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The paper reports a growth of the high-quality Gd3Ga5O12 (GGG) homoepitaxial films by the liquid phase
epitaxy technique using the PbO–B2O3 and PbO–B2O3–V2O5 fluxes. The influence of the flux composition
containing V2O5 as well as the growth temperature is discussed basing on the optical absorption and the electron
probe micro analysis results.
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1. Introduction

Garnet crystals are known to be used as materials
for solid-state lasers including the lasers with passive Q-
switching in the range of 1–1.6 µm. Single crystalline
films grown by the liquid phase epitaxy (LPE) have some
advantages in comparison with bulk crystals such as ho-
mogeneity, structural perfection, optical transparency,
etc.

The present work is devoted to growth of the high-
quality gadolinium gallium garnet Gd3Ga5O12 (GGG)
homoepitaxial films. An influence of the flux composi-
tion containing V2O5 on optical properties of the GGG
epitaxial films is discussed.

2. Experimental

Single crystalline films of GGG were grown by the stan-
dard LPE method from a supersaturated melt on the base
of PbO–B2O3 and PbO–B2O3–V2O5 fluxes. All techno-
logical experiments were carried out on air using the five-
heating-zone LPE furnace “Garnet-3” (LPAI, France). To
keep the crucible temperature on given level in the range
of 600–1200 ◦C with high precision (±0.1 ◦C) the furnace
was self-modernized by adding an adaptive double-loop
feedback temperature regulation system.

To calculate a charge composition for growth GGG
films the following molar ratios (the Blank–Nielsen
coefficients) were used:

R1 =
Ga2O3

Gd2O3
,

R3 =
PbO

B2O3
,
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R4 =
Gd2O3 +Ga2O3

Gd2O3 +Ga2O3 + PbO+ B2O3 +V2O5
× 100%,

R5 =
PbO

V2O5
. (1)

Molar ratios were chosen in such a way that would pro-
vide crystallization of garnet phase. For determine these
value the data from [1, 2] was analyzed. The part
of Gd2O3–Ga2O3–(PbO–n × B2O3) composition trian-
gle based on analyzed data and chosen value for growth
GGG films is present in Fig. 1. The melts compositions
and molar ratios of the melts are given in Table I.

Fig. 1. Part of the Gd2O3–Ga2O3–(PbO–n × B2O3)
composition triangle.
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TABLE I

Molar content of the melts

Flux
PbO B2O3 V2O5 Gd2O3 Ga2O3 Molar coefficient

[g] [mol.%] [g] [mol.%] [g] [mol.%] [g] [mol.%] [g] [mol.%] R1 R3 R4 R5

3G-A0 915.794 87.204 19.053 5.816 0 0 7.444 0.436 57.726 6.545 15.0 15.0 6.98 0
3G-A0 915.794 87.25 19.053 5.82 0 0 7.000 0.405 57.200 6.500 16.0 15.0 6.98 0
3G-A1 930.850 85.974 19.050 5.642 0 0 9.235 0.525 71.460 7.859 15.0 15.0 8.38 0
GV 905.615 85.950 18.716 5.690 28.376 3.300 5.400 0.315 41.892 4.734 15.0 15.0 5.05 26.0
2GV 905.615 82.125 18.716 5.441 68.376 7.609 5.400 0.301 41.892 4.523 15.0 15.0 4.82 10.8
3GV 905.615 78.625 18.716 5.209 108.376 11.546 5.400 0.288 41.892 4.330 15.0 15.0 4.62 6.8

Experiments on the film growth were carried out in
two steps. The first one applied for obtaining GGG films
from PbO–B2O3. The second one — with addition of
V2O5 into the melt.

The garnet-forming components (Gd2O3 and Ga2O3)
weighed in appropriate ratio were pre-melted into plat-
inum crucible height together with the flux components
(PbO, B2O3 and V2O5). To dissolve the garnet-forming
components completely and to homogenize the melt, a
crucible content was maintained in growth furnace during
few hours at temperature to be 100–150 ◦C over the sat-
uration temperature with respect to garnet phase. After
reliable homogenization, the melt temperature was slowly
decreased till the growth temperature that was 5–60 ◦C
lower than the saturation point, and a prepared substrate
held horizontally was dipped into the fluxed melt and
held there for appropriate time depending on the film
thickness needed. As substrates the (111)-oriented epi-
taxial grade single crystalline GGG plates (with the lat-
tice parameter 12.382 Å and thickness of 460–490 µm)
were used. During the growth process the substrate was
reversely rotated with the rate of 60 rpm.

After withdrawing from solution the rotation rate was
increased up to 200–400 rpm to remove any residual flux
from the layer surface. A thickness of the grown films was
determined by the weighting method taking into account
the computed film density.

