, disturbance of oxygen amount
was implemented by different number of O atoms (19 and 17)
per Sn atoms (18). Two oxygen atoms were removed from the
cluster surface modeling surface oxygen vacancies.
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Figure 8. Energy level diagrams of spin-coated sol-gel SnO,
constructed for dried (a) and annealed (b) samples. All values are
in eV and not drawn to scale. Red (ll) arrows indicate electronic
parameters obtained from XPS, blue (ll) arrows stands for PY'S
data analysis and orange (') arrows corresponds to values taken
from literature [43]. The blueish (") band represents the density
of occupied electronic states obtained from the PYS spectrum, the
green (HM) dotted line—oxygen deficiency defect level detected in
XPS.

Figures 7(a) and (b) shows the calculated theoretical
DOS spectra for both cases. For structure with surface
oxygen vacancies, a peak of additional occupied elec-
tronic states appears located inside band gap (figure 7(b)).
Computed peak positioning close to 5eV of absolute energy
corresponds to location of experimentally detected in PYS
defect electronic states and supported interpretation of their
source.

It has to be said that although the computing methods often
gives reasonable output [40], the cluster model used within
these studies is a kind of minimalistic model hence obtained
results shall be treated as supporting information.

To check the consistence of PYS-detected surface
oxygen vacancy states with conductivity modification of
the SnO, layers, the negative charge carrier concentration n
was calculated as [41] n = N, - exp[—(E. — Ep)/kT], where
N, is the effective DOS in the conduction band, equaling
2. (2-m;kT/h?) %2 The quantity m; is the effective electron
mass in the state, for SnO, established as 0.3 in unit of the
free electron mass mq [42]. As usual, k is the Boltzmann con-
stant, T the absolute temperature, here 7= 300K, and & the
Planck constant. The energy distance E. — Er was taken as
the difference between width of band gap and Ey — Ef previ-
ously determined from XPS of the VB region. For E,, a value
of 3.2eV [43] was used, lower than for pure stoichiometric
SnO, [5], but reasonable for reduced tin oxide. As a result,
n~4-10" m3 and ~8 - 10> m~3 were obtained for dried
and annealed layers, respectively. It should be noted that the
significant difference in calculated n for both layers should be
treated as only qualitative, because of underestimations of dif-
ferent other factors affecting the total concentration of carriers,
such as the impact of surface band bending [1]. Nevertheless,
the obtained n indicates a significant increase of charge car-
rier concentration after post-deposition annealing. This result
agrees with findings of Cox er al, where the appearance of

surface oxygen vacancies intra-gap states was associated with
increase of surface conductivity [13].

The effect of n tuning related to post-deposition process
was also observed by Rana et al [44, 45] for sol-gel spin-
coated Sb-doped SnO, films subjected to swift heavy ions
(SHI) irradiation. There, surface morphological features
towards amorphization and lattice distortion were induced
by SHI influence, and mirrored in increased RMS rough-
ness parameter from 1.3nm for pristine layer to 3.4nm for
an irradiated one. In result, lowering of n value was reported
due to induced acceptor type defects which trapped the free
electrons [44, 45]. The authors emphasise that modified grain
boundaries and ionised defects present on the surface could
scatter the carriers and finally affect electron transport in TCO
[44, 45]. An analogue effect was observed by Gautam et al for
Nb-doped TiO, when SHI irradiation produced defects in the
lattice which implied a transformation of orbital character of
O 2p and Ti 3d unoccupied states in the conduction band and
creation of shallow or deep band gap states shifting the Fermi
level [46]. This point of view is consistent with microscopic
and photoelectron results for SnO, samples in this work, espe-
cially for the dried sample. The dried layer possesses, on the
one hand, an amorphous surface having greater RMS rough-
ness, i.e. enhanced number of lattice defects, and on the other
hand, the lower carrier concentration with respect to annealed
layer.

Compiling all determined electronic parameters for dried
and annealed layers allowed the construction of band dia-
grams as shown in figure 8. The diagrams visualise the layers’
electronic structure and the impact of post-deposition treat-
ment of sol-gel prepared tin oxide on Fermi level position
relative to bottom of conduction band, as well as modification
of location and density of additional occupied electronic states
in the band gap. As a consequence, they manifest that drying
and annealing process can reduce or augment the n-type char-
acter of SnO, thus tailoring the layers for different particular
applications.

Summary

Within the presented work, we show the post-deposition
thermal processing, i.e. drying and annealing, impact on
the structural, chemical and electronic properties of the sol-
gel synthesized spin-coated SnO, layers. Dried SnO, layers
(x = 1.03) exhibited amorphous topography and morphology
as checked with XRD, SEM with moderately developed sur-
face of roughness of the order of 6.3 nm determined by AFM
technique.

The annealed SnO, (x = 1.08) samples, although exhib-
iting lower roughness (4.4nm) consisted of mixture of SnO,
and SnO crystallographic phases which was reflected in sur-
face topography presenting uniform distribution of small but
distinct nano-sized grains.

Further process-induced alterations, like changes in
chemical composition and stoichiometry, electronic properties
and density of occupied states were obtained by complementary
photoemission techniques, XPS and PYS. XPS examinations of
O 1s and Sn 3ds; core levels revealed species corresponding to
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tin valency Sn>* and Sn** for both kinds of layers, with stronger
contribution of SnO-like environment for dried SnO,. Next, the
VB XPS region examination revealed O 2p and Sn 5p/5s—O
2p hybridised states which was used for the top of the VB
determination. In the band gap region, XPS spectra exhibited
an additional peak resulting from deep band gap emission of Sn
5s electrons overlapping with the low BE tail of the O 2p signal.
This contribution was assigned to increased presence of Sn>*
cations in the dried layers and as an origin of these occupied
defect states, the ‘bridging’ oxygen vacancies were indicated.

Further PYS studies revealed the impact of post-deposition
treatment on SnO, electronic structure within the band gap
region below Eg. The enhanced effective density of occupied
electronic states near Ep position in case of annealed layers was
found resulting in significantly higher charge carrier concentra-
tion. These states were reflected in a work function reduction
from 4.80eV for dried samples to 4.65eV for annealed SnO,.
The origin of these shallow band gap states was concluded to
be the presence of surface oxygen vacancies at the outermost
bridging site, as confirmed by semiempirical DOS calculations.

In conclusion, simple and cost effective sol-gel technology
followed by easy spin-coat deposition technique yields extremely
oxygen-deficient tin oxide layers. Post-deposition treatment can
significantly modify the layer’s electronic structure, resulting
e.g. in strong increase of conductivity, deepening n-type char-
acter of the synthesized SnO, after annaling. We demonstrated
that subtle treatment could be used to tailor the material to par-
ticular needs as well we showed that a set of laboratory—based
photoemission techniques with different excitation ranges can
be an effective tool for detailed layer characterisation.
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