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Rational doping for zinc oxide and its influences on
morphology and optical properties∗
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Zinc oxide (ZnO) nanopowders doped with different metal ions (Me, Me = Sn4+, In3+, Mn2+, and Co2+) are prepared
by a simple sol–gel method. Influences of the ion doping on morphology and optical properties of the resulting ZnxMeyO are
investigated by scanning electron microscopy, X-ray diffraction, UV-vis absorption spectrum, and photoluminescence. The
morphology of ZnO can be tailored by ion doping, which is closely related not only to the ionic radii and electronegativities
of the doped ions, but also to their oxidation states and electron configurations. The optical band gap and photoluminescence
of ZnO can also be modulated by ion doping, which results from a combination of different effects, Burstein–Moss, band
tail, charge compensation, sp–d exchange, non-radiative recombination, and blocking barrier. This may offer us a viable
approach to tuning the (optical) properties of ZnO-based materials via rational ion doping.
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1. Introduction
Zinc oxide (ZnO) is a semiconductor with a wide band

gap (Eg ∼ 3.37 eV, 300 K) and large excitonic binding en-
ergy (∼ 60 meV). It is widely used in various optoelectronic
devices due to its unique optoelectronic properties.[1,2] To
realize the practical applications, many methods have been
employed to optimize the properties of ZnO-based materials
(such as optical, electric, and magnetic properties) in the past
decades. Among them, ion doping is considered as one of
the most effective approaches. The doped ZnO materials can
be prepared by many physical and chemical techniques, such
as evaporation,[3] pulsed laser deposition,[4] chemical vapor
deposition,[5] and sol–gel method.[6] Among these techniques,
the sol–gel process stands out due to its merits of low cost,
simplicity, and homogeneous doping.

Since doping can have an influence on the properties
of ZnO, different ions have been used to meet requirements
for various applications. The high-quality, highly conduc-
tive n-type ZnO transparent films can be prepared via single-
doping or co-doping of Group-III elements (such as Al, In,
and Ga).[7–11] Such a thin film usually shows a high visible-
light transmittance (near 90%) and a low resistivity (near
10−4 Ω·cm), which can be used in solar cells as transparent
electrode.[12,13] Room-temperature ferromagnetism, promis-
ing for semiconductor spintronics, can be achieved by doping
transition metal elements (such as Mn, Co, Fe, Ni, and V) into

ZnO.[14–19]

The doping effects are usually explained in terms of ionic
radii and electronegativities of the doping ions. Other factors
such as oxidation states and electron configurations of the dop-
ing ions are not discussed much,[20] neither are the compre-
hensive effects of none of all these influencing factors. For
the optical properties, in addition, different assumptions have
been proposed to explain the origins of many photolumines-
cence (PL) emission bands observed in the visible spectral
region.[21,22] Since different doping ions may introduce differ-
ent defects, more information about the origin of PL emission
can be collected by doping a series of metal ions into ZnO. In
this work, hence, four metal ions (Sn4+, In3+, Mn2+, Co2+)

are used as dopants to prepare doped ZnO nanopowders by a
simple sol–gel method. These ions differ in ionic radius, elec-
tronegativity, oxidation state, and electron configuration. The
influences of ion doping on microstructure, optical absorption,
and PL are thoroughly discussed. We envision that these may
hammer out a solid foundation on how to tune the (optical)
properties of ZnO-based materials via ion doping.

