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Abstract. Optically active thin films on Si substrates have
been produced by laser ablation of a Nd-doped potassium
gadolinium tungstate (Nd:KGW) single crystal. Films grown
at low oxygen pressures (< 0.6 mbar) are potassium-deficient
and appear to be mainly disordered. They show a poor pho-
toluminescence (PL) performance that improves upon an-
nealing in air at temperatures in the range 700–1000 ◦C.
Films grown at high oxygen pressure (1 mbar) show instead
good stoichiometry and the presence of a dominant textured
gadolinium-tungstate phase compared to KGW. These films
have low absorption, a refractive index close to that of bulk
KGW and good PL performance, the emission lifetimes be-
ing longer (τ > 150 µs) under certain conditions than those
measured in the single-crystal material.

PACS: 81.15.Fg; 42.70.Hj; 78.20.Ek

In the last few years, increasing attention has been paid to
the preparation of passive and active waveguides that are of
great interest as components for integrated optics and op-
toelectronics. Nevertheless, the development of devices in
which generation, amplification, non-linear conversion, mod-
ulation, guiding and detection of light signals can be per-
formed on one substrate is still a challenge. Among the
possible material candidates for these applications, potas-
sium gadolinium tungstate KGd(WO4)2 (KGW) doped with
rare-earth ions (RE) such as Nd, Er or Yb is very promis-
ing [1–7], since Nd:KGW can be diode-pumped [6, 8–11],
has a lower threshold and a higher slope efficiency (more
than a factor of two) than Nd:YAG lasers [1, 3, 4, 12] and very
efficient and ultra-low-threshold stimulated Raman scatter-
ing [9, 11]. These properties make this material interesting for
a broad range of applications in communications, integrated
optics, laser spectroscopy, ellipsometry, rangefinders and Ra-
man spectroscopy.
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Pulsed laser deposition (PLD) has recently produced
promising results in the synthesis of optical thin films and
waveguides, as in the case of active materials doped with
RE such as Er [13], Er–Yb [14], Eu [15] and Nd [16–18].
Doping with Nd has been performed either in YAG [16] or
Gd3Ga5O12 (GGG) [17] and very recently in KGW [18]. In
that case, films grown on sapphire exhibited photolumines-
cence (PL) at 1.068 µm. Nevertheless, the growth of such
active material on substrates compatible with Si technology
would be highly desirable to build up integrated devices.
Thus, the aim of the present work is to test the feasibility of
the growth of Nd:KGW films with good luminescence prop-
erties on Si. The effects of the substrate temperature and the
oxygen pressure during growth on the properties of the films
have been studied in order to determine the conditions that
lead to the optimum structural and luminescence properties.

1 Experimental

PLD films were grown from a KGW single-crystal tar-
get doped with 3 at. % of Nd (equivalent to 0.62 wt. % =
1.9 ×1020 Nd+3 ions cm−3) using a KrF excimer laser
(248 nm; 12 ns; repetition rate of 15 Hz) focused on the tar-
get surface at an angle of incidence of 45◦ to lead to a laser
fluence close to 3 J cm−2. Si (100) substrates were located at
30 mm in front of the target and the substrate temperature (Ts)
was in the range 600–800 ◦C. The base pressure of the system
was better than 2 ×10−5 mbar and the films were grown at
different oxygen pressures in the range 0.1–1 mbar, for which
the average deposition rate was in the range 0.7–0.5 nm s−1.
The thickness of the films was in all cases in the range
500–800 nm.

A He–Ne laser beam (633 nm) was used to record in
real time the evolution of the reflectivity of the substrate
as the films were growing. This allowed us both to control
the synthesis process and to determine the film refractive in-
dex and the thickness by comparison with the reflectivity
calculated for an isotropic planar two-layer (film and sub-
strate) system [19]. The photoluminescence measurements
were performed at room temperature using a monochromator
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(resolution≈ 1.5 nm) and a liquid-nitrogen-cooled Ge detec-
tor, the latter being connected to a lock-in amplifier or to
a digital oscilloscope for PL intensity and lifetime measure-
ments respectively. An Ar+ laser tuned at the 0.514-µm line
was used as the excitation source (output power 140 mW).
The beam was incident at 25◦ with respect to the sample nor-
mal and the PL signal was collected along the perpendicular
to the film plane. In order to determine if the PL features
could be further improved [14, 18], post-deposition thermal
anneals were performed by heating the films in air for 1 h at
increasing temperatures in the range 600–1100 ◦C in 100 ◦C
steps. The PL features were measured after each annealing
step at room temperature and the films were subsequently an-
nealed to the next temperature.

