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ABSTRACT Lead—niobium-germanate glass thin films have
been produced by Pulsed laser deposition in a broad O, pressure
range (107°~10~" mbar). The cation composition in the films
approaches that of the glass target for a pressure of 10~2 mbar.
The oxygen content is only close to or above that of the glass
for a pressure close to 10~! mbar, for which a Pb enrichment
is also observed. Films grown in vacuum are highly absorbing,
whereas transparent films with an absorption edge shifted to the
UV with respect to the bulk glass are produced for pressures
higher than 10~2 mbar. The evolution of the optical energy gap
and the refractive index of the films with the oxygen pressure
is correlated to the changes observed in the film composition
and discussed in terms of the features of the deposition process,
the role of oxygen in the formation of the glass network and the
progressive increase of the oxidation state of the cations as the
oxygen pressure is increased.

PACS 81.05.Kf; 78.20.Ci; 81.15.Fg

1 Introduction

The development of all-optical communication
technologies has opened new challenges to the design and
production of materials suitable for the fabrication of both
passive and active integrated devices. These materials should
be able to operate not only in the standard communication
windows but also at wavelengths beyond the transparency
limit of fused silica. The range of envisaged applications in-
cludes optical waveguides for ultra-low-loss communications
in the range 2.5-3.0 wm and more efficient lasers, ampli-
fiers or nonlinear devices such as all-optical switches, among
others [1-5].

Heavy metal oxide (HMO) glasses, characterized by their
content of high molecular weight metal oxides, mainly Bi or
Pb, exhibit physical properties that make them attractive can-
didates for these applications: long-term chemical stability
when compared to other types of glasses [6], a broad trans-
parency range in the near—mid-infrared spectral region and
a low phonon energy (~ 800 cm™') when compared to other
oxide glasses [1-3,7]. In particular, the low phonon energy
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is very attractive for hosting rare-earth ions since it is essen-
tial to achieve long luminescence lifetimes and high quan-
tum efficiencies [4, 5]. Furthermore, HMO glasses have high
linear (n > 2) and nonlinear (n, > 10 times that of silica)
refractive indices [1-3,7]. The n, value, although moderate
when compared with composite materials containing metal
or semiconductor nanoparticles, could be high enough for the
development of integrated nonlinear devices in the near—mid
infrared, since it is combined with low optical absorption and
high n values. The latter leads to strong confinement of the
light propagating in waveguides made of these glasses and,
thus, to lower the power required to switch on the nonlinear
response.

Different preparation methods have been attempted to pro-
duce high-quality oxide glass thin films such as sol-gel [8, 9],
plasma- or laser-enhanced CVD [10, 11] or sputtering [12].
However, the production of high-quality HMO glass thin films
is still a challenge. Pulsed laser deposition (PLD) is very at-
tractive, since it is an excellent technique to produce complex
oxide thin films with superior quality than other methods:
high-7; superconductors and magnetic and nonlinear optical
materials, among others [13, 14]. Nevertheless, it has scarcely
been applied to the synthesis of complex oxide glasses [15—
18].

One of the critical aspects in preparing such glasses is the
limited transparency of the produced films in the wavelength
range of interest, related to oxygen deficiencies that modify
the glass structure. The oxygen content can be controlled in
PLD through the use of an oxidant background gas during
film deposition. However, the presence of the gas not only
increases the oxygen content through chemical reactions at
the surface of the growing film [19] or during the expansion
of the plasma [20], but also modifies the plasma-expansion
dynamics [21,22] and the spatial distribution of the ejected
material [23], which can have a negative impact on the struc-
tural properties of the films.

The aim of this work is to produce good-quality transpar-
ent and high refractive index HMO glass thin films. We have
selected the PbO—Nb,O5—GeO, glass system in which GeO,
and PbO are good stabilizers of the vitreous matrix, whereas
Nb,Os increases the chemical stability and durability of the
glass and improves its optical performance, both n and n,. We
have analyzed the influence of a gas pressure applied during
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film growth and its reactive character on the stoichiometry and
optical properties of the produced films.