2. Experiment
2.1. Preparation of doped ZnO

Zinc acetate dihydrate ((CH3COO)2Zn·2H2O, AR) was
used as the zinc source to prepare the sol gel for differ-
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ent samples. Ethanol and monoethanolamine (MEA) were
used as the solvent and stabilizer respectively. The respec-
tive dopant sources for Sn4+, In3+, Co2+, and Mn2+ were tin
chloride pentahydrate (SnCl4·5H2O, AR), indium trichloride
tetrahydrate (InCl3·4H2O, AR), cobalt acetate tetrahydrate
((CH3COO)2Co·4H2O, AR), and manganese acetate tetrahy-
drate ((CH3COO)2Mn·4H2O, AR) respectively. The concen-
tration of zinc ion was 0.5 M, and the molar ration of MEA
to zinc ion was maintained at 1.0. The zinc acetate and one
type of dopant source were first dissolved in a mixture of
ethanol and MEA. For the doping of different ions, the metal-
source concentrations for Sn4+ and In3+ were maintained at
1.0 at.%, 2.0 at.%, and 3.0 at.%, while those for Co2+ and
Mn2+ were 1.0 at.%, 3.0 at.%, and 5.0 at.%. The doped sam-
ples (ZnxMeyO) were denoted as m-Me (such as 1-Sn, 2-Sn,
3-Sn, and 5-Mn), in which m refers to the atomic percentage
of doping source in the starting material and Me denotes the
dopant element. The mixture was stirred at room temperature
for 3 h to yield a clear and homogeneous solution. After aging
for 48 h, a gel was obtained by evaporating the solvent of re-
sulting solution with a rotary evaporator. The resulting gel was
first annealed at 450 ◦C for 1 h in air in an alumina crucible
and then annealed at 650 ◦C for another 1 h.

2.2. Characterization

X-ray diffraction (XRD) patterns were acquired using a
Bruker D8 Focus diffractometer (Cu Kα , λ = 1.5406 Å) in a
scan range of 20◦–80◦. Scanning electron microscopy (SEM)
image analysis was conducted with a Hitachi S-4800 at an ac-

celerating voltage of 10 kV. Diffuse reflectance UV-vis absorp-

tion spectra (UV-vis) were collected with a UV-vis spectrom-

eter (Lambda 750, PE). Photoluminescence (PL) spectra were

recorded with a spectrofluorometer (LS 45/55). All the mea-

surements were carried out at room temperature (25±2 ◦C),

unless otherwise stated.

3. Results
3.1. Structural and morphological analysis

3.1.1. X-ray diffraction patterns

Crystal structure of the obtained doped-ZnO nanopow-

ders are studied using X-ray diffraction (XRD) technique. Fig-

ure 1 shows the typical XRD patterns of all the samples. Sev-

eral pronounced peaks, which can be indexed to (100), (002),

and (101) crystal planes of ZnO, appear at 2θ values of 31.76◦,

34.43◦, and 36.26◦ respectively. For all the samples, the major

diffraction peaks can all be indexed to the hexagonal wurtzite

structure of ZnO crystal with reference to Joint Committee on

Powder Diffraction Standards (JCPDS) file No. 36-1451.[23]

The sharp diffraction peaks imply that all the doped-ZnO sam-

ples, as well as ZnO, have a high crystallinity each. The char-

acteristic peaks of impurities (such as CoOx and MnOx) are

not observed in the XRD patterns for the sample doped with

Co2+ nor for the sample doped with Mn2+, while the oxide

impurity phases appear in the samples doped with Sn4+ and

In3+ when the doping quantity increases to 2.0 at.% (Fig. 1).
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Fig. 1. XRD patterns of undoped ZnO sample and of doped ZnO samples with (a) Sn4+, (b) In3+, (c) Co2+, and (d) Mn2+. Each inset
shows the variation trend of c-axis lattice constant with the doping quantity.
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The impurity oxides can be indexed to the structures of SnO2

and In2O3, for which the mass ratio can be roughly determined
using reference-intensity-ratio (RIR) method (Table 1). It is
noted that although the RIR method gives a pretty large error
here, the trend for change in the quantity of impurity oxides
can clearly be seen. Thus, the quantity of impurity oxides
increases as the doping quantities of Sn4+ and In3+ ions in-
crease. The evolutions of such impurity oxides also explain
why in this work the highest doping quantities for Sn4+ and
In3+ ions are lower than those for Co2+ and Mn2+ ions.

In addition, the crystallite sizes of the samples are deter-
mined using the diffraction peaks with Scherrer equation,[24]

which are summarized in Table 1. It is found that the crys-
tallite sizes for all the doped samples are smaller than that
for ZnO sample. This indicates that the doping can inhibit
the growth of ZnO crystal. Moreover, the crystallite sizes de-
crease gradually with increasing the doping quantities for the
samples doped with Co2+ and Mn2+, while for the samples
doped with Sn4+ and In3+ they increase with increasing the
doping quantity.