The growth temperature was in the range of 880–
1010 ◦C. The films with thickness of 4–60 µm were grown
at growth rate changing from 0.1 to 1.0 µm/min. The
films grown from 3G and GV fluxes were colorless and
transparent, but films grown from 2GV and 3GV fluxes
had purple color. The temperature dependences of the
growth rate for the GGG films grown from different fluxes
are shown in Fig. 2.

The substrate and film lattice parameters were de-
termined by Θ − 2Θ standard X-ray diffraction (XRD)
method using a DRON-3 (Burevestnik, Russia) diffrac-
tometer with an X-ray source emitting the Cu Kα1 line
at λ = 1.540562 Å. As a reference point the (888) diffrac-
tion peak with 2Θ = 119.1◦ was used for measurement
of the (111)-oriented structures. The lattice parameter
af of the strain-free epitaxial film can be obtained using
the Poisson coefficient ν:

Fig. 2. Temperature dependences of the growth rate
for the GGG films grown from different fluxes.

af = (ae − as)
1− ν
1 + ν

+ as, (2)

where as is the lattice parameter of the substrate and ae
is the lattice parameter of the epitaxial film.

The content of Pb, Pt, and V ions in the grown
films was analysed by the electron probe micro analysis
(EPMA). Optical absorption spectra of the grown films
were obtained from the transmission spectra measured
by a Shimadzu UV-3600 (Japan) spectrophotometer at
room temperature in the spectral range 200–1500 nm.

Some samples were annealed in vacuum or air at
900 ◦C. The annealing was carried out in a Nabertherm
Supertherm LHT 04/17 furnace.

3. Results and discussion

For investigation of optical properties, the series of
GGG epitaxial films grown from fluxes with different con-
centration of V2O5 were chosen. Main growth parame-
ters of the studied films are present in Table II.

As follows from microanalysis results, all the studied
films contain Pt and Pb ions. Films grown from fluxes
based on PbO–B2O3−V2O5 also contain vanadium, but
in very low concentrations. Besides, the films grown from
the fluxes with the concentration of V2O5 of 7.6 and
11.5 mol.% (fluxes 2GV and 3GV, respectively) contain
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significantly more lead ions than films grown from fluxes
with a low concentration of V2O5 (3.3 mol.%) or without
V2O5. The highest concentration of Pb ions (0.332 at.%)
has been observed in the film 2GV-1, which was grown at
the lowest growth temperature (880 ◦C). The Pb and Pt

ions concentrations as a function of the growth temper-
ature for the GGG films grown from PbO–B2O3–V2O5

fluxes are shown in Fig. 3. As it is seen from the fig-
ure, the concentrations of Pb and Pt ions increase with
decrease of growth temperature for all the fluxes.

TABLE II

Main growth parameters of the studied films

ID Flux
Flux composition [mol.%] Growth parameters Films parameters

Chemical composition
of films (EPMA) [at.%

]

PbO B2O3 V2O5 Ts, ◦C f, µm/min Tg, ◦C h, µm a, Ĺ ∆ a, 10−3 Ĺ Pt Pb V
3G-3

PbO-B2O3
87.25 5.82 0 966 0.790 945 15.81 12.3754 -5.52 0.032 0.022 -

3G-9 85.97 5.64 0 1014 0.346 1010 14.02 12.3749 -6.06 0.024 0.008 -
GV-3

PbO-B2O3-
V2O5

85.95 5.69 3.30 924 0.570 880 34.19 12.3753 -6.0 0.082 0.030 0.038
2GV-1

82.12 5.44 7.61 941
0.768 880 46.08 12.3773 -4.0 0.068 0.332 0.024

2GV-2 0.760 900 11.44 12.3752 -6.1 0.040 0.148 0.020
2GV-3 0.708 913 24.78 12.3747 -6.6 0.030 0.068 0.015
3GV-1

78.63 5.21 11.55 950
0.785 920 47.11 12.3781 -3.2 0.006 0.064 0.012

3GV-2 0.499 900 29.91 12.3759 -5.4 0.016 0.138 0.014

Fig. 3. The Pb and Pt ions concentration dependences
from the growth temperature for the GGG films grown
from PbO–B2O3–V2O5 fluxes.

The main absorption bands and the corresponding
transitions observed in the GGG structures grown from
the PbO-based flux are present in Table III. Optical ab-
sorption spectra of the investigated GGG films grown
from PbO–B2O3 and PbO–B2O3–V2O5 fluxes are shown
in Fig. 4. As can be seen from the obtained spectra
the absorption band at 280 nm, which corresponds to
electron transition (6s2)1S0 →3 P1 of Pb2+ ions [3], is
observed in all films grown from both fluxes. The ad-
ditional absorption bands were observed in films grown
from the PbO–B2O3–V2O5 flux (Fig. 4b,c). The first one
with maximum at 322 nm corresponds to charge transfer
from the oxygen to Pb4+ (O2−+Pb4++hν →Pb3++O−)

TABLE III

Observed absorption bands and corresponding optical
transitions in the studied GGG epitaxial films

Wavelength
[nm]

Energy
[cm−1]

Transition
description

Ref.

