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PROPERTIES OF NANOPARTICLES ZnO:Mn
IMMOBILIZED IN POLYETHYLENE MATRIX

Nanoparticles ZnO:Mn (3—5nm) immobilized in polyethylene matrix were synthesized.
The samples with different content of the manganese (5, 10 and 20%) in the initial solution
of the Mn and Zn precursors were investigated by means of ESR, PL and XRD. Thus the
behavior of the Mn impurities in ZnO was studied. It was observed that most of the
manganese in ZnO form second undefined phase MnO_ or substitute the zinc in cation
sublattice at the surface layer of the nanoparticles. The mean value of constant of hyperfine
structure of Mn is higher than expected one (<A> = (94+3)-10~* cm™) that is significantly
differ from the constant of hyperfine structure of Mn incorporated into single crystal ZnO
(76-10~* cm™). Photoluminescence measurements has revealed wide band of emission in
green-red region 500—600 nm, with different position of the maximum depending on the
manganese content.

Introduction

Onrush of nanotechnology gives rise to reconsideration of functional
capacity of well-known materials. In particular many papers have been
dedicated to the research on nanosized systems that are based on zinc oxide.

Zn0 is a direct wide-gap (3.37 eV) semiconductor with extremely high
exciton binding energy (60 meV). In addition it is nonexpensive, nontoxic and
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resistive to the high energy radiation [ 1]. These features
should create prerequisites for ZnO to be applied in
crystalophosphors as work medium for luminescent
centers. Quantitative characteristics of such optical
system are altered with transition to nanoscale as a
result of profound influence of confinement effects
and surface states. The former is based on effect of
surface restriction that in turn acts as potential barrier
with endless walls.

As aresult, confinement effect leads to increasing
of band gap, binding energy of exciton and
overlapping of electron-hole wave functions. Each
mentioned effect makes its positive contribution to
quantum efficiency of the crystalophosphors what
consists in increasing of oscillator strength of band-
to-band transition, lifetime of exciton and probability
of their interaction with luminescent centers [2].

In order to research such system, nanoparticles (NP)
ZnO:Mn?*" immobilized in polyethylene matrix (hereafter
Samples) were synthesized. Manganese is expected
to be center of yellow-green luminescence (~580 nm)
due to *T,(G) — °A, transition in crystal field of
hexagonal symmetry [3] (for example ZnS). Moreover
orbital and spin quantum numbers of Mn?* in ground
state are L =0 and S = 5/2. Therefore it is also proper
element for probing of local surroundings in the host
by means of ESR (Mn?* has six lines of hyperfine
structure). That is very important upon studying of
doped nanoparticles.

As for the synthesis process the mixture of
precursors containing Zn?* and Mn?" ions was
introduced into the solution of polyethylene in
hydrocarbon oil. Thus separated particles were
protected from agglomeration and atmospheric impact.
It was also observed that behavior of the NP had been
correlated by option of zinc and manganese precursors.
Therefore influence of mixtures of precursors
Zn(NO,), with Mn(NO,), and Zn(CH,COO), with
Mn(CH,COO), on the NP properties was studied.

Experement

Synthesis

Investigated NPs were synthesized in compliance
with the methodology that was described elsew-
here [4, 5]. A water solution of Zn and Mn precursors
with the concentration varying from 0.05 to 0.06 mol/l

was prepared. LDPE (low density polyethylene) was
dissolved in mineral oil in argon atmosphere using
intensive stirring and heating. A solution of precursors
was being introduced dropwise into the reaction mass
for 24 h at 250 °C. Throughout a synthesis, gaseous
products of the reaction and residual water were
removed from the reaction vessel by an argon
stream. Afterwards, a reaction mass (polymer-
nanoparticles-oil) was stirred at a proper temperature
for 40 min with the purpose to complete thermal
decomposition of the initial precursors, then cooled
down to room temperature and placed into a Soxhlet
extractor where residual oil was completely removed.
Two groups of Samples were prepared.
Zn(NO,), with Mn(NO,), and Zn(CH,COO), with
Mn(CH,COO), were used as the zinc and man-
ganese precursors for preparation of the first and
second groups of samples, respectively. Three types
of Samples that were synthesized from initial
solution of precursors containing 5, 10, and 20 %wt.
of Mn were studied in both groups (Table 1).
However the initial solution of the precursors
consists of particular amount of the manganese, its
actual concentration in final nanoparticles ZnO is
under question and may strongly diverge from the
initial value. Within this paper it is considered that
value of the manganese concentration in nano-
particles ZnO is less than 1%. This assumption is
made on the base of ESR measurements, that have
shown six line of the hyperfine structure (Fig. 5),
that means low amount (<1%) of magnetic ions
have been introduced into the nanoparticles ZnO.
As for the localization of the rest part of manganese
it seems to form some oxygen phase MnO_. Its
presence is indicated by X-ray diffraction measu-
rement (Fig. 2 the band under notation MnO ).