2 Experimental

Lead—niobium-germanate (PbO—Nb,05—GeO5;)
glass thin films have been produced by pulsed laser deposi-
tion using a KrF excimer laser beam (A = 248 nm, t = 12 ns
FWHM). The laser beam was focused at an angle of 45°
on the surface of a rotating glass target to lead to an aver-
age energy density of 2.5+ 0.5J/cm?. The vacuum chamber
was evacuated prior to deposition to a residual pressure of
6 x 10~° mbar. Film deposition took place in a wide O, pres-
sure range (107°~10~" mbar) or in a fixed Ar pressure of
5 x 10~2 mbar on silicon, polycrystalline sapphire and soda-
lime glass in order to match the different characterization
techniques used in the present work. In all cases, the substrates
were held at room temperature and the film thickness was in
the 0.3—1.0-pwm range.

The target had a nominal composition of 25 PbO-15
Nb,O5—-60 GeO,; mol% and was obtained using standard
melting methods. Batches of 20 g were prepared by mix-
ing high-purity reagents: PbO (99.9995%), Nb, 05 (99.999%)
and GeO; (99.999%). The mixture was melted in a plat-
inum crucible and placed in a furnace at a temperature of
1100-1300 °C for 1 h and then poured onto a brass plate, fol-
lowed by 1 h of annealing at 450 °C and then cooled to room
temperature at 1.5 °C/min. The resulting material was a trans-
parent yellowish glass.

Nuclear microanalysis was used to determine the thick-
ness and the elemental composition of the films. Nuclear reac-
tion analysis (NRA) was used to determine the oxygen content
of the films grown on silicon through the nuclear reaction
1°0(d, p)'’0* at 0.895MeV. The absolute oxygen content
was determined within 5% using a Ta;Os/Ta reference and
the results were corrected for the contribution of the native
SiO, layer present on the substrates. Cation contents were
measured by Rutherford backscattering spectrometry (RBS)
using a “He** beam at 5.93 MeV. Such a high beam energy
was chosen to improve the mass resolution of the experiment.
Further details of the compositional analysis of the films can
be found elsewhere [18].

The optical characterization of films deposited on sap-
phire and soda-lime substrates has been performed by UV—
visible absorption, spectroscopic ellipsometry and dark-mode
spectroscopy. UV-visible absorption spectra were measured
at normal incidence in the 350—1700-nm wavelength range
using 5-nm steps. The absorption baseline corresponding to
the substrates was subtracted in each case. The optical energy
gap (E,) has been determined from the linear extrapolation to
zero ordinate ((ahw)'/? = 0) of the Tauc formula [24]:

(@hw)''? = B(ho — Ey), (1)
where B is a constant, « is the optical absorption and Aw is
the photon energy. The ellipsometric parameters of the films,
tan i and cos 8, were determined using a WVASE J.A. Wool-
lam Co. Inc. spectroscopic rotating analyzer ellipsometer in
the 400—1700-nm wavelength range using 10-nm steps at two

angles of incidence: 60° and 66°. The real (n) and imagi-
nary (k) parts of the refractive index were calculated from
the ellipsometric parameters using a method described else-
where [18]. Finally, dark-mode spectroscopy has been per-
formed using a He—Ne laser beam coupled to the films by
a rutile prism. The refractive index and the thickness of the
films have been determined from the effective indices of at
least two guided modes.

3 Results

Figure 1 shows the dependence of the relative
content of each element, [X] = Nx/Ncar, on the O, pres-
sure applied during growth, where X = Ge, Nb, Pb and O,
Nx = number of atoms of element X and Ncar = number
of cations (Ge, Nb and Pb). At O, pressures lower than
102 mbar, [Pb] is similar to that of the target whereas [Ge]
and [Nb] are respectively above and below their respec-
tive contents in the target. From the results presented in
Fig. 1 it is clear that films with cation contents close to that
of the target can be obtained in a limited pressure range
(* 1-5 x 102 mbar) for the experimental conditions consid-
ered in the present work. Finally, [Ge] decreases while [Pb]
increases to values below and above those of the target respec-
tively at pressures close to 10~ mbar.

