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Impact of Stoichiometry on Structural and Optical Properties of Sputter
Deposited Multicomponent Tellurite Glass Films
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Multicomponent TeO,-Bi,O3-ZnO (TBZ) glass thin films were
prepared using RF magnetron sputtering under different oxygen
flow rates. The influences of oxygen flow rate on the structural
and optical properties of the resulting thin films were investi-
gated. We observed that thin films sputtered in an oxygen-rich
environment are optically transparent while those sputtered in
an oxygen-deficient environment exhibit broadband absorption.
The structural origin of the optical property variation was stud-
ied using X-ray diffraction, X-ray photoelectron spectroscopy,
Raman Spectroscopy, and transmission electron microscopy
which revealed that the presence of under-coordinated Te leads
to the observed optical absorption in oxygen-deficient films.

I. Introduction

T ELLURITE glasses (containing TeO, as the main compo-
nent) have attracted much attention for photonic appli-
cations due to their high refractive index (n > 2), large
acousto-optic effect (three times that of quartz), singular non-
linear optical properties (e.g., their Raman coefficients are
~60 times higher than that of silica'), and can be tailored by
knowledge of structural make-up,2 excellent near- and mid-
infrared transmittance (from around 400 nm to ~6 pm), large
rare-earth solubility,> good chemical durability, and com-
patibility with fiber drawing processes.®” Despite their hygro-
scopic nature which leads to loss when drawn into fibers,®
they can be made into property-tailored transparent
glass-ceramics’ with specialized melting and heat-treatment
protocols.'® This set of unique properties make them strongrr
candidates for applications in optical communications,'
amplifiers, acousto-optic modulators,'> light emitters,>*
lasers,'® and optical storage devices.'*!> Since TeO, under
normal conditions does not have the ability to form glass
structure easily, multicomponent tellurites, TeO,-based
glasses containing one or more chemical modifiers like alkali
oxides, alkaline-earth oxides, or transition-metal oxides, are
of great interest to the aforementioned applications given
their much improved glass-forming ability '®'>1® and
enhanced optical properties.!” The superior glass stability of
multicomponent tellurites allows them to be prepared as bulk
, S 9.18,19 : : 15,20
glass by melt quenching, drawn into optical fibers,
and even remelted to form microspheres.?! Planar tellurite
thin films, on the other hand, constitute the basic building
block for on-chip photonic devices such as waveguide
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amplifiers,”” light emitters,’ flexible photonic components,”*-*

and acousto-optical modulators. Multicomponent tellurite
films have been prepared using sol—gel processing >° and laser
ablation.”*?” Alternatively, radio-frequency (RF) magnetron
reactive sputtering has been extensively used for oxide thin
film deposition given its great versatility in controlling film
stoichiometry, microstructure, and phase composition via
tuning deg)osition parameters, in particular, oxygen partial
pressure.”> =% Thus far, the method has only been used to
grow TeO, thin films,'!***! Er-doped single-component TeO,
films, and tungsten tellurite materials.*?

Here, we explore RF reactive sputtering for multicompo-
nent tellurite film preparation capitalizing on its unique abil-
ity to fine-tune resulting film stoichiometry and hence optical
properties. Specifically, we choose TeO,—Bi,O3—ZnO (TBZ)
glass system as the addition of Bi,O3; and ZnO enhances
glass polymerization by creating chain-like structures of
Te—-O-Te, and thereby increases the tendency of glass forma-
tion.”3! Consequently, this system exhibits superior glass
stability and has been successfully used in low-loss optical
fiber fabrication.!®3? Unlike bulk glass processing or fiber
drawing where composition variation during processing is
usually minimal, vacuum deposition of thin films is highly
susceptible to oxygen loss, and the resulting stoichiometry
change has a major impact on film structure and properties.
While the structure of bulk tellurite glasses has been investi-
gated by several groups,™®* the structural properties of
tellurite thin films, in particular the impact of glass
stoichiometry, have been much less studied. In this study, we
enumerate the experimental steps used to explore the film
composition space by varying the deposition parameters, and
discuss chemical, structural, and optical characterization
results that elucidate the structure-optical property relation
in the TBZ thin film system.

II.

