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Abstract Polymeric precursor method (Pechini) was

employed to fabricate single- and multilayers of

Zn1-xMnxO (x = 0–0.3) on glass substrates. X-ray diffrac-

tion measurements revealed that crystal structure of

Zn1-xMnxO multilayers is the typical hexagonal würzite

structure of pristine ZnO. A reduced peak intensity and

widened full width half maximum (FWHM) value of

prominent peaks suggested that the Mn2? ions have substi-

tuted the Zn2? ion without changing the würzite structure of

pristine ZnO up to Mn concentrations x B 0.2. A distinct

redshift of the absorption edge was observed as the Mn

concentration x was increased. Additionally, the absorption

edge was less sharp due, probably, to s–d and p–d interac-

tions, which give rise to band gap bowing. Nevertheless,

amorphous states appearing in the band gap as a consequence

of reduced crystallinity may also be responsible for the

shrinking of the band gap in this material. Interestingly, the

field dependence of the magnetization showed typical

paramagnetic behavior for all the chosen Mn concentrations

with no evidence of ferromagnetic ordering. Probably, the

absence of ferromagnetism in the studied Zn1-xMnxO films

is strongly related to defects (say Mn impurities at the

interface between nano-crystallites) in ZnO due to partial

substitution of host Zn ions by Mn ions.

Introduction

Transparent conducting oxides are basic materials for

novel applications in various fields of optical and electronic

devices [1, 2]. Recent theoretical studies claiming the

existence of a ferromagnetic ground state in substituted

ZnO have opened new expectations for technological

applications of this oxide [3] which base on a possible

magnetic control of the optical and electrical properties [4].

Certainly, great interests in spintronic devices which pur-

sue the dream of using spin degree of freedom of the

charge charier so as to increase both speed and storage

capacity in microelectronic devices has stimulated the

investigation of dilute magnetic semiconductors (DMS)

with promising magnetic properties [5, 6]. DMS materials

involve the charge of semiconductors (where spin is inac-

tive) and the spin of the magnetic dopants in a single

substance. Hence, the physics of them is specially traced on

the functionality of magneto-optic devices. The finding of

room temperature ferromagnetism in some thin films

seemed to verify previous theoretical predictions [7],

although several studies have thrown doubts on the

intrinsic nature of the magnetic behavior [8]. Among the

potential candidates to DMS, the wide band gap ZnO has

received considerable attention due to the possibility of

partially substituting Zn2? ions by magnetic ions in the

hexagonal structure [3]. The band gap of ZnO amounts to

*3.3 eV at room temperature and the crystals are unin-

tentionally n-type [9]. Physical methods as sputtering or

pulsed laser deposition have been extensively used for the

preparation of ZnO films [10–13]. The two mentioned
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methods normally use targets from which the films are

ablated or sputtered. The targets are fabricated by pressing

powders which are commonly synthesized by standard solid

state reaction. The main difficulty with this synthesis (solid

state reaction) is the lack of uniformity in the fine particle

distribution due to the abnormal crystal growth at high

temperatures. On the other hand, the synthesis of oxides

using soft chemistry methods such as sol–gel or chemical

coprecipitation has demonstrated to be effective in getting

nanometric sized particles with uniform particle size dis-

tribution [14]. The lower processing temperatures required

by these synthesis methods seem to play an important role

in achieving oxides with these characteristics [15]. In the

sol–gel technology, there are several methods of prepara-

tion which depend on the employed metal alcoxides [16].

Some methods are more versatile than others and involve

determined organometallic compounds in an alcoholic

dissolvent followed by a series of chemical reactions of

hydrolysis, condensation, and curing to produce a gel which

is formed by a continuous inorganic network [17]. The most

important step in this route is the formation of an inorganic

polymer by means of hydrolysis reactions. The hydrolysis

of a solution like tetraethyl orthosilicate (TEOS) in a dis-

solvent as ethanol allows for the formation of silanols

groups which form a sol. A gel is then obtained by a

molecular cross-linking through the curing by subsequent

condensation [18]. Although the main disadvantage of this

wet chemical synthesis is the lack of information related to

the involved chemical reactions during the formation of the

complexes, this has not prevented that the method to be

widely used for the synthesis of multicomponent oxide to

diverse applications [19].

