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Abstract

Powders of ZnO and ZnO:M (M = &land Sf*) with 1 and 4% of M nominal
content were synthetized by a hydrothermal methwodaidiethanolamine (DEA)
medium. The samples were studied by scanning eleatricroscopy (SEM), X-ray
diffraction (XRD), energy dispersive X-ray specttogy (EDX), micro-Raman and
photoluminescence (PL). The powder particles wereescal with average radius
decreasing from im down to 70 nm with increasing #Alnominal content but nearly
independent on the Brnominal content. The XRD and micro-Raman resuiticate
that both AF*and Sf* mostly incorporated substitutionally into the Zteftice, giving
rise to compressive and tensile strain, respegtias a result of ionic radii differences.
The PL spectra for ZnO:Al exhibit a dopant-inducedtribution at8.1 eV, which is

not observed for ZnO:Sr, due to radiative transgimvolving trapping of photocarriers

at theoretically expected substitutionaf Adonor states or at Zn interstitial defects.

Keywords:Hydrothermal synthesis; ZnO nano and microstructures; Diethanolamine;
ZnO point defects; micro-Raman; Photoluminescence.
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1. Introduction

ZnO has been one of the most studied semicondutttoisg the last decade
[1,2]. This continuing interest resides on the pt& technological applications based
on its unique properties, including direct wide-@ap in the UV range (3.37 eV),
large exciton binding energy (60 meV), piezoeledlyj high surface reactivity, low
toxicity, and many more. Some of its several agpions are in gas sensing [3],
biosensing [4], photocatalysis [5], optoelectrorji@ls electronics [7], spintronics [8]
and photonics [9]. Many of the proposed deviceg oalthe fact that ZnO can be easily
and cost effectively nanostructured, giving risene of the richest families of
semiconductor nanostructures known [10].

As with any semiconductor, many specific physigalgerties of ZnO thin films
or nanostructures can be controlled and tailoredraling to the desired application
through doping. In particular, various metal eletsdrave been introduced into ZnO
thin films and nanowires to increase magnetic mdamgri], photocatalytical activities

[12], electrical conductivity [13,14] or improvedin biotechnological applications

including human health treatments [15]. However gioy doping to be successful, the

relation between the specific ZnO fabrication pagters and resulting physical
properties must be known in as much detail as plessihis is because the properties
of pure ZnO are themselves very sensitive to thstalr growth conditions and post-
growth processing. For example, annealing treatsnarxygen rich atmospheres can
change the photoluminescence of ZnO samples sym#itelsy sol-gel [16]; by using the
vapor transport technique it is possible to corttielmorphology of ZnO

nanostructures by changing the type of substraddfaratio between oxygen pressure

and local Zn partial pressure during growth [17diferent way to improve physical



properties of ZnO is the formation of hanocompasitetween ZnO and different

materials, including compounds derived from carbbomesoporous silica [18,19].

There have been many reports of doping of ZnO [6}l-ZnO:Al (also known
as AZO) is probably the most studied case maing/tduts convenient combination of
high electrical conductivity and high optical traasency [24]. Recently, AZO was
shown to be an interesting plasmonic material [R&jgarding its luminescence
properties, a blueshift of the ZnO UV emission baiith Al doping has been observed
and attributed to a bandgap increase related tBungtein—Moss effect [26,27]. In
addition, both Al-induced increment [28,29] and @®cent [30,31] of the ZnO
characteristic UV photoluminescence intensity Hasen reported. However, the
mechanisms behind these behaviors and the reasotie fdiscrepancies have not been
yet unveiled. In contrast to ZnO:Al, the ZnO:Srteys has been scarcely studied;
nevertheless, due to the growing interest on tberporation of alkaline earth metals

onto the ZnO lattice, mainly for the improvemen¥ZofO nanostructures for

photocatalysis and antibacterial applications [3R,3ew reports on Sr incorporation

effects on physical properties of ZnO have beenighdd recently [34-36].

The solution-based syntheses are a good alterrtatofetain ZnO and doped
ZnO because they allow high control on the compwsibf synthesized materials, in
addition to other advantages [37,38]. Among thesbriques, the hydrothermal
synthesis appears as an excellent and versatitengghce, in addition to the good
composition control, it is low cost, environmenydiliendly, easily scalable and
operates at relatively low temperatures [39,40thétmore, the hydrothermal synthesis
of ZnO nano and microstructured powders is a oep-ahd high yield process that

offers good control of morphology [41-43].



