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Solid solutions of f-Ga,_,.In,,O; (x < 0.4) with -gallia struc-
ture were investigated by Raman spectroscopy. A continuous
evolution with a linear shift of the Raman lines with increasing
x was observed in the existence range of the solid solution
(x <04). For 0.4 <x < 0.5, strong alterations of the Raman
spectra were observed, corresponding either to the demixing of
the solid solutions for the samples elaborated at 1400°C or to the
occurrence of a new phase with x-alumina structure for samples
elaborated at 1550°C. The in situ formation of the p-Ga,_,,
In,,O; compounds under laser irradiation could also be followed
by Raman spectroscopy. Strong local variations of composition
caused by a heterogeneous loss of indium could be detected inside
the irradiated areas. In addition electron paramagnetic reson-
ance revealed the existence of conduction electrons in these
areas, resulting from a slight oxygen deficiency. These gradients
of composition induce a spatial variation of the band gap and of
the position of the Fermi level with respect to the conduction
band so that the system is equivalent to an intrinsic/n-type
jllllCtiOll. (© 2001 Academic Press
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INTRODUCTION

Solid solutions of Ga, _,.In,, 05 (x < 0.4) with -Ga,O;
structure have recently attracted an increasing interest as
potential transparent conducting oxides (TCO) in optoelec-
tronic devices (1), because these compounds combine a wide
band gap and n-type semiconduction due to oxygen va-
cancies (1,2). The -Ga,O; structure contains both tet-
rahedral and octahedral cation sites. However In®" ions in
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p-Ga, —,.In, . Oj5 solid solutions are preferentially located in
octahedral sites (3, 4). The participation of both indium 5s
and 5p atomic orbitals to the conduction band edge enables
a tunability of the optical properties of these compounds by
varying the indium concentration (5). Although much in-
formation is now available about the phase diagram of the
binary system Ga,0;-In,O3 (3, 6) and about the optical
and the electronic properties of the $-Ga,_,.In, O3 solid
solutions (1, 2, 5), nothing is known about the formation of
these compounds. It may be important to investigate this
point since disorder appearing during the elaboration
of the samples may induce a nonreproductibility of the
electronic properties (5). Valuable information about the
structure and the disorder in solids can be obtained from
vibrational Raman spectroscopy. However, to our know-
ledge, only -Ga,O3 has been studied by this technique (7).
Therefore, the first aim of this paper is to present a Raman
investigation of the f[-Ga,_,,In,,O; compounds. The
second aim consists of studying the formation of these
compounds or the changes induced in preformed com-
pounds by heating locally an initial powder with a laser
beam. The strong temperature gradients due to the local
laser heating should induce spatial variations of composi-
tion and of electronic properties that can be probed by
Raman and electron paramagnetic resonance (EPR) spec-
troscopies.

EXPERIMENTAL

The p-Ga,_,,.In,,O; compounds analyzed by Raman
spectroscopy were prepared by coprecipitation before an-
nealing. This method provides more intimate mixing of the
raw materials than solid state reaction. Gallium metal was
dissolved in HNO; at 60°C and stirred overnight to obtain
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a clear solution, and [In(NO3),,5H,0] was dissolved in
water. Both metal solutions were poured with stirring in an
aqueous ammonia solution. After heating the resulting
powders became white or yellow, depending on the mole
fraction of indium. After calcination at 400°C to evaporate
NH,NOj;, the powders were ground and pressed into pel-
lets. One series of pellets was then heated at 1400°C for 2 h
and another one was heated at 1550°C for 15 h.

The study of the formation of the f-Ga,_,.In,, O3 solid
solutions under laser annealing was performed on initial
powders either amorphous or crystallized. In the first case
the amorphous powder was obtained by coprecipitation. In
the second case the crystallized powder was prepared by
sintering a mixture of crystalline Ga,O3 and In,O5 powders
at 1000°C for 5h. This temperature was low enough to
avoid the formation of the 5-Ga, _,,In,,Oj3 solid solution.
Then the formation of the 5-Ga, _,,In,, O3 compounds was
induced by a laser irradiation with a multiline argon ion
laser. This method allows a local heating so that heated and
nonheated areas can be compared. We also studied the
laser-induced recrystallization of preformed p-Ga,_,,
In,,O; compounds. The latter were obtained by heating at
1200°C for 2h of an initial powder either prepared
by coprecipitation or by mixture of Ga,0O; and In,0O;
powders.