In this work, the successful growth of Zn1-xMnxO

(x = 0–0.3) multilayers on glass substrates using the

polymeric precursor method (Pechini) is reported.

Remarkable experimental results as the absorption edge

shift (observed by UV–Vis spectroscopy) along with the

absence of ferromagnetism in the temperature range 300–

5 K for all Mn doping levels are discussed in detail.

Experiment

The preparation of the coating solutions is based on

the Pechini method [20]. Zn(CH3CO2)2�2H2O dihydrate

(Fluka, 99.5%) and Mn(CH3CO2)2�4H2O tetrahydrate

(Aldrich 99%) were used as starting precursors. N,N-

dimethylformamide (Fisher 99%) was employed as dis-

solvent. Zinc acetate dihydrate and manganese acetate

tetrahydrate were dissolved in N,N-dimethylformamide

(concentration: 0.6 M) at room temperature under perma-

nent stirring. The molar ratio of Zn to Mn was 0.94:0.06.

The resulting solution was stirred up to yielding a clear and

homogeneous sol which served as the coating material. In

case of the pristine ZnO films, zinc acetate dihydrate was

first dissolved in ethanol at room temperature (concentra-

tion: 0.6 M). The solution was subjected to reflux for 2 h at

60 �C and then triethanolamine (Merck, 99%), in a molar

ratio to zinc acetate of 6:5, was added as stabilizer. The

solution was stirred for 30 min at 60 �C in order to get a

clear and homogeneous solution which served as the pre-

cursor solution. At this stage, it was observed that the time

needed to get the appropriated coating solution was less

than that involved in the traditional sol–gel procedure

(sometimes more than 24 h) [21]. Previous to the coating,

the glass substrates were treated with a standard wet

cleaning procedure. The Zn1-xMnxO (x = 0–0.3) films

were prepared from the precursor solution using the spin-

coating method. After setting the glass substrate on the disk

of the spin-coater, the coating solution (approx. 0.2 mL)

was dropped and spin-coated at 3000 rpm for *20 s in air.

After each spin coating, the substrates were heated at 80 �C

for 10 min in an open-air oven. The process from coating

to drying was repeated several times in order to achieve the

desired thickness of the Zn1-xMnxO multilayer. Finally,

the coated substrates were heated at 500 �C for 1 h. The

crystal structure of the films was analyzed by X-ray dif-

fraction (XRD) at room temperature in standard h-2h
configuration. The surface of the films was analyzed by

scanning electron microscope (SEM) operating at 7 kV.

Elemental analysis was carried out by energy-dispersive

X-ray spectroscopy (EDS). The optical properties of the

films were characterized by recording the UV–VIS

absorption spectra using an Ocean optics spectrophotom-

eter (wavelength range 200–900 nm). Complementary

Raman scattering measurements were performed on a

microlaser Raman system (JY instruments) at backscat-

tering geometry using a 623 nm laser as excitation source.

The magnetic response of the blank substrates and

Zn1-xMnxO (x = 0–0.3) films was detected by sensible

measurements of the magnetization as a function of the

field using a Quantum Design SQUID magnetometer.