(1) Sample Preparation

Glass target of composition (TeO,);—Bi,O3—~(Zn0O), [5.08 cm
(2-in.) diameter; 0.635 cm (0.25 in.) thickness] were prepared
by melt-quenching from commercial regents. Melt process
optimization was carried out to ensure that robust, large
diameter targets could be fabricated to enable deposition of
desirable films with target thicknesses. Thin films were depos-
ited from the target onto substrates (soda-lime silicate glass
slides from Fisher Scientific Inc., Newark, DE or (100) sili-
con wafers from University Wafer Inc., Boston, MA) by RF
reactive sputtering. The substrate choice has little impact on
resulting film properties given the amorphous nature of the
films. Hence, no changes were observed from characteriza-
tion results performed on thin films deposited on both sub-
strates. Before deposition, the glass substrates were cleaned
with H,SO,-Nochromix® solution while silicon substrates

Experimental Details
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were dipped into buffered oxide etch solution for 3 min to
remove the native oxide layer. The sputter deposition cham-
ber was first evacuated to a base pressure below 10~® Torr.
The target-substrate spacing is fixed at 13 cm for all deposi-
tion. Presputtering was conducted for 10 min prior to film
deposition, with covered substrates, to clean the surface of
the target of any possible contamination. Sputtering was per-
formed, using a custom-designed system (PVD products), in
oxygen (O,) and argon (Ar) atmosphere with varying gas
flow rates while keeping all other parameters constant to
investigate the impact of oxygen stoichiometry change on
film properties. The film deposition process parameters are
summarized in Table I. The low sputtering power of 25 W is
specific to tellurite targets to avoid target melting. The depo-
sition rates shown in Table I were calibrated using a Dektak
profilometer. The deposition rate decreases as the oxygen
flow rate increases, which was similar to the report on
Bi,05.® The observed decrease in deposition rates with
increasing oxygen content may be derived from the reduced
level of energetic Ar+ ions in the plasma. During deposition,
the substrates were rotated at 5 rpm to ensure uniform thin
film deposition. For each deposition, the films are deposited
on both soda-lime and Si substrates simultaneously. The sub-
strates were not intentionally heated and were kept near
room temperature throughout the deposition process.
Depending on ratio of Ar:O, atmospheres, the sputtered
films were labeled TBZ1 to TBZ4 as shown in Table I.

(2) Optical Measurements

Optical transmittance of the thin films deposited on soda-
lime glass substrates were measured over a wavelength range
300-1800 nm using an ultraviolet—visible (UV-Vis) spectro-
photometer (Perkin-Elmer 1050, Waltham, MA). Refractive
index and extinction coefficient of the films were character-
ized using an M-44 rotating analyzer variable angle spectro-
scopic ellipsometer (VASE) (J.A. Woollam Co., Inc.,
Lincoln, NE) equipped with an autoretarder. Ellipsometry
data were collected at three incidence angles: 62°, 67°, and
72° for TBZI1; 66°, 71°, and 76° for TBZ2; 69°, 74°, and 79°
for TBZ3; and 66°, 71°, and 76° for TBZ4 which covers the
(pseudo) Brewster angle for the tellurite thin films. Variable
angle spectroscopic ellipsometry data were modeled using the
Complete EASE®software (J.A Woollam Co., Lincoln, NE).
B-spline function® was implemented to describe the disper-
sion of thin films sputtered in oxygen-rich atmosphere while
Tauc-Lorentz model*® was adapted to modeling the VASE
data for thin film sputtered in oxygen-rich atmosphere.

(3) Morphological and Structural Characterization

The surface and cross-sectional morphology of the resulting
tellurite films were examined using a JSM 7400F (JEOL co,
Peabody, MA) scanning electron microscope (SEM) system
operating with an accelerating voltage of 3 kV and transmis-
sion electron microscope (TEM) observations were taken on
a JEM-2010F (JEOL co) system operating at an accelerating
voltage of 200 KeV. The samples were covered with a thin
(~30 nm) Au/Pd coating prior to SEM imaging to minimize

Table I. Deposition Parameters for Reactive Sputtering of
Tellurite Films

Sample name TBZI1 TBZ2 TBZ3 TBZ4

RF Power (W) 25 25 25 25

Sputtering pressure 2.5 2.5 2.5 2.5
(mTorr)

Ar:0O, flow rate 17:0 15.3:1.7  13.6:34 11.9:5.1
(sccm)