The composition of the films was analyzed by means
of Rutherford backscattering spectrometry (RBS) using
a 1.8-MeV He+ beam and a scattering angle of 165◦. The
elemental composition was calculated through the simulation
of the measured spectra by means of the RUMP computer
code [20]. The Nd content could not be accurately deter-
mined, due to the proximity of its signal to that of Gd. X-ray
diffraction (XRD) with Cu Kα radiation was used in the θ–2θ
Bragg–Brentano geometry to determine the crystallographic
structure of the films.

2 Results

Figure 1 shows both the real (n) and the imaginary (k) parts
of the refractive index of the films grown at a substrate tem-
perature of 650±20 ◦C as a function of the oxygen pressure
applied during deposition. It is seen that the values of n re-
main nearly constant and close to 1.95, this value being very
similar but on the lower limit to that of Nd:KGW single crys-
tal [2, 8]: n = 1.95 (for an axis parallel to the (010) axis),
n = 2.00 (for an axis at 24◦ with respect to the (100) axis) and
n = 2.05 (for an axis at 20◦ with respect to the (001) axis).
The values of k are low in all cases, although they slightly in-
crease up to 0.07 with the oxygen pressure. The experimental
values obtained for films grown at substrate temperatures be-
low 720 ◦C for the same oxygen-pressure interval (not shown
here) are similar (n = 1.9±0.1 and k < 0.08); nevertheless,
a dramatic decrease of n (< 1.7) and an increase of k (> 0.15)
are observed for temperatures above 760 ◦C. Thus the results

Fig. 1. Real n(•) and imaginary k(©) parts of the refractive index of films
deposited at Ts = 650± 20 ◦C as a function of the oxygen pressure. The
dashed lines are a guide for the eye

presented from now on correspond to films grown at a sub-
strate temperature of 650±20 ◦C.

The analysis of the RBS measurements shows that the ra-
tios of the numbers of O atoms (NO) and Gd atoms (NGd)
to the number of W atoms (NW) are NO/NW = 4.2±0.4
and NGd/NW = 0.55±0.05 for oxygen pressures in the range
0.1–1.0 mbar and thus they are close to the stoichiometric
values (4 and 0.5, respectively). The errors given correspond
to the dispersion of the data for the different films grown
under similar experimental conditions or to the experimen-
tal error in the determination of the atomic content by RBS,
whichever is greater. The ratio of the number of K atoms (NK)
to NW depends instead on the oxygen pressure as shown in
Fig. 2. The films are K-deficient for low oxygen pressures and
they become stoichiometric for oxygen pressures ≥ 0.6 mbar.
Films grown at 0.1 mbar will be from now on referred to as
K-deficient films.

XRD scans of films grown at 0.1 mbar (a) and 1 mbar (b)
of oxygen pressure are shown in Fig. 3. The XRD scan of
the film grown at 0.1 mbar shows a sharp but modest peak
at 9.7◦ and a very weak and broad band between 28.3◦ and
30◦. When the oxygen pressure is increased, new diffraction
peaks appear. Films grown at 1 mbar (Fig. 3b) show a much
more intense and dominant peak at 9.7◦ and minor peaks at
17.0◦, 19.6◦, 22.0◦, 29.4◦, 34.3◦, 39.7◦, 44.9◦ and 50.2◦. Ac-
cording to the available data [21], the peak at 9.7◦ cannot be
attributed to any KGW line but instead to monoclinic gadolin-
ium tungstate Gd2WO6 (GW). Half of the observed minor
peaks can thus be related to higher orders of diffraction (n = 2
to 5) of the main peak at 9.7◦, the others at 17.0◦, 22.0◦,
34.3◦ and 44.9◦ being respectively attributed to the (020),
(040), (200) and (400) lines of KGW. These results suggest
that nearly disordered films are produced at 0.1 mbar of oxy-
gen pressure while polycrystalline films containing KGW and
GW are produced at 1 mbar.