Results and discussion

Displayed in Fig. 1a is the XRD pattern measured on a

representative ZnO multilayer formed by a 10-cycle spin-

coating of the glass substrate. Solid lines correspond to

experimental data and symbols to Rietveld refinement. The

analysis of the XRD pattern indicates that the ZnO film is

single phase with würtzite crystal structure of ZnO (space

group P63mc). No additional peaks corresponding to

any secondary crystalline phase (e.g., unreacted MnO2)

were detected for this sample. Nevertheless, this does not

preclude the presence of secondary phases since X-ray
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diffraction, being a ‘‘bulk’’ technique, is not always sensi-

tive to small precipitates of a secondary phase especially for

low level of doping. More sophisticated techniques as

NEXAFS may give more convincing information about the

degree of purity of the compound. The addition of Mn

certainly alters the diffraction angle (shift to lower angles),

the peak intensity and the full width half maximum

(FWHM) value of prominent peaks as the (002) suggesting

the incorporation of Mn ions in the Zn lattice (Fig. 1b). The

crystalline size of the films has been determined by

Scherrer’s formula using the XRD line broadening method

[22]. Here, the crystal size D = 0.9k/(B � cosh), where k
represents the wavelength of the X-ray radiation, B the

FWHM value and h the diffraction angle. The estimated

average crystalline sizes are *40, *22, and 20 nm for the

Mn concentration 0, 0.05, and 0.1%, respectively. Inset to

Fig. 1b shows the variation of FWHM of the (002) peak as a

function of Mn concentration. It is observed that the

increase in Mn concentration increases the FWHM reducing

thus the grain size and increasing the grain boundaries in the

films. Such effect ultimately leads to reduced crystallinity.

Here, it is understood that more Mn ions have been incor-

porated in the Zn lattice site. Probably, the increase in the

Mn concentration would enhance the nucleation of the ZnO

phase resulting in a smaller grain size [23]. Note that for Mn

concentrations x [ 0.1, the crystallinity of the films quickly

decreases becoming practically amorphous for x [ 0.2. On

the other hand, the c-axis lattice constant of Zn1-xMnxO

films as obtained by Rietveld refinement increased from

5.205 Å for x = 0, 5.216 Å for x = 0.02 and 5.258 Å for

x = 0.05. Since the ionic radius of Zn2? (0.74 Å) is smaller

than that of Mn2? (0.80 Å) and larger than that of Mn3?

(0.66 Å), the increase of the c-axis lattice parameter with

the Mn doping indicated that the divalent Mn2? ions

substituted for Zn2? ions in ZnO crystal lattice [24]. The

latter results suggest that Mn atoms substitute for Zn sites in

the films fabricated by Pechini’s method without changing

the würzite structure (x B 0.2).

Figure 2a shows a SEM micrograph of the surface of a

Zn0.95Mn0.05O multilayer prepared by repeating the spin-

coating ten times and preheat-treatment at 80 �C and by

post-heating at 500 �C. The image gives a general view of

the morphology of the so fabricated ZnO multilayer.

Crystallites of different lateral sizes may be found. The

top-flat crystallites with hex-like shape suggest the würzite

structure. On the facets of these relative big crystallites a

number of small holes may be seen. The corresponding

EDS spectrum of this sample is presented in Fig. 2b. The

analysis of the chemical composition of this sample

showed consistency with the molar ratio of Zn0.95Mn0.05O.

EDS mapping was carried out on a large area of the films

encountering similar spectra. This finding speaks for a

chemically homogeneous coating of the glass substrates by

the coating solution.
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Fig. 1 a X-ray diffraction pattern (experimental data as solid line and

Rietveld simulation as crosses) of an undoped ZnO film grown on a

glass substrate at 500 �C by polymeric precursor method. b XRD

pattern of Zn1-xMnxO (x = 0, 0.05, 0.1, 0.2, and 0.3) films deposited

on glass substrates at 500 �C. Inset: FWHM of the Zn1-xMnxO films

plotted in the main panel

Fig. 2 SEM image (a) and

corresponding EDS spectrum

(b) of a typical Zn0.95Mn0.05O

film deposited on a glass

substrate polymeric precursor

method
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The room temperature absorption spectra in the wave-

length (k) range of 300–700 nm for pristine ZnO films with

various thicknesses are shown in Fig. 3a. The increase of

the number of the deposited layers resulted in the higher

absorption of samples. Interestingly, a progressive forma-

tion of the exciton band at 356 is clearly observed on this

plot. This band being practically absent in the 2- and

4-layer samples appears starting with thicknesses larger

than 6 layers. The absorption spectra featured transparency

in the visible range (k[ 400 nm) larger than 90% and a

sharp ultraviolet absorption edge at k * 380 nm. These

characteristics are typical for high quality ZnO films [25, 26].