The oxygen relative content, [O], does not depend sig-
nificantly on the gas pressure up to 10~2 mbar. The films are
clearly oxygen deficient, [O] being only 50% that of the target
in this low-pressure range. For O, pressures above 10~ mbar,
[O] shows a significant increase, becoming close to that of the
target for gas pressures in the range 0.5—1 x 10~! mbar. For
comparison, the relative oxygen content measured for a film
grown at an Ar pressure of 5 x 1072 mbar has also been in-
cluded in Fig. 1. This film has an [O] that is approximately
25% lower than that of the films grown at the same pressure
butin O,.
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FIGURE 1 Relative content of each element, X =Ge, Nb, Pb and O,
as a function of the oxygen pressure applied during deposition, where
Nx = number of atoms of element X and Ncar = number of cations. The
dashed line corresponds in each case to the respective relative content in the
target. The crossed symbol (X) in the case of X = O corresponds to a sample
grown in Ar
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Figure 2 shows the UV-visible transmittance spectra for
films grown at increasing O, pressures in the range 107*
to 10~! mbar. The oscillations observed in the spectra are
produced by interference phenomena between the light re-
flected at the air—film and film—substrate interfaces. Trans-
mittance of films grown at lower O, pressures, not shown in
Fig. 2, shows features similar than those of films grown at
10~* mbar: low transmittance (< 0.5) and an absorption edge
well in the visible. The film transmittance increases as the O,
pressure increases, reaching a maximum for films grown at
A 5 x 1072 mbar of O,. The absorption edge presents a more
complex dependence on the O, pressure. It shifts to higher
photon energies as the O, pressure increases, reaching a max-
imum value for 5 x 10~2 mbar. For pressures above this value,
the absorption edge shifts back towards smaller photon ener-
gies, as is illustrated in Fig. 2 for the film grown at 10~ mbar.
This is more clearly seen in Fig. 3, where the optical energy
gap (E,) has been plotted as a function of the oxygen pres-
sure. To illustrate the procedure followed in the determination
of Eg, the inset in Fig. 3 shows the Tauc plots for the bulk
target (B) and for a film grown at 5 x 10™2 mbar of O, (F).
Figure 3 shows that E, remains constant and close to 1€V,
and thus well below the value for the bulk glass (& 2.97 eV),
for O pressures below 107> mbar. Above 10~ mbar, E, in-
creases as the O, pressure increases to reach a maximum value
(Eg =3.64eV) for an O, pressure of 5 x 10~2 mbar. A further
increase of the oxygen pressure reduces the value of Eg, to ap-
proach that of the bulk glass for 10~! mbar. The E, measured
for the film grown at 5 x 1072 mbar of Ar is included in Fig. 3
for comparison, the value being significantly lower than the

Transmittance
o =
(&) ] o

o
o

FIGURE 2 Transmittance spectra of films grown at increasing O, pressures
(in mbar)
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FIGURE 3  Optical energy gap (E) as a function of the Oy pressure applied
during deposition. The dashed line corresponds to the Ej value of the bulk
glass whereas the crossed symbol (X) corresponds to the E value of a sam-
ple grown in Ar. The inset shows the Tauc plots for the bulk glass (B) and for
a film (F) grown at 5 x 10~2 mbar of O,. Tauc plots have been multiplied in
both cases by d'/2, where d is the sample thickness, in order to bring the data
for B and F into the same scale
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FIGURE 4 a Real, n, and b imaginary, k, parts of the refractive index as
a function of the oxygen pressure applied during deposition, determined from
M, ® X cllipsometric measurements at A = 630 nm and [J dark-mode spec-
troscopy at A = 633 nm. The n value measured for a sample grown in Ar (X))
and the n value of the bulk glass (dashed line) are included in (a). The insets
show the spectral dependence of a n and b k for films grown at represen-
tative Oy pressures (in mbar). The k value for the film grown at 10~! mbar
(< 10™*) has been represented in (b) by the value of the resolution threshold
of the experimental set-up (=~ 10~*)

one corresponding to films grown at 5 x 10~2 mbar of O,. In
fact, the value of E, in Ar is close to that of films grown at
reduced (1073 mbar) O, pressures.

The dependence of the real (n) and imaginary (k) parts of
the refractive index of the films at 630 nm on the O, pressure
applied during growth is shown in Fig. 4. The insets show the
spectral dependence of n and k for representative films. In all
cases, n shows a smooth spectral dependence, which follows
a negative dispersion law. The overall value of n decreases
when increasing the O, pressure as shown in Fig. 4a. Values
of n obtained at 633 nm using dark-mode spectroscopy have
also been included in Fig. 4a, the agreement with the values
obtained from ellipsometry being very good. Films grown
at low O, pressures (< 10~* mbar) have a value of n close
to 2.6, whereas n decreases steadily for O, pressures above
1072 mbar to reach a value of n = 1.8 at 10~! mbar. The value
of n for films grown at 5 x 1072 mbar is similar to that of
the bulk glass (1.98). The imaginary part of the refractive in-
dex (Fig. 4b) shows a similar qualitative dependence on the
O, pressure to n, since it decreases when the O, pressure in-
creases. Films grown at low O, pressures are highly absorbent
in the whole studied spectral range (k > 10~ 1), as shown in the
inset of Fig. 4b. Films grown at 5 x 10~2 mbar have a value
of k close to 5 x 1073 in all the spectral range while the value
of k falls below the resolution threshold of our measurements
(k ~ 1073) for films grown at 10~! mbar.