Measurement equipment

X-ray diffraction measurements (XRD) were
performed with modified computer-controlled
diffractometer DRON-3M equipped with X-ray
tube BSV-28, cupper anode (A = 1.54 pkm) and
nickel filter. Data processing was performed
according to the database of standard XRD
spectrum value ASTM (American Society of
Testing Materials).
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Table 1. List of synthesized Samples

Precursor I group I group
Zn(NO;), + Mn(NO3), Zn(CH;COQ), + Mn(CH;COO),
Samples N1 N2 N3 N4 N5 N6
Content of manganeses, % 5 10 20 5 10 20

The ESR experiments were performed at X band
~10 GHz at room temperature.

Fig. 1. TEM image of ZnO:Mn nanoparticles. The average
size of the NP is 3—5 nm

I(au
300 L)
— MnO
A/‘\S X
g J S 3z a
TN Ty = N6
200 |- L O | W W= Na
N3
100 |-
N1
0 | | | | | | | | |
25 30 35 40 45 50 55 60 65 70
20

Fig. 2. XRD spectrum for Samples N1, N3, N6
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Photoluminescence (PL) spectra were excited
by nitrogen laser (337 nm) and measured at room
temperature.

Results and discussion

Six Samples were synthesized (Table 1). The
average size of NP was estimated using TEM
instrument (Fig. 1) and assigned to be 3—5 nm.
Basing on minimum energy principle for surface
strain and TEM image (Fig.1) the NPs are
suggested to have sphere like shape.

The XRD pattern exhibited a wurtzite structure
of ZnO (Fig. 2), for both groups of Samples. Two
Samples with the highest content of manganese
(20%) from every of the groups (N3 and N6) and
one Sample N1 (5% Mn) were chosen to compare
with one another. As it can be seen from Fig. 2 they
have particularly identical XRD spectra that are
characterized by six lines of ZnO hexagonal structure
and weak unidentified lines with 26 = 38+49°.
According to the ASTM these unknown lines can be
assigned to be compounds of manganese with
oxygen. Thus we could hardly give unambiguous
answer what these phases are, so hereinafter they
are referred as MnO_ (Manganese oxide).

A comparative analysis of XRD spectra for N1,
N3 and N6 was performed. To reveal difference
between these Samples, two parameters for each
spectrum were estimated. First parameter is a
interplanar spacing of crystalline structures,
calculated by Bragg’s equation (Fig. 3):

A
2 -sin®
Second parameter is a relative size of coherent

scattering region (CSR), calculated on the basis of
Debai—Sherrer equation (Table 2):

Ae M
FWHM - cosO
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This parameter in contrast to the first one
depends on FWHM of the XRD spectra lines and
is used to estimate comparative characteristic (not
absolute) of coherent scattering region of the
nanoparticles. FWHM have been calculated as full
width at half maximum on Gauss curve that
approximate the XRD spectrum lines.

In both equations (1) and (2) the notation 6 and
stands for the scattering angle and wave length
1.54 mkm, respectively.