Indeed, the high transmittance displayed by these films

suggests low optical scattering associated with uniformity

of the particle size distribution. Similar measurements were

carried out on Mn-doped ZnO multilayers. Based on

measured absorbance spectra, the band gap energy, Eg, of

these samples was determined. Theory of optical absorp-

tion gives the relationship between the absorption coeffi-

cients a and the photon energy hm for direct allowed

transition as (ahm)2 = B(hm - Eg) where B represents a

constant which depends on density of states. The direct

band gap may be determined using the last equation when

the straight portion of the (ahm)2 vs. hm plot is extrapolated

to intersect the energy axis at a = 0 (Fig. 3b). The value of

band gap was found to decrease from 3.1 to 2.94 eV with

corresponding increase in Mn concentration (x = 0–0.3),

respectively, as it is shown in inset of Fig. 3b. Addition-

ally, the absorption edge was observed to be less sharp

which is probably due to Mn states extending into the band

gap. Commonly, the observed decrease in the band gap has

been explained invoking a sp–d exchange interaction, i.e.,

manifestation of strong exchange interaction present

between d electron of Mn, and the s and p electrons of host

matrix [27]. The main d–d transitions occur at 6A1 ? 4T1,
4T2, 4A1, 4E energy levels of Mn2? ion in the presence

of tetrahedral crystal field interaction [28]. Although

exchange interaction is especially important in the presence

of an external magnetic field H, in certain cases it may

manifest at H = 0. An alternative explanation of the Eg

shrinkage and, probably, the most consistent with the

achieved results on the films reported in the present work

shall take into account amorphous states appearing in the

band gap. As it is evident from the XRD patterns, the

crystallinity of the films diminishes with the possible

incorporation of Mn ions into the Zn lattice. A diminished

crystallinity leads to more amorphous states appear in the

band gap causing the band gap to shrink. It is found, as a

general rule, that the band-edge and the near band-edge

regime are very sensitive to the epitaxial relationship

between the films and the substrate, the strains in the films

and in particular to the microstructure achieved in each

case. Crystallographic misfit at the boundary between the

misoriented grains results in intrinsic lattice defects (pri-

mary and secondary dislocations dangling bonds, bond

bending and fluctuations of bond angles), as well as in

extrinsic electronic defects due to a preferential segregation

of impurities and doping atoms at the grain boundary.

These extrinsic and intrinsic defects introduce states into

the forbidden gap which act as traps and recombination

centers. Tail states have been detected at grain boundaries

in bicrystals [29] as well as in fine-grained films [30] of

diverse semiconductors. At ideal interfaces without broken

or distorted bonds there are no states within the forbidden

gap of semiconductors as Si. Broken bonds result, how-

ever, in midgap states [31]. It is speculated that band tails

in disordered semiconductors generally arise from short-

wavelength potential fluctuations due to spatial disorder;

these quantum well fluctuations localize free carriers.

Because of the small grain sizes realized in films produced

by soft chemistry methods (this work) and the lower carrier

concentration within the grains (the films are highly
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Fig. 3 a Room temperature absorption spectra in the wavelength for

ZnO films with various thicknesses (ML). Inset: Variation of the

energy gap (Eg) of ZnO films as a function of the thickness t given in

ML. b (ahmd)2 as a function of the photon energy for ZnO multilayers

with different Mn concentrations. The solid lines represent the

straight part of the curve used to calculate the energy gap Eg. Inset:

variation of Eg with the Mn concentration x
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resistive), a substantial portion of the grains are depleted

and a flat band description is no longer appropriate.

Instead, the potential varies throughout most of the grains.