Room temperature Raman scattering spectra were ob-
tained with a Spectra Physics argon ion laser (Model 2000)
as excitation source. The 514.5-nm line was mainly used.
In a 90° geometry the scattered radiation was dispersed
by a Jobin-Yvon ISA T800 triple monochromator and
detected with a Hamamatsu R464 photomultiplier. The
experimental setup included a photon counting and a com-
puter for data acquisition and treatment. Depending on the
recorded spectral range the scan rate was chosen between
1 and 50 cm ™! and the band width in the range 3to 1 cm ™ *.

Room temperature micro-Raman scattering spectra were
recorded on a LABRAM 1 instrument from Dilor Company
(ISA) equipped with a He-Ne laser (632.8 nm) and a Spectra
Physics argon ion laser (Model 2000). The 514.5-nm line of
the latter was mainly used. A microscope lens x 50 focused
the laser beam onto the sample located in the focal plane of
the microscope. A two-dimensional CCD detector at the
exit port of the spectrometer collected both spatial and
spectral information originating from the illuminated area
of the sample.

EPR spectra were recorded with an X-band (9.4 GHz)
ESP300e Bruker spectrometer equipped with a TE,, cav-
ity and a variable temperature device.

RAMAN ANALYSIS OF THE SOLID SOLUTIONS
Before analyzing the Raman spectra of the f-Ga,_,,

In,,O; compounds, it is useful to recall the main features of
the phase diagram of the system Ga,03;-In,05. X-ray dif-

fraction showed the existence of the f-gallia phase Ga,_ ,,
In,, O3 up to x =04 (3). For 0.4 < x <0.5, the system
demixes into a f5-gallia phase with x = 0.4 and a cubic solid
solution Ga,0;-In,O; with In,O; structure for low tem-
perature (1200°C) heat treatment (3). A thermal treatment at
higher temperature (1550°C) yields a single phase with k-
alumina structure replacing the f-gallia phase (8, 9).

The f-gallia structure belongs to the C2/m space group.
A complete vibrational study of $-Ga,O5; was previously
performed by Dohy et al. (7). The phonon modes at the
center of the Brillouin zone are distributed as follows:

I'n=10A,+5B,+10B, +5 A, [1]
in which the 10 A, modes and the 5 B, modes are Raman
active. Figure la shows the 15 Raman transitions of a
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FIG. 1. Raman spectra of coprecipitated Ga,_, In, O, solid solu-
tions heated 2 h at 1400°C with (a) x = 0; (b) x = 0.1;(c) x = 0.2;(d) x = 0.3;
(e) x =0.4; and (f) x = 0.5 and showing a f-gallia structure. The star on
spectrum (f) indicates a line characteristic of a cubic solid solution of
Ga, 0, into In,0. (g) Raman spectrum of polycrystalline In,O, obtained
with the 632.8 A line of the He-Ne. The narrow line at 520.4 cm ™! (4) is
a plasma laser line.
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FIG. 2. Raman shifts versus x for the 199, 415, and 760 cm~! modes.

p-Ga,O; polycrystalline sample obtained by coprecipita-
tion. Some of these transitions overlap and are not resolved
(v; and vg on the one hand and v;3 and v;4, on the other
hand). The Raman line at 199 cm™! (vs5) is particularly
strong. Renormalization of the spectrum by the term
v/(n 4+ 1) (10) with n being the Bose—Einstein factor gives the
spectrum at 0 K in which the line at 763 cm™"' (vy5) also
turns out to be strong.