Deposition rate 1.7 1.5 1.4 1.2
(nm/min)
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charging from electron accumulation on the sample surface.
Samples for TEM (thickness <100 nm) were prepared using
focused ion beam on a Zeiss Auriga™ (San Diego, CA)
crossbeam nanoprototyping station. Surface roughness of
sputtered thin films was measured through atomic force
microscopy (AFM) on a Dimension 3100 (Digital Instru-
ments, Inc., Tonawanda, NY) microscope. Silicon AFM
probes (Tap 150-G from Budget Sensors, Inc., Sofia, Bul-
garia) with a force constant of 5 N/m and a resonant fre-
quency of 150 KHz were used. The structural properties of
the TBZ thin films deposited under different working gas
(oxygen content) conditions were analyzed by glancing inci-
dent angle X-ray diffraction (GIXRD) using a Rigaku
(Salem, NH) Ultima IV system equipped with Cuk, radia-
tion (A = 0.15406 nm) at 40 kV and 40 mA. Raman spec-
troscopy studies on TBZ thin films deposited on glass
substrate were recorded using a DRX Raman microscope
(AIY0900226) equipped with 10x, 50x objectives, a CCD
detector and Rayleigh reljection filter. This system has a typi-
cal resolution of 2 cm™" at room temperature and a back-
scattering geometry was used to collect the Raman signal.
Before data collection, the system was calibrated with stan-
dard silicon wafers. An excitation wavelength of 532 nm was
used, with an incident power of 2 mW. No damage was seen
by 50x microscope inspection on film surfaces under these
excitation conditions.

(4) Chemical Analysis

Compositional analysis was carried out using wavelength-dis-
persive spectroscopy (WDS) on a JXA-8200 electron micro-
probe analysis system (JEOL co). Three points were analyzed
per sample in measuring the k-ratios of the samples. The X-
ray lines and standards used for data analysis are as follows:
Te: TeLa, Ag,Te (Silver Telluride), Bi: BiMa, BGO (Bismuth
Germanium Oxide), Zn: ZnKa, ZnO (Zinc Oxide), O: O Ka,
BGO (Bismuth Germanium Oxide). The raw data were cor-
rected for matrix effects with the PAP method using the Gen-
eral Motor Research film software thin-film analysis
program. Chemical bonding states in TBZ thin films were
examined using X-ray photoelectron spectroscopy (XPS).
XPS spectra were recorded on an Omicron EA125 (Houston,
TX) system equipped with dual aluminum-magnesium
anodes using nonmonochromatic AlK, (hv = 1486.6 ¢V) radi-
ation at room temperature and chamber vacuum below
2 x 1077 Pa. Survey and high-resolution spectra were col-
lected at constant analyzer energies 50 and 25 eV with step
sizes of 1.0 and 0.05 eV, respectively.

III. Results and Discussions

TBZ thin films deposited in mixed Ar/O, atmosphere show
drastically different appearance from those deposited in pure
Ar plasma [Fig. 1(a)]. The former samples are optically
transparent while the latter are opaque. Similar trends have
been made on single-component TeO, films deposited by
reactive sputtering.'" This observation indicates the
important role film stoichiometry plays in dictating the film
morphology and physical properties. Here, we evaluated the
impact of oxygen deficiency on the structural, chemical, and
optical properties of TBZ films to understand the structural
origin of such drastic film appearance difference.

(1) Thin Film Optical Properties

Figure 1(b) shows the UV-Vis optical transmission spectra
for bulk TBZ glass (in the form of a double side polished
disk 6 mm in thickness) and TBZ thin films along with that
of the glass substrate. All films sputtered in an Ar/O, envi-
ronment (TBZ2-TBZ4) exhibit similar spectra, transparent to
light above 350 nm wavelength (interference fringe maxi-
mums overlap with the glass substrate transmission spec-
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(a) Photograph of TBZ4 (left) and TBZ1 (right) on University of Delaware logo for films on sodalime silicate glass substrates deposited

under oxygen-rich (L) and deficient (R) conditions; (b) UV-Vis transmission spectrum of bulk TBZ & sputtered TBZ thin films superimposed on
that of glass substrate with varying interference peaks showing thickness change; (c) Refractive index n and extinction coefficient k of sputtered
thin films measured by ellipsometry; (d) Transmission spectrum comparing fitted ellipsometry model and UV-Vis data.