One can see (Fig. 3) that interplanar spacing of
crystalline lattice of ZnO nanoparticles in Sample N1
(5% Mn) are slightly shifted to the lower values in
comparison with the ones for N3, N6 and ASTM. Since
the nanoparticles contain low amount of the mangane-
se (<1%) thus it hardly could change the lattice parameters
of ZnO because of bigger ion radii of Mn*? (0.8 nm)
opposite to the ion radii Zn?* (0.73 nm). However such

Table 2. Relative value of coherent scattering region of
three Samples N1, N3 and N6 calculated by equation (2)

Sccgltlteel;‘?rlltg ZnO ZnO ZnO
Region (A) (100) (002) (101)
Nl 2.07 2.46 2.02
N3 2.25 2.25 2.16
N6 2.49 3.30 2.49
d (angstrem)
280 o — N3 N6  ASTM
N (100)
- r—
2,75 “-100
2,70 - —a—(101)
2,65 -
N3 N6 ASTM
2,60 Nl/‘\.4.
o
2,55 -
N3 ASTM
- N6
2,50 M/A\A//A
2,45 2

Samples

Fig. 3. comparative values of interplanar spacing of
Samples N1, N3, N6 and corresponding ASTM value for
three different directions

behavior can be explained if we take into account an
effect of surface tension on periods of the crystalline
structure. For nanoparticles where surface to volume
ratio is high, crystalline structure is strongly affected by
surface tension that results in decreasing of the periods
of the crystalline lattice. In addition the dimension of the
coherent scattering region (Table 2) for these three
Samples has similar dependence except for the (002)
case. Thus basing on these facts we can assume that
average size of NPs ZnO:Mn N1 is smaller than
NP N3 and Né.

ESR measurements

Due to half-filled d shell (3d°) with spin §=5/2,
angular momentum L = 0 and nucleus spin / = 5/2,
the resonance of an isolated Mn?" ion located
substitutionally on a Zn site in hexagonal ZnO is
described by the spin Hamiltonian:

H=gu,HS+ 4,51 +D,S.S, 3)

At low concentration (<0.1%) Mn doped ZnO
single crystals, an isotropic Zeeman (first term eq. 3)
and hyperfine interaction (second term eq. 3) were
observed (g =2.0016, |A| = 76:10* cm™) together
with an axial fine structure splitting (D = 217-
-10* cm™) [6]. In the case of randomly oriented
nanocrystals anisotropic contributions are washed
out and one can expect a six line spectrum with
a hyperfine splitting (hereafter HFS) of about
76:10* cm™! from isolated Mn?" incorporated in the
single crystal ZnO.

ESR measurements were used to investigate a
behavior of Mn?* in the host material ZnO. ESR
spectrums for five Samples are given on Fig. 5. It
shall be noted that ESR spectra for Samples N1 is
not resolved thus it is not given in this article.
According to these measurements two spectrum
patterns can be highlighted:

S1—broad background line that inhere for all ESR
spectrums (dash-dotted lines on the Fig. 5) is related
to the exchange and dipole-dipole interaction of Mn
between nearby magnetic centers. This line can be
attributed to the unknown phase MnO_ (Fig. 2);

S2 — six lined hyperfine structure with mean
constant of HFS (CHFS) <A> = (9443)-10* cm™!
is related to the isolated Mn in ZnO lattice. Value
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Fig. 4. PL spectra for Samples (a) N1-3 and (b) N4—6.

of the constant of HFS is given as «almost equal»
because it is mean value over all six lines. Detailed
estimation of this value gives confidence interval
as £3. However it is crude approximation but for
our objectives and conclusion it is enough.

In hexagonal ZnO lattice manganese ions that
substitute of Zn?* in the single crystal undergo the
effect of tetrahedral electrostatic field of the
surroundings. In such a case the CHFS of Mn?* is
76-10* cm™', in contrast to observed HFS of Mn in
ZnO nanoparticles with considerably higher CHFS
(<A> = (94£3)-10* cm™).
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Fig. 5. ESR spectrum for (a) Samples N2—6 at T=300 K

Similar increasing of CHFS for manganese in
hexagonal lattice has been observed earlier in
nanopowders CdS, ZnS [7-9] and ZnO [10]
synthesized in colloidal solution. Such increasing in these
works related to formation of cubic Zn(OH), crystalline
phase on the surface of the nanoparticles. In this
structure Mn?* can substitute zinc ions in octahedral
surrounding of hydroxide groups. But in our work the
synthesis was held under such conditions that exclude
formation of any compounds except ZnO and
manganese oxides. Thus explanation of such value of
CHEFS can be related to the disturbances of tetrahedral
Zn sublattice at the surface layer of ZnO and formation
of octahedral surrounding around manganese ions.

