Materials Science-Poland, 36(4), 2018, pp. 761-768
http://www.materialsscience.pwr.wroc.pl/

DOI: 10.2478/msp-2018-0100

§ sciendo

Analysis of surface properties of Ti-Cu-Ox gradient thin films
using AFM and XPS investigations
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The paper presents results of investigations on surface properties of transparent semiconducting thin films based on
(Ti-Cu)oxide system prepared using multi-magnetron sputtering system. The thin films were prepared using two programmed
profiles of pulse width modulation coefficient, so called V- and U-shape profiles. The applied powering profiles allowed fabrica-
tion of thin films with gradient distribution of Ti and Cu elements over the thickness of deposited layers. Optical investigations
allowed determination of transparency of prepared films that reached up to 60 % in the visible part of optical radiation, which
makes them attractive for the transparent electronics domain. Surface properties investigations showed that the surface of mixed
(Ti-Cu)oxides was sensitive to adsorption, in particular to carbon dioxide and water vapor. Soft etching with argon ions resulted
in surface cleaning from residuals, however, deoxidation of Cu-oxide components was also observed.
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1. Introduction

In recent years, a significant increase in design-
ing, manufacturing and characterization methods
for functional coatings based on gradient materials
has been observed [1-3]. Their specific properties
can be achieved e.g. by changing the composition
of coating layer or by introducing stresses into the
layer during the fabrication process (as a function
of coating thickness). Thanks to that, it is possible
to manufacture devices with new or significantly
improved functional parameters compared to those
fabricated using classical approaches. The highly
developed trend in research on modern coating ma-
terials also successfully incorporates optical coat-
ings for the use in transparent electronics [4, 5].
The material used for fabrication of such coat-
ings should exhibit good transparency in the visible
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spectrum range and simultaneously good electri-
cal conductivity (or semiconducting properties).
Among others, surface properties of such coatings
are also very important from practical point of view
in different surface-sensitive applications, like for
example, semiconducting oxide gas sensors [6],
self-cleaning coatings [7], etc. In the present pa-
per, the results of the analysis of surface proper-
ties of transparent semiconducting oxide thin films
based on the (Ti-Cu)Ox system with gradient el-
ements concentration has been presented. For the
analysis, two types of thin films with similar com-
position but with different concentration profiles
have been selected. In our previous paper [8] it was
shown that selected films have outstanding electri-
cal properties in terms of occurrence of memris-
tive behavior. In the present paper, further analysis
of surface properties performed using atomic force
microscopy, X-ray photoelectron spectroscopy and
surface elemental analysis has been presented.
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2. Experimental

The gradient thin films were prepared us-
ing multi-magnetron sputtering system [9] by co-
sputtering two titanium (99.95 %) and one cop-
per (99.99 %) discs positioned in a confocal con-
figuration [10]. The films were deposited on sil-
ica glass and TiAlV conductive substrate by simul-
taneous pulse-DC sputtering of all the three tar-
gets. However, in order to obtain the gradient con-
centration, the pulse duration in which the power
was delivered to each particular target was changed
during the time of thin film growing by so called
pulse width modulation method. Specifically, the
power supplied to the two Ti discs was constant
and fixed at its maximum level (pulse width modu-
lation coefficient pwm = 100 %), whereas the pwm
parameter for Cu target was changed in the way
presented in Fig. 1.

In regard to applied profiles of pwm coefficient,
the pwm profile were named as V- and U-shape
(Fig. 1). The time of deposition of both films was
240 minutes and the resulting thin film thickness
was 515 nm and 610 nm, for the thin film prepared
with V- and U-shape profile, respectively. The thin
film thickness was determined using Tylor Hobson
CCI Lite optical profiler.

The morphology of the deposited film sur-
face and its elemental composition were investi-
gated by means of scanning electron microscope
(FEI-Inspect S50) equipped with an elemental en-
ergy dispersion X-ray spectroscopy (EDS) detec-
tor. Also, an atomic force microscope (AFM),
model TT-AFM Workshop, was used to ob-
tain surface topography images on areas of up
to 15 um X 15 pym. In addition to the three-
dimensional qualitative assessment of the topogra-
phy, the AFM was able to determine quantitative
parameters of the roughness amplitude - an essen-
tial component of a surface texturing aspect. The
roughness values were recorded on a profile (line
scan), which allowed us to obtain values of arith-
metic mean deviation (Ra), representing arithmetic
average of recorded absolute values and values of
root mean square deviation (RMS) that define the
standard deviation of the profile height distribution.

