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We report on optical-absorption study of Zn1−xMnxO �x=0–0.06� films on fused silica substrates taking
special attention to the spectral range of the fundamental absorption edge �3.1–4 eV�. Well-pronounced exci-
tonic lines observed in the region 3.40–3.45 eV were found to shift to higher energies with increasing Mn
concentration. The optical band-gap energy increases with x too, reliably evidencing strong coupling between
oxygen holes and localized spins of manganese ions. In the 3.1–3.3 eV region the optical-absorption curve in
the manganese-contained films was found to shift to lower energies with respect to that for undoped ZnO. The
additional absorption observed in this range is interpreted as a result of splitting of a localized Zhang-Rice-type
state into the band gap.
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I. INTRODUCTION

Dilute magnetic semiconductor Zn1−xMnxO is one of the
most promising materials for the development of optoelec-
tronic and spin electronic devices with ferromagnetism re-
tained at practical temperatures �i.e., �300 K�. However,
researchers are confronted with many complex problems.
Ferromagnetic ordering does not always appear and the na-
ture of its instability is a subject of controversy. In addition,
optical properties of Zn1−xMnxO appreciably differ from
those in Zn1−xMnxSe and Zn1−xMnxS related compounds,
where the intracenter optical transitions of Mn2+ ions are
conventionally observed in the optical-absorption and photo-
luminescence spectra.1,2 In contrast, a very intense absorp-
tion in the 2.2–3.0 eV region was reported in Zn1−xMnxO
without any manifestations of intracenter transitions,3–5 and
photoluminescence due to 4T1→ 6A1 optical transition of
Mn2+ is absent as well. Interpretation of this absorption band
as a charge transfer3,5 is complicated by the fact that Mn2+

forms neither d5 /d4 donor nor d5 /d6 acceptor levels in the
forbidden gap of ZnO.6,7

To resolve this contradiction, Dietl8 put forward the con-
cept that the oxides and nitrides belong to the little studied
family of dilute magnetic semiconductors with strong corre-
lations. Characteristic features of such compounds are an in-
crease in the band gap with the concentration of magnetic
ions and emergence of a Zhang-Rice �Z-R�-type state in the
forbidden gap9 arising as a result of strong exchange cou-
pling of 3d-localized spin of the impurity centers and
valence-band holes. According to Ref. 8, fulfillment of
strong hybridization condition depends on the ratio of the
impurity-center potential U to a critical value Uc; a coupled
hybrid state can be formed when U /Uc�1. Existence of
such electronic state has been verified by ab initio theoretical
treatment of electron correlations using the local spin-density
approximation �LSDA+U model� and calculation of the ex-
change coupling values.10 In Zn1−xMnxO the hole can origi-
nate by electron transfer from the Mn2+ adjacent oxygen to
the conduction band. The resulting hole localizes as the Z-R

state leading to appearance of additional broad, intense ab-
sorption band. In this way the study of optical-absorption
spectra can be used as a probe to identify the Z-R states.

It is known that the optical band-edge absorption spec-
trum of Mn-doped ZnO is characterized by the onset of a
strong rise of the absorption coefficient in the �3.1 eV spec-
tral region.11 In Refs. 11 and 12, this absorption in
Zn1−xMnxO films was treated as a product of direct interband
optical transitions using conventional formula �2����
−Eg�. The resulting magnitudes of band gap for composition
with x=0.05 have been estimated as Eg=3.10 eV �Ref. 11�
and 3.25 eV,12 which is appreciably less than Eg=3.37 eV in
ZnO.13 Such “redshift” of the band gap was considered in
Ref. 12 as a result of p-d exchange interaction, in analogy to
the shift of the excitonic lines in reflectivity and lumines-
cence spectra observed in Ref. 14 for Zn1−xMnxSe. At the
same time theory predicts an increase in Eg�x� with x for
Zn1−xMnxO.8 Also excitonic absorption spectrum in
Zn1−xMnxO nanopowders,15 appeared to be located at ener-
gies higher than that in ZnO nanopowders, that does not
confirm the shift of Eg to lower energies for Zn1−xMnxO
films.