In this work, we report the hydrothermal synthegiZnO, ZnO:Al and ZnO:Sr
nano and microstructured powders at low temperdil#8°C) and focus mainly on
their morphological, vibrational, structural anght emission properties. The powder
particles are spherical with radii that are strgnmgdduced from Ll pm down to 70 nm
for Al additions but remain nearly unchanged foa8ditions. The Al is also seen to
lead to a new emission componeniBtl eV, attributed to Zn interstitials. Both metal
dopants incorporate mostly substitutionally inte InO lattice, leading to strains that
affect the lattice parameter, phonon frequenciesldv emission spectra. These results
should be valuable in the quest for new ZnO-basiedonand nanostructures with new

properties obtained by low-temperature fabricatmutes.

2. Experimental section

The ZnO and ZnO:M (M = Al and St*) samples were synthesized using
distilled water, DEA, zinc nitrate dihydrate (0.5 Bfjueous solutions), strontium
chloride hexahydrate and aluminum chloride hexadgd(0.05 M, aqueous solutions)
with Zn*?, Sf*? and Al as precursors, respectively (Sigma-Aldrich, 99.989%ty,
without further purification). Reactions were cadiout in a 25 mL stainless steel
autoclave with PTFE vessels. For this purposemL®f Zn"? precursor solution, 3 mL
of DEA, 0.15 mL or 0.6 mL of metal dopant soluti@a obtain samples with 1% or 4%
nominal dopant content, respectively), and digtiliater (until completing 12.5 mL,
i.e. 50% of autoclaves capacity) were added; theratitoclaves were closed and heated
at 125 °C during 4 h. Finally, the autoclaves wareled to room temperature. The
powders obtained were isolated by centrifugatiash\@ashed with distilled water

several times and dispersed in ethanol.



To obtain a sufficient amount of material for cleeaization, the powder
dispersions were drop casted on square silicortrauies and dried at 125 °C. This
procedure was repeated seven times. The morphalugdjparticle size of the obtained
solid samples were studied using scanning elechicroscopy (SEM) (Carl-Zeiss
model Supra 55-VP). The elemental composition vesrchined by energy-dispersive
X-ray spectroscopy (EDX). The crystalline structwas studied with X-ray diffraction
(XRD) [SIEMENS D5000 diffractometer with Cudkradiation source (1.54056 A)];
patterns were recorded in the 30-60° range. Micioi& measurements were carried
out using a 532 nm wavelength, 10 mW power lasiR[3mart Raman Spectrometer,
Thermo Scientific). PL spectra were obtained usiagkscattering geometry, with a 15
mW He-Cd laser set at a wavelength of 325 nm aatdon source; light emitted from
the samples was focalized on a CCD spectrometartwi biconvex lenses. A filter

was placed at the entrance of the spectrometdiminate scattered laser radiation.

3. Resultsand discussion

Fig. 1(a-g) show SEM micrographs of the synthesize@, ZnO:Al, ZnO:Sr
powders. As it can be seen, all samples are cordpiqgarticles with a spherical
morphology, independently of the metal constity@nt™, AlI** or SF*). This
morphology seems to be a consequence of partigleragration in the solution during
hydrothermal growth. Indeed, this result is in agnent with previous reports where the
hydrothermal synthesis of ZnO using DEA was obsttedead to powders composed
of spheres with similar characteristics [41,44]isTarticular morphology is
consequence of the addition of DEA in the hydratiersynthesis, which causes, in a
first stage, the formation of ZnO nanoparticles,and final stage, their agglomeration

[41]. However, although the spherical shape isvieoy affected by the addition of X



or SF* cations, the average size (and size dispersiothea$pheres, especially for3Al

additions, are significantly changed. The averaggosphere sizes were determined

from SEM images using ImageJ open source softwaeepsing. For this purpose, the

grains were identified and their size measured flloenSEM images:; average sizes

were calculated and their values were rounded @omsistency with the expected

accuracy of the SEM instrument. According to theva) the average particle sizes

were 1.1um, 1um and 1.5um for ZnO, ZnO:Sr 1% and ZnO:Sr 4 % respectively,
while for ZnO:Al they were drastically reduced (1%® and 70 nm for ZnO:Al 1% and
4%, respectively). Since the synthesis was perfdrwiéh the same experimental
parameters (temperature, volume, solvents and @suconcentrations), it is evident
that the size of the particles is strongly affedigdhe addition of A" cations.