Raman spectra of the various Ga,0;-In,O; solid solu-
tions treated 2 h at 1400°C present the characteristic lines of
the f-gallia phase up to x = 0.5, as shown in Fig. 1. For
x = 0.5 (Fig. 1f), an extra line indicated by a star appears as
a shoulder at about 300 cm ™! in the v,/vg line. This broad
line could be related to the strongest line of the Raman
spectrum of In,O5 (Fig. 1g). This feature agrees with the
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FIG. 3. Raman shift of the v, line versus x showing a two-mode
behavior.
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FIG. 4. Raman spectra of coprecipitated solid solutions with x = 0.5:
(a) after a 2-h heat treatment at 1400°C, revealing a f-gallia structure with
x = 0.4 and a cubic solid solution of Ga, O, into In,O indicated by a star;
(b) after a 15-h heat treatment at 1550°C, revealing a single phase with
k-alumina structure.

existence of a Ga,05;-In,O; solid solution with the In,O5
structure resulting from the demixing of f-Ga,_,.In,.O;
for x > 0.4 as revealed by X-ray diffraction (3). Substitution
of gallium by indium shifts all the lines of f-Ga,O; to low
frequencies (Figs. 1a—1f). Most lines follow a “one-mode”
behavior as their frequencies decrease linearly with the
indium content up to x = 0.4, as illustrated in Fig. 2. The
low-frequency shift of the Raman lines observed upon in-
creasing x is related to the higher mass of In compared to
that of Ga (respectively, 114.8 gmol ™! and 69.7 g mol ™ 1).
For x > 0.4, the lines do not shift anymore, which is in good
agreement with the coexistence of the two phases revealed
by X-ray diffraction (3). However, one Raman line (v; on
Fig. 1a) follows a “two-mode” behavior, as shown in Fig. 3.
This behavior is often observed when the masses of the two
cations are very different, which is the case with Ga and In
(11). It is quite surprising that this behavior is not observed
with any other lines.

The relative shift (v(x =0) — v(x =0.4))/v(x =0) is
more pronounced for the low-frequency lines (v(x = 0) <
320 cm ') than for the high-frequency lines (v(x = 0) >
320 cm 1), with relative shifts in the range 0.09 to 0.13% in
the first case and in the range 0.03 to 0.08% in the second
case. The higher relative shift of the low-frequency lines can
be easily understood since cation motions are more in-
volved in low-frequency modes than in high-frequency ones
as was shown in the valence force field calculations (7), so
that substitution of Ga by In has more effect at low fre-
quency.

The Raman spectra recorded on samples treated 15 h at
1550°C are still characteristic of a f-gallia phase up to
x = 0.4. However, the lines are slightly narrower than those
of the samples treated at 1400°C. This feature is explained
by a better crystallinity of the samples treated at 1500°C, as
confirmed by X-ray diffraction. In addition, the relative
shifts of the Raman spectra modes are less significant in this
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case, which indicates a loss of indium during the annealing
treatment at 1550°C.

The Raman spectra recorded on samples with x = 0.45
and x = 0.5 heated 15 h at 1550°C exhibit a new set of lines
(Fig. 4). These lines can be attributed to the phase with
k-alumina structure since the latter is observed by X-ray
diffraction under these processing conditions (8, 9).

The results obtained by Raman spectroscopy are thus
consistent with the phase diagram of the system Ga,O;-
In,0O3 deduced from X-ray diffraction (3, 6, 8, 9).

FORMATION OF THE -Ga,_, In, O; SOLID SOLUTIONS
BY LASER IMPACT

The in situ formation of the f-gallia phase under the
focused irradiation of the argon ion laser (514.5-nm line)
was followed by Raman spectroscopy. Amorphous co-
precipitated powders were placed on the Raman sample
holder and different Raman spectra were recorded after
increasing laser irradiation times. For samples with low
indium contents (x =0 and x = 0.1), the f-gallia phase
could be formed provided the irradiations were performed
with a power higher than about 3 W. However, crystalliza-
tion occurred so rapidly that it was impossible to follow the
different stages of the phase formation. On the other hand, it
was possible to follow the formation of the f-gallia phases
for higher indium content (x > 0.2). Figure 5 shows charac-
teristic Raman spectra recorded at different stages of the
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FIG. 5. Raman spectra of an initial amorphous powder Ga, _, In, O,
with x = 0.30 recorded at 400 mW: before irradiation (a) and after an in situ
irradiation by the laser of the Raman spectrometer at powers P = 600 mW
(b), P=1W (c),and P = 1.5 W (d). Spectrum (e) corresponding to a cop-
recipitated sample with x = 0.30 and heated 2 h at 1400°C is shown for
comparison.