Table 1. Crystallite sizes and mass ratios of impurity oxides for Me-doped samples.

Crystallite size/nm Ratio/wt%
0 at.% 1 at.% 2 at.% 3 at.% 5 at.% 2 at.% 3 at.%

Sn4+-doped ZnO 80.3 31.8 43.5 71.5 – 2.8 18.9
In3+-doped ZnO 80.3 25.1 32.3 76.5 – 2.3 5.5
Co2+-doped ZnO 80.3 53.3 – 52.5 47.5 – –
Mn2+ doped ZnO 80.3 33.8 – 28.9 27.6 – –

3.1.2. Scanning electron microscopy images

Changes in the grain size of the samples induced by ion
doping are studied by scanning electron microscopy (SEM)
technique. The SEM results indicate that the grain sizes for
all the doped samples are smaller than that for ZnO sample,
suggesting the suppression of crystal growth by doping. This
accords well with the XRD results. Figure 2 shows typical
SEM images of undoped ZnO sample and the doped samples
(ZnxMeyO) with a doping amount of 3.0 at.%. The particles
for both ZnO sample and doped samples exhibit sphere-like
morphologies. It can be observed that for pure ZnO, most of
particles have grain sizes of about 120 nm, while some of them
have the grain sizes larger or smaller than that value. For 3-Sn
and 3-In samples, however, an abnormal growth phenomenon
is observed in the images, i.e., coalescence of particles occurs,
and nano-flakes or nano-sheets are formed besides the nano-
particles. This cannot be observed when the doping quantities
of Sn4+ and In3+ ions are low such as 1.0 at.% (see the in-
sets of Fig. 2). It is noted that such an abnormal growth is not
observed in 3-Co sample nor 3-Mn sample. As indicated by
XRD results (Fig. 1), in addition, for Sn4+- and In3+-doped
samples the impurity phase can be observed only for those
with a high doping quantity (3-Sn and 3-In), while impurity
phase can be observed for neither Co2+-nor Mn2+-doped sam-
ples regardless of their doping quantities. Hence, it is reason-
able to conclude that this phenomenon is closely related to the
evolved impurity phase, which can serve as nucleation cen-
ters. This has been evidenced by the literature that shows that
the high concentration of dopant can cause the coalescence of
nanorods.[25] The study for detailed mechanism is still under
way.

3.2. Photophysics
3.2.1. UV-Vis absorption spectra

Figure 3 shows room-temperature optical absorption
spectra of undoped and doped samples. A strong absorption in
the UV region can be observed for all of the samples, which is
attributed to the band-to-band transition. The band gap energy
(Eg) can be determined using equation α =A(hν−Eg)

n/2/hν ,
where α is the absorption coefficient, A is a constant, hν is the
photon energy.[26] Here the value of n is 1 for all of the samples
since ZnO is a direct band gap semiconductor. Thus, Eg can
be determined by plotting room-temperature data for (αhν)2

as a function of (hν–Eg) and extrapolating its straight line part
towards zero absorption (crossing at the horizontal axis, see
the insets of Fig. 3). It is found that for the Sn-doped sam-
ples, blue shift occurs in the optical band gap when the doping
quantities are 1.0 at.% and 2.0 at.%, while red shift happens
for a doping quantity of 3.0 at.% (see the inset of Fig. 3(a)).
Similarly, blue shift takes place for In3+-doped samples when
the doping quantity is 1.0 at.%, and red shift occurs when the
doping quantities increase to 2.0 at.% and 3.0 at.% (see the
inset of Fig. 3(b)). An obvious red shift occurs for all of the
Co2+-doped samples, and the shift amplitude increases with
the doping quantity increasing (see the inset of Fig. 3(c)). For
all of the Mn2+-doped samples, the shift amplitude is so small
that it can hardly be recognized (see the inset of Fig. 3(d)).