trum), whereas the film prepared in oxygen-deficient atmo-
sphere (TBZ1) shows broadband optical absorption in the
entire wavelength range measured, consistent with our visual
inspection. This broad absorption in the entire visible spec-
trum indicates that oxygen deficiency defects may play a role
in the opaqueness. This result is similar to the trend observed
in RF magnetron sputtering of thin film TiO, *** where
increase in oxygen flow rate improves optical transmittance
in TiO, films and shifts the optical absorption edge of the
films to lower wavelengths. Varying interference fringe peaks
in the spectrum indicates changes in growth rate as the oxy-
gen flow rate increases. Figure 1(c) depicts the dispersion dia-
gram measured using VASE. To validate the fitting model
results from ellipsometry, the fitted » and k£ data were used
as an input to a transfer matrix model to reproduce the opti-
cal transmission spectra measured by UV-Vis photo-spec-
trometry. Transmission spectra for the samples TBZI1 and
TBZ4 simulated using the transfer matrix method were com-
pared with their UV-Vis spectra as shown in Fig. 1(d). The
excellent agreement confirms the validity of our ellipsometry
fitting models.

(2) Thin Film Microstructure and Morphology

Figures 2(a) and (b) show SEM cross-sectional images of TBZ
thin films deposited on silicon substrate at varying oxygen
flow rates. The SEM cross-sectional images of all the thin
films are similar in morphology but have different thickness. It
can be seen that the thin films have a uniform and dense
microstructure. Figures 2(c) and (d). show the TEM images of
TBZ1 and TBZ4 films on silicon. The corresponding selected
area electron-diffraction patterns show a diffuse broad diffrac-
tion ring approximately at same position indicating that both
films are amorphous. The dark and bright spots present in
TEM images are atomic columns confirming that a homoge-
neous amorphous phase is present in the thin films. The amor-
phous nature of all thin film samples was also confirmed using

GIXRD: the spectra shown in Fig. 2(e) feature a broad peak
centered at 20 = 28.1°, consistent with previous reports on the
bulk amorphous TeO,-Bi,O3—ZnO system.” The results of
thin film microstructure analysis, which asserts the amorphous
nature of the sputtered TBZ films, are not surprising given the
low substrate temperature. An average RMS value of
(0.7 £ 0.02) nm was observed on the thin films.

(3) Compositional and Chemical Analysis

Compositions of the TBZ films as measured using WDS are
tabulated in Table II with data uncertainties within +0.6%.
It was found that the elemental composition of Ar sputtered
(TBZ1) thin films are close to the bulk target composition,
where as films sputtered in Ar/O, environment become fur-
ther oxidized. The latter finding is confirmed by the mea-
sured increase in oxygen concentration. It is interesting to
note that (i) all the sputtered films have a Bi/Zn ratio of
approximately 0.9 vs. 1 in the bulk glass and (ii) the Bi/Te
and Zn/Te ratios in the Ar/O, sputtered films are also lower
than the bulk glass but this is not the case for the TBZ1 film.
Both observations are suggestive of a degree of preferential
elemental sputtering. The conclusion was further confirmed
by energy-dispersive X-ray (EDX) spectroscopy and XPS
composition analysis.

XPS measurements were performed to elucidate the chemi-
cal state of elements in the bulk and thin films. Relatively
low-resolution X-ray photoelectron survey scan in the bind-
ing energy region 0-1200 eV was recorded for each sample
and a typical spectrum for the TBZ bulk and thin films is
shown in Fig. 3(a). Peaks belonging to Tellurium, oxygen,
bismuth, zinc and carbon were observed in the spectra. The
presence of Cls peak at 284.6 eV, associated with postdepo-
sition hydrocarbon contamination,® * is used as internal
energy reference to determine the binding energy (B.E) of the
XPS spectra. High-resolution spectra of Te3d, Bi4f, Zn2p,
and Ols orbitals for TBZ bulk and thin films were collected.
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Fig. 2. SEM: Cross-sectional view of sputtered (a) TBZ4 & (b) TBZ1 on Silicon wafer; High resolution TEM images and selected area electron
diffraction patterns (inset) of (c) oxygen-rich (TBZ4) (d) oxygen-poor (TBZ1) tellurite films;(e) Glancing incident angle X-ray diffraction spectra

of TBZ thin film.