The varying electrostatic potential results in electric fields

at the grain boundaries which, is proposed, may cause

optical transitions between the highest point of the valence

band and the lowest point of the conduction band thereby

altering the optical absorption edge [32]. Aside from the

redshift observed in the investigated films, overall blue

shift of the band gap with increase in Mn concentration has

also been observed in thin films of Mn-doped ZnO fabri-

cated using diverse methods and the reason for blue shift

was attributed to the higher band gap energy of MnO

(4.2 eV) [33, 34].

The field dependence of the zero-field-cooled (ZFC)

magnetization of Zn1-xMnxO (x = 0–0.2) multilayers

(0.5 9 0.5 cm2) grown on glass substrates was measured at

5 K in the magnetic field range of ±0.6 T (Fig. 4). The

experimental data were corrected for the diamagnetic

contribution due to the background signal from glass sub-

strate. A perfect linear M(H) behavior (even down to very

low fields) is clearly observed for all the Mn concentra-

tions. The linear dependence of M on H indicates that the

samples are paramagnetic even at very low temperatures.

The slight increase in the value of the susceptibility (M/H)

with Mn concentration indicates that the number of Mn

ions in ZnO lattice is increased which agree well with the

XRD patterns. This finding is in contrast to some reports on

Zn1-xMnxO (x = 0.02) films prepared under relatively low

temperature conditions [28] in which evidence for ferro-

magnetic order at room temperature was found. The origin

for this discrepancy is unclear although there are sugges-

tions that these earlier measurements were sensitive to

unreacted manganese oxides. Even where the temperature

of synthesis is relatively low, some of the synthetic pro-

cedures are not convincing as to whether the dopant has

substituted the Zn site. Furthermore, the magnetization

values reported by many workers resulted to be very low

and may arise from the presence of magnetic impurities

which cannot be detected by X-ray diffraction. It has also

been shown that the secondary phase Mn2-xZnxO3-d, or an

extrinsic source, is responsible for ferromagnetism in Mn-

doped ZnO which was initially thought to be intrinsic [1].

In the case of Zn1-xMnxO thin films synthesized by poly-

meric precursor method technique (this work), the con-

stituent elements were mixed at molecular level ensuring

dopant atoms are present at substitutional sites as inferred

from XRD and optical measurements on these films.

Moreover, the deposition temperature was kept relatively

low to avoid any possible impurity phase segregation even

at relatively high doping levels. Although Pechini process

may provide excellent control over dopant speciation and

allow effective isolation and purification of the desired

products, it is evident that partial substitution of nonmag-

netic host ions by dopant ions may result in many defects

and lattice disorder in the host semiconductor [35]. Com-

prehensive study of defects and lattice disorder in host

semiconductors may decidedly help to understand the ori-

gin of ferromagnetism in DMS [36]. As paramagnetism

may be related to the destruction of ZnO caused by Mn

clusters and defects (not easily detected in films with usual

XRD) [37], Raman scattering was used to explore the

presence of defects and lattice disorder induced by Mn

dopants. Indeed, Raman scattering is a versatile technique

for fast and nondestructive study of dopant incorporation

and its resulting defects and lattice disorder in host lattice

[35]. The room temperature Raman spectra of Zn1-xMnxO

(x = 0 and 0.1) films on glass substrates recorded around

the sharpest and strongest peak at about 437 cm-1 are

shown in Fig. 5. This peak may be assigned to the high

frequency branch of E2 mode [E2 high] of ZnO which is the

strongest mode in würzite crystal structure [38]. The values

of FWHM of E2 (high) mode are 16.34 (x = 0) and

18.14 cm-1 (x = 0.1), respectively, which suggest that

-0,6 -0,3 0,0 0,3 0,6
-3

-2

-1

0

1

2

3

0 200 400
0

2

4

6

x = 0

x = 0.1

x = 0.2
M

 [x
10

-3
 e

m
u]

μ
0
H (Oe)

5 K

T [K]

