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We report the results of the Rietveld refinement, photoluminescence and Raman spectroscopy of Mn-doped ZnO ceramic pellets. Rietveld
refinement shows that samples crystallize in the wurtzite structure and for the Mn-doped sample indicates that the Mn atoms substitute the
Zn tetrahedral crystallographic sites in the ZnO host lattice. The emission and absorption spectra of Mn-doped ZnO have been investigated
in the Visible-UV region and the data have been interpreted in terms of the wurtzite ZnO electronic structure. Two broad bands, one due to
superposition between donor bound excitons (DX) and free excitons (FX) and other due free-to-bond excitonic recombination (FB) dominates
the low-temperature photoluminescence spectra of Mn-doped ZnO bulk. In the Raman spectrum, an extra~vb@0ecat * has been

observed in agreement with earlier works, and it is an indicator for the incorporation ot Mns into the ZnO host matrix since it is not is
observed in ZnO pristine.
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1. Introduction field of spintronics [5] as diluted magnetic semiconductors
(DMS) [6], transistors [7], optoelectronics [8], and others.
Zinc oxide (ZnO) is a direct wide band gap-3.3-3.4 eV A ferromagnetic ordering with Curie temperatures above

at room temperature) semiconductor with good optical trans#25 K in Mn-doped ZnO bulk ceramic and thin films was
parency (up to 65%) in the visible range [1]. It shows areported [9,10]. It was also observed th'at, for tempera-
large exciton binding energy of 60 meV at ambient condj-turé above 60TC, some Mn start to cluster into the M;
tions and it is one the most technologically relevant binaryform’ whereas the best ferromagnetic behavior was found for
compound [2]. However, purd.¢. undoped), ZnO mate- the samplgs prepared at 5@ Other groups have repgrted
rial/crystals have certain limitations in their application. In Nigher Curie temperatures for ferromagnetic ordering in Mn-
order to widen the potential areas where ZnO crystals caffoP€d ZnO thin film [11-13]. More recently, Chaweg al.

be applied, dopant ions (transitions metal (TM) ions, sucthave demonstrated ferromagr_1et|sm in samples of Mn-doped
as Cr, Mn, Fe, Co, and Ni and others) have to be incorponO nanowire [5]. The capacity to produce powder, pellets,
rated into the ZnO host lattice to get certain desired properiransparentthinfilms, as well as nanowires of Mn-doped ZnO
ties like wider or narrower band gap [3], ferromagnetism [4],0P€N up & variety of possibilities to fabricate a lot of compo-
etc. The semiconductors that are formed through the dopin§ents for spintronic devices with ferromagnetic behavior at
with TM, are commonly known as diluted magnetic semicon-f00m temperature, and components for novel magneto-optic
ductors (DMS). The term DMS refers to the fact that someSOmponents.

fractions of the atoms in a nonmagnetic semiconductor host In this paper, we report detailed Photoluminescent (PL)
(in this case, ZnO) are randomly replaced by magnetic ionsspectra of Mn-doped ZnO ceramic pellets in the excitonic
It is well-known that the substitution of the cations of the region. An important issue to take into account is whether
host by TM ions affect its electronic structure. This is due tothe resulting materials are indeed alloys of transition metal
the strong coupling of th&d orbitals of the magnetic cations elements within the host material instead of remains as the
and thep orbitals of the neighboring anions. Mn-doped ZnO host material with clusters, precipitates, or secondary phases
DMS is now studied due to its potential applicability in the aggregations. Rietveld refinement of the X-ray diffraction
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patterns, Energy-dispersive X-ray spectroscopy (EDS) tech-
nigue, and Raman spectroscopies were performed to stud
these effects. For Mn-doped ZnO polycrystalline pellets, it
was found that the better crystallinity takes place at temper-
atures below 550C [9,10] as well as the highe8t/ metals
solubility of 3d metals in ZnO [15]. The Mn-doped ZnO pel-
lets were prepared at two different synthetizing temperatureg
(500°C and 900C) and the samples structure and propriety’s
were compared. Our interest in optical properties study of
bulk samples was motivated by a study recently that show thaf
the optical properties in the DMS ZnO:&bare independent
of the structural conformation of the host and the cobalt con-
centration (for concentration less than 5% of€p[14].