Table II. Atomic Composition of Sputtered Tellurite Films
Measured Using Wavelength-Dispersive Spectroscopy

Sample ID Te at.% Bi at.% Zn at.% O at.%
Bulk 233 6.7 6.7 63.0
TBZ1 22.7 6.6 7.5 63.1
TBZ2 16.8 4.2 4.5 74.5
TBZ3 17.9 3.7 4.1 74.2
TBZ4 17.1 39 4.3 74.7

Peak fitting was performed using mixed Gaussian (70%)-Lo-
rentzian (30%) curves, defined in the CasaXPS software®
(CasaXPS Software, Dayton, OH) as GL(30), to obtain the
peak positions and full width at half-maximum (FWHM).
The curve fitting satisfies the following constraints: (a) orbi-
tals relative peak area ratios; (b) each doublet has relatively
equal FWHM: and (c) the spin orbit splitting of orbital.*’
The peak positions for core levels Te3d, Bidf, Zn2p orbitals
are listed in Table III while fitting details for Te3d orbitals
are in Table IV.

Figures 3(b) and (c¢) show high-resolution spectra belong-
ing to Zn2p, Bi4f orbitals in TBZ thin films at different depo-
sition condition and TBZ bulk. Peaks centers associated with
Bidf7», Bidfs;», Zn2ps;, and Zn2p,;, for TBZ bulk and thin
films were close to the reported values for Bi,0;**® and
ZnO.*" The relative peak area ratio and spin-orbit coupling

for Bi4f7,, and Bi4f5), photolines were 3:4 and 5.3 eV, respec-
tively while those for Zn2p;, and Zn2p,, photolines were
1:2 and 23.1 eV, respectively, in all samples investigated.
Peaks of other oxides of bismuth and zinc were not observed
and significant shift in core lines does not occur in the thin
films grown in both oxygen-rich and -deficient atmosphere.
This indicates that the oxidation state Bi’" and Zn>* were
maintained in the oxides in all deposition conditions. Fig-
ure 3(d) shows high-resolution spectra corresponding Ols
orbital for bulk-TBZ, TBZ1, and TBZ4. The slight asymme-
try in Ols spectra in all samples is indicative of contributions
from two different oxygen sites; bridging oxygen (BO) and
nonbridging oxygen (NBO). The peaks associated with BO
contributions were found at (531-532 eV) while those from
NBO is found at (529-530 eV) similar to reported values for
SiO,- and TeO,-based glasses.“s’49 The ratio of BO to NBO
was found to increase as the oxygen flow rate in agreement
with Raman spectra shown in the next section. Figures 3(e)-
(g) shows the peaks corresponding to the doublets Te3ds),
and Te3ds), for the bulk target, TBZ1 and TBZ4 thin films.
The relative peak area ratio and spin-orbit coupling for
Te3ds, and Te3ds), lines were 2:3 and 10.36 eV, respectively.
Peak positions observed at (575.79-576.4) + 0.02 eV and
(586.16-586.75) + 0.02 eV, respectively, correspond to those
reported for amorphous TeO,*"** All patterns show a slight
asymmetric line shape, suggesting the presence of mixed oxi-
dation states of Te3d orbital.



June 2015 RF Sputtered Tellurite Films 1735
(a) EE] (b) —Data
&8 Bi4f —Background  piay.
88, o 8 Bpg =200 712
cc A S —Fitting TBZ4
g M) 4 5 c
Sheza'lv A2 38 M| = o 5 s
2 YRR IR i ;
5 | 25¥ 3 £
= B8 ! o o3 “6%? < ‘/\ /\TBZZ
2 - a3? &, 2
7] - | "
g e el B I /\
8 i e ¥ 2 TBZ1
= o g =
e lek
T T T T T T T T T
1200 1000 800 600 400 200 O 168 166 164 162 160 158 156
Binding energy (eV) Binding energy (eV)
(¢ —Data Zn2 (d [—Dbata
Zn2pq/2 —Background P3i2 - NBO
—Fitting TBZ4 BO
= %' — Backgroun
g FaN /\I’BZ3 g —— Fitting TBZ4/
§ =
; TBZ2 —
E -E' TBZ1
g i /\raﬂ %
— -
c
a2l T M = Bulk
1045 10'49 '_lolss 1030 1025 1020 1015 528 530 532
Binding Energy (eV) Binding Energy (eV)
(e) (f)
— Data — Data Teddg),
— Background T‘:’Idsn — B'acfkground
E‘ Fitting f l: —_ Flttlng
c \ c Te3d
5 Te3dz \\573_49 oV 5 A 573.73 eV
g ‘ =
S, &
2 2
- »
g g
] -
-~
= =
590 585 580 575 570 r y Y ¥ X Y v
R 594 591 588 585 582 579 576 573 570
Blndl"g Energy(eV) Binding Energy(eV)
(9)
— Data Teddg,
— Background A
= Fitting \
c Teddyy |
3 574.11 eV
£ | ¢
“ \
— ﬂ I
> |
= "
= / 1
2 Tell3d !
c [ . W eodar2  Tell3dg
594 591 588 585 582 579 576 573 570