Optical properties were recorded using Ocean
Optics CCD spectrophotometers (QE6500 and
NIR512-2.1) and a coupled deuterium-halogen
lamp. The transmission and reflection spectra were
collected over a visible and near-infrared range
from ca. 200 nm to 2100 nm.

The results of structure (including results from
X-ray diffraction (XRD) and transmission electron
microscopy (TEM) investigations) and elemental
profile investigations have already been provided in
the literature [11]. The films were XRD-amorphous
and the elemental investigations performed using
TEM confirmed the gradient distribution of Cu
component in the films possible to obtain using the
pwm powering profiles (Fig. 1).

The XPS measurements of the prepared
(Ti-Cu)Ox structures were performed using hemi-
spherical electron analyzer with an X-ray source
power supply unit SPECS HSA 3500 by AlK« line
(1486.6 V). The recorded spectra were calibrated
using a standard procedure with respect to the Cls
photoelectron peak.

3. Results

3.1. Optical properties

Transparent oxide semiconducting thin films
are of great interest for rapidly developing do-
main of transparent electronics. Such films should
be characterized simultaneously by good optical
transparency in the visible part of optical radi-
ation spectrum, and good electrical conductivity.
Fig. 2 presents recorded spectra for both thin
films prepared using different (V- and U-shape)
pwm profiles.

The shape of recorded transmission T and re-
flection R spectra was quite similar and one can
see that the prepared thin films were relatively well
transparent in the visible part of optical radiation
(Fig. 2). Visible maxima and minima result from
multiple interferences of the light reflected from
air-thin film and thin film-SiO, substrate. As can
be deduced from Fig. 2, transmission through the
film produced with U-shape pwm profile is signifi-
cantly reduced as compared to the sample prepared
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Fig. 1. Profiles of pwm coefficient of Ti and Cu targets powering during deposition of (Ti-Cu)Ox thin films, named
with respect to the shape of the powering profile of the Cu target as: (a) V-shape, (b) U-shape.
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Fig. 2. Optical transmission and reflection spectra of (Ti-Cu)Ox thin films with different shape of magnetron

powering profile: (a) V-shape, (b) U-shape.

with V-shape pwm profile of the Cu target power-
ing. The average transmission in case of Fig. 2a is
at the level of about 60 % whereas in Fig. 2b it does
not exceed more than 50 % in the wavelength range
from 500 nm to 1000 nm. A relatively sharp ab-
sorption of the light — Aqyoff — Occurs in the range
of 410 nm to 470 nm for both investigated sam-
ples. In the infrared, the transparency of both thin
films is higher and reaches even 70 % on average.
Recorded optical spectra allowed us to determine
the optical band-gap width for the allowed indi-
rect transitions. Detailed parameters derived from
the optical spectra are collected in Table 1.

Taking into account the composition of pre-
pared films it may be concluded that reduced trans-
mission of obtained films is a result of mixing
of transparent insulating TiO, (band-gap width

of 3.1 eV to 3.2 eV) with semiconducting CuO,
Cu,0 (band-gap widths 1.2 eV to 1.5 eV; 2.1 eV
to 2.6 eV). As a result, the films with intermedi-
ate properties were prepared. The optical properties
are in agreement with electrical properties deter-
mined for the investigated films. The film prepared
with the U-shape pwm profile had better conduc-
tivity (lower resistivity), yet it was less transparent.
It is also worth noting, that both prepared films had
p-type of electrical conduction which is extremely
attractive for the purpose of fabrication of transpar-
ent devices in the field of transparent electronics.

3.2. Surface and elemental composition
3.2.1. SEM, EDS investigations

The average elemental compositions of inves-
tigated samples have been collected in Table 2.
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Table 1. Selected optical and electrical properties of (Ti-Cu)Ox thin films prepared using different pwm powering

profiles.

(Ti-Cu)Ox sample profile thickness [nm] p [Q-cm] Eo’ " eV] Acutoff [nm]
V-shape 515 2.86 x 10° 1.88 470
U-shape 610 5.08 x 102 1.50 416
Table 2. Elemental composition of prepared (Ti-Cu)Ox (a)

thin films with different profile of elements
gradient concentration.