This conclusion is based on the fact that CHFS of
Mn in tetrahedral surrounding has lower value than in
the case of octahedral one (Table 3). As it can be seen

1]
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Table 3. Comparative table of constants of hyperfine
structure for Mn in local octahedral and tetrahedral
surrounding

Octahedral surrounding | Tetrahedral surrounding
A107, cm™ A107, cm™

ZnF, 9.6 ZnO 7.4
NaCl 8.2 CdS 6.48

KClI 8.86 CdTe 5.51

NaF 9.1 AlLO; 7.5
AgCl 8.1 ZnS 6.4
SrCl, 9.7 - -

from the table CHFS <A> = (9443)-10~* cm! lay in
the range of the values for octahedral local environment.
These two spectra S1 and S2 are more or less
detected for investigated Samples N2—6. In particu-
lar S1 ESR signal is well observed for whole number of
Samples that indicate second phase formation (com-
pound with Mn component) for all of them. Sextet
structure S2 is weakly resolved for members
of second group (N4—6) but nearly absent for Samples
NI and N2. The difference between these two groups
lays in type of Zn and Mn precursors that are used in
chemical synthesis reaction. From this point of view
manganese, that is easily oxidized metal, differently acts
in nitride and acetate solutions [3]. In second group of
precursors the Mn oxidation is more inhibited than in
nitrides solution. That leads to increasing of second phase
formation in the last medium in comparison with the
first one. Therefore one can observe more intensive six
lined structure for N4 and N5 than for N1 and N2.

Photoluminescent spectrum

The PL spectrum of bulk ZnO is characterized by
two lines. First one lays in UV region 350-370 nm
and attributed to the near band gap exciton
recombination PL. Second one, wide band line, lies
in green-red region of the visible spectrum (500—
600 nm) and caused by intrinsic point defects within
zinc oxide that lead to appearing of deep and shallow
defects levels in the band gap [12-13].

At the transition to nanosized objects the PL
spectrum become more ambiguous than in the bulk case.
Since influence of surface layer states in such entities is

significantly enhanced with decreasing of their size. Thus
itis expected to observe additional lines in the spectrum
of nano ZnO attributed to the surface layer. The lines
can be varied depending on the shape of the nanoparticles.

On the Fig. 4 spectra of nanoparticles ZnO doped
with Mn are shown. All Samples are characterized by
UV component (~370 nm) that is poor resolved on the
UV band of nitrogen laser background (this line is not
shown on the pictures). In addition wide band in visible
region of the spectrum (500—600 nm) is observed too.
The significant widening of this line is clearly attributed
to wide distribution of the emission spectrum of the
individual nanoparticle within any of the Samples.
Characteristic dimensions of these nanoparticles is
decreased enough that their shape and dimensions have
significant influence on the optical transitions.

For the Samples N1-2 the intensity of the lines in
visible region lies at the noise level. In these nanoparticles
the radiationless transition is dominated. But as for the
Samples with higher manganese content there is
intensive line of emission centered at the 590 nm
(Fig. 4a). Similar picture is observed for Samples N4-6,
the Samples with the highest manganese content show
the most intensive line in the visible region (Fig. 4b).

There is not enough information to definitely conclude
about origin of these lines, but some assumption can be
made. Whereas the band line strongly overlap region of
defect emission that attributed to the native point defects
in ZnO [12], we can make assumption that one of the
sources of the green emission is these point defects.
That is even in the Samples N1-2 there are low resolved
picks in 530 nm. Other sources of the emission are
assumed to be surface states that depend on manganese
content at the surface layer of the nanoparticles.
Absence of the isolate manganese in the Samples N1—
2 is also confirmed by ESR measurements. For other
Samples where isolate manganese was found by ESR,
the PL spectrum have been observed. Therefore we
can assume that manganese ions participate in forming
or modification of the ZnO defects on the surface level
and in some way promote emission in visible region of
the spectrum.

The role of the manganese as surface agent, but
not luminescence center itself is proved by different
position of the PL lines for the Samples with different
manganese contents. However luminescence of the
manganese (580 nm) could not be eliminated.
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Conclusions

Within this work nanoparticles ZnO doped with
Mn immobilized in polyethylene matrix with
average size 3—5 nm were synthesized. Two
different localizations of Mn have been revealed.
First one is localization at the surface layer
substituting zinc in cation sublattice (<A> =
=(94£3)-10* cm™) that differ from constant of
hyperfine structure for ZnO 76-10* cm™'. The
second one is thought to form undefined phase
MnO, with unresolved hyperfine structure. Under
nitrogen laser excitation (337 nm) visible emission
in the range 500—600 nm has been observed that
is attributed to defect surface states that are
predominant in the nanoparticles.