2. Experimental details
2.1. Preparation of ZnO pure and Mn-doped ZnO

The ceramic pellets of polycrystalline Mn-doped ZnO were
prepared following a similar procedure as given by Sharma
et al. [10]. An Ar flow was used, at the beginning, to clean
the system as de-scribed below. To prepare the samples i
Oxygen atmosphere, a long quartz tube of length 1.20 me-
tre (23.80 mm outer diameter) was kept coaxially inside a
horizontal tubular furnace. Samples with 2 at.% Mn-ZnO
were prepared through the solid-state reaction route using
high-purity ZnO (2.9269 g) and MngJ0.0705 g) powder (at
least 99.9 %), which were mixed together and ground dur-
ing at least 15 min. Then, it was axially pressed into disks at
~5 ton/cn?. After this, the pellets was placed in a ceramic
boat and inserted in the center of a horizontal tubular furnace.
Then, the temperature was raised to4D@t 40 K/h and held
at this temperature for 8 h. After, the disks were exposed
to a second thermal treatment at two different temperatures
(500 and 900C) for 12 h, using a heating rate of 25 K/h.
A constant oxygen flow~1 L/min) was used at the highest
temperatures in both treatments. The processed samples h
a nominal composition of = 0.02 (Zny.9sMng.020). The
samples prepared at 500 and 90Care named ZnO500 and Figura 1. a) Elemental mapping for Mn (white points) in
Zn900, respectively. ZNno.9sMng_ 020 pellets (ZnO500 a) and ZnO900 b)).

2.2. Instrumental analysis lution in both emission and excitation of 0.1 nm. A Xe ozone
free quartz 450 W lamp was used for excitation. The ab-
The Raman spectra were taken at various temperatures ugerption spectra, at room temperature, of the Mn-doped ZnO
der atmospheric pressure in backscattering geometry, witpellets were measured using an Acton SpectraPro-500 spec-
a confocal microscope and a 100X objective, with a Horibatrometer from 350 nm to 800 nm. For these measurements,
T64000 triple spectrometer using the 514.5 nm line of a Cothe powdered ZnO samples were mixed with KBr powder in
herent Innova Spectrum 70C AKr+ laser. The Raman sig- a ratio of 1:2 parts by weight and pressed into pellets.
nal was detected using a nitrogen cooled CCD (Jobin-Yvon X-ray powder diffraction (XRD) data were collected on
Symphony). The integration time was 40 s and the lasea Bruker D8 automatic diffractometer in Bragg-Brentano ge-
power was kept below 5 mW to avoid laser-heating effectsometry. The Cu-k radiation ¢ = 1.5418 A) was employed
on the tested material and the concomitant softening of thavith steps of 0.02in 26 and fixed time counting of 16 sin the
observed Raman peaks. range 10-90. In addition, a scanning electron microscope
Photoluminescence (PL) measurements were carried o¢8EM) Hitachi S-2500 coupled to an energy dispersive X-ray
with a double excitation and emission monochromator Edinmicroanalyzer Thermo Noran for the elemental analysis was
burg Instruments FSLP 920 fluorimeter with a spectral resoemployed for compositional analysis.
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3. Results and discussions
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3.1. EDS studies M‘J} s S S