Raman intensity (a.u.)

160 240 320

400 480 560 640 720 800
Raman shift (cm-1)

FIG. 6. Study of the melted hole created by laser irradiation of a mix-
ture of crystallized powders of Ga,O, (80%) and In,O, (20%) heated 5 h
at 1000°C. The profile of the hole (approximate diameter, 700 um) is
presented at the top of the figure and the letters a to e indicate the areas
where the Raman spectra (a) to (e) were respectively recorded. The stars on
spectrum (a) correspond to a cubic phase of In,O,. (f) Raman spectrum of
polycrystalline In,O,.

formation of the solid solution with an initial indium con-
tent of 30%. No Raman line could be observed before laser
irradiation (Fig. 5a). The strongest lines characteristic of the
solid solution appeared after a first irradiation at 600 mW
for 2 min (Fig. 5b). The lines grow (Fig. 5¢) and shift to
higher wavenumbers (Fig. 5d) for irradiations at stronger
power. This indicates an ordering of the f-gallia structure
and a loss of indium during the laser heating. For the sake of
comparison, Fig. 5e shows the Raman spectrum of an
x = 0.3 fp-gallia phase obtained by thermal treatment (2 h at
1400°C) of a coprecipitated amorphous powder. The line-
widths were larger after laser irradiation than after a
thermal treatment; this indicates that the former treatment
leads to disordered f5-gallia phases with a significant loss of
indium, as shown by the shift of the Raman lines to high
wavenumbers.

The laser irradiation is also able to give f-Ga, _,,In,,O3
phases from mixtures of polycrystalline Ga,0O; and In,0;
powders. These powders were first pressed into pellets and
heated 5 h at 1000°C. This thermal treatment was chosen in
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order to sinter the pellets without introducing indium into
the f-Ga,O; phase. The pellets were then locally irradiated
by a focused 6-W multiline argon ion laser emission, which
gave a blue hollow spot, and the as-obtained melted holes
were studied by Raman microspectroscopy. Figure 6 sum-
marizes the results obtained on a mixture of Ga,O5 (80%)
and In, 03 (20%) crystalline powders. First it can be noticed
that the lines’ intensities are very different from those ob-
tained by Raman spectroscopy. Such a difference is due to
the different spectral sensitivities of the respective Raman
and micro-Raman detectors. The inset at the top of Fig. 6
represents the profile of the hole created under irradiation,
and letters a to e indicate the different areas where a micro-
Raman spectrum was recorded. Outside the melted hole
(Fig. 6a), the spectrum is characteristic of a biphasic system
made up of the f-Ga,O; phase and the In,O; cubic phase
(the spectrum of In,O; is shown for comparison at the
bottom of Fig. 6). This spectrum actually proved that a heat
treatment at 1000°C of the powders obtained by solid state
reaction did not allow the introduction of indium into the
p-gallia phase. Close to the hole, the spectrum was still
characteristic of a biphasic system, but this time the phases
were both f-gallia phases, the first one with x ~ 0 and the
other one with x = 0.15 (Fig. 6b). The spectra recorded
inside the irradiated hole were characteristic of a f-gallia
phase with 12% Indium (Figs. 6¢ to 6e). This proves
again a great loss of indium during the laser heating,
since the composition is lower than the initial composition
(20%).

RECRYSTALLIZATION OF g-Ga,_, In, O; UNDER
LASER IRRADIATION

Pellets of f-Ga,—_,.In,, O3 solid solutions elaborated by
coprecipitation or solid state reaction and heated 2 h at
1200°C were irradiated with a focused (f= 15cm) 6-W
multiline argon ion laser emission. Then, the melted holes
created under irradiation were studied by Raman micro-
spectroscopy. Figure 7 summarizes the results obtained for
a coprecipitated sample with x = 0.35. Outside the holes,
the spectra are characteristic of solid solutions slightly im-
poverished in indium and reveal an indium loss during the
heating treatment of 2 h at 1200°C (Figs. 7a and 7b). Close
to the melted holes, the lines characteristic of the solid
solutions are still present, but extra lines characteristic of
a cubic solid solution of Ga,O3; in In,O; are obtained (Fig.
7¢). In the bottom of the hole, the lines are shifted further.
This shows an important gradient of indium concentration
resulting from a nonuniform indium loss and indicating the
existence of strong temperature gradients in the hole during
heating. The spectra recorded in the bottom of the holes
show that the solid solutions are approximately f-Ga,Os5,
without any trace of indium (Fig. 7g). Here a complete
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FIG. 7. Study of the melted hole created by laser irradiation of a cop-
recipitated solid solution of f-Ga,_, In, O, with initial composition
x = 0.35 heated 2h at 1200°C. The profile of the hole (approximate
diameter, 750 pm) is presented at the top of the figure and the letters a to
g indicate the areas where the Raman spectra (a) to (g) were respectively
recorded. The stars on spectrum (c) correspond to a cubic phase of In,O,.