. TiO, CuO
(Ti-Cu)Ox pwm profile (%] (%]

V-shape >2 48

U-shape 43 32

Overall amount of Cu in samples with V- and
U-shape profiles were very similar and close to
50:50 mol% of TiO, and CuO oxides.

Fig. 3 presents images recorded using scan-
ning electron microscope together with maps pre-
senting elemental distribution of particular compo-
nents, i.e. copper, oxygen and titanium.

The SEM surface images show relatively
smooth, homogenous, crack-free surface with vis-
ible grains of 10 nm to 30 nm in lateral size. The
distribution of each particular element in the EDS
maps is also homogenous, e.g. no whiskers or clus-
ters of particular material have been observed.

3.2.2. AFM investigations

The results of AFM surface investigations are
presented in Fig. 4 for TispCuygOx (V-shape sam-
ple) and in Fig. 5 for TizgCus,Ox (U-shape sample)
prepared thin films.

The AFM analysis of the investigated samples
confirmed the observations performed using SEM.
The surface of prepared films was very smooth that
was proven by relatively small values of root mean
square RMS parameter. However, it was observed
that the decrease in the overall Ti content and, at
the same time, the increase in Cu concentration
in the volume of the films resulted in a decrease
of the surface roughness from RMS = 2.85 nm
for the (Ti5pCuyg)Ox to RMS = 1.75 nm for
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Fig. 3. SEM and EDS surface maps of Cu, O and Ti
of prepared: (a) TispCusgOx and (b) TiggCus, Ox
thin films.

the (TiggCusy)Ox thin film. As one can see in Fig. 4
and Fig. 5, the (Tis»Cuyss)Ox thin film is com-
posed from smaller grains that is confirmed also by
smaller dimension in Z direction (Sa = 7.76 nm
and Sa = 5.57 nm and the histogram distributions
in Fig. 4 and Fig. 5). Additionally, taking into ac-
count the profile of the pwm powering coefficient
(Fig. 1), it is suspected that the surface of the thin
film prepared using the U-shape profile would have
higher content of Cu, that also may influence the
observed surface roughness.
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3.2.3. XPS investigations

Fig. 6 and Fig. 7 present high resolution
X-ray photoelectron spectra for Cls, Ols, Ti2p and
Cu2p peaks recorded for prepared (TispCuag)Ox
and (TiggCus,)Oy thin films.
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that both samples were exposed in similar condi-
tions to an air ambient before the XPS experiment.

The deconvolution of the Ols peaks showed
clearly that they were composed from two peaks:
Ols centered at 531.7 eV which may be con-
nected with the adsorbed water or with the pres-
ence of hydroxyl groups on the surface [12, 13]
and the Ols peak centered at about 530.1 eV (or
529.7 eV) that may be attributed to the Cu,O
and the TiO; [13, 14]. Taking into consideration
the intensity of the Cls peaks shown in Fig. 6a
and Fig. 7a and the component peaks centered at
about 531.7 eV it might be concluded that the
surface of (TiygCusp)Ox thin film (prepared using
the U-shape pwm powering profile) is more likely
to adsorb carbon and water from the surrounding
environment than the (TispCu4g)Ox one. The po-
sitions of recorded peaks for Ti2p and Cu2p pho-
toelectron peaks are typical of TiO, and CuO
or (Cuy0).

Analysis of surface species performed based on
XPS spectra in connection with AFM investiga-
tions suggests that the higher content of copper
in the U-shaped sample surface favors oxygen and
carbon adsorption more than higher surface diver-
sity that was observed in case of the thin film pre-
pared using the V-shape powering profile.

In order to remove the residual surface species,
prepared samples were cleaned with soft Ar ions
bombardment. The cleaning process was con-
ducted by supplying the ion gun with I = 3 mA cur-
rent. The cleaning process lasted 20 min for each
thin film. In Fig. 8 and Fig. 9 the XPS measurement
results after ion sputtering of the samples have been
presented.