Figure 4 shows the PL spectra of the as-grown films at
0.1 mbar (a) and 1 mbar (c) of oxygen pressure. It is clearly
seen that the films exhibit two spectral bands peaking at
1.06 µm and 1.35 µm. These bands are broad and nearly
featureless for films grown at 0.1 mbar of oxygen pressure
(Fig. 4a), whereas they show several features in films grown
at 1 mbar of oxygen pressure (Fig. 4c) that recall the re-
solved peaks due to the Stark sub-levels that appear in the
single-crystal material (Fig. 4e). This last spectrum was col-

Fig. 2. Ratio of numbers of K atoms to W atoms (NK/NW) of films de-
posited at Ts =650±20 ◦C as a function of the oxygen pressure. The dashed
line corresponds to the stoichiometric NK/NW ratio
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Fig. 3. XRD scan of films deposited at Ts =650±20 ◦C and at oxygen pres-
sures of (a) 0.1 mbar and (b) 1 mbar

lected from the target under the same conditions as those
of the films, although its intensity has been multiplied by
a factor of 2 ×10−4 to ease the comparison. Similar spec-
tra were also collected from a lasing crystal of KGW excited
along the (100), (010) or (001) axis, respectively. Although
some differences were seen when changing the excitation di-
rection, the overall shape of the spectra is always similar
to that shown in Fig. 4e. In this sense, it is worth point-
ing out that whereas the ratio of emission intensity of the
1.06-µm band to that of the 1.35-µm band is close to two
for the single crystal, this ratio is near to one in the case
of the thin films. Annealing of samples in air above 700 ◦C
induces changes in the shape of the PL spectra. Resolved
peaks for both emission bands appear in the film grown at
0.1 mbar (Fig. 4b) and the shape of each band approaches that
of the single-crystalline material in the films grown at 1 mbar
(Fig. 4b and d).

The PL lifetime corresponding to the 1.06-µm band meas-
ured in films grown at 0.1, 0.6 and 1 mbar of oxygen pressure
is included in Fig. 5 as a function of the annealing tempera-
ture. The lifetime values for the 1.35-µm band are equal
within experimental errors to those for the 1.06-µm one, as
expected from the fact that both arise from the same initial ex-
cited level. The lifetime increases as the oxygen pressure in-
creases in the case of the as-grown films, the longest lifetime
value being 160 µs for films grown at 1 mbar. Upon annealing
the films, the PL lifetime measured in films grown at 0.1 mbar
of oxygen pressure increases significantly, whereas that of
films grown at 1 mbar follows the opposite trend. Films
grown at an intermediate oxygen pressure, namely 0.6 mbar,
show a nearly temperature-independent lifetime value close
to 120 µs, this value being the one at which the PL lifetimes
measured for films grown at 0.1 mbar and 1 mbar tend upon
annealing.

Fig. 4. PL spectra of films grown at Ts =650±20 ◦C and at oxygen pres-
sures of (a), (b) 0.1 mbar and (c), (d) 1 mbar. The spectra (a), (c) correspond
to the as-grown films and (b), (d) to the films step-annealed up to 800 ◦C.
The PL spectrum recorded from the target (e) is included for comparison.
The spectrum in (e) is multiplied by a factor of 2×10−4 in order to ease
the comparison

3 Discussion

The results presented here clearly show that the oxygen
pressure is a critical parameter controlling the composi-
tion and the crystalline quality of the films. Although the
growth of polycrystalline Nd:KGW films on sapphire by
PLD at 0.1 mbar of oxygen pressure has been reported ear-
lier [18], the present results clearly show that a higher pres-
sure (1 mbar) is required in the case of Si substrates to achieve
the KGW stoichiometry. The reasons for these differences
are most likely related to the better lattice matching between
KGW and sapphire, similarly to what has earlier been re-
ported for LiNbO3 [22, 23].

The XRD analysis shows that films grown at the most
favorable pressure (1 mbar) contain an appreciable quantity
of GW. Furthermore, this phase is most likely textured since
there is only one dominant peak (at 9.7◦) observed in all
cases. To account for the KGW global stoichiometry re-
vealed by RBS and shown in Fig. 2, there must thus exist
also a phase containing an excess of potassium, although no
evidence for it is seen in the XRD scan. The XRD proced-
ure used in this work only allows us to see the crystalline
material textured parallel to the plane of the substrate. There-
fore, this potassium-rich phase is either amorphous or crys-
talline and oriented in a direction out of the plane of the
substrate. Similarly, the appearance of only weak peaks re-
lated to KGW suggests that the samples do not contain much
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of such phase textured in the plane of the substrate. It is
worth pointing out that in an earlier work related to the pro-
duction of KGW films on sapphire by PLD [18], the XRD
analysis started at 15◦ and thus the strong reflection of GW
at 9.7◦ – if it existed – could not be seen. Nevertheless, the
absence or minimal height of the higher-order reflections at
19.5◦, 29.5◦ and 39.6◦ of GW suggests that the quantity of
textured GW in that earlier work, if any, should have been
small.

