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Abstract

Chromium-doped a-Al,O; powder was synthesized by a modified sol-gel method using poly(vinyl alcohol) aqueous solu-
tions and metal nitrate precursors. The synthesis process is simple, is of low cost and produced final crystals with cubic shape
as confirmed by X-ray diffraction. The morphology of the samples verified by scanning electron microscopy showed slabs
with thickness below 1 pm, formed by interconnected long grains of typical thickness of around 200 nm, showing growth
of the grains as followed by thermogravimetric analysis. Luminescence characteristics of Cr**were detected and analyzed
as a function of the concentration of chromium using photoacoustic and photoluminescence spectroscopies.
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1 Introduction

Luminescent materials play an important role in facing
new technologies, specially those used in lighting, dis-
plays, solar cells, scintillator and sensors, in general [1, 2].
In solar cells, for example, a luminescent material is used
to convert ultraviolet/infrared into visible light by down-/
up-conversion fluorescence mechanisms. The enhanced
visible light is then absorbed by the semiconducting mate-
rial used to produce solar cells [2].

Optical amplification using luminescent materials
has been reported as useful for many applications [3-71.
In many cases, erbium- or bismuth-doped glasses are
pumped at selected wavelengths for obtaining emissions
at 1.3 pmand 1.55 pm. Such amplification at this spectral
region is useful for optical communications due to the low
dispersion in low-loss silica fibers [3-5], for instance. As dif-
ferent wavelengths may affect directly human health [8, 9],
the search for an ideal light lamp is supported by different
kinds of luminescent materials to produce many combina-
tions of different wavelengths [10]. Usually, an emitting
phosphor is placed within the light bulb, which converts
electric energy into UV radiation, exciting the emitting
phosphor, inducing the production of visible light. White
light LEDs are commonly produced using yellow, green or
red dyes excited by a blue-emitting LED source [10].

Another important application of luminescent materials
is for cooling down surfaces by coating it with lumines-
cent materials. The reflectance of the coating and further
conversion of sunlight photons into light emission due to
luminescence processes decrease the heat generated by
the luminous energy impinged on the surface by the sun.
Practical applications in urban structures and buildings
can affect directly life quality of people, reducing internal
temperature of environments, increasing the comfort and
decreasing the electric energy consumed due the cooling
machines [11-14]. An example of such kind of luminescent
material is ruby, as reported recently by Berdahl et al. [15].

Ruby (Cr**:Al,0;) crystals are well-characterized lumi-
nescent materials [15-22], with applications as active
medium for solid-state laser, since pioneer studies
reported by Maiman [16, 17]. Ruby is also employed into
diamond anvil cells using the pressure sensitive R, emis-
sion line of ruby to measure the applied pressure on the
samples by detecting its fluorescence shift [23, 24].

Ruby powder is typically obtained by the conventional
solid-state reaction [25-27]. To attain wanted phase purity,
the solid-state reaction process takes up to 10 h at 1200 °C
treatment and up to 6 h in ball mill mixing [26], which
might introduce further impurities and defects to the end
product. In addition, due to high-temperature treatment,
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the stoichiometry of the inertial reagents cannot be well
controlled.

Wet chemical route generally is a good way to resolve
it [28]. The fine control of the stoichiometry of metals and
high homogeneity of end products can be provided by
wet chemical synthesis routes [29-33]. The stoichiometry
control is attributed to the mixing of starting materials
at the molecular level. Furthermore, there is a significant
decrease in the synthesis temperatures and also in the
time of thermal treatment in comparison with the solid-
state reaction method. Besides that, the small size pow-
ders with foreseeable morphology could be obtained by
the sol-gel method. Nanosized powders can later facilitate
the attainment of high-density ceramics. However, some-
times wet chemical synthesis routes become quite com-
plicated with the use of numerous reagents.

Here, we use a simple sol-gel modified method using
water as a solvent to prepare ruby (Cr3* :Al,0;) powders
with different concentrations of Cr**. Structural analysis
was performed by X-ray diffraction and scanning electron
microscopy. Thermogravimetric analysis was performed.
Photoacoustic and photoluminescence spectroscopies
were employed to characterize the optical properties of
the samples and prove the quality of the samples and the
right doping.