Compared with undoped ZnO sample, all of the doped
samples exhibit their own visible-light response, which in-
creases with the increase of doping quantity for almost all of
the samples except 2-Sn sample. This is a typical absorption
feature of doped ZnO, which arises from the introduction of
doping energy levels. For Co2+-doped samples, in addition,
three absorption peaks appear at 567, 600, and 656 nm in the
spectra, which also increase with the increase of doping quan-
tity. This is ascribed to the d–d transition of doped Co2+.[23]
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Fig. 2. Typical SEM images of undoped ZnO sample and ZnxMeyO samples with a doping amount of 3.0 at.%. Insets show the SEM
images for the Sn- and In-doped samples each with a doping quantity of 1.0 at.%.
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Fig. 3. (color online) UV-vis absorption spectra of undoped ZnO sample and the doped samples with (a) Sn4+, (b) In3+, (c) Co2+,
and (d) Mn2+. The insets show the derivations of band gap.

3.2.2. Photoluminescence spectra

The concentration of defects on the surface is usually

higher than that in the bulk. A high surface area of the nanos-

tructure can result in an increased density of non-radiative

and/or radiative defects.[22] It is known that doping can have

an obvious influence on the defects and these defects are
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closely related to the PL properties of a sample. Figure 4
shows the PL spectra of all the samples, for which the exci-
tation wavelength is 325 nm. Five emission peaks appear in
the spectra at 420 nm (2.95 eV), 442 nm (2.81 eV), 485 nm
(2.55 eV), 497 nm (2.49 eV), and 526 nm (2.38 eV) respec-
tively. Although the PL properties of ZnO have been widely
studied, controversy still exists about the origin of these emis-
sion peaks.[21] It is accepted that emission peaks in the visible
region originate from the defects in ZnO. The 420-nm emis-
sion peak has also been observed in some special ZnO nanos-
tructures, such as nanowires and nanobelts, which is attributed
to the interstitial Zn, oxygen vacancies, or interface traps.[21]

The emission peak at about 440 nm is ascribed to the oxy-

gen vacancies, possibly VO.[27] For the green emission peak

around 500 nm, it is attributed to the recombination of a pho-

togenerated hole with an electron in a singly ionized oxygen

vacancy,[28] or to the transition between conduction band and

zinc vacancy.[21] The emission peak near 520 nm is ascribed

to anti-oxygen,[29] oxygen vacancy, or zinc interstitial.[30] It is

noted that single-crystal ZnO often contains metal excess or

oxygen deficiency, which can be accommodated in part by the

presence of zinc interstitials or oxygen vacancies. Since there

is still controversy about which of these is the predominant de-

fect, the effects of metal excess as well as oxygen deficiency

need to be studied in future.
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Fig. 4. (color online) PL spectra of undoped ZnO sample and doped ZnO samples with (a) Sn4+, (b) In3+, (c) Co2+, and (d) Mn2+.

No major emission peaks disappear in the PL spectra for

any of the doped samples, neither does a new peak appear. The

PL intensity is higher for all of the Sn4+-doped samples than

for the undoped ZnO sample, while it is lower for all of the

Co2+- and Mn2+-doped samples. Except the peak at 420 nm,

the PL intensity is higher for In3+-doped samples than that

for undoped ZnO sample when the doping amount is 1.0 at.%,

while it is lower when the doping amount increases to 2.0 at.%

and 3.0 at.%. It is noted that the peak intensity of PL emission

decreases with the increase of the doping amount for all of the

doped samples (Fig. 4).

4. Discussion
4.1. Doping mechanism

Many factors can have an influence on doping ions into
ZnO. Electronegativity and ionic radius are the two factors that
are often considered. If the electronegativities and ionic radii
of the doping metal ions match those of the lattice metal ions
in the oxide, the lattice metal can be substituted by the doping
ions during preparation. Since the electronegativities and ionic
radii of Sn4+ (1.96, 71 pm),[31] In3+ (1.78, 81 pm),[11] Co2+

(1.88, 72 pm),[32] and Mn2+ (1.55, 80 pm)[32] are close to
those of Zn2+ (1.65, 74 pm),[31] it is expected that these metal
ions can occupy the lattice Zn2+ positions in ZnO. However,
since the values of electronegativity and ionic radius of those

087701-5



Chin. Phys. B Vol. 23, No. 8 (2014) 087701

doped ions are different from each other, though only slightly,
the doping effects can be different between them.