Figure 1 shows an elemental mapping for the samples 8 3% 42 40 86 87077 84 of
Zn0O500 and ZnO900 showing a uniform distribution of Mn - o 26 I(Degll'eeS)l
atoms in the sample. However the average local Mn con-
centration, determined by the EDS technique was found to o0 b)
be very low (0.7 at.% instead the 2 at.%). However, there
is the literature is evidence at least in some cases, that the
non-stochiometry can be due to presence of defect complex
or to the presence of large cluster of point defects randomly
distributed in the lattice, instead of to simple point defects.
Indeed, in our samples, regions clusters having high Mn con-
tent (up to 36.11 at.%) has been observed. A possible rea-
son for formation of clusters in the sample is due to powder
mixing process, because that there is a slower substitutional
diffusion mechanics at low-temperature, as a result, regions e w8 a2 aa = o 70 17 e
cluster occur in the sample. Therefore, further investigations 20 (Degrees)

are required to clarify the effect of mixing on Mn distribution
in the sample. FIGURE 2. Rietveld refinement plot for ZywsMng.02O pellets
(Zn0O500 a) and Zn0O900 b)).
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3.2. XRD studies

The Zny 9sMng 02O pellets were characterized by X-ray 3.3. Raman studies

diffraction at room temperature, and the results are shown

in Fig. 2. A search in the ICDD-PDF database [16] usingIn order to check the tetrahedral coordinated®Mipns into

the software available with the diffractometer was performedthe ZnO host lattice and due to the limited sensitivity of
and one known phase present in small quantities were reathe X-ray powder diffraction technique, Raman spectroscopy
ily identified: Mn,O3; (PDF N° 76-015) for the samples Wwas carried out. The room temperature Raman spectrum of
doped with Mn. The crystal structure refinement was perZng.9sMng 020 pellets sintered at 50C is shown in Fig. 3.
formed by Rietveld technique [17,18], using the Fullprof pro- The strongest peaks at 99 and 438 ¢nelong to the low-
gram [19,20]. Details of the Rietveld refinement results forand high-frequency branches of the mode of ZnO, which
each compound are given in Table Il. The initial positionaldominates the spectra. The 410 cthpeak is typically as-
parameters used were the ZnO bulk values taken from literssribed to £1-TO phonon. The Raman peak at 382 ¢m
ture [21]. Atomic positions of the binary M@; compound  is assigned to Al transverse optical (TO) mode. A peak at
were included as a secondary phase in the refinement. Sin&88 cnm! had been previously assigned t8'2" with pos-

the amount of MpO3 phase (cluster) present in the samplessible contributions of. A overtones alongd. — M direction

is small (0.3%), and no other phase are seen, this seems &nd thelI point [22]. However, the assignment of the promi-
indicate that some Mn atoms might have been substitutionaent peak observed at 207 chis quite controversial. It
ally incorporated in ZnO lattice. These MBs clusters are  can be attributed to an overtone, in Ref. [23] this mode was
too small to be seen by conventional X-ray techniques, howassigned t@T AL, in Ref. [24] to2EP™ with possible con-
ever from the Rietveld refinement results the formation oftributions of27'A at the M point, and in Ref. [22] toT'A at
cluster, in both samples, seem to be independent of temperthe H point. This latter assignment is assumed in this work.
ture sintering process. The chemical kinetic reaction deal if\Iso, a combination mode is observed at 331 ¢nand has
inhomogeneous samples of Mn-doped ZnO sintered at higheen ascribed t&5'"" — EX" difference mode. Our results
temperature is difficult from the present experimental data@re consistent Wlth the previous studies collected in Table IlI
and requires further investigations. from Refs. [22,24-26].
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TABLE Il. Rietveld refinement results for g8sMng. 020 pellets.