μ
0
H=1000 Oe

 1
/χ 

[x
10

5  /e
m

uc
m

-3
O

e] x=0.3

Fig. 4 Field-dependent magnetization of Zn1-xMnxO (x = 0–0.2)

multilayers recorded at 5 K. Inset: Inverse magnetic susceptibility

(1/v) as a function of temperature for a Zn0.7Mn0.3O film measured in

an external field of 1000 Oe

400 450 500

1

2

3

In
te

ns
ity

 [x
10

3  c
/s

]

Raman shift [cm-1]

 x=0 
 x=0.1

Zn
1-x

Mn
x
O 

Fig. 5 Raman spectra of Zn1-xMnxO (x = 0 and 0.1) films on glass

substrates

5402 J Mater Sci (2010) 45:5398–5405

123



Zn1-xMnxO (x B 0.1) films keep still a good würzite ZnO

structure. The Raman scattering results are well consistent

with those of XRD. However, the widening and weakening

of the Raman line of E2 of the doped film indicates that the

ZnO crystal structure is indeed affected at this Mn con-

centration. At higher Mn concentrations, the Raman line of

E2 becomes very broad and weak which is similar to that of

amorphous ZnO. The increasing deformation (and final

collapse) of the ZnO crystal structure may be caused by the

formation of Mn clusters and generation of defects such as

vacancies and interstitials (not easily detected by normal

XRD measurements). It is apparent that in the Zn1-xMnxO

films (this work) host ZnO ions are partially substituted by

Mn ions, which introduces lattice defects and disorder in

host ZnO. These lattice defects and disorder disrupt the

long range ionic ordering in the ZnO [35]. Such a disrup-

tion may weaken the electric field associated with the E2

mode shifting then its frequency to lower values (Fig. 5).

The connection between defects and magnetism has been

thought to be an important factor for the room temperature

ferromagnetism in DMS [39, 40]. Schwarz and Gamelin

[39] reported that the room temperature ferromagnetic

ordering in Co2?:ZnO could be switched between ‘‘on’’

and ‘‘off’’ when introducing or removing defects of ZnO.

Raman scattering studies by Wang et al. [35] clearly

showed that defects in Zn1-xMnxO nanoparticles (synthe-

sized by ultrasonic assisted sol–gel process) increase with

the increment of Mn content. Whereas increasing depen-

dence of ferromagnetic ordering (at 350 K) on Mn content

(x B 0.02) was observed, samples doped with 5% Mn only

showed paramagnetism. These authors concluded that

defects are an important factor affecting the room

temperature ferromagnetism as the ZnO structure in

Zn1-xMnxO (x = 0.05) nanoparticles was practically

destroyed. In an interesting work, Coey et al. [41] pointed out

that ferromagnetic exchange in diluted ferromagnetic oxides

may be mediated by shallow donor electrons. Hence, it was

presumed that the role of defects in Zn1-xMnxO nanopar-

ticles is shallow donors. As it was pointed earlier, the

collapse of the ZnO structure in Zn1-xMnxO nanoparticles

may be caused by the formation of Mn clusters because of

the low solubility of Mn in ZnO. Sharma et al. [42]

observed that Mn clusters may suppress the ferromagne-

tism, and a large paramagnetic effect was observed in

Zn1-xMnxO nanoparticles. The latter results gave to

understand that besides the defects in transition-metal-

doped ZnO, a correct doping concentration is crucial for

making a viable ferromagnetic DMS. So, the paramagne-

tism observed in the Mn-doped ZnO nano-crystalline films

grown by Pechini’s method might be caused Mn impurities

(formed on the interface between nano-sized crystallites)

which may be not easily detected by standard RXD

measurements. On the other hand, theoretical work has

demonstrated that robust ferromagnetism is not obtained by

substitution of Co or Mn on the Zn site, unless additional

carriers (holes) are also incorporated [43]. This result is

consistent with the conventional wisdom that carriers are

required to induce ferromagnetism in diluted magnetic

semiconductors. The large body of literature on other

diluted magnetic semiconductors concludes that carriers

are required to mediate the ferromagnetism. For Mn sub-

stitution they predicted that hole doping would induce

ferromagnetism [44]. In order to proof this statement, the

evolution of carrier density and Fermi energy level with the

Mn concentration (x) should be determined experimentally.

