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Glasses coated with different thin film layers exhibit different optical properties. Thus, ZnO thin films
with Sn and Cr admixture (ZCTO) were deposited on the glass substrate surface by radio frequency magne-
tron sputtering. Picosecond laser-induced breakdown spectroscopy (ps-LIBS) was applied to achieve the
rapid analysis of the doping elements in the ZCTO thin film. In addition, the transmittance spectra of the
glasses coated with ZCTO thin films deposited at different sputtering times were recorded with the UV-VIS-
NIR spectrophotometer. A red shift of 45+2 nm was observed in the absorption edge of the transmittance
curve (UV wave band from 330 to 400 nm), which was highlighted with increase in the sputtering time.
Moreover, the optical band gaps of ZCTO thin films were determined, which overall were larger than those
of ZnO thin films only. Lastly, the relationships between the LIBS analysis and the optical properties of the
glass samples were established. As revealed from the results, ps-LIBS can control or assist in the fabrication
of high performance ZCTO thin films employed for glass production.

Keywords: Zn-Cr-Sn-O thin film, picosecond laser-induced breakdown spectroscopy, glass, optical
properties.
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Tonxue naenxu ZnO ¢ npumecwvro Sn u Cr (ZCTO) nanocunucy Ha nOBEPXHOCMb CIMEKIAHHOU NOO0NCKU
MEMOOOM  PAOUOHACMOMHO20 MACHEMPOHHO20 pachuvlieHus. CnekmpocKonus J1a3epHO-uHOYYUPOBAHHOU
NIA3MbL ¢ NUKOCEKYHOHBIM 8030ydicoenuem (ps-LIBS) npumenena ons 6vicmpo2o ananusa iecupyrouux aJe-
menmos 6 monxou niewke ZCTO. Cnexmpol nponyckanusi cmekos, nokpvimolx moukumu nienxamu ZCTO,
OCAANCOCHHBIMU NPU PAZHOM 8PEMEHU PACNBIICHUS, 3aPESUCTNPUPOBAHbL ¢ NOMOWBIO CHeKIMpogdomomempa
UV-VIS-NIR. Kpacuviti cogue na 45+2 um, ommeueHnvlll HA Kpae NOSIOUWEHUSI CReKmpa NPONYCKAHUS
(Y®-nonoca 330—-400 um), evioensics ¢ ygenuuenuem epemenu pacnviienus. Onpeodenenvl wupuibl onmuye-
CKUX 3anpeujeHuvix 304 moukux nienox ZCTO, xomopvie 0Kka3anucy 601buumu, 4em y mouxkux nienox ZnQ.
Yemanosnena cesasy mescdy LIBS-cuenanom u onmuieckumu ceoticmeamu 06pazyos cmexid.

Knioueevie cnosa: monkas nienxa Zn-Cr-Sn-O, cnekmpockonust 1a3epHo-UHOYYUPOBAHHOU NIA3Mbl
€ NUKOCEKYHOHBIM 8030YHCOCHUEM, CIMEKTIO, ONMUYecKUe CEOLICMEd.
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Introduction. Zinc oxide (ZnO) thin films doped with suitable elements as transparent conductive ox-
ide thin films (TCOs) have been applied extensively in numerous devices (e.g., photoconductive ultraviolet
detectors [1], solar cell [2, 3], light emitting devices [4], and thin film transistors [5, 6]). Overall, ZnO thin
films doped with aluminum [7], gallium [8], tin [9—11], and chromium [12, 13] are capable of acting as ex-
trinsic elements to produce n-type ZnO, as well as altering the electrical conductivity and optical properties
by varying their concentrations. Among the mentioned metals, Sn and Cr have been commonly adopted to
improve the optical and optoelectronic properties of substrates coated with ZnO thin films. Earlier, a single
element such as Sn or Cr was added to ZnO thin film to alter the properties of the substrates. In the present
study, ZnO thin films doped with Sn and Cr together were prepared and deposited on glass substrates. Thus,
the optical properties of the glass substrates were improved.

