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Abstract

Photoacoustic (PA) spectroscopy is a powerful tool for examining optical properties as non-radiative recombination in powdered samples
that are difficult to measure by the conventional reflection or transmission spectroscopy because of the light scattering. We applied the P/
spectroscopy to evaluate the non-radiative transition of tfieiRiZnO powders with various Pr concentrations and sintering temperatures.
The PA spectra seems to depend on the inner state of thérPZnO matrix, where the Pr can easily segregate to the ZnO grain boundaries
and form intergranular phase based®
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Photoacoustic (PA) spectroscopy with microphones can
detect acoustic waves generated in the samples excited by

ZnO is a promising material used in the various appli- the incident ligh{11]. The PA technique can sensitively and

cation fields. The Pr doped ZnO base varistors have beendirectly evaluate non-radiative recombination process related

widely used for circuit protection due to electric surge ab- tothe defects through the heat contrary to photoluminescence

sorbing, and their nonlinear current—voltage characteristics (PL) that can detect radiative recombination pro¢&2s14]

are attributed to the double Schottky barriers at grain bound- It is important to evaluate the characteristics and properties

aries in ceramic semiconductors. So many researchers havef material in process without slice or contact. In this article,

investigated to clarify this varistor characteristic and the for- we applied the PA technique to the Pr doped ZnO powders, to

mation mechanism and so forfii—3]. On the other hand,  study Prconcentration and sintering temperature dependence

the rare earth doped materials have been widely studied asn the PA spectrum on Pt ions in ZnO matrix. The non-

the optical materials, and Eu doped ZnO phosphor is one radiative recombination in Pt levels depend on inner states

of such materials, which shows yellow to red luminescence of Pr3* ions in ZnO matrix.

from trivalent rare earth doped in Zn@-7]. Furthermore,

luminescence from Bt ions in the oxides and fluorides have

been much reporteff—10]. Thus the rare earth doped ma-

terials seem to be interesting in both the electric and optical

devices, particularly Bt doped ZnO shows unique property

because of its varistor characteristic, where th€grcould

to be located in the boundaries of ZnO grains.

| 2. Experimental procedures

The starting materials were ZnO powders (99.99% purity:
Japan Pure Chemical) and,Pg powders (99.9% purity:
Japan Pure Chemical). 0.25, 0.5, 1.5 and 2.5 mol%®¥®r
- were mixed to ZnO powders, where we call these powders
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and 1000C for 24 h with the heating and cooling speed of
5°C/min. Wakiya et al. reported that the ZnO-8g binary

0.5 mol%
1 mol%
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system showed simple eutectic type of phase diagram with the
eutectic temperature of 13825°C|[2]. The crystal structure

of the resulting samples were checked by X-ray diffraction
(XRD) using Cu kx line with 40kV and 100 mA (M21X,
Mac science).

PA spectra were measured by using a gas-microphone sys-
tem. A 500 W Xe lamp coupled with a monochromator was
used for the light source. The incident light was mechani-
cally chopped at 20 Hz. The wavelength of the excitation light 400 450 500 550 600 630
beam was scanned from 350 to 650 nm with a 1 nm step. The Wavelength (nm)

PA signal intensity was normalized by the PA signals from
carbon black to eliminate the effects of the spectral responseFid: 2- PA spectra on 0.5, 1, 3, 5mol% Pr doped ZnO sintered at@00
. . Thin solid line, thin dotted line, thick solid line and thick dotted line express
of the optical apparatus. All measurements were carried OUto.s, 1. 3 and 5 mol% Pr doped ZnO, respectively.
at room temperature.