The EDX elemental composition analysis for all ples is presented in Fig.
2(a-e). The presence of both Al and Sr in the spwading samples is confirmed and,
as will be discussed later, both metals are effeltincorporated to the ZnO lattice. In
all EDX spectra, a Si peak from the Si substratdse detected.

The XRD patterns from the samples acquired bet@@@mnd 60° 2 are
presented in Fig. 3. As noted, all the samples lbavalycrystalline structure; patterns
show the (100), (002), (101), (102) and (110) peaksesponding to the wurtzite
crystalline structure of ZnO according to the JCRI38-1451 card. In addition, no
secondary phases of strontium oxides or aluminuithesxare detected.

Lattice parameters were found by using the FullBaoftware in the pattern
matching mode (Le Bail refinement) [45] and theutessare summarized in Table 1. As
observed, for the pure ZnO sample, ¢tenda parameters found have values of 5.2041
and 3.2491 nm, respectively. Furthermore, bothrpaters decrease with increasing

Al** nominal content in ZnO:Al and increase with insieg Sf* nominal content in



ZnO:Sr. The lattice parameter changes can be eguldy differences in ionic radii
between the cations involved:%A(0.053 nm) < Zfi" (0.074 nm) < Sf (0.118 nm)
[46]. Given that the ionic radius of Znis greater than that of Aland lower than that
of S, the values of the lattice parameters found sugbasthe dopant metals are
substitutionally incorporated into the ZnO lattice.

Crystallite sizes, stress and strain were estidndw®ugh the Williamson-Hall
(WH) analysis, using the Uniform Stress Deformatibodel (USDM), taking into
account the following assumptions: (i) crystalsdnashomogeneous isotropic nature, so
that the lattice deformation is uniform and (iietstress in the spheres is sufficiently
low, so that the linear proportionality relatiorntween stressa) and straing) given by
o = E¢, whereE is Young's modulus [47,48], holds. Combining theh&trer equation
D = KA/(BnxicosB) with the strain-induced broadening arising froiystal
imperfections and distortiom = B, /tan6 ando [47,48], the following USDM

equation is deduced:

KA 40siné
,BhleOSH = —+ AL (1),
D Enki

wheref is the peak FWHM@is the peak positiorK is a constant with a value of
0.94,1 is the X-ray wavelength (0.15406 nrd),s the crystallite size arigly is the

Young’'s modulus in the direction normal to tiil} planes. For a hexagonal crystal,

Younds modulus is given by the following relation:
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Where $1, Si3, 83, Si4 are the elastic compliances of ZnO, whose valued 858 x 10
12 .2.206 x 10?, 6.940 x 102, 23.57 x 13* m* N, respectively [49]. The USDM
plots are presented in Fig. 4; the correspondigstallite size, stress and strain values

are summarized in Table 1. As can be seen, Al domduces the lattice parameters

and produces compressive stress, while Sr dopiorgases the lattice parameters and

produces tensile stress.

Considering the crystallite size estimated by thd &alysis and recalling the
discussion about the particles size determinedeiy,St is clear that incorporation of
Al**in ZnO has a stronger effect on particle size traorystallite size (note that each

particle contains several crystallites and thiwhy particle sizes as determined from

SEM are always larger than crystallite sizes asrdghed by XRD). This suggests that

the origin of particle size reduction induced by*Ahcorporation is not related to
factors pertaining crystal growth (e.g. nucleagpowth rate), which would primarily
affect the crystallite size. The DEA is involvednmultiples stages in the hydrothermal
synthesis of ZnO, including (i) chelating the *Z(M"™) cations by the formation of
DEA — Zn — O — Zn — DEA chains (forming a stabldadal phase), (ii) providing a
growth medium at basic pH, (iii) controlling the mbology by the coordination to
specific crystal faces and (iv) promoting nanopstagglomeration [41]. Although the
microscopic chelation mechanism is still poorly ergood, it is clear that addition of
Al** modifies the DEA — Zn— O — Zn — DEA chain fation process and interferes

with nanoparticle aggregation, inhibiting the fotroa of large spheres.



