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CORRELATION BETWEEN PHOTOLUMINESCENT
AND PHOTOELECTRICAL PROPERTIES
OF Mn-DOPED ZnO

ZnO ceramics undoped and doped with manganese are investigated. The Mn content 𝑁Mn is
varied from 1019 to 1021 cm−3. The photoluminescence (PL), diffuse reflection, and photocon-
ductivity (PC) spectra are measured. The quenching of the self-activated ZnO emission and
the appearance of the light absorption and PC are observed in the same spectral region (400–
600 nm) under the doping. Simultaneously, a week PL band peaked at 645 nm arose and was
assigned to intra-shell transitions in Mn2+

Zn centers. Based on the analysis of obtained results,
the quenching effect is attributed to the re-absorption of the self-activated ZnO emission by
Mn ions. A scheme of electron transitions that allows an explanation of the low intensity of
the Mn-related emission is proposed.
K e yw o r d s: zinc oxide, Mn2+, photoluminescence, photoconductivity.

1. Introduction
Zinc oxide doped with manganese attracts now much
attention due to its potential application in spintronic
devices. A room-temperature ferromagnetic based on
this material is expected to be prepared [1], and the
influence of various defects on the magnetic interac-
tion in ZnO :Mn is discussed [2]. Meanwhile, the en-
ergetic positions of Mn-related levels, as well as the
mechanisms of excitation-recombination processes in
ZnO :Mn, were not ascertained definitively. For the
elucidation of these themes, the investigations of the
photoluminescence (PL) and photoconductivity (PC)
are quite effective.

It was shown that the doping with Mn always re-
sults in a drastic quenching of the self-activated ZnO
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emission, which is usually explained by a decrease
of the native defect concentrations [3–6] or by the
formation of non-radiative recombination centers [6,
7]. As for the Mn-related emission, its presence is
thus far a subject of the discussion. Some authors
affirmed that such emission is generally absent [3–
6], whereas the appearance of weak PL bands at
636 and 650 nm was observed after the doping of
ZnO with Mn [8], [9]. At the same time, in ZnS,
ZnSe, CdS, and CdSe doped with manganese, the
intense emission in the 580–600-nm spectral inter-
val related to intrashell 4T1–6A1 transitions in Mn2+

ions takes place [10]. Since the electron paramagnetic
resonance data testify that Mn2+

Zn centers with suf-
ficient concentration are formed in ZnO under the
doping [8], in order to explain the absence of a
similar effect in ZnO : Mn, the domination of non-
radiative electron transitions related to these cen-
ters was supposed [3, 5, 10]. To elucidate the ori-
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gin of this phenomenon, the further investigation is
required.

In the present work, the combined measurements of
PL, diffuse reflectance, and PC in ZnO : Mn ceramics
were performed, and the scheme of electron transi-
tions based on the analysis of obtained results was
proposed.

2. Experimental

The samples were formed of the mixture of a ZnO
powder (99.99 % purity) with distilled water or a
MnSO4 aqueous solution, dried at room temperature,
sintered in air for three hours at 1000 ∘C, and cooled
with a furnace. The concentration of Mn (𝑁Mn) var-
ied from 1019 to 1021 cm−3. The X-ray diffrac-
tion analysis did not reveal the presence of other
Mn-related phases in the samples. Diffuse reflectance
spectra were recorded with respect to the BaSO4

standard by a double-beam spectrometer UV-3600
UV-VIS NIR (Shimadzu Company) equipped with
an integrated sphere ISP-3100. The obtained spec-
tra were transformed in absorption ones, by using a
standard program based on the Kubelka–Munk ra-
tio. Photoconductivity (PC) and photoluminescence
(PL) were measured, by using the Xe-lamp light pass-
ing through a grating monochromator as an exciting
source. For the PC measurements, the ohmic indium
electrodes were melted on the samples.

3. Results and Discussion

PL (a), diffuse reflectance (b), and PC (c) spectra
measured at room temperature in the samples with
different Mn contents are shown in Fig. 1.