Numerous available analytical technologies have been applied to the analysis of elements in thin films,
namely, X-ray fluorescence (XRF), glow discharge optical emission spectroscopy (GD-OES), and energy
dispersive X-ray spectroscopy (EDS). However, they are performed on highly complex and expensive
equipment and require expertise and reliable sample preparation, which is time-consuming. For the reasons
mentioned above, these techniques increase the characterization cost of the thin film.

Laser induced breakdown spectroscopy (LIBS) has been widely used in different fields and received
more and more attention over the past few decades [14—19]. Specifically, many achievements have been
made in thin film analysis with the LIBS technology [19-22]. However, the existing studies mainly focus on
the experimental parameter optimization of LIBS (laser wavelength), the quantitative analysis, and the plas-
ma emission. The relationships between the optical properties of the substrates coated with thin films and the
emission intensities of elements in thin films have not been studied further.

In our previous work, we analyzed the elements in thin films by ns- and ps-LIBS, such as titanium ox-
ide thin films [23], aluminum-indium-tin-oxide thin films [24], and copper-indium-gallium-selenium thin
films [25]. In the present study, ZnO thin films with Sn and Cr admixture were prepared using one-step radio
frequency (RF) magnetron sputtering. Moreover, the Zn-Cr-Sn-O thin films (ZCTO) were coated on the sur-
face of the glass substrate. Subsequently, ps-LIBS was performed to analyze the elements in the ZCTO thin
film, and transmittance spectroscopy was employed to record the transmittance of the glasses coated with
different ZCTO thin films. Lastly, the relationships between LIBS analysis and the optical properties of the
glass samples were discussed, and the feasibility and availability of ps-LIBS to control or assist in fabricat-
ing high-performance ZCTO thin films applied to glass was verified.

Experimental. ZCTO thin films were prepared at room temperature using RF magnetron sputtering
from a zinc oxide target (purity 99.99 wt.%, Zhongnuo New Material, China) doped with chromium oxide
and tin oxide at a size of 75x5 mm. The content ratio of Zn, Cr, and Sn in the zinc oxide target was
80:2:18 at%. Normal soda-lime glasses (SLG) used as substrates were put into the vacuum chamber. The
distance from target to substrate was 150 mm, and the sputtering medium Ar (purity, 99.99 wt.%) exhibited
a flow rate of 20 sc/cm under work pressure of 3.0 Pa and sputtering power of 90 W. In our work, a number
of ZCTO thin film samples were deposited in the range of sputtering times from 5 to 25 min. The presputter-
ing was completed before the deposition. EDS (Oxford INCA Energy, England) was used to analyze the
samples. Table 1 listed the EDS values of ZCTO thin film samples obtained at sputtering times ranging from
5 to 25 min. The ratios of each element in the table were the mean values of the EDS measurements at four
different sample locations. Moreover, the relative content ratios of Cr/Zn and Sn/Zn in the ZCTO thin films
were calculated, as shown in Table 1. Obviously, the atomic concentrations in all the ZCTO thin films sam-
ples were not consistent with those in the target samples in the range of the sputtering time. For the ZCTO
targets, a nonuniform distribution of different elements deposited on the surface of the glass substrate might
occur under different sputtering times because of different activities of the metal elements or the heating of
the deposition environment.

TABLE 1. EDS Values (Atomic concentration, at. %) of Different ZCTO Thin Films Obtained
at Sputtering Times Ranging from 5 to 25 min