volatilization of indium is observed while in the previous
experiment only 40% of the initial amount of indium was
lost. This may be related to different distances between the
laser and the sample and different focusing conditions in the
two experiments leading to a much higher local temperature
in the present one. The presence of lines characteristic of
a cubic solid solution in the Fig. 7c shows that the indium
evaporated under irradiation was redeposited at the nearest
cold point of the pellet, just outside the hole. However,
chemical analysis by scanning electron microscopy also
indicates the existence of indium at the bottom of the holes
(point labeled g in Fig. 7). This shows that In,O3; is depos-
ited at the bottom of the hole but with an amorphous
structure undetectable by Raman spectroscopy, while de-
posited In,O; is crystallized at the borders of the holes
(point labeled ¢ in Fig. 7). Exactly the same results were
obtained for samples with composition x = 0.2.

EPR OF THE IMPACTED AREAS

All the compounds analyzed in this paper were white or
yellow (depending on x value) before laser irradiation. But
irradiated areas became blue after laser heating. In the case
of f-Ga, 03, heating at high temperature is known to create
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oxygen vacancies (12, 13). These defects act as shallow do-
nors with ionization energy E4 = 0.04 eV (12) and release
free electrons in the conduction band that are responsible
for the blue color. These free electrons can be detected by
EPR from 4 to 300 K (14). The EPR spectra of the non-
irradiated area and of the irradiated spot were separately
recorded for samples of either preformed f-Ga,_,.In,,0;
or simple mixture of In,O3 and Ga,O;. These two kinds of
samples exhibit the same type of EPR response. Figure 8a
shows the EPR spectra of irradiated and nonirradiated
areas on a sample made of a mixture of 80% Ga,O5; and
20% In,O; corresponding to the same mixture analyzed by
Raman spectroscopy in Fig. 6. Only the irradiated spot
exhibits an EPR signal. This signal is fairly narrow with
overall peak-to-peak linewidth of about 1.4 mT and the
average g factor is g,, = 1.948. Actually, the simulation of
this signal (Fig. 8a) shows that a slight anisotropy of the
g-factor must be considered, with g, = 1.952, g, = 1.948 and
g. = 1.946. The intrinsic linewidth of the individual compo-
nents is about 0.9 mT. The small width of the signal and the
g values are consistent with those of free electrons in the
conduction band released by oxygen vacancies (5), thus
proving the nonstoichiometry and the n-type conducting
character of the irradiated spot. A previous investigation of
the EPR in f-Ga, _,,In,, 05 solid solutions gave the follow-
ing linear relation between the average g factor and the
composition x (5):

gy = 1.9631 — 0.077x. [2]

With the value g,, = 1.948, Eq. [2] gives the indium
content x & 0.2 in the laser-induced conducting spot. This
value is consistent with the initial composition of the mix-
ture but slightly larger than the composition x ~ 0.12-0.15
deduced from Raman spectroscopy (Fig. 6). This suggests
that different parts of the irradiated spot are probed by EPR
and Raman spectroscopy. The weaker loss of indium in the
paramagnetic region indicates that the latter was submitted
to a lower temperature and thus to a weaker laser intensity.
Therefore this region might lie below the one probed by
Raman spectroscopy. Another evidence of the delocalized
character of the electron spins detected by EPR is the
Overhauser shift to low fields exhibited by the EPR signal
when the microwave power is increased (Fig. 8b). This shift
is characteristic of a dynamic polarization of the nuclear
spins (here those of ®°Ga, "'Ga, and '!°In) interacting with
delocalized electron spins upon saturation of the EPR
transition of the latter (15). The Overhauser shift AB,, as
a function of the incident microwave power P follows the
relation (16)
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FIG. 8. (a) Room temperature EPR spectra of the sample of Fig. 6 at
microwave power P =2 mW. (b) Shift to low fields of the EPR signal in the
irradiated spot at T = 150 K versus the incident microwave power.