It is seen that the quenching of the self-activated
ZnO emission [11] and its red shift occur due to the
doping with Mn. Both effects enhance, and, so, the
PL quenching spreads gradually from the blue to red
spectral region with increasing 𝑁Mn. Simultaneously,
an unstructured “tail” in the visible spectral region
arises in diffusion reflectance spectra side-by-side with
the exciton peak at 380 nm. At first, this tail exhibits
itself as a shoulder and then intensifies, spreads from
400 to 600 nm, and transforms into a well-defined
band. A similar effect was observed in ZnO : Mn by a
number of investigators and was attributed to the ab-
sorption of incident photons by Mn2+

Zn ions due to in-
trashell transitions from the ground to excited states
[12–14]. The absence of any structure in the absorp-
tion spectra, as well as high extinction coefficients,

Fig. 1. RT PL (a), diffuse reflectance, (b) and PC (c) spec-
tra of ZnO :Mn ceramics with different Mn contents. PL was
excited at 𝜆 = 365 nm. a – pure ZnO (1 ); 1019 (2 ); 1020

(3 ); 1021 cm−3 (4 ). b – 1019 (1 ); 5 × 1019 (2 ); 1020 (3 );
5× 1020 (4 ); 1021 cm−3 (5 ). c – pure ZnO (1 ); 5× 1020 (2 );
1× 1020 cm−3 (3 )

led to the supposition that this effect is caused by
the transitions of electrons from Mn-related energy
levels to the band continuum [10]. This supposition
is confirmed by PC measurements. In fact, the PC
spectrum of undoped ZnO exhibits the only narrow
peak, whose position coincides with that of free exci-
tons, whereas, under doping with Mn, an additional
PC appeared in the same spectral interval, where the
Mn-related absorption takes place. Such effect was
observed also in [14]. Thus, free electrons appear as a
result of the light absorption by Mn-related centers.

Since the spectral region of the Mn-related re-
flectance coincides with that of the PL quenching,
and both change similarly with increasing 𝑁Mn, one
can conclude that a decrease of the PL intensity un-
der the doping is due to the re-absorption of a self-
activated ZnO emission by Mn-related centers. The
analysis of the emission spectra of the same ZnO : Mn
ceramics by means of the Gaussian deconvolution
showed [15] that, side-by-side with the quenching of
the self-activated emission, a new PL band peaked
at 645 nm appeared. This band enhanced gradually
with respect to other ones with increasing the Mn
content and became dominant in the PL spectrum at
𝑁Mn = 1020 cm−3 [15]. An enhancement of the 645-
nm emission accompanied by the suppression of other
PL bands gives possibility to attribute this emission
to radiative electron transitions in Mn-related centers
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a b
Fig. 2. Schemes of electron transitions related to the MnZn2+ center: 4T1

level is in the conduction band (a) and below it (b)

Fig. 3. PL spectra of a ZnO :Mn sample with 𝑁Mn = 1×
× 1020 cm−3 at RT (1 ) and 77 K (2 )

[15]. The absolute intensity of this band, however, is
rather week.

The weakness of the 645-nm PL band testifies that
the intensity of the radiative recombination of free
electrons excited from Mn ions is rather low. So, the
presence of some processes that hamper the radia-
tive capture of free electrons onto the ground state of
Mn2+

Zn centers should be supposed. One of such pro-
cesses is based on the assumption that the optical
absorption is caused by the electron transition from
6A1 level to the conduction band (c-band) [14]. In
this case, the subsequent capture of an excited elec-
tron by a MnZn ion occurs in the attractive field of the
positive charge and is assumed to be fast and non-ra-
diative [14]. On the other hand, the PL band at about
650 nm observed in [8, 9, 15] and the present work
can be attributed to radiative electron transitions in
Mn-related centers. Thus, the existence of two ways

of the photoelectron capture by Mn2+
Zn centers should

be thought, one of which is the direct recombination
of a free electron to the 6A1 level, and another one
is the electron capture through the 4T1 level. The-
refore, the Mn-related emission intensity should be
determined by the competition of these recombina-
tion ways. It is supposed usually that the 4T1 level
is located in the c-band [10, 14] (Fig. 2, a). In this
case, the radiative intrashell transition in MnZn cen-
ter can take place due to the thermal excitation of
a free electron to the 4T1 level. So, the Mn-related
emission intensity has to drop, as the temperature
decreases. However, the position of the 4T1 level be-
low the c-band edge, when this level acts as a shal-
low trap, can be also considered (Fig. 2, b). In this
case, the intensity of Mn-related band will increase
with decreasing the temperature due to a slowdown
of the thermal escape of the electron captured by the
4T1 level.