Compound ZnO500 Zn0900
Crystal system hexagonal hexagonal
Space group RG.. P63,c
a(nm) 0.32437(1) 0.32453(1)
¢(nm) 0.51982(3) 0.51981(3)
V(nm?) 0.047366(3) 0.047413(3)
Crystallite size (nm) 94.1 165.9
Radiation and wavelength Cu 1.54A8 Cu 1.5418A
Diffractometer D8 Focus Bruker D8 Focus Bruker
Mode of refinement Full profile Full profile
No. free parameters 11 11
Temperature (K) 295 295
Date range 2 (°) 10-90 10-90

Step size ) 0.02 0.02
Counting time (s/step) 16 16
Number of step intensities 4000 4000

Peak-shape profile

Zn 2(b)
O 2(b)
Biso(A2)
Second phase

pseudo-Voight

site
1/3,2/3,0
1/3, 2/3x 0.3829(5)
0.6(3)
M3 (0.3%)

pseudo-Voight

0.3832(5)
0.6(3)
Mr,Os (0.3%)

Rup (%) 10.3 10.5
Rz (%) 10.1 10.0
Rexp (%) 6.5 6.4
Goodness of fif? 1.6 1.6
Doping ZnO with Mr#t ions introduces an extra mode
at~520 cm! (see Fig. 3), that appears in both Mn-doped TABLE Ill. Room temperature frequencies) (@nd symmetry of

samples (ZnO900 sample shows a similar Raman Spectrumye first- and second-order Raman spectra observed in the ZnO500
Therefore, the appearance of 520 cntan be used to char- sample. Our results are compared with previous data in Ref. [22].

acterize MA™ doped into ZnO lattice compared with this of
bulk pure ZnO. An extra mode at about 525 to 530¢m

’ e Symmetry Zn0O500 Ref. [22]
has been observed before in ZnO:Mn thin-film and poly- v emY) v emY)
crystalline samples [26-28]. Various explanations have been o
given about its origin, such as local mode due to Mn substitut- = 99 101
ing Zn in a lattice site [27], with MA" ions or atoms [28,29], 2TA 207 203
and to defect-induced modes [30]. A recently study, with ab Ejon. glgv 332 333
initio calculations us_ing the_ den_sity function_al theory (DFT), A,-TO 381 380
shows that the density of vibrational states in hexagonal ZnO

. " . E;-TO 414 410
doped with cobalt, present an additional band associated high
with the vibrational states of Co-O-Co chain complexes [31]. B 439 438
However, our results seems to be in agreement with Alaria 2B 530 536
et al [28], i.e, this extra mode is probably associated with A;-LO 550 574
Mn2* impurities due to an increasing number of lattice de- E,-LO 579 590
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FIGURE 3. Raman spectra of ZnO500 pellets and Co-doped ZnO
from Ref. [33]. The total fitting (dashed line) with four Lorentzian
functions (dot lines) are shown in the inset figures.

FIGURE 4. Raman spectra of ZnO500 sample at various tempera-
tures.

fects. This assumption agrees with the increasing intensity/;; ]
and the softening of thed; (LO), andF; (LO) modes (see = |
inset in Fig. 3). The~665 cn1'! peak, which has been as- g {
cribed to a two-phonon procesd( — LO + E!™%) [32], is . I;
another indication of the Mn insertion into the host lattice. 'E {
The presence of this peak indicates the existence of Mn-basecE _]
phases, which perfectly agrees with the trace of the®n s 3
phase that we have observed in the X-ray diffractograms. g -‘ﬂ
The scattering of the electrons and holes on the impuri- 2 |
ties can relax the selection rule of the dipole-allowed Raman S D~ |
scattering. Therefore, one can expect that phonons participat,& b |
ing in the scattering will be a mixture of; — LO, Fy — LO, < . ’ —
2B and Mn modes because of the symmetry breaking in- 15 ) 25 3 35
troduced by the impurities. It explains the observed bands Photon Energy (eV)

(see inset Fig. 3) in the spectral region between 500'cm

and 600 crrl. For comparison purposes, the Raman speCFIGURE 5. UV-Vis absorbance spect_ra at room temperature of
trum at room temperature of Co-doped ZnO single crystalzno-%Mng-020 p;]ellt;ts ( ZnO'|5(|)_0, full (;:rclgs a)l_and ZgOﬁOO, full |
previousyreported 5] was too ploting i Fig.3. I shows =205, The Feréoriel e < e beseine s vercs
an unresolved complex mixture of modes in same region. In

order to determine the symmetries of unresolved modes Wgome more visible and, as expected, its peak position did not
employed the deconvolution method using Lorentz functionsgp;tt with temperature.