Binding Energy(eV)
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tion which easily occur along the axial-equatorial bonding of
TeO, changes the Te,,—O.—Te angle along the c-axis causing
creation of defects, oxygen vacancies, and increases non-

Previous reports on tellurite glasses assert that glass modi-
fiers in TeO,-based glass deform the TeO, structural units
into TeO; with lower coordination number.>'” This deforma-
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Table III. Core Level Binding Energies of Tellurium,
Bismuth, and Zinc in Bulk and Sputtered Tellurite Thin Films

Binding energies (eV)

Bulk TBZI1 TBZ2 TBZ3 TBZ4

Bidfs,» 158.80  159.12 15923  159.32  159.33
Bidfs), 164.11 16442 16451  164.62  164.63

Te3ds) 575.79 576.16 576.48 576.41 576.40
Te3ds), 586.16 586.56 586.84 586.77 586.75
Tell3ds)» 573.49 573.73 574.07 574.10 574.11
Tell3ds), 583.84 584.13 584.39 584.55 584.41
Zn2p3)» 1021.26  1021.93 1021.76  1021.64 1021.80
n2py ) 1044.36  1044.93  1044.79 1044.69  1044.90

Table IV. Details of the Curve Fitting of Te3d Core Level

Spectra

FWHM Area Background  Line shape

Te3ds/2 1.860 115082.4  Shirley = GL (30)

BULK Te3d3/2 1.814  76759.9  Shirley = GL (30)
Tell3d5/2  2.141 8794.8  Shirley  GL (30)
Tell3d3/2  1.957 5866.2  Shirley  GL (30)

Te3d5/2 1.791 106757.8  Shirley  GL (30)

TBZ1  Te3d3/2 1.757  71207.5  Shirley  GL (30)
Tell3d5/2  1.851 17061.4  Shirley  GL (30)
Tell3d3/2  2.037 11380.0  Shirley  GL (30)

Te3d5/2 1.934 116497.8  Shirley  GL (30)

TBZ4  Te3d3/2 1.897  77704.0  Shirley = GL (30)
Tell3d5/2  1.11 4469.3  Shirley  GL (30)
Tell3d3/2  1.11 2981.0  Shirley  GL (30)

bridging oxygen concentration, which is also confirmed by
our Raman measurements to be discussed in the next sec-
tion.>! Oxygen vacancies result in creation of cation—cation
bonds such as Te-Te and low coordinated Te.>

The Te-Te peaks at 573.73 ¢V°>3 found in the oxygen-
deficient film indicate the presence of under-coordinated Te
which contributes to high absorption in the entire UV—Visi-
ble spectrum as observed in Fig. 1(b). The area of the shoul-
der peaks decreases and the binding energy increases as the
oxygen in the environment increases. This suggests that the
low coordinated Te present in oxygen-deficient thin films oxi-
dizes and becomes TeO, and sub-oxides in the presence of
oxygen, which explains the optical transparency of the oxy-
gen-rich films.

(4) Impact of Stoichiometry on Thin Film Structure
To evaluate the structural evolution due to stoichiometry
change, we resort to Raman spectroscopy to unravel the
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local cluster structures of tellurite glasses. Prior studies have
shown that TeO,-based glasses consist of asymmetric
structural units such as TeOy, trigonal bipyramid (tbp) and
TeO; trigonal pyramid (tp).***° Raman studies on single
component TeO, assert that TeO4 structural units with
bridging oxygen dominate TeOs units in overall TeO, struc-
ture>*> However, it is observed that in multicomponent tellu-
rite glasses TeO; units with nonbridging oxygen prevail over
TeO, units because the addition of glass modifiers, such as
Bi,O3; and ZnO, leads to the progressive transformation of
TeO, structural units into TeO; units via the intermediate
TeO; 4 units.’

To examine the influence of stoichiometric change in the
structure of TBZ bulk and thin films, four Raman measure-
ments recorded on different regions per sample were aver-
aged and plotted in Fig. 4(a). The resulting spectra are
deconvoluted using Gaussian fitting as shown in Fig. 4(b).
The positions of the Raman bands of these glasses and their
assigned vibrational modes are listed in Table V.