Table 1 Crystalline data obtained from diffractjmattern.

Sample a (A c (A D (nm) o (MPa)
ZnO 3.2491 5.2041 28 60.1
ZnO:Al 1% 3.2433 5.1965 29 -28.5
ZnO:Al 4% 3.2399 5.1871 27 -12.6
ZnO:Sr 1% 3.2492 5.2044 40 75.1
ZnO:Sr 4% 3.2565 5.2198 48 140.6

In addition, the lattice parameter changes sugfasthere are differences in the
nature of strain for the different incorporatedaas into the ZnO lattice: Since both the
c anda parameters become shorter with increasirig Adbminal content, the ZnO
lattice is under compressive strain; in contrastitision of ST* causes tensile strain
[50]. This result is confirmed by the WH analysis)ce the positive slope in the Fig.
4(a, c, d) indicates effectively that there is tlenstrain for the ZnO and ZnO:Sr
samples, while the negative slope for ZnO:Al sampielicates that strain is
compressive [51].

In order to study the effects of Aland Sf* incorporation on the vibrational
properties of ZnO, we measured the micro-Ramantisptar all samples at room
temperature in the 70 to 500 ¢rfrequency range; results are presented in Figs5t
is well known, group theory predicts the followiRgman active modes for Zn@; +
2E, + E;, whereA; andE; are polar modes exhibiting two different frequesdior
transverse optical (TO) and longitudinal opticaDjLphononsA;(TO), A;(LO), E1(TO)
andEy(LO), at about 379, 574, 410 and 591 ¢mespectively. Th&, modes, in turn,
are nonpolar, appearing at about 102'df,'*") and 439 cnif (E,""), being associated
with vibration of zinc and oxygen sublattices, espvely [52,53]. As it is observed,
our spectra are dominated by b&hmodes, which are the most prominent peaks for
the wurtzite structure [54]. The:O) and E(TO) modes can also be identified in the
spectra. In addition, a second order peak assddia®"?" - E,*" appears close to 330

cm* [53].



Both E; modes observed in Fig. 5 were fitted with the Bwigner (BW) function:

[14+2B8(w—wq)/T]? .
I(a))oc 1+[2(w—wg)/T]? (3)’

wherel(a) is the Raman intensityy is the Raman shift] is the FWHM, ang3is an
asymmetry parametef € 0 for a symmetrical peak) [55,56]. Although, B/
function has been usually used to analyze Ramarirapaf carbon-based materials, it
has been also applied for the analysis of Ramartrspieom ZnMg;.xO, yttria-
stabilized zirconia and CuAlhanoparticles [55-57]. The fits of the experiméedtda
for bothE,' andE,"¥" modes are shown in Figures 6 and 7. It is cleatrthe BW
function fits the experimental data satisfactorily.

The set ofw, /andf valuesdetermined from the fits are summarized in Table
2. As can be observed in the Table, the lineshapanpeterg” and do not change
systematically with the Al or Sr nominal conteninéwidth broadening of Raman
peaks in ZnO upon doping has been observed anougdd to disorder effects
resulting in translational symmetry disruption lo¢ twurtzite lattice due to dopant
incorporation [55,58]. In our case, the observeduiidth changes induced by*Abr
Sr** are relatively small, indicating relatively smdisorder introduced by these metal
ions for the nominal concentrations used (1 and. 4%)

The ay valuesfor bothE,* andE,"®" modes are depicted in Fig. 6(f) and Fig.
7(f) against the nominal Al and Sr contents. As lsamoted a for both theE,'* and
E."" modes increase with Zlnominal content and both decrease witfi Sominal
content. Since the shifts e occur in the same direction for bd® andE,"*"
modes for each dopant, we believe these shifts hawv& a common origin. Indeed,
both modes result from atomic vibrations perpendicto thec axis of wurtzite.
Furthermore, the force constants associated with inodes are both related to some

component of the Zn — O bonds connecting the ZnGsdblattices. Hence, it may be

10



expected that force constant changes induced bytaiit metal dopant should affect
both theE,'*" andE,"" modes frequencies in a similar fashion. Howevensidering
the well-known relation for the oscillator frequgnc