Thus, TheE; — LO, A; — LO, 2B'", and Mn local modes

were resolved in the spectra of Mn-doped ZnO and Co-doped 4.  Optical properties studies

ZnO by using 4 peaks with Lorentzian line-shape. The values

528, 539 cm! and 520, 530 cm' corresponding t2B'®Y  The band gap energy of samples were determined by taking
and Mn local modes for Co-doped ZnO and Mn-doped ZnOthe intersection of the vertical dashed line near the band edge,
respectively, agreement good with experimental values (seas shown in Fig. 5. Thus, the band gap of both samples
Table Il) previously reported. A softening of the — LO, of Zng.gsMng 020 is ~3.2 eV which is in good agreement
and £y — LO modes was observed in both samples. Thewith other preceding studies [34]. The observed decrease (or
values 554 and 572 cm corresponding toAd; — LO and  red shift) in the band gap energy of the studied low Mn con-
E; — LO modes were obtained from the RT Raman spectrument samples present in the present work (3.2 eV instead 3.3-
of Co-doped ZnO. These are similar to values obtained foB.4 eV) can be explained due to a strong— d exchange
Mn-doped ZnO, as expected. Thus, the deconvolution prointeraction present betweehelectrons of MA*, and the s
cedure used seems to be physically reasonable. On the otheand p electrons of the host lattice. A similar behavior was
hand, the Raman spectra at various temperatures are shofound in polycrystalline samples of Co-doped ZnO prepared
in Fig. 4. For temperature above 112 K, the Mn mode be-through hydrothermal method [35]. Additionally, a shoulder
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FIGURE 6. a) PL spectra of ZnO500 sample with the excitation 345 nm at 10 K. Temperature-dependence photoluminescence spectra of b)
Zn0O500 sample. The spectrum for each temperature is displaced vertically for clarity.

between 2 to 2.5 eV seems to correspond with the typicalhe presence of new PL features in the lower energy side of
green emission [36]. DX with the increase of the temperature. Figure 7a) shows
The PL spectrum, at 10 K, of ZnO500 sample is shown inthe peak position of all the bands as a function of the temper-
Fig. 6a, in which two emission bands at 3.309 and 3.365 e\ature. It is seen that the energy separation between these new
are clearly seen. Although, the presence of only two banddgatures is constant with temperature and can be attributed
the assignments of these emissions are not obvious. Indeet, optical phonon replicas, indicated as FB€1 and FB-
concerning the energy range of our 3.365 eV band, a rece®.O emissions (see Fig. 7a) have an energy separation be-
PL study [37] performed on high-pure ZnO bulk samplestween 70 to 75 meV in good agreement with the energy value
show that the near-band-edge emission is dominated by se{574 cnt! = 71 meV) for4; — LO phonon. The emission
eral bound excitons. Namely, in the energy region of 3.358abeled as FBT'O has an energy separation between 101-
to 3.369 eV has been observed up to seven excitons bourid9 eV consistent with twice the energy value (410 ¢
to neutral ('X) or ionized (D"X) donors, and up to four 51 meV) forE; — LO phonon.
lines more on the high-energy side attributed to the excited The temperature dependence of the exciton energies was
states or excited rotator states of the neutral-donor-bound exnalyzed by fitting a single Bose-Einstein frequency accord-
citons [38-42]. Moreover, on the low-energy side, other twoing to [43]
weak emissions have been observed and attributed to neutral
acceptor bound excitons. Thus, the emission peak centered at E(T)=Ey+ A1[2npr(E1/ksT) + 1], Q)
3.365 eV (labeled as DX in Fig. 6a) can be attributed to a pro-
cess that involves both the recombination of excitons bounavhere A, is a parameter that describes the variation of the
to neutral and/or ionized donor. It should be noted that thissnergy with the temperature amds is the Bose-Einstein
emission peak is broad and has an asymmetric shape on tfgctor:
lower energy side.
Concerning the low energy band (3.309 eV) seen in our npe(E1/kpT) = 1/[exp(Er/kpT) — 1] 2
samples (Fig. 6a), although commonly observed in high-
pure ZnO bulk samples, the origin is not completely under-The fitted valuesty, £ and the weightd, are summarized
stood. Different mechanisms have been considered and ai@ Table IV. The fitted values ofl, and £, were found to be
summarized in Ref. [37]. The energy distance between th&imilar to the previous report for exciton energies
FX line and this emission line, although almost constant (61-
62 meV) is smaller than the energy of an LO phonon (71
meV). Based on (i) the temperature behavior of this bandJABLE IV. Parameters obtained from a fit of a single Bose-
namely the asymmetric lineshape on the high energy side atEinstein frequency, accorQing to Eg. (:.L), to the experimental data
higher temperature (see Fig. 6b) and (ii) on the PL results ob2 ZMo-0sMno.020 pellets displayed in Fig. 7b).
tained in ZnO nanowires [37], we proposed that this emission Sample  Transitions E, (eV) A; (eV)  Ei (eV)
may come from a free-to-bond (FB) recombination. ZnO500 FX 3.425(8) -0.053(9) 0.024(2)
Figure 6b) show the PL spectra of ZnO500 sample as a
function of temperature. It is clearly seen the decrease in in-
tensity and a shift to lower energies of the main bands as also FB 3:9(2) -0.6(2)  0.053(4)