2 Materials and methods

Cr’*-doped Al, O, (with 0.5, 1.0 and 2.0 Cr** wt%) samples
were prepared by a modified sol-gel method as described
previously [34]. Briefly, aqueous diluted PVA (10% w/v)
and saturated metal nitrate solutions (AI(NO;), - 9H,0)
and (Cr(NO3); - 9H,0) were prepared separately and then
mixed at certain metal monomer unit ratios. The propor-
tion of Cr** in the samples were calculated from Al,_, Cr, O,
stoichiometric formula, where x = 0.01, 0.02, 0.04. Analyti-
cal-grade reagents were used without further purification.
The main function of the polymer in the reaction is to
provide a polymeric network to obstruct cations motion,
allowing local stoichiometry to be preserved and reducing
precipitation of other spurious phases. The solution was
maintained at 70 °C under stirring for 2 h and then dried
in freeze-dryer. Afterward, the samples were heated up to
200°Cin air atmosphere for 2 h. This is the precursor pow-
der. Subsequently, the powder was placed in an alumina
crucible for thermal treatment in air furnace between 600
and 1150°Cfor 1 h.The sample treated at 1000 °C showed
alight green color, and the samples treated at 1150 °C pre-
sented a light red color.

All the Cr**-doped samples were systematically charac-
terized using various instruments. X-ray powder diffraction
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(XRD) data were obtained at room temperature using a
X-ray diffractometer (Shimadzu XRD-7000) with Cu-K
« radiation (A = 1.54056A). The data were collected in
the 20° < 20 < 110° range in a Bragg-Brentano geom-
etry. For the data obtained from the samples treated at
1150 °C, the structure pattern was refined by the Rietveld
method for the identification of the space group and lat-
tice parameters. The precursor powders were analyzed
by thermogravimetric analysis (TGA, Netzsch STA 409 PC/
PG). This was performed under air atmosphere at a rate of
10 °C min~" from room temperature up to 1000 °C. Gold-
coated powders were observed using a scanning electron
microscope (SEM) (Shimadzu SSX-550 Superscan).

UV-Vis spectroscopy of the powder sample treated
at 1150 °C was obtained using a photoacoustic spec-
trometer (PAS) as described in detail in Refs. [35-37].
PAS is a remote and nondestructive technique capable
of measuring thermal and spectroscopic properties of
solids, liquids and gases, with minimum sample prepara-
tion [36-40]. A 1000 W xenon arc lamp (Oriel Corporation
6269) was used as light source. A monochromator (Oriel
Corporation 77250) is coupled to the lamp to separate UV
and visible light wavelengths (Oriel, model 77296). The
diffracted light is modulated by a mechanical chopper
(Stanford Research Systems, model SR 540) and focused
on the photoacoustic cell. The photoacoustic signal was
detected by a microphone (Briiel and Kjaer 2669) coupled
on the photoacoustic cell and to a lock-in amplifier (EG &
G Instruments, model 5110). Photoacoustic spectra were
obtained at room temperature in the wavelength range
of 250 to 800 nm at a modulation frequency of 23 Hz . The
samples spectra were normalized by a photoacoustic sig-
nal obtained from a carbon black powder.

The photoluminescent (PL) spectra of the samples
were obtained exciting the samples with a solid-state
laser (Coherent, Verdi 2G) operating at 532 nm. The PL
spectrum of each sample was collected by an optical
fiber coupled to a linear array spectrometer (Horiba Jobin
Yvon, model VS 140) connected to a microcomputer. The
PL spectrum is the average from 10 measurements. All the
spectra were normalized to 1 in relation to the maximum
emission peak. The PL excitation spectrum was obtained
using a fluorescence spectrometer (PerkinElmer, model
LS 45), at a fixed emission wavelength of 694 nm. All the
PL experiments were performed at room temperature. PL
lifetime for the emission at 694 nm also was investigated.
The same solid-state laser was used as the pump source. A
mechanical shutter (SRS, model SR475) was used to modu-
late the pump laser. The emission of samples was collected
by an optical fiber, and the wavelength was selected by
a monochromator (Oriel Corporation 77250) assembled
with a diffraction array (Oriel, model 77296). The radiative
decay lifetime signal was amplified by a photomultiplier

tube (Hamamatsu, model R928) biased with a high-voltage
power supply (Newport, model 70706) and then collected
by a digital oscilloscope (Tektronix, model DPO 4102B),
triggered by a photodiode (Thorlabs, PDA10).