Sputtering time, min Zn Cr Sn Cr/Zn Sn/Zn
5 83.25 1.68 15.07 0.0202 0.180
10 82.46 1.72 15.82 0.0209 0.192
15 80.84 1.82 17.34 0.0225 0.215
20 79.56 2.12 18.32 0.0266 0.230
25 78.48 2.25 19.27 0.0287 0.246
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A typical LIBS setup with picosecond laser pulses was used in this study, as shown in Fig. 1. Its specific
description is presented elsewhere [24]. In brief, the picosecond laser pulses operating at 1064 nm under
pulse duration of 350 ps, repetition rate of 500 Hz, and pulse energy of 122 pJ were focused on the surfaceof
the ZCTO thin film by a combined lens (L1) with beam expanding and beam focusing (focal length 35 mm).
The ZCTO thin film sample was placed on a motorized micrometric 3-D displacement stage. To avoid the
glass substrate from being directly ablated under the ZCTO thin film, the focal point of the laser pulse was
set over the sample surface with a shift of nearly 0.2 mm. The plasma emissions were collected into the fiber
at a 45°-angle over the plasma by two lenses with focal lengths of 35 (L2) and 16 mm (L3), respectively.
The output of the fiber was connected to the entrance of a portable optical fiber spectrometer (AvaSpec-
Mini2048CL-SOT8, Avantes Technology) under a spectral bandwidth from 240 to 415 nm with a spectral
resolution of 0.1 nm when the slit was 10 um. The integration time of the spectrometer was set to 500 ms,
and the horizontal moving speed and single moving distance of the displacement stage were set to 25 mm/s
and 12.5 mm, respectively. Note that 250 laser pulses were focused uniformly on the surface of the ZCTO
thin film layer with a distance of 12.5 mm (Fig. 1). The ablation thin film thickness of the ZCTO thin film
layer with a single laser shot can be estimated as nearly 55+5 nm, corresponding to the emissions of samples
ablated between the fourth and fifth laser shot, as explained in [26]. All the experimental conditions were
kept constant for all ZCTO thin films samples. Furthermore, the plasma emissions induced from 250 laser
pulses were accumulated using a spectrometer with a detection width of 500 ms. In our experiment, the
plasma temperature was as low as about 5000 K [24]; thus, the detection delay time of the spectrograph was
set to minimum to achieve high plasma emission intensity.
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Fig. 1. The LIBS setup for ZCTO thin film analysis.

Results and discussion. LIBS raw spectra and spectral lines selection. To effectively analyze the
ZCTO thin film, the spectral lines of the interesting elements in the ZCTO thin film should be selected.
Figure 2 presents a LIBS spectrum recorded for a ZCTO thin film sample deposited at sputtering time of
20 min. The film thickness of the ZCTO thin layer reached approximately 300 nm, as measured with a film
thickness gauge. The spectrum presented was in the most interesting spectral range from 250 to 400 nm, and
the inset illustrated the specific spectrum from 280 to 290 nm and 356 to 362 nm. Emission lines from Zn,
Cr, and Sn in ZCTO thin film can be identified and observed in the spectrum, as listed in Table 2. In this
spectrum, the CN bands around 358 nm could not be observed (Fig. 2), although the laser pulses were fo-
cused slightly above the sample surface with a shift of 0.2 mm. Therefore, it was suggested that the ambient
atmospheric air could not be ablated at this focused distance in the experiment. Furthermore, the calcium
emissions (Ca I 393.63 nm and Ca I 396.85 nm) from the glass substrate were not observed in this spectrum
(Fig. 2), indicating that the ZCTO thin film layer was only ablated and the glass substrate was not damaged.
Therefore, it was demonstrated that the distance between lens L1 and the surface of the ZCTO thin film
samples was suitable.

The concentrations of Sn and Cr in the ZCTO thin film could significantly affect the optical properties
of the thin film, so Sn and Cr were set as the analytical elements here. A suitable spectral line should be se-
lected for the Sn and Cr to be detected. In the spectral range shown in Fig. 1, nine spectral lines of Sn I, three
spectral lines of Cr I, and seven spectral lines of Cr II were observed, as listed in Table 2. The selected lines
were first relatively intense under the given ablation and detection conditions, which maximally avoided
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TABLE 2. List of Observed Spectral Lines of Elements in the ZCTO Thin Film

Element | Number of lines Wavelength at the peak positions, nm
Snl 9 270.65, 283.99, 286.33, 300.91, 303.41, 317.51, 333.06, 380.10, 326.23
Znl 3 328.23, 330.26, 334.50
Zn 1l 1 255.96
Crl 3 357.87, 359.35, 360.53
Crll 7 283.54, 284.26, 284.99, 286.31,311.99, 312.40, 313.12
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Fig. 2. The LIBS spectrum of the ZCTO thin film deposited with sputtering time of 20 min.
The inset shows the detailed spectrum for the elements of interest.