DX 3.376(4) -0.011(4) 0.011(2)
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FIGURE 7. a) The peak energy is plotted against the temperature. The solid lines represent fits with Eq. (2). The dashed vertical line at
150 K is a guide for eyes. b) FB emission peak against the temperature, the solid line represent fits with Eq. (2).

of CuGaS2, CuGaSe2 and CuGaTe2 [43]. The choice of theious works. Since it is not observed in the pure ZnO Raman
Bose-Einstein model was motivated by the reported limitaspectrum, this peak is assigned to a vibrational mode asso-
tions [44] of the well-known Varshni equation [45]. ciated with Mr#* ions substituting Zn atoms in the host lat-
The FX and FB emissions disappear at 150 K (sedice. In the ZnO500 and ZnO900 samples, EDS results show
Fig. 7a). For above of 100 K appears a peak starting fronshow a uniform distribution of the Mn atoms into the sample.
3.3382 eV (open squares) labeled as 1 and at 150 K appedrfowever, a trace amount of the secondary phase of®4n
to emerge another peak labeled as 2 that starting 3.2833 (op&ras found by Rietveld refinement of the X-ray diffraction
circle) and the signal intensity of it peaks goes up as the tenpatterns, evidincing the presence of #nions and showing
perature is raised from 100 K to room temperature. We thinkhat Mn-phase segregation was not completely suppressed.
that emission peaks involving phonon replicas of FX dom-The PL temperature dependence of free and bound excitons
inate the high-temperature spectra. On the other hand, thend their phonon replicas in 9sMng 02O sample has been
FB emission shows a slight anomalous temperature behaviatudied in detail. The results show that the room-temperature
with a maximum at-50 K followed by a decrease of the peak PL of Zny 9sMng 92O pellets is dominated by emission peaks
energy above that maximum (see Fig. 7b). It nonmonotoniénvolving phonon replicas. PL spectrum at low temperature
temperature dependence is particularly noticeable in the chakre dominated by two peaks labels DX and FB, the former
copyrites involving Agdd valence electrons and is related to is ascribed to superposition between donor bound excitons
p — d-electron hybridization [43]. We ascribed it to the Mn and free excitons and the latter has been attributed to free-to-
3d valence electrons because it has not been observed in Hibund excitonic recombination.
emission of ZnO pristine [37].
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