4 Discussion

The results presented in this work clearly show that
the presence of an oxygen background has a strong influence
on the quality of lead—niobium-germanate glass films pro-
duced by PLD, since both the composition and the optical
properties strongly depend on the gas pressure applied dur-
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ing growth. Even for a pressure of 1072 mbar, for which the
cation proportion is similar to that of the bulk glass, the oxy-
gen content is lower than the one expected. This is a critical
issue since oxygen is a key element for the formation of the
glass network as it may enter in the network either as bridging
or non-bridging ions [25].

Films deposited in vacuum are opaque brown, whereas
they become transparent at a pressure close to 10~2 mbar and
yellowish for 10~! mbar, similarly to what has earlier been re-
ported for other lead-germanate films produced by PLD [17].
The brown color obtained when growing in vacuum was ten-
tatively related in that work to oxygen deficiencies, although
no experimental evidence was provided. The results shown
in Fig. 1 confirm such a hypothesis since films grown in vac-
uum present a severe [O] deficiency close to 50%. Therefore,
they contain less than one oxygen atom per cation and, thus,
a low oxidation state of Pb, Ge and Nb ions in the films
can be expected. Furthermore, some metal segregation can-
not be ruled out. Under these conditions, the formation of the
glass network is most likely prevented. Instead, a mixture of
amorphous low-valence and sub-stoichiometric oxides, that
fits better the compositional results shown in Fig. 1, might be
the main constituent of the films. This interpretation is consis-
tent with the high absorption shown in Fig. 4b and the reduced
transparency-interval and energy-gap values shown in Figs. 2
and 3 for films grown in vacuum or low O, pressures.

The presence of an oxidant environment at pressures
> 10~2 mbar induces a significant increase of [O] as shown
in Fig. 1. The fact that films grown at 5 x 10~2 mbar of O,
exhibit [O] values higher than the film grown at the same Ar
pressure clearly indicates that a significant incorporation of
oxygen to the films is taking place from the O, environment.
Processes that may take place during the film growth at the
substrate or the expansion of the plasma mainly determine this
incorporation. On the one hand, the existence of surface oxi-
dation reactions at the substrate has been reported in the PLD
growth of amorphous GeO, films [19]. On the other hand,
the formation of oxides during the expansion of the plasma
in an O, environment [20] helps to increase the oxygen con-
tent of the films in the case of high-T;. superconductors and
other oxides. The probability of such formation to occur re-
lates to the reaction exothermicities of the possible monoxides
that in this work have been calculated according to the model
developed by Gupta [26], and summarized in Table 1 for the
present case. It is seen that the formation of NbO and GeO
by chemical reaction of the corresponding cations with O, is
exothermic and, thus, very likely to occur. Instead, the forma-
tion of PbO is an endothermic process, which however could
be possible due to the fact that a fraction of the Pb atoms (or

E @) o (x1071%cm?)
NbO 2.82 49
GeO 1.66 43
PbO —-1.22 53
TABLE 1 Reaction exothermicities (E) and total scattering cross sections

(o) for the formation of Ge, Nb and Pb monoxides in reaction with O,. The
values are estimated according to the model proposed in [26]. The negative
sign indicates that the reaction is endothermic

ions) present in the plasma have a kinetic energy high enough
to activate such a chemical reaction [20]. Moreover, the pos-
sible dissociation of O, molecules by electronic impact very
close to the target at the early stages of the plasma expan-
sion [27] could provide an additional source to enhance the
oxidation processes.

In this pressure range (10~2—10~! mbar), the expansion
of the transient plasma is dominated by the scattering of
the ejected species by the background-gas molecules [21, 22]
and, thus, this process determines their trajectory and kinetic
energy. The formation of monoxides in the gas phase will con-
tribute then to the increase of the overall [O] in the films, since
monoxides should suffer lower angular scattering than atomic
oxygen, due to their higher mass with respect to atomic oxy-
gen. Moreover, this process will preferentially broaden the
distribution of the lightest cation (Ge) with respect to the heav-
iest one (Pb) and, as a consequence, an increase of the heavy-
to-light cation concentration ratio is expected at the center of
the deposit. This increase is more important the higher the
pressure, in good agreement with the evolution of cation con-
tents shown in Fig. 1.