In this work we report on the optical-absorption spectra
studies in thin Zn1−xMnxO films deposited on fused silica
substrates. Using such films we succeed to detect the absorp-
tion spectra of excitons and to determine reliably the width
of the optical gap Eg. This allowed us to elucidate the nature
of the additional absorption band appearing at ���Eg near
the fundamental absorption edge as a result of splitting of
one more Z-R-type state due to strong hybridization and ex-
change coupling of 3d-localized spin of the manganese and
valence-band oxygen hole.

II. EXPERIMENTAL

Thin Zn1−xMnxO films with x=0–0.06, 120–130, and
200–250 nm of thicknesses were deposited on fused silica
substrates by the atmospheric barrier-torch discharge tech-
nique, as it was described in Refs. 16 and 17. The substrate
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temperature during deposition was kept at �200 °C. Mn
content was controlled by measurements of Mn and Zn emis-
sion ��em=4031 Å and 4810 Å, respectively� of plasma
during deposition and crosschecked by the postgown EPMA
�JEOL JXA-733 device with Kevex Delta Class V mi-
croanalyser� analysis with accuracy �0.3%. X-ray diffrac-
tion �XRD� studies were performed with a Panalytical
X’PertMRD Pro diffractometer with Eulerian cradle using
Cu K� radiation ��em=1.5405 Å� in the parallel beam ge-
ometry. XRD profiles were fitted with the Pearson VII func-
tion by the DIFPATAN code.18 Correction for instrumental
broadening was performed using NIST LaB6 standard and
Voigt function method.19

Optical absorption within the 1.2–6.5 eV spectral region
was measured in unpolarized light at room temperature using
a Shimadzu UV-2401 PC spectrophotometer. The bare silica
substrate and Zn1−xMnxO film on silica substrate were
mounted into the reference and test channel, respectively.
The optical density �d �product of optical-absorption coeffi-
cient and film thickness� was calculated without taking into
account multiple reflections as �d=ln�I0 / I�, where I0 and I
are intensities of light passed through bare substrate and
film/substrate structure.

III. RESULTS AND DISCUSSION

Figure 1 presents XRD pattern for ZnO and
Zn0.95Mn0.05O films, as an example. All obtained films re-
vealed crystalline block structure with dominant �002� orien-
tation of blocks’ optical C-axes aligned normal to substrate.

Observed reflexes correspond to wurtzite structure evi-
dencing absence of extraneous phases. Both pure and Mn-
doped ZnO films appeared to be compressively strained with
0.2% of strain, s= �a0−aS� /a0, where a0 and aS are the lattice
parameters of nonstrained and strained films. The analysis
reveals that the value of compressive strain is controlled pre-
dominantly by stresses, but not by presence of Mn �at least
for Mn concentrations used�.

Figure 2 presents the optical-absorption spectra for
Zn1−xMnxO films. A wide absorption line is seen in the re-
gion of the band edge �Fig. 2�, whose energy appears to be
shifted by about 100 meV to higher energies in comparison
with the excitonic line in ZnO ��3.31 eV at T=300 K �Ref.

13��. The line shift is very likely connected with the com-
pressive strain of Zn1−xMnxO films mentioned above. The
wide and shifted line has been observed earlier in ZnO film
on sapphire substrate20,21 and was identified as a shift of the
excitonic line due to compressive strain of Zn1−xMnxO
films.21 The inset represents spectra of this line obtained in
ZnO at T=300 K and 77.3 K. It is seen that the excitonic
line is narrowed, split into two components and shifted to
higher energies on lowering the temperature, clearly evidenc-
ing its excitonic nature. The first line is a sum of A and B
excitons, the second one is the C exciton appearing due to
disorientation of blocks forming the film.16 Analogous tem-
perature evolutions have been reported for a wide excitonic
line in ZnO nanocrystals.15