interference from other spectral features. Five spectral lines of Sn I 283.99, 303.41, 317.51, 326.23, and
380.10 nm were presented with relative intensities of respectively 13,000, 10,000, 15,000, 15,000, and
6,900, according to the NIST atomic spectra database [27]. We could see that the Sn I 283.88 nm with the
relative intensity was overlapped and disturbed with the Cr emissions, as suggested from the inset of Fig. 2,
and the Sn I 326.23 nm was also disturbed with the Zn emissions. Furthermore, three discrete spectral lines
of Cr 1357.87, 359.35, and 360.53 nm were presented with relative intensities of 1380, 1450, and 1240, re-
spectively, according to the NIST atomic spectra database [27]. Accordingly, the Sn I 317.51 nm and Cr I
359.35 nm were taken as the analytical spectral line. The signal-to-noise ratio (SNR) of lines Sn 1 317.51 nm
and Cr I 359.35 nm could be calculated as more than 50.

The LIBS intensity evolutions of Sn and Cr in the ZCTO thin films deposited at various sputtering times.
Since the Sn and Cr concentrations in TCO thin films were recognized to be significant in controlling the
optical band gap of TCO thin films [9, 10, 12, 13], the LIBS intensities of Sn and Cr could predict their con-
centration in thin films. Figure 3 showed the LIBS intensity ratio evolutions of Sn/Zn and Cr/Zn in ZCTO
thin films deposited at different sputtering times, in which the LIBS intensity of Zn I 334.50 nm was exploited
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Fig. 3. The LIBS intensity ratio evolutions of Sn/Zn and Cr/Zn in the ZCTO thin film
deposited at various sputtering times.
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for the normalization. In Fig. 3, each data point represented the mean value of seven replicate measurements,
and the error bars indicated their associated standard deviations. As observed from the results, thespectral
line intensities of Sn I 317.51 nm and Cr I 359.35 nm increased with increase in the sputtering time. It was
therefore suggested that the concentrations of Sn and Cr in ZCTO thin films also increased. The reason was
that more Sn and Cr atoms were sputtered on the glass substrate from the target with increase in the sputter-
ing time with RF magnetron sputtering. The LIBS intensity ratio evolutions of Sn/Zn and Cr/Zn were con-
sistent with those obtained from the EDS data shown in Table 1.

Optical properties of the glasses coated with ZCTO thin films. When the glass substrate was coated with
the ZCTO thin film layer, its optical properties were changed in response to the concentration variations of
the elements in the ZCTO thin film, such as Sn and Cr. To determine the optical properties of the glass coat-
ed with different ZCTO thin film layers, the corresponding transmittance spectra were recorded with the
UV-VIS-NIR spectrophotometer. Figure 4 showed the five transmittance spectra of the glasses coated with
ZCTO thin films deposited at different sputtering times. The spectral range was set from 330 to 800 nm,
covering different wave bands of UV-VIS-NIR.
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Fig. 4. The transmittance spectra of the glasses coated with ZCTO thin films deposited
at various sputtering times measured by the UV-VIS-NIR spectrophotometer.

In Fig. 4, we observe that the transmittances of the glasses were all >78.6% under the visible spectral
range from 400 to 650 nm, except for the one coated with the ZCTO thin film deposited at a sputtering time
of 5 min. This was probably because the ZCTO thin film layer might not be formed uniformly on the surface
of the glass substrate at a sputtering time of Smin. Moreover, in Fig. 4, a red shift of 4542 nm in the absorp-
tion edge of the transmittance curve (the circular region of transmission curves) was highlighted as the in-
crease in the sputtering time, which resulted from the increase in the Sn and Cr concentrations in ZCTO thin
films. In the spectral range from 400 to 650 nm (VIS wave band), the average transmittances of the glasses
coated with ZCTO thin films deposited at a sputtering time of 10, 15, and 20 min were higher than those at a
sputtering time of 5 and 25 min. Although the concentrations of Sn and Cr in the ZCTO thin film were max-
imum due to the longest sputtering time (25 min), the thickness of the thin film layer might be the thickest,
so both the ultraviolet and visible light transmittances decreased. However, the average transmittances in the
spectral range from 700 to 800 nm (NIR wave band) were lower than those under the visible spectral range.
This indicated that the infrared reflection and absorption effect of the glasses coated with ZCTO thin films
increased corresponding to the glasses only.