To verify which of two schemes shown in Fig. 2 is
realized, the PL spectra of a ZnO : Mn sample with
𝑁Mn = 1 × 1020 cm−3 measured both at RT and 77
K were compared. It was found that a considerable
enhancement of the 645-nm PL band intensity takes
place under the cooling of the sample (Fig. 3).

It should be noted that, when the 4T1 level is lo-
cated in the c-band, the probability of an intrashell
transition should be very low, because the recombina-
tion time due to the direct capture of a free electron
has to be much shorter than that due to the intrashell
transition. In addition, the emission quantum will ex-
ceed, in this case, the energy distance between the
c-band edge and the 6A1 level which is considered
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to be somewhat higher than 2 eV [14]. At the same
time, the experimentally measured energy of the Mn-
related emission is lower than 2 eV, which corresponds
to scheme (b) in Fig. 2. So, the location of the 4T1

level under the c-band edge can be thought to realize.

4. Conclusion

In ZnO : Mn ceramics, we have measured the photolu-
minescence, diffuse reflectance, and photoconductiv-
ity spectra. The Mn content was varied from 1019 to
1021cm−3. As a result of the Mn doping, the quench-
ing of the self-activated ZnO emission and the appear-
ance of light absorption and photoconductivity in the
400–600-nm spectral interval were observed, which
was accounted for by the electron transitions from
Mn𝑍𝑛 centers to the c-band. Simultaneously, a new
emission band with a rather week intensity peaked
at 645nm arose. This band, however, is intensified
with respect to other ones with increasing the Mn
content and becomes dominant at 𝑁Mn = 1020 cm−3,
which allowed its attribution to the intrashell 4T1–
6A1 transitions in Mn2+

Zn centers. To explain the weak
intensity of the Mn-related emission, the photoelec-
tron recombination on Mn-related centers was sup-
posed to occur in two ways. The first one implies the
nonradiative capture of a free electron to the 6A1 level
directly. The second one consists in the capture of an
electron on the excited 4T1 level and the further ra-
diative recombination on the 6A1 level. The last tran-
sition results in the 645-nm emission. Since the 645-
nm band intensity was found to increase essentially
under the cooling of a sample from RT to 77 K, it
should be concluded that the 4T1 level is located be-
low the c-band edge and act as a shallow trap. Since
the quenching of the self-activated ZnO emission due
to the Mn doping occurred in the same spectral region
as the Mn-related absorption, this effect is supposed
to be due to the reabsorption of the emitted light by
Mn-related centers.
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КОРЕЛЯЦIЯ МIЖ ФОТОЛЮМIНЕСЦЕНТНИМИ
ТА ФОТОЕЛЕКТРИЧНИМИ ВЛАСТИВОСТЯМИ ZnO,
ЛЕГОВАНОГО Mn

Р е з ю м е

Дослiджено керамiку ZnO, нелеговану та леговану мар-
ганцем. Концентрацiя марганцю змiнювалась вiд 1019 дo
1021 см−3. Вимiрювались спектри фотолюмiнесценцiї (ФЛ),

дифузного вiдбивання та фотопровiдностi (ФП). У легова-
них зразках спостерiгалось гасiння самоактивованого ви-
промiнювання, а також поява поглинання свiтла та ФП у
спектральнiй областi 400–600 нм. Одночасно спостерiгалась
поява смуги слабкої ФЛ з положенням 645 нм, пов’язаної
з внутрiшньоцентровими переходами в центрах Mn2+

Zn . На
пiдставi аналiзу одержаних результатiв ефект гасiння було
приписано перепоглинанню самоактивованого випромiню-
вання ZnO йонами Mn. Запропоновано схему електронних
переходiв, що дозволяє пояснити низьку iнтенсивнiсть ви-
промiнювання, пов’язаного з Mn.
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