The analysis of the XPS spectra of investigated
samples after the ion-cleaning process showed sig-
nificant removal of Cls contaminations from the
samples surfaces (Fig. 8a and Fig. 9a). Further-
more, the high resolution XPS spectra for Ols
(Fig. 8b and Fig. 9b) showed a decrease of the in-
tensity of oxygen and lack of a signal from the oxy-
gen connected with OH™ or water molecules. Tak-
ing into consideration the photoelectron spectra for
Cu2p peaks of the investigated samples, it is worth
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Fig. 8. High resolution XPS spectra of: (a) Cls, (b)
Ols, (c¢) Ti2p and (d) Cu2p obtained from
(Tis»Cuygg)Ox sample after soft cleaning pro-
cess.
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Fig. 9. High resolution XPS spectra of: (a) Cls, (b)
Ols, (¢) Ti2p and (d) Cu2p obtained from
(TiggCusp)Ox sample after soft cleaning pro-
cess.

to notice that ion bombardment changed the oxide
phase of CuO into more Cu metallic phase.

Table 3 presents the calculated from the
recorded XPS spectra relative atomic concentration
ratios of particular components on the surfaces of
investigated samples before and after ion-cleaning
process. As results from the table, after cleaning
process, carbon and oxygen concentration on the
surface decreased for both investigated samples. As
it comes to Ti, its relative atomic concentration in-
creased of about two times for both samples af-
ter ion-cleaning. However, it can be observed that
for Cu2p, the relative atomic concentration in case



Analysis of surface properties of Ti-Cu-Ox gradient thin films using AFM and XPS investigations 767

Table 3. Calculated relative atomic concentration before and after soft cleaning process for the investi-

gated (Ti-Cu)Ox thin films.

(TispCuqgg)Ox
V-shape pwm profile

(TiggCusy)Ox
U-shape pwm profile

before surface cleaning after surface cleaning before surface cleaning after surface cleaning

Relative atomic

Relative atomic

Relative atomic Relative atomic

Element concentration [%] concentration [%] concentration [%] concentration [%]
Ols 65.92 63.27 71.61 42.29
Cls 0.69 0.57 1.78 0.77
Cu2p 20.97 11.03 21.49 31.98
Ti2p 12.41 25.13 5.13 12.48

of (TispCuyg)Ox (V-shape pwm profile) thin film
decreased whereas for the (TizgCus;)Ox sample the
Cu concentration increased. That could be inter-
preted as a more metallic behavior of the thin film
surface. This conclusion is supported also by cal-
culation of the position of valence band maximum
with respect to Fermi level (Table 4). The nega-
tive value may indicate that the valance band and
conduction band overlap each other in the investi-
gated sample, which is typical of metallic materi-
als. The obtained result is also in agreement with
the programmed U-shape pwm powering profile.
As results from Fig. 1, during last 20 minutes of
deposition of the thin film, the power delivered to
the magnetron equipped with the Cu target was
up to 60 % of the maximum power, that is three
times more than for the thin film prepared using the
V-shape of the pwm powering profile.

Table 4. The valance band maximum (VBM) values ob-
tained for (Ti-Cu)Ox samples.

. VBM [eV] VBM [eV]
(Ti-Cu)Ox sample before surface  after surface
profile . .

cleaning cleaning
TisnCuyg)O
i,_‘ssﬁegt“g) X 0.83 0.77
Ti O
%_lg‘ﬁa;f) x 0.44 —0.34

4. Conclusions

In this paper, the results of optical and
surface properties investigations of transparent

semiconducting thin films based on the (Ti-Cu)Ox
system have been presented. Even if the overall el-
emental composition in the prepared samples was
very similar, the optical investigations showed that
the transparency and the optical band gap width
were slightly reduced for the thin film prepared
using the U-shape of the pwm powering profile
(Fig. 2). Simultaneously, the resistivity of this thin
film was also reduced which resulted in its better
conductivity.

Performed investigations using the AFM analy-
sis allowed us to conclude that, the applied pow-
ering profile affected the roughness of the surface
and the grains distributions. The RMS parameter
for the (TisgCusy)Oy (U-shape pwm powering pro-
file) was lower and the distribution of the height in
Z direction was more symmetrical (Fig. 5).

Performed XPS investigations allowed us to
conclude that the samples were very sensitive to ex-
posure to ambient atmosphere which makes them
interesting as a prospective structures for gas sens-
ing devices. Analyses performed after soft ion
cleaning support the conclusion about higher con-
centration of copper near the surface resulting from
the applied profiles of pwm coefficient.
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