3 Results and discussion

TGA curve of the aluminum oxide sample synthesized
shows only two weight losses, as presented in Fig. 1. The
first weight loss, from room temperature to about 160 °C,
corresponds to water evaporation. The second, from 160
to 550 °C, occurs from decomposition of organic materials
and the formation of the alumina phase. Above 556 °C,
the mass remains constant. The thermogravimetric curve is
shown only up to 1000 °C, because no weight loss is asso-
ciated with the change from gamma to alpha phase [41].

The XRD patterns for alumina doped with 1.0 Cr** wt%
treated between 600 and 1150 °C are presented in Fig. 2.
None of the peaks from alumina were observed in the sam-
ples treated at 600 °C, suggesting its amorphous nature.
The samples treated between 700 and 1000 °C presented
peaks at 20 = 37.55, 39.54, 45.97 and 67.05°. All these dif-
fraction peaks could be indexed to the cubic structure of
7-Al,O5 (JCPDS: 00-010-0425), which correspond to the
(311), (222), (400) and (440) planes. Differently from the
samples treated at temperatures up to 1000 °C, which pre-
sent broad peaks, the sample treated at 1150 °C shows
fine and well-defined diffraction peaks and in different
positions, which indicates a phase change. The XRD pat-
tern of the sample treated at 1150 °Cis in good agreement
with the reference XRD pattern of a-Al,0; (42-1468 JCPDS).
The sample treated at 1000 °C presents low-intensity
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Fig. 1 TGA curve for the a-Al,O; powders. The increase in tempera-
ture rate was set up to 10 °Cmin™"
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Fig.2 XRD patterns of a-Al,0; with 1.0 Cr** wt% annealed at differ-
ent temperatures
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Fig.3 XRD patterns for Al,O; powders doped with 2.0, 1.0 and 0.5
Cr** wt%, treated at 700 °C

peaks of y-Al,0;. These results are in agreement with TGA
measurements.

Figures 3 and 4 show the XRD patterns for samples
with different chromium concentrations of 0, 0.05, 1.0
and 2.0 of Cr** wt% prepared at temperatures of 700 °C
and 1150 °C, respectively. The results show the same
behavior as the observed for the sample doped with 1.0
Cr*t wit%. The samples treated at 700 °C (Fig. 3) could
be indexed as cubic structure of y-Al,0;, and the sam-
ples treated at 1150 °C (Fig. 4) could be indexed as «
-Al,0;. No other predominant phases were observed. In
brief, the diffractograms reveal the purity and uniform-
ity of the samples. The morphology of a—Cr3+:AI203 with
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Fig.4 XRD patterns for Al,O; powders doped with 2.0, 1.0 and 0.5
Cr** wt%, treated at 1150°C

Fig.5 Scanning electron micrographs for Al,O; powders treated at
1150 °C with magnification of 6000x. Inset shows details with mag-
nification of 20000x

1.0 Cr** wt% prepared by the sol-gel method treated at
1150 °C was investigated by SEM. Figure 5 shows the
SEM images of Cr’*:Al,0; under different resolutions.
SEM micrographs show slabs with thickness below 1 um.
The slabs are formed by interconnected long grains of
typical thickness of around 200 nm, showing growth of
the grains. The size of the grains explains the fine lines
observed in the X-ray diffraction experiment. Normal-
ized photoacoustic spectra of Cr**:Al,0; are shown in
Fig. 6. Absorption bands are observed between 312 and
470 nm and between 480 and 600 nm. These bands are
very close to those characteristic absorption bands of
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Fig.7 Normalized PL intensity spectra of Cr**:Al, O, at a fixed emis-
sion, A, =694 A, =as a function of excitation wavelength

Cr** obtained from UV-Vis absorption of ruby [20-22]
and can be related to the A, — *F, (violet/blue) and
4A2 - 4F2 (green/yellow) transitions [16, 20, 22].