To clarify the exhibited optical properties of the glasses coated with ZCTO thin films, the optical band
gap (E,) was calculated by a linear plot of (hv?) versus photon energy curve to the intercept on the horizontal
photon energy axis [28], which was converted from the circular region of transmission curves shown in
Fig. 4. According to this method, the determined E, values of five ZCTO thin films deposited at various
sputtering times (i.e., 5, 10, 15, 20, and 25 min) reached 3.866, 3.786, 3.717, 3.697, and 3.601 eV, respec-
tively, which were overall larger than that of the ZnO thin film (3.37 eV). This indicated that the variable
concentrations of Sn and Cr in ZCTO thin films could alter the optical band gaps of ZCTO thin films, there-
by affecting the transmittance of the glasses coated with these ZCTO thin films.
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With increase in the sputtering time from 5 to 25 min, the band gap decreased from 3.866 to 3.601 eV.
This shows that, by adding the dopant, the increasing donor electrons lower their energy level below the
conduction band. Also, the relative concentration ratios of Sn/Zn and Cr/Zn increased linearly with increase
in the sputtering time, as shown in Fig. 3. It was therefore indicated that excess Sn*" and Cr’** had not rep-
laced Zn?" ions but occupied the interstitial sites, which could not liberate the free electrons. The free charge
carriers increased significantly with high concentrations of Sn doping and the corresponding downward shift
of the Fermi level to a value below the band edge [29]. In fact, the variation of the band gap of the ZnO thin
films doped with Sn and Cr showed an association with the doping concentration of Sn and Cr, as well as
with the annealing temperature, the film deposition method, and the precursor of Sn and Cr, etc. [30-33].

Figure 5 presents the optical band gap evolutions of ZCTO thin films with the LIBS intensity ratios of
Sn/Zn (a) and Cr/Zn (b) in the ZCTO thin films deposited at different sputtering times. It indicates that the
optical band gap of the thin film can be exhibited by the LIBS spectral line intensity ratios of Sn/Zn and
Cr/Zn in the thin film, which can also determine their optical properties corresponding to the transmittance
of the glass substrates. In further work, the relationships between the heating effect of ZCTO thin films and
LIBS analysis will be determined.
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Fig. 5. The optical band gaps of ZCTO thin films with LIBS intensity ratios of Sn (a) and Cr (b)
in ZCTO thin films deposited at different sputtering times.

Conclusions. ZnO thin films with the Sn and Cr admixture were prepared using the one-step radiofre-
quency magnetron sputtering method. The Zn-Cr-Sn-O thin films (ZCTO) were covered on the surface of
the glass substrate. Ps-LIBS was performed to analyze the elements in the ZCTO thin films, including the
selection of analytical lines and elemental emissions in thin films. To obtain the optical properties of the
glasses coated with ZCTO thin film layers, the corresponding transmittance spectra were recorded with the
UV-VIS-NIR spectrophotometer. A red shift of 45+2 nm was identified in the absorption edge of the trans-
mittance curve (UV wave band from 330 to 400 nm), which was highlighted as the increase in sputtering
time, and the infrared reflection and absorption effect of the glass coated with the ZCTO thin film increased
corresponding to the glass only. Lastly, the optical band gap of the ZCTO thin film could be exhibited by the
LIBS spectral line intensity ratios of Sn and Cr in the thin film, which could also determine the optical prop-
erties corresponding to the transmittance of the glass substrate.
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