Before the PA measurement, the calcined samples were
ground in an agate mortar to homogenize the powder size.PA spectra exhibits the non-radiative quantum efficiencies
All XRD patterns except for 0.5mol% Pr doped samples through heat generation throughout the spectral region of in-
showed weak peaks of 93 with the ZnO main peaks, but  terest{11,12] In view of the light absorption, PA peaks are
the lattice constants of ZnO did not change bottu4iaxis similar to the excitation peaks of PL as a way of thinking.
andc-axis @ = 3.251A andc = 5.207,&). 0.5 mol% doped Hence, we can consider that the existence of upper level re-
samples sintered at all temperature in this experiments didlated with transition process is designated as the position at
not show the RPiO3 peaks. the wavelength which indicates the largest intensity within
each broad peak for acceptable resolufit®14]

The peak around 452 nm labeled as A1l relates to the tran-
sition from 3P2 to the ground state as the light absorption
between these levels, where Pr should absorb incident light

PA spectra on ZnO and 3 powders are shown fRig. 1, around 452 nni8-10,15] Similarly, the peak labeled as A2
which are starting materials without sintering. For ZrO)( is the triplicate peaks related with, 3p, and®P, state, and
the PA signal intensity decreases abruptly above 380 nm be-the peak around 593 nm should be assigned to the transition
cause of the absorption at near band edge of ZnO, following between'D,, level and base, which we call as peak B.
the flat PA signal above 440 nm. ForPxg (A), three peaks Fig. 2 shows the PA spectra for Pr doped ZnO with the
A1, A2 and B can be observed, which are caused by the non-concentration of 0.5, 1, 3 and 5 mol% Pr, and which are sin-
radiative recombination in Pt ions. tered at 800C. A1, A2 and B designated Fig. 2correspond

Here, these peaks appear to be broad in contrast to sharpo those inFig. 1L Peak A2 can be observed for all samples,
peaks which are peculiar to trivalent rare earth ion as shownbut peak Al is observed only more than 1 mol% Pr doped
in the other optical spectra such as PL. The reason for thissamples. On 0.5mol% Pr doped samples, peak Al is not
discrepancy is the difference of detectable relaxation processseen because of the layer tail of the PA signal at the shorter
from the excited state after the absorbed energy. In principle, wavelength region.

This indicates that many levels related with non-radiative
recombinations in this region are introduced in 0.5 mol% Pr

— 3 mol%
===== 5 mol%

PA signals intensity (arb. units)

3. Results and discussion

350

Fig. 1. PA spectra on ZnO and#@3 powders. Circles and triangles desig-
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nate for ZnO and BOs, respectively.
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7 Al Q- Zn0 doped sampleld 3]. These levels seem to be assigned to na-
£ iy A2 o Pr203 tive defects levels such as Zn vacancies enhanced by Pr dop-
sfo =y ing [3].

= % % B Contrary to these peak, peak B can clearly be observed
2r A , only for heavily doped samples more than 3 mol%. This Pr
k= % w k) concentration dependence is almost the same for the other
=R % ‘ 9‘9% temperature sintered samples of 600 and @O

7 b Next, we show the sintering temperature dependence of
£ the PA spectraifrig. 3, where 5mol% Pr doped samples are

plotted. Though each spectral shape seems to be the same,
small variation of peak Al and appearances of peak B at
almost fixed wavelength are observed except for peak A2.
The peak A2 for the sample sintered at 10Q0appears to

split to the two peaks of A3 (about 480 nm) and A4 (about
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Fig. 3. PAspectraon5mol% Prdoped ZnO sintered at 600, 800 and ©000
Thin solid line, thin dotted line and thick solid line are for 600, 800 and
1000°C, respectively.

489 nm), that seem to be relatedtg, 3P, andP, levels[8—
10,15] and the A2 for the 600 and 80Q seems not split to
the contrary. Then the comparison of the peak A2 is difficult
because of the degeneration.