The optical response of the films improves when increas-
ing the O, pressure up to 10~2 mbar, this improvement being
consistent with the increase of [O]. At 10~2 mbar, both E ¢ and
n become similar to those of the bulk glass, thus suggesting
that [O] is high enough to enable the formation of the glass
structure. A further pressure increase up to 5 x 1072 mbar
leads to a maximum value of E, that is well above the value
for the bulk glass. This behavior is undoubtedly related to
the structural and compositional changes induced by the in-
crease of [O] in the films, although [O] is still lower than that
of the target as shown in Fig. 1. Therefore, this result sug-
gests that the glass structure should be different to that of
the bulk glass, i.e. the constituent oxides must have a lower
oxidation state than that of the oxides in the bulk glass, but
higher than that of the oxides forming the films deposited
in vacuum. Since glasses with such oxide mixtures are not
formed under standard bulk glass preparation techniques, this
result is most likely related to the capability of PLD to pro-
duce metastable mixture phases[18]. The presence of PbO
and GeO, together with NbO; (instead of Nb,Os) in the films
produced at 5 x 1072 mbar would decrease the required [O]
content to make it consistent with the experimentally de-
termined values. The optical behavior of films deposited at
5 x 1072 mbar of Ar agrees well with the above interpretation,
since their measured E, (Fig. 3) and n (Fig. 4a) values are
similar to those of films grown at lower O, pressures, which
indeed have a reduced [O] as shown in Fig. 1.

At 10! mbar, the observed increase of [Pb] together with
the fact that [O] is above the corresponding value for the bulk
glass suggest that Pb might be further oxidized to less polar-
izable Pb** ions, this leading to the formation of PbO, in the
films as neither Ge nor Nb can have a higher oxidation state
than the one they have in the bulk target. The substitution of
PbO by PbO; in bulk glasses has proven to have a significant
effect on their optical properties, as a decrease of E, and n can
be expected [28]. Therefore, the observed decrease of E and,
consequently, the red shift of the absorption edge are most
likely related to the formation of PbO; in the films produced
at 10~! mbar.
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Finally, the observed decrease of both the real (n) and the
imaginary (k) parts of the refractive index with the O, pres-
sure applied during growth, which becomes sharper above
10~2 mbar (see Fig. 4), is not only related to the incorpora-
tion of oxygen to the films, but also to the influence that the
presence of a background gas has on the deposition process.
First, the increase of [O] in the films decreases their absorp-
tion, as it allows the formation of the glass structure, whereas
it induces a decrease of the value of n at pressures above
5 x 10~2 mbar due to the further oxidation of lead [28]. Sec-
ondly, there is a process intrinsic to PLD that is known to
influence the refractive index: in vacuum, the high kinetic
energy of the species arriving to the substrate is known to pro-
duce optically dense films and, thus, films with an enhanced
value of n. The presence of a background gas reduces this ki-
netic energy, leading to a decrease of the value of n for films
as observed in Fig. 4 when increasing the O, pressure during
growth.

5 Conclusions

Lead—niobium-germanate thin films have been
produced by PLD in a broad O, pressure range
(107°~10~! mbar). The production of glass films formed by
oxide mixtures different from those of the target is most
likely related to the ability of PLD to produce mixture or
metastable phases that are not achievable by bulk produc-
tion methods. Transparent films with an absorption edge
shifted to the UV with respect to that of the bulk glass
and similar refractive index are achieved when using an O,
background in the 5 x 1072~10~! mbar pressure range. The
evolution of the optical properties with the O, pressure is
related to the progressive increase of the [O] content in the
films that induces an increase of the oxidation state of the
cations. The decrease of E, and the red shift of the ab-
sorption edge observed for films grown at 10! mbar are
related to the observed increase of [Pb] in the films, this
increase being most likely accompanied by a further ox-
idation of Pb’* ions (PbO) to less polarizable Pb** ones
(PbO,).

Finally, the sharp decrease of the real part of the refrac-
tive index of films for O, pressures above 10~2 mbar is related
to the combined effect of the formation of PbO; in the glass
films and the decrease of the kinetic energy of the species ar-
riving to the substrate, which is characteristic of PLD in that
gas-pressure regime.
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