254 39370

A [4, 5]273 36630
306 32680
312 32050
280 35700 B [3, 6, 7]
322 31000 C [3, 6, 7]
550 18180 D [3, 6, 7]

A — Intra-center transitions of f -electrons in Gd3+

(transition from ground 8S7/2 state to split by crystal
field multiplets 6P , 6I and 6D terms), B — Electron
transition 1S0 →3 P1 of Pb2+(6s2), C — Charge transfer
from the oxygen band to Pb4+

O2−+Pb4+ + hν →Pb3++O−, D — Intervalence transi-
tion Pb2++Pb4+ + hν →Pb3++ Pb3+

and the second one with maximum at 550 nm is due to
intervalence pairwise transitions in Pb2+ and Pb4+ ions
(Pb2++Pb4++hν →Pb3++Pb3+) [3]. At the same time
any absorption peaks, which can correspond to V3+ or
V4+ ions, were not detected.

The absorption spectra of GGG films grown at the
same temperature, but from fluxes containing different
concentrations of V2O5, are present in Fig. 4c. It is seen
that with increase of V2O5 content in the flux (decreas-
ing the molar ratio R5) the increase of intensity of the
absorption bands at 280 nm and 322 nm (related to Pb2+
and Pb4+ ions), as well as the absorption with maximum
at 550 nm (related to intervalence pairwise transitions of
Pb) is observed. Figure 4b shows the optical absorption
spectra of the films grown from the flux with a constant
concentration of V2O5 at different temperatures. With
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decrease of growth temperature, the intensities of the ab-
sorption bands at 280, 322, and 550 nm are increasing.
In such a way analyzing the optical absorption spectra
of the grown films and taking into account the data of

microanalysis, we can conclude that vanadium oxide in
the fluxes behaves as a flux component and stimulates
the occurrence of Pb ions in the films as well as leads to
formation of the Pb2+–Pb4+ pairs.

Fig. 4. The optical absorption spectra of the GGG films grown from the PbO-B2O3 (a) and the PbO-B2O3-V2O5 (b,
c) fluxes at different temperatures (b) and different V2O5 content (c).

Fig. 5. Optical absorption spectra of the studied GGG films (as-grown and annealed) grown from PbO–B2O3–V2O5

fluxes. (a) Film GV-2 grown at 900 ◦C (R5 = 6.8); (b) film 2GV-1 grown at 880 ◦C (R5 = 10.8); (c) film 2GV-3 grown
at 913 ◦C (R5 = 10.8).

An influence of heat treatment in reducing or oxidizing
atmosphere on the optical properties of the GGG films
was also investigated. For this purpose, the annealing in
vacuum and in air at temperature 900 ◦C during 20 h was
carried out. The optical absorption spectra of the films
grown at different temperatures from fluxes with different
concentrations of V2O5 (molar ratios R5 = 6.8, 10.8)
after annealing in vacuum and subsequent annealing in
air are shown in Fig. 5. It was found that annealing in
vacuum leads to a significant increase of absorption in
the whole investigated spectral range for all the samples.
It should be noted that the subsequent annealing in air
does not lead to reversible changes.

4. Conclusions

A series of GGG films were grown on the (111)-oriented
GGG substrates using the PbO–B2O3 and PbO–B2O3–
V2O5 fluxes. The absorption band at 280 nm related
to Pb2+ ions was observed for all the grown films. The
additional absorption bands at 322 nm (caused by Pb4+
ions) and at 550 nm (caused by Pb2+ and Pb4+ ions) were

observed for the films grown from the PbO–B2O3–V2O5

flux. An increase of V2O5 content in the flux or decrease
of the growth temperature leads to increase of intensity
of the absorption bands at 280, 322, and 550 nm.

Basing on data of microanalysis and optical absorp-
tion spectra it was concluded that the V2O5 in the fluxes
behaves as a flux component. Moreover, the addition of
V2O5 into the melt stimulates incorporation of Pb ions
into the GGG films and leads to formation of the Pb2+–
Pb4+ pairs. At the same time any absorption peaks,
which can correspond to V3+ or V4+ ions, were not de-
tected.

An annealing of the GGG films in vacuum leads to sig-
nificant increase of absorption in the whole investigated
spectral range. The subsequent annealing of the films in
air does not lead to reversible changes.
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