The refractive index of the films is similar to that of bulk
single-crystal KGW although the films appear to be slightly
more absorbing. As the oxygen pressure is decreased, i.e. the
films become K-deficient, only slight variations are observed
in the optical properties and these relate mainly to a decrease
of the film absorption (see Fig. 1). K-deficiencies have nev-
ertheless dramatic consequences in the PL performances as
seen in Figs. 4 and 5. It is well known that although the energy
levels of the RE-related optical transitions are little affected
by the environment, the shape of the emission spectrum is
strongly affected. It is normally featureless for amorphous or
disordered hosts, as opposed to the resolved emission peaks
related to the Stark sub-levels for ordered environments in
crystalline hosts (such as in the case of the target in Fig. 4e).
Our results show that the use of low oxygen pressures leads
to K-deficient films, which exhibit a nearly featureless spec-
trum, which supports further the conclusion that these films
are amorphous. The change in the PL spectrum after anneal-
ing above 700 ◦C (Fig. 4b) indicates that this treatment leads
to a more-ordered structure. The shape of the PL spectrum
of the films grown at 1 mbar is instead consistent with an
ordered host (Fig. 4c, d) and no significant changes are ob-
served upon annealing.

The PL lifetime obtained for the as-grown films is high
and increases as the oxygen pressure increased. For the film
grown at 1 mbar of oxygen pressure, it is even longer (160 µs)
than that measured under the same conditions for the bulk
material along different crystalline axes: 134 µs for (100),
149 µs for (010) and 152 µs for (001). The higher lifetime
might be related to the different environment of Nd ions
due to the presence of GW. It is worth pointing out that
the lifetime measurements included in Fig. 5 are the first re-
ported lifetime values in films grown by laser ablation of
Nd:KGW, and thus no comparison of the PL performances to
the earlier reported results of films grown on sapphire is pos-
sible [18]. In that earlier work, the quality of the films was
evaluated through the measurement of the full width at half
maximum (FWHM) of the emission at 1.06 µm, the value
being 6.5±2.1 nm. The results observed in the present work
show that the FWHM corresponding to the 1.06-µm emis-
sion are 13 nm, 18 nm and 50 nm for the target, the optimum
films grown at 1 mbar and the K-deficient films respectively.
Whether the broader FWHM measured in this work is related
to a higher disorder in the films grown on Si, to the presence
of the GW phase or to the different excitation conditions is
not clear at this point.

The comparison of the lifetime values for the films grown
at 1 mbar and 0.1 mbar of oxygen pressure shows that the
latter has a much shorter lifetime (< 25 µs) than the former.
The small variations of the lifetime upon annealing observed
in the case of films grown at 1 mbar compared to the large
variation in the latter case supports further the idea that the
K-deficient films are initially amorphous and become ordered

Fig. 5. PL lifetime at 1.06 µm of films grown at Ts =650±20 ◦C and at oxy-
gen pressures of (•) 0.1 mbar, (�) 0.6 mbar and (�) 1 mbar. The dashed
lines are a guide for the eye

upon annealing, as the spectra in Fig. 4 suggest. The sharp
increase of the lifetime in the K-deficient films is thus most
likely related to the crystallization of the films.

4 Conclusions

Nd-doped films with good crystallinity and photolumines-
cence response have successfully been grown on Si by pulsed
laser ablation of Nd:KGW under optimized growth condi-
tions: a substrate temperature of 650–700 ◦C and an oxygen
pressure of 1 mbar. The lifetime value for the emission at
1.06 µm (160 µs) is even longer than that measured in the
single-crystal material, this result being most probably related
to the formation of GW. At lower oxygen pressures, films
were found to be K-deficient and mainly disordered. Their
poor PL performances improve upon annealing in air up to
700 ◦C, this improvement being consistent with the crystal-
lization of the films.
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González: Appl. Phys. A 72, 705 (2001)