This work was financed by the Russian Foundation
for Basic Research (grant nos. 10-08-90421-VYkp and
10-03-00466-a) and the grant of the President of the
Russian Federation MD-5551.2010.3.

Orpumano HaHoyacTHHKY ZnO:Mn po3mipom 3—5 um. 3a omo-
mororo MeroniB EINP, peHTreHOCTpyKTYpHOTO aHaisy Ta Gpoto-
JIFOMIHECLCHIIT JOCIIDKYBAM CTPYKTYPY LIMX HAHOYACTHHOK i3
BMicToM MaprasIo 5, 10 1 20% mo1o BUXiTHOTO PO3YHHY Ipe-
Kypcopis. [Toka3aHo, 1110 nepeBakHa KUTbKICTh MapraHifio Gpop-
Mye apyry ¢asy Ta 3amillye [MHK y KaTiOHHIill MigpemiTii B
TIOBEPXHEBOMY TIPOILIAPKY [IX HAHOUACTHHOK. Cepe/iHe 3HaYeH-
HSI KOHCTAQHTU HAJITOHKOI CTPYKTypH (<A> = (94+3)-10+ cm),
orpuMane Metozom EITP, BusiBUnocs GiibIumM 3a ouikyBaHe Ta
BiZIMIHHUM BiJT JIOBITHUKOBOTO JUTSl MapraHIIO B KPUCTATIUHIN
petuitii ZnO (76:10* cm'). DoToMOMIHECHIEHTHI BUMipIOBaH-
Hsl BUSIBWIH IIHMPOKY JIHIIO BUIIPOMIHIOBaHHS B 3€JICHO-YeEp-
BOHi#t 06macTi criektpa S00—600 HM i3 pi3HIM MOJIOXKESHHSIM MaK-
CHMyMy 3aJIE)KHO BiJ THITy 3pa3Ka.

Kmwouosi cnosa: nanouacmunka, ZnO, Mn, ¢pomoniominec-
yenyis, rrominecyenyis, EIIP

[omy4ens! HarnowacTubl ZnO:Mn pazmepom 3—5 aMm. C mo-
MoIlbI0 MeTon0B DIIP, peHTreHOCTPYKTYpHOTO aHaiau3a U
(hOTOMOMUHECTICHITN HCCIIEI0BANIACH CTPYKTYpa 3THX HaHO-
4yacTull ¢ coepkanreM maprania S, 10 u 20% OTHOCUTENBEHO
HCXOIHOTO pacTBopa MpeKypcopoB. Ilokazano, 4To mpenmMy-
LIECTBEHHOE KOJIMYECTBO MapraHua popMupyeT BTopyo da3sy
1 3aMeMIAeT IUHK B KATHOHHOH MMOAPEIIETKE B IOBEPXHOCTHOM
coe 3TUX HaHoyacTHL. Cpe/jHee 3HaYeHNe KOHCTAHThI CBEPXTOH-
KOU CTPYKTYpBI (<A> = (94£3)-10~ cm™), momy4eHHOe METOIOM
OI1P, okazanioch OOJNBIIMM MO CPABHEHUIO C OXKHAAEMBbIM U
OTJIMYHBIM OT CIIPAaBOYHOTO JIsI MAPTaHI[A B KPHCTATIIHIECKON
peuterke ZnO (76-10* cm ). doTonmOMHHECIIEHTHEBIE U3MeEpe-
HUS BBISIBIJIM IIHPOKYIO JIMHUIO M3JTyYEHUs B 3€JICHO-Kpac-
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Ho¥ obmactr criekTpa 500—600 HM ¢ pa3HBIM ITOJIOKEHUEM MaK-
CHMYMa B 3aBHCUMOCTH OT TUIIa 00pas3ia.

Knrwouesvie cnosa: nanouacmuya, ZnO, Mn, gpomonomurec-
yenyus, momunecyenyus, 1P
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