The photoacoustic signal of Cr**:ALO; can be
related to the non-radiative transitions *F, - 2E and
4F, — 2E [16, 17]. These transitions convert extra exci-
tation energy into heat in the sample. Since the transi-
tion 4F; — 2E has a higher-energy band gap than the
4F, — 2E,the photoacoustic signal is larger in the violet
region, suggesting a lower heating process when the
Cr**:Al, 0, is excited in the green region.

Figure 7 shows the normalized PL intensity spectra of
Cr**:Al,O; at a fixed emission at 694 nm as a function of
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Fig.8 Normalized PL spectra of Cr**:Al,O, with a excitation wave-
length A, =532nm

excitation wavelength. A emission at 694 nm s observed
when the sample is excited at 360-470 nm and 490-
625 nm bands, indicating the existence of the transitions
“A, - 4F,and *A, — *F,.This results from the *F, — 2E
and *F, — 2E transitions observed in the photoacous-
tic signal and to the 2E — “A, transitions from the PL
(Fig. 8). A slight change in intensity of luminescence in
comparison with a maximum normalized at the transi-
tion*A, — “F,was observed for all samples. The PL spec-
tra of Cr*":AlL O, related to the 2E — “A, transition also,
were investigated, as shown in Fig. 8, obtained for cr’t
:Al,O, samples excited at 532nm.The 2E — *A, transition
maximum emission was obtained at 694 nm, showing
that the maximum emission is in good agreement with
the literature for ruby R lines [17, 20, 22]. A decrease in
PL intensity at R line when compared to the 700-800 nm
emission was observed as a function of the increase in
Cr** concentration, especially for 2.0 wt% Cr*™ sample. A
maximum R line emission would be expected for sam-
ples with 0.3-0.5 wt% Cr**, as previously reported by
Lapraz et al. [18]

Figure 9a shows the PL lifetime of the samples as a func-
tion of Cr** concentration. PL lifetime of 2E — *A, transition
experimental curves showed a non-exponential behavior.
The experimental data were fitted to the equation [42-44]

t

It)=1ly+Ae 7 +Ae = (M

where [(t) is the PLintensity ata time t, l,isthe PLatt = 0O,
7,is the fast and 7, is the slow decay components. A;and A,
are the amplitude related to each decay components [43].
The average lifetimes were calculated using the rela-
tion [43, 44]
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For ruby, the long decay time related to the single chro-
mium ion emission and the fast decay time related to the
pairs and four paired ions (Nlines) [45, 46] are shown in
Figure 9b. Since our samples are in relatively high chro-
mium concentration, an increase in the number of pairs is
also observed [45, 46]. The values obtained are shown in
the figure and a decrease in the lifetime is observed, sug-
gesting a quenching process accordingly to data reported
by Birgeneau [19]. That explains the decrease in 694 nm
intensity of PL.

4 Conclusion

We have proposed a low-cost and simple modified sol-gel
method to synthesize Cr**:Al,O,. The Rietveld analysis
based on X-ray diffraction data showed that the space
group and lattice parameters are in agreement with Cr**
:Al,05 data and a single phase was obtained. Photoacous-
tic spectroscopy allowed to observe the absorption bands
in the violet/blue and green/yellow ranges, which is in
good agreement with those reported for ruby crystal. Pho-
toluminescence was detected and a maximum peak was
obtained at 694 nm for all samples. Photoluminescence
was found to depend directly on the chromium concentra-
tion, showing a decrease in the ratio between the R line
peak and the 700-800 nm emission band with the increase
in dopant concentration. The influence of chromium
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concentration also can be observed on the lifetime decay
at 694 nm. The mean lifetime decay decreases as a function
of the increasing chromium concentration. The results of
photoacoustic spectroscopy and photoluminescence are
in agreement with the literature, which proves that the
chrome stoichiometry was maintained, with no loss of
chromium during the manufacturing process. The sol-gel
method presented here is simple and allows for an easy
way to manufacture thin films by spin coating. Consider-
ing its easy and low-cost preparation, Cr3+:AI203 reveals
as an alternative product in application for cooling down
environments due its luminescent properties in addition
to other applications.
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