1 k
wo = - 7 (4]

where k is the force constant andis the reduced mass, it is clear that doping-ieduc
changes inu must also be considered. It is well known thatE5&' mode in ZnO,
which involves primarily (i.e. 85%) displacementtbé cation (Zfi") sublattice, is
therefore sensitive to changes in the cation effechass due to doping as?Zmre
replaced by the dopant ions. In contrast,B¥" mode, which involves primarily
displacement of the anion {®sublattice, does not change much in response to
modifications in the effective cationic mass. Heratber origins have been invoked to
explain doping induced changes in 589" frequency, such as lattice parameter and
associated force constant changes [55,59].

In our case, however, it is clear that the replaaeof Zrf* by AP** leads to a
reduction of the lattice parameters due to the tdamic radius of AY*. This in general
leads to an increase bfind therefore should contribute to increases tf iheE, ™"
andE,"9" modes frequencies with increasing Al nominal conte ZnO:Al. Indeed,
this is the case from the experimental side [skd&d&nd side of Fig. 6(f) and 7(f)]. The
opposite should occur when replacingZby SF* due to the larger Srradius, and
hence both th&,® andE,"®" frequencies should decrease with increasing Simaim
content in ZnO:Sr, as observed in the Raman measumteg see right hand side of Fig.
6(f) and 7()].

For theE,™” mode, however, taking into account the differerinestomic mass
between ZA" (65.38 u), Af* (26.98 u) and $f (87.62 u), the incorporation of Rlat

the expense of Zfishould also contribute to an increase in the phdreguency as

11



consequence of an effective cationic mass redufd®)60]. This in principle should
also apply to the 8 case, but contributing to an increase of the &ffeanass and a
lowering in the phonon frequency. These resultcampatible with Figures 6(f) and
7(f) and support the hypothesis that botf*Aind Sf* are being incorporated
substitutionally into the ZnO lattice (specificalipto the ZA* sublattice), as previously
suggested by the XRD analysis.

Other contributions, especially to tBg"%" mode frequency, could come from
the presence of internal strains [61-63], whichms&zbe unimportant here. In addition,
it has been reported for interstitial dopants itDzhat theE,"9" mode intensity is
strongly reduced due to the breakdown of trangiatiorystal symmetry [64]. As
observed in Fig. 7(a-d), the intensity of this mddes not have important changes with
the additions of AT or SF* in our samples. This, again, indicates that tkeriporation
of these metals into the ZnO lattice occurs masaillgstitutionally and hence does not
result in strong crystal distortions, as previouglggested by the relatively small

Raman peak linewidth changes observed.

Table 2. Parameters obtained from the fit of Etp e Ramai,*” andE,"" peaks observed from the
synthesized samples.

Sample EOW r (E2|OW) B (E2|OW) Eghlgh _ E2|0W Ezhlgh r (Ezhigh) B (Ezhigh)
Zn0O 98.6 3.57 -6.35 3314 438.6 6.61 -5.45
ZnO:Al 1% 98.8 3.75 -5.34 331.9 4387 6.53 -5.93
ZnO:Al 4% 99.1 3.68 -2.53 331.9 4389 6.58 -5.53
ZnO:Sr 1% 98.3 3.42 -7.26 330.9 438.2 6.19 -4.69
Zn0O:Sr 4% 97.9 3.54 -7.62 331.9 438.1 6.83 -5.08

In Fig. 8(a,b), the PL spectra for the ZnO:Al and¥Sr samples are shown (in
both figures, they are compared to the PL specfarrthe ZnO sample). For pristine

ZnO, a peak due to excitonic radiative recombimatim the UV at 385 nm (3.221 eV)

and a band in the visible peakedB70 nm (2.175 eV) due to deep defect states, are

observed. As noted in Fig. 8(a), the incorporatibAl®* into the ZnO lattice leads to a

12



quenching of both UV and visible emissions, whiledrporation of St does not lead

to a clear tendency, as seen in Fig. 8(b). ThenRnsity reduction for ZnO:Al samples
[Fig. 8(a)] may suggest that Zbehaves as a non-radiative recombination center,
competing with radiative recombination processeatlaading to the PL quenching in
function of AF* nominal content. In Fig. 8(c,d), the normalizedssion bands in the

UV and visible regions of the spectrum are showsdApicted in Fig. 8(d), the shape of
the visible emission band peaked B70 nm, which has been attributed to oxygen
vacancies (¥) [16,41], does not change with*Aland St* incorporation. Hence it can
be concluded that additions of bott*Aand Sf* to the ZnO lattice do not induce
additional luminescent defect centers.