Three major features are observed from the measurements:
TBZ-bulk target showed at 404, 652, 751 cm~! while argon-
sputtered thin film (TBZ1) displayed peaks, close to TBZ
bulk target, around 392, 668, 750 em™ L Similarly, Raman
peaks appeared in Ar/O,-sputtered thin films around 463,
657, 769 cm~!. The vibrational modes observed in our study
can be associated with the following structural elements: (a)
bands around 392-404 cm~' are assigned to the bending
mode of Te-O-Te linkages of predominant TeOs (tp) net-
works in TBZ-bulk target and TBZ1 while peaks located
around 463 cm™' belong to bending mode of Te-O-Te link-
ages of predominant TeO, (tbp) network in Ar/O,-sputtered
TBZ2-TBZ4 thin films>>>%; (b) bands near 655-668 cm ™'
belong to the vibration of the Te-O bonds in TeO, (tbp)
with bridging oxygen (BO) or Te—-O-Te linkages constructed
by two unequal Te-O bonds>!'®3!; (¢) the band near 750—
772 em™! originate from at least two main contributions
assigned to stretching of Te—O or Te=O which contain non-
bridging oxygen (NBO) in TeOs,; or TeO; units.”%>>%
The peak at 576 cm™! originates from the soda-lime silicate
glass substrate. As shown in Fig. 4(a), TeO3; or TeOs. | units
with NBO are the predominant structural units in the bulk
target and TBZ1 evident from their Raman peak intensity
compared to those for TeO, units. The result is consistent
with previous reports on bulk TBZ characterizations.”!”
Apparently, as oxygen is introduced in the working gas, the
stoichiometry of the thin films changes leading a different
structural configuration with high concentration of BO. Con-
sequently, the magnitude of peak intensity of band around
656-668 cm ™', assigned to TeO, with bridging oxygen,
increases as the oxygen flow rate leading to a shift in phonon
mode of Te-O-Te linkages toward higher vibration fre-
quency as seen in TBZ2-TBZ4. The structural evolution from
bulk/TBZ1 to oxygen-rich thin films can be explained as for-

—_
(=)
~

Fit Peaks

Fitted Spectra
— As Deposited

576 652-663 750-772
]

Raman Intensity [arb.unit]

300 400 500 600 700 800 900
Wavenumber (cm™)

Fig. 4. (a) Raman spectra of tellurite thin films sputtered in varying argon and oxygen working gas; (b) Raman spectra decomposition into the
respective vibrational modes. The corresponding peak assignments are listed in Table V.
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Table V. Raman Peak Positions and Assignments

Raman

band (cm™") Assignment

392-404 Bending mode of Te-O-Te linkage in TeOj3
network backbone in oxygen-deficient samples

463-465 Bending mode of Te-O-Te linkages in TeOy4

network backbone oxygen-rich samples
576 Contribution from the soda-lime substrate

656-657  Vibration of the Te-O bonds in TeO, trigonal
bipyramid with bridging oxygen
750-772 Stretching mode of Te-O or Te=O which contain

nonbridging oxygen (NBO) in TeO; .| or TeO3

mation of more TeOy structural units from TeOs5 units which
indicate a change in coordination number of Te atoms from
3 to 4 ([TeO3] tp) to ([TeO4] tbp). Oxygen doping of TBZ-
bulk target leads to the formation of Te-O bonds with large
bond energy and force constant which is responsible for the
Raman redshift.*!

IV. Conclusion

In this report, we deposited planar TeO,-based thin films
using RF magnetron reactive sputtering. The effects of varia-
tion of oxygen flow rate in the working gas (Ar/O,) on the
structural, chemical state, and optical properties of sputtered
thin film were thoroughly investigated using suitable charac-
terization techniques. Thin films sputtered in Ar/O, atmo-
sphere (oxygen-rich) possess large fractions of TeOy4
vibrational bonds and are structurally dissimilar to thin films
deposited in pure argon atmosphere (oxygen-deficient) which
contains large fractions of nonbridging oxygen. Increasing
the oxygen flow rate improves the optical transparency in the
multicomponent tellurite thin film in the entire visible and
near-infrared region. We suggested that unoxidized Te ele-
ment in oxygen-deficient thin films is responsible for the
broad optical absorption. Understanding the structural and
optical properties of sputtered planar tellurite thin films is
expected to initiate the pathway for potential application in
integrated photonics.
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