This information may shed light on the reason for the

absence of ferromagnetism in the films as the ferromag-

netism in DMS depends on carrier density and Fermi level

[41]. The change of Fermi level changes the configuration

of Mn ions, which will directly affect the magnetic prop-

erty observed for the material [45]. The carrier density and

the Fermi level may be experimentally estimated by Hall

effect and electrochemical [capacitance–voltage (C–V)-

characteristics of a film/electrolyte junction] measure-

ments, respectively. The presence of anomalous Hall

coefficient (AHE) has been considered as one of the strong

evidences for intrinsic ferromagnetism in DMS [46, 47].

However, considering the fact that AHE has also been

reported in ferromagnetic clusters [48], granular materials

[49], and inhomogeneous DMS in the hopping transport

regime [50], observation of AHE alone cannot support the

claim that the DMS under study is a ferromagnet of

intrinsic origin, unless it is correlated with ferromagnetism

observed by other means and furthermore, secondary

phases and precipitates must be absent in the sample.

Zn1-xMnxO (x = 0.006, 0.072, 0.18, 0.21) films grown by

the MOCVD technique have been electrically characterized

by Hall effect measurements [51]. The results showed n-type

carrier concentrations of the order of 1018 cm3 for all sam-

ples, while mobility decreased with increasing manganese

content from 186 to 6.64 cm2/V s. Since Mn2? is an isova-

lent impurity in ZnO compound, no change in the carrier

concentration may be expected. Although Hall effect and

C–V-measurements on the nano-crystalline Zn1-xMnxO

films reported in the present work are still lacking, it is

probable that the carrier transport and in particular the Hall

analysis to be governed by the properties of the grain

boundaries. Certainly, the grain boundaries may be limiting

factor for the mobility in the layers as they may act as

potential barriers and scattering centers. In this case, Hall

analysis would be no good measure of the material param-

eters. C–V-measurements using, for instance, an Hg-prober

to implement Schottky contacts on the films might be used

instead. Nevertheless, in order to understand in more

detail the effect of Mn on electron mobility, temperature-

dependent measurements shall be performed.
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Conclusions

Multilayers of the semiconducting Zn1-xMnxO with dif-

ferent doping concentration were successfully grown on

glass substrates by polymeric precursor method at rela-

tively low temperature. This method allowed for mixing

the starting precursors at atomic level reducing thus the

possibility of formation of Mn impurity phases. Although,

the analysis of the XRD pattern indicated that the

Zn1-xMnxO (x \ 0.2) films were single phase with

würtzite crystal structure of ZnO, the presence of Mn

impurities and defects may not be precluded. The structural

and optical properties measured on these films suggested

that the Mn2? ions have partially substituted the Zn2? ion

without changing the würtzite structure of pristine ZnO.

Although the würtzite crystal structure was maintained, the

incorporation of Mn may lead to a large amount of struc-

tural disorder in the crystalline columnar ZnO lattice. The

observed decrease in the energy band gap with increase in

Mn concentration may be explained by amorphous states

appearing in the band gap as consequence of reduced

crystallinity of the doped ZnO films. No evidence of fer-

romagnetic ordering was observed for all the considered

Mn concentrations. Probably, the presence of Mn clusters

and defects, due to the high doping concentrations, plays a

decisive role into the observed paramagnetism. The con-

troversy between research teams may result from the

growth method used and/or from the growth conditions. In

fact, depending on the different growth modes and mech-

anisms, microstructures in these systems such as distribu-

tion of Mn ion in ZnO crystal lattice and the local

environment around Mn ions may be very different, which

considerably affects the magnetic properties.
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