As the concentration of Mn impurity increases, the exci-
tonic line additionally broadens and shifts to higher energies.
Figure 3 shows the actual Mn concentration shift of the ex-
citonic line energy ��exc. It is seen that the increase in Mn
concentration leads to not only changes in the excitonic spec-
trum but also exhibits enhancement of the band-gap energy
in Zn1−xMnxO films �band-gap magnitude can be estimated
as Eg=��exc+Eexc, where Eexc=60 meV is the excitonic
binding energy13�. It is known that the band-gap magnitude
in ZnO-MnO system varies from 3.37 eV in ZnO up to 3.8
eV in MnO.22 According to the theoretical analysis8 per-
formed taking into account inversion of 	7 and 	9 valence
subbands in ZnO,23,24 strong coupling of manganese spin and
p states of valence band leads to appearance of a positive
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FIG. 1. XRD pattern of ZnO �left scale� and Zn0.95Mn0.05O
�right scale� films.
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FIG. 2. Exciton absorption spectra of compressed Zn1−xMnxO
films: 1—x=0%, 2—x=1.8%, and 3—x=5%; film thickness: d
= �120–130� nm; and T=300 K. Inset shows excitonic absorption
lines for compressed ZnO: 1—T=300 K and 4—T=77.3 K.
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FIG. 3. Mn-concentration dependence of the excitonic line en-
ergies for Zn1−xMnxO films.
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additive in optical absorption of Zn1−xMnxO at small x val-
ues. The sum of two contributions at sufficiently small x
results in an increase in Eg magnitude. The rise of the band-
gap magnitude with the admixture of the second component
Eg�x� has been observed in Zn1−xCoxO �Ref. 25� for exci-
tonic lines registered in the reflection spectra at 1.6 K. The
shift of the excitonic line to higher energies was observed in
Zn0.99Fe0.01O, too.20 In the case of weak d-p coupling the
additive into the band gap change appeared to be negative.8

In this case the band-gap value Eg decreases with x for x

0.1, as it was found for Zn1−xMnxSe �Fig. 6 in Ref. 14� and
for Cd1−xMnxS.26 Therefore, the observed rise of the Eg�x�
value with Mn addition provides the reliable experimental
proof that the strong hybridization condition U /Uc�1 in
Zn1−xMnxO is fulfilled. Figure 4 presents optical absorption
in Zn1−xMnxO films recorded in the spectral region 3.1–3.3
eV.

It is seen that the onset of optical absorption in
Zn1−xMnxO films emerges at lower energies than that for
ZnO ones. Analogous shift had been observed earlier in the
spectrum of the photoluminescence excitation over deep im-
purity centers in Zn1−xMnxO for Ref. 15.

Unlike authors of Refs. 11 and 12, we assume that addi-
tional absorption of Zn1−xMnxO �in comparison with ZnO� in
the 3.1–3.3 eV range is a result of pushing the Z-R-type
states out of valence band to the forbidden gap.9

The essence of this state consists of localization of the
valence-band hole within the first coordination sphere on the
oxygen ions as a result of strong exchange interaction of
manganese and hole spins. Such electronic state is similar to
the Z-R-type state originally considered for La2CuO4 oxide

superconductor.9 This state is a singlet one, because in
La2CuO4 the spins of d9 configuration of Cu2+ ion and oxy-
gen holes are equal but of opposite direction. The situation is
more complex in the case of Zn1−xMnxO since the top of
valence band is formed by three close subbands: 	7, 	9, and
	7.23,24 In such case we have serious reasons to assume that
not only the presence of one deep Z-R-type state is respon-
sible for optical absorption in the 2.2–3.0 eV spectral region.
We assume the presence of another, relatively shallow Z-R-
type state too, which has been split off into the gap providing
additional absorption in the 3.1–3.3 eV region of
Zn1−xMnxO. Tentatively, using results11,12,15 we estimate the
splitting of the second Z-R level from the valence band as
0.12–0.27 eV. More reliable determination of the split energy
can be performed using more sensitive methods of absorp-
tion spectra, e.g., modulation methods, which are in
progress.

IV. CONCLUSION

Thin Zn1−xMnxO films �x=0–0.06� have been sintered
and their optical-absorption spectra were investigated. The
well-pronounced excitonic absorption lines in the fundamen-
tal absorption spectral regions were observed. Position of
excitonic absorption lines in Zn1−xMnxO films shifts to
higher energies with increasing Mn content. This evidences
an increase in the Eg magnitude with x for small values x and
reliably corroborates fulfillment of the strong coupling crite-
rion �U /Uc�1� in Zn1−xMnxO. The last effect leads to emer-
gence of an intense optical-absorption band in the 2.2–3.0 eV
region due to the presence of the band-gap Z-R-type state.
The additional absorption observed in the range of 3.1–3.3
eV is interpreted as a result of splitting of one more Z-R-type
states into the band gap.
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