Regarding the mechanisms behind the UV emissidatéeto band-to-band
recombination and recombination processes involuiggy band edge states), the effects
of AI**incorporatiorare noticeable: the UV band is blue-shifted ancdibemed with
respect that of ZnO sample [Fig. 8(c)]. These Hhits could be due to the Burstein—
Moss effect [26,27] or related to bandgap wideraesgociated with the compressive
strains deduced from the XRD and Raman measuremiérgsffects of the
Sr*incorporation, in contrast, are less noticeablartter to study the nature of the UV
emission, we decompose the PL spectra in the UMmeg its assumed Gaussian
components. The results are shown in Fig. 9 andrsarimed in Table 3. As it can be
noted, the spectra from ZnO and ZnO:Sr [Figure}, 9 and (e)] could be
satisfactorily fit with 2 components only. From jregtion of Table 3, it is deduced that
both components in ZnO:Sr are slightly red-shifteth respect to those in ZnO and
that the redshift increases as function of tH& Ssminal content. The red-shifts could
be related to small bandgap narrowing associatddthe tensile strains deduced from

XRD and Raman. In addition, the energy differermatsveen the two UV components

13



are 61, 70 and 71 meV for ZnO, ZnO:Sr 1% and Zn@%y respectively, which are
close to the ZnO LO phonon enerdyu;, = 71 meV) [23]. Hence, it is reasonable to
assume that these components correspond to th@slLLO) and the second (FX-

2L0O) exciton phonon replicas, which usually doméntite UV emission band from

ZnO at room temperature [65].

In contrast, a third component, centered at ab@0trvin (3.1 eV), appears for
ZnO:Al. Furthermore, as mentioned above (Tabler® first two components are blue-
shifted with respect to those for the undoped Za@e. Since the energy differences
between the two first components are 67 and 770efiO:Al 1% and ZnO:Al 4%,
respectively, their origin can also be relatechiw EX-1LO and FX-2LO phonon
replicas. Regarding the third componeniatl eV, the energy differences with respect
the FX-2LO component (105 and 116 eV for 1% andod%l>* nominal content,
respectively) are significantly larger than the Zpiidnon energy, indicating that it is
not an additional phonon replica. Indeed, we ndtie¢ a component aB.1 eV has
been observed before in Al-doped ZnO and attribtdetear-edge states associated

with Al substitution of Zn [66]. Shallow donor stgtdue to due to Al 3s electrdnsm

substitutional Al in ZnO are predicted by densiindtional theory based calculations

[67]. As a matter of fact, for sufficiently largd #oncentration, some of these states are

responsible for the well-known semi-metallic ch#éeaof electrical transport in

ZnO:Al It is possible that the shoulders obseraed00 nm (i.e. 3.1 eV) in the PL

spectra for both Al-doped ZnO samples in Fig. &f€) due to radiative transitions

involving Al-induced donor states. However, we nibtat a PL contribution at about 3.1

eV has been also reported for undoped ZnO andbuatidd to Zn interstitials (4n[68].