The Pr concentration dependences of the peak in PA spec

traare shown ifrig. 4(a) and (b), where the peak A1 and peak

Binsamples doped Prabove 1 mol% are plotted, respectively.
The peak Al has large dependence in lightly doped samplesg
and weak dependence in the doped samples above 3 mol%,
The Pr concentration dependence is larger in the samples

sintered at 600C. For peak B only observed in the sam-

ples doped above 3 mol%, the Pr concentration dependence

is also large in the low temperature sintered samples. Thes
peak variations of Pr concentration dependence and sinterin
temperature dependence seem to be caused by the differen
of inner states of B ions in ZnO matrix. The BO3 can

easily segregate at the grain boundaries of ZnO and form in-

tergranular phasg—3,16] In other case, some Pr might be
doped in ZnO grains with non-equilibrium because of the low
sintering temperature. The former is mainly dominant in the
samples sintered at high temperature and the latter could hav
large PA peak variation against the originaj®s peaks.
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Fig. 4. Pr concentration dependences and sintering temperature depen

dences of the PA peaks wavelength: (a) and (b) are plotted for peak Al
and peak B, respectively.

e

Y. Inoue et al. / Journal of Alloys and Compounds 408—412 (2006) 1234-1237

In Fig. 4(a), peak Al on the samples sintered at B0Mas
larger Pr concentration dependence. That sintered at“XD00
does not show such a large variation and the peak wavelength
is almost the same with that of 3 powders shownifig. 1
The peak variation is mainly observed in the samples doped
less the 3 mol%.

Here, the lanthanide 4f energy-levels are closely con-
nected with the crystal structure of the host lattice and on
the optical spectra of the lanthanide ion in host crystal, and
Troster et al. reported the crystal-field parameters fét Pr
taking into account effects dfmixing and expanded free-ion
Hamiltonian[17]. Moreover, Pr was known to have negligi-
bly low solubility in ZnO[1,3], and was expected to occupy
Zn sites in the vicinity of the grain boundaries such as Er in
Zn0O[3,18].

Thus we can guess that the peak A variation is mainly orig-
inated from the Pr doped in ZnO grains with non-equilibrium
due to the changing of the crystal-field strength within host
ZnO, and the Pr in heavily doped samples above 3 mol%
cannot be in the ZnO grains of high temperature sintered
samples.

In Fig. 4b), peak B can only be seen in the samples doped
with more than 3 mol%, where the excess®y by precipi-
tation and segregation might mainly be in boundaries of ZnO
rains[1-3,16] In this case, the peak wavelength seems to
convergence to the value of #23; powder. Hence the in-

fergranular phase is similar to the precipitateg®rgrains
and P?t in grain boundaries cannot be largely affected by
crystal-field contrary to Bt in ZnO grains.

The Prin ZnO can introduce the Schottky barriers to pro-

e : : .
duce the levels occupied by excess electron in grain boundary
2[81,3,13], where those levels might be assigned as recombi-

nation centef6]. If the recombination process might occur
efficiently there, the direct charge or energy transfer might
occur between levels of P ions and levels introduced in
ZnO and enhance luminescence from levels i Rons.

Using PA spectroscopy, we can designate the internal lev-
els of PP* ion in ZnO, where Pr is mixed in ZnO grain or
grain boundary, considering the Pr concentration dependence
and sintering temperature dependence. PA technique can be
used without contact to monitor the material processing. PA
spectroscopy is useful for the further optimization of the Pr
doped ZnO especially as optical devices.

4. Summary

The absorption of Pt ions in 0.5, 1, 3 and 5mol % Pr
doped ZnO powders with sintered at 600, 800 and T@0
were studied using the PA spectroscopy. There are peaks of
Al, A2 and B in P03, and the multiple peaks can be ob-
served in Pr doped ZnO matrix. Peak Al has large Pr concen-
tration dependence in lightly doped samples and peak B can
be observed only in heavily doped samples. Thus peak Al is
related to the P doped in ZnO grains with non-equilibrium

and peak B is caused from the3Prin grain boundaries. PA
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technique is useful for the study of inner states of Prin ZnO
matrix.
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