with the maximum Overhauser shift in our case (ABgy)max =
0.12mT at T =150 K. The value of (AByy)max primarily
depends on the crystallographic and electronic structures of
the material, but for a given structure it is driven by disorder
(17). The latter enhances nuclear relaxation mechanisms
competing with the electron-nucleus cross-relaxation re-
ponsible for the Overhauser shift, so that the higher the
disorder, the lower (ABgy)max- The value (AByy)max = 0.12 mT
is significantly lower than values (ABg,)max = 0.4 mT ob-
tained for long time annealed -Ga, _,,In,, O3 compounds
(5). Besides, the linewidth AB,,, = 0.9 mT of the spin packets
is significantly larger than the linewidth AB,, = 0.04 mT of
highly ordered -Ga,Oj single crystals (14). These observa-
tions indicate that the irradiated spots suffer from an
important disorder presumably related to a heterogeneous
composition in indium.

CONCLUSION

A continuous evolution of the Raman spectra was ob-
served in the existence range of the solid solution with
f-gallia structure (x < 0.4), while extra lines characteristic of
In, O3 appear for x > 0.4, consistent with the phase diagram
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of the binary system Ga,03;-In,O; (3). In addition, the
Raman spectrum of the k-alumina-type phase appearing at
high temperature (T = 1550°C in our case) and high indium
concentrations (x > 0.4) (8,9) could be detected. In the
p-Ga, _,.In, O3 compounds, the line positions were very
sensitive to the indium concentration, thereby allowing the
composition of the sample to be determined from the
Raman spectra.

It was shown that a laser heating could induce the solid
solution formation but with strong local variations of both
the oxygen and cationic compositions. The most interesting
feature is the important loss of indium upon heating. It is
actually known that Ga,0O; and In,O; decompose into
Ga,O0 and In,O, respectively, at high temperature (18, 19).
Since the volatility of In,O is higher than that of Ga,O (19),
the p-Ga,_,.In,.O5 solid solutions are impoverished in
indium. This problem may have implications in the elabor-
ation of the f-Ga,_,,In,, O3 compounds since the final
composition after heating may differ by several percent from
the initial one. Besides, if films are to be elaborated by
sputtering or laser ablation techniques, the changes in
composition of the target during the process will lead to
inhomogeneities and disorder in the deposited films.

However, the possibility of changing the local composi-
tion by a laser impact on a preformed homogeneous f-
Ga,_,,In,,O3 solid solution may induce interesting
physical properties. Figure 9a summarizes the variation in
composition and the different phases around an irradiated
zone. As one moves from outside to the center of the
irradiated spot, the indium concentration decreases to al-
most zero but the concentrations of oxygen vacancies and
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of free electrons increase. The consequences on the local
electronic properties are sketched in Fig. 9b. Since the band
gap increases when the indium concentration decreases, the
system continuously changes from small-gap (E, = 4.1eV
for x = 0.2 (5)) insulating area outside the irradiated spot to
large gap (E, ~ 4.7 eV for x = 0 (20)) n-type area inside the
spot. Meanwhile, the Fermi level moves from the middle of
the gap in the outer area to the bottom of the conduction
band in the center of the spot, so that the system is equiva-
lent to an intrinsic/n-type (i-n) junction. Here, we have an
example of a local band gap and Fermi level engineering by
a continuous change of composition in a single phase. These
gradients of composition and of electronic properties ac-
tually derive from the temperature gradients generated by
a local heating. These gradients are thus controlled by few
parameters: the specific heat, the thermal conductivity of the
sample, the size and the intensity of the laser beam, and the
fraction of light energy converted into heat. For a given
material, the first two parameters are fixed so that the i-n
junction can be tailored by a proper focusing of the beam
and a proper choice of irradiation wavelength.
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