It is not clear at this stage why formation of &ould be favored in ZnO:Al samples

grown by hydrothermal synthesis. It is interestiogote that Znis a relatively unstable

14



point defect due to a low diffusion barrier [69] Tifiat can be stabilized by the
interaction with \4 [71]. Hence, we speculate that at some growtresthg
incorporation of A" in substitutional way could help to stabilize #m. Note,

however, that this effect is not observed for ZnO:S

Table 3. Parameters extracted from Gaussian funfit®to the UV emissions

Sample FX-1LO |[FX-2LO (eV) | [3.1eV | (FX-1LO) - (FX-2LO) —
(eV) peak (eV) | (FX-2LO) [B.1eV peak

(meV) (meV)

ZnO 3.236 3.175 - 61 -

ZnO:Al 1% | 3.271 3.204 3.099 67 105

ZnO:Al 4% | 3.297 3.220 3.104 77 116

Zn0O:Sr1% | 3.235 3.165 - 70 :

Zn0O:Sr 4% | 3.222 3.151 - 71

4. Conclusions

Powders composed by nano and microspheres of Zd@r@:M with M = AR*
and Sf* were obtained through hydrothermal route usinthdigolamine. XRD and
micro-Raman results indicate that bott#dnd Sf* are mainly incorporated into ZnO
substitutionally. All samples exhibit wurtzite stture and spherical morphology. A
large reduction on the average sphere size witieasing Af" nominal content was
observed, indicating that the *Alinteracts with diethanolamine in a way to inhitst
function as an aggregation agent, preventing thedtion of large spheres. From the
crystallite sizes and strains estimated by meamgilbiamson-Hall analysis of the
observed XRD patterns using the Uniform Stress ibedtion Model (USDM), it was
found that incorporation of Alinto the ZnO lattice induces compressive strainevhi
S induces tensile strain. These effects are comsigtith the phonon frequency shifts
observed by Raman spectroscopy [Figures 6 andaf(@]are expected from differences
between the ionic radii of substitutional catioB€63 nm for Af* and 0.118 nm for

Sr*") and that of the host Zh(0.074 nm). The effects of Aland S* additions on the
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PL spectra were also studied. The most remarkdidergation was a new component
to the UV band aiB.1 eV for ZnO:Al, not observed for ZnO:Sr, attriéd to

substitutional A" donor states or to the Zn interstitial defect. ERact nature of this

component for A" incorporation in ZnO should be matter of furthesearch.
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Figure Captions

Figure No. 1Fig. 1 SEM micrographs of synthesized powdersZ(&); (b,c) ZnO:Al;
(d,e) ZnO:Sr and (f,g) a close view of ZnO:Al 1%d&nO:Sr 4% respectively.

Figure No. 2Fig 2. EDX spectra from synthesized powders. (&) Zib) ZnO:Al 1%;
(c) ZnO:Al 4%; (d) ZnO:Sr 1% and (e) ZnO:Sr 4%.

Figure No. 3Fig. 3. XRD patterns from ZnO (bottom) and from ZMJM=Al and Sr)
with 1 and 4 % of M nominal content.

Figure No. 4. The Williamson-Hall plot using theitdmm Stress Deformation Model
(USDM) for ZnO, ZnO:Al and ZnO:Sr. The red line mmsponding to the linear fit; the
crystallite size D is estimated from the line isttion with the axis and the strains
estimated from the slope.

Figure No. 5. Fig. 5. Micro-Raman spectra for ZZ@Q:Al and ZnO:Sr.

Figure No. 6. (a-e). ThE,* mode of studied samples and its correspondingitfit w
Breit-Wigner function. (fla of E»® mode extracted from the fits as function of the Al
and Sr nominal contents.

Figure No. 7. (a-e). ThE.""mode of studied samples and its correspondingitiit w
Breit-Wigner function. (f)ay of E,""mode extracted from the fits as function of the Al
and Sr nominal contents.

Figure No. 8 (a-b). Photoluminescence spectrae¥thO, ZnO:Al and ZnO:Sr
samples. (c) Normalized UV emission. (d) Normalizesible emission for all the
samples.

Figure No. 9. Gaussian fit of UV emission from Z&dO:Al and ZnO:Sr samples. For

ZnO:Al samples, it was necessary to fit with th@sussian components, while for ZnO
and ZnO:Sr, the best fits were achieved with twa$s&an components.
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Highligths

¢ ZnO and ZnO:M (M = AI*" and Sr**) powders were synthetized by a
hydrothermal method

* The particles radius decreased from 1 um down to 70 nm with Al dopant
incorporation

« Both AI*" and Sr** are mainly incorporated substitutionally

« AI* and Sr** additions to ZnO induce compressive and tensile strain
respectively

« AlI* incorporation induced a PL component at ~3.1 eV related with Zn
interstitial
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