It is known that lattice distortion can occur in crystal by
ion doping, leading to an increase in the internal energy of
ZnO system. The doped ions with larger radii tend to oc-
cupy the grain boundaries of expansion lattices, and those with
smaller radii tend to occupy the grain boundaries of compres-
sion lattices. This segregation process can reduce the internal
energy. Hence, the concentration of doped ions at the grain
boundary is higher than that in the bulk. These enriched ions
at the grain boundary can form a diffusion barrier, which can
suppress the growth of ZnO crystal. This can explain why all
of the doped samples each have a smaller crystallite size than
the undoped ZnO sample.

As the doping amount increases, nucleation probability
of impurity phase increases accordingly. Once the doping
amount reaches a limit, this can lead to the formation of impu-
rity oxides for the enriched doped ions at the grain boundary.
In addition, the oxidation states of Sn4+ and In3+ ions are dif-
ferent from that of Zn2+. This can further enhance the lattice
distortion, which can make the doped ions emerge from the
ZnO lattice, producing the evolution of impurity oxides (SnO2

and In2O3) when the doping quantity is high enough (such as
2.0 at.%). Since Sn4+ has a higher oxidation state than In3+

ion, the quantity of evolved SnO2 is more than that of In2O3 at
the same ‘doping’ quantity (Table 1). As for Co2+ and Mn2+

ions, they have the same oxidation state as Zn2+. This makes
them match the lattice Zn2+ ions preferably, which may be the
reason why no impurity oxides are observed for Co2+-doped
sample nor Mn2+-doped samples in our experiments even at
a relatively high doping quantity (such as 5.0 at.%). This im-
plies that it is easy to form impurity phase when the doped
ions have a higher (different) oxidation state than the lattice
ions. For the samples doped with Co2+ and Mn2+, the in-
hibition effect on grain growth increases with the increase of
doping quantity and, accordingly, the crystallite size gradu-
ally decreases with increasing the doping quantity (Table 1).
While for the samples doped with Sn4+ and In3+, more and
more dopants can exist in the form of impurity oxides with the
increase of doping quantity. Hence, the inhibition effect may
decrease with increasing the doping quantity, and therefore the
crystallite size increases with the increase of doping quantity
(Table 1). Here the effects from acetates (especially in terms
of the surface energetics) are not discussed as the zinc acetate
is used for preparing all the samples, for which the concentra-
tion is much higher (0.5 M) than any of the dopants used in the
starting material (the highest one is 5.0 at.%). It would thus be
reasonable to assume the effects from acetates to be the same
for all of the samples.

The lattice parameters can also be used to study the dop-
ing effects, which can be deduced from the XRD data.[33]

However, the changes in them (here, c-axis lattice constant)
are very small in this work (see the insets of Fig. 1), which
may be because the doping quantity in substitutional mode is
relatively small. Thus, the change in c-axis lattice constant is
no longer discussed in this work, although it usually decreases
in the case of doped ions with smaller ionic radii (such as Sn4+

and Co2+) as they tend to occupy the grain boundaries of the
compression lattices and it usually increases for the doped ions
with larger ionic radii (such as In3+ and Mn2+) as they tend to
occupy grain boundaries of the expansion lattices.

4.2. Influences of doping on photophysical properties
4.2.1. UV-vis absorption

Doping can have a huge influence on the photophysical
properties of ZnO. At a high doping density, the concentration
of point defects induced by ion doping increases. Meanwhile,
the formation of solid solution also increases. Hence, the wave
function of donors can overlap with each other, resulting in a
distribution of states. The Urbach band tail is thus formed in
the band gap.[34] This can cause a number of possible transi-
tions to be allowed, such as band to tail and tail to tail. Accord-
ingly, this band-tail effect can lead to a red shift of the optical
band gap. In addition, the defect levels in the band gap are iso-
lated at a low doping density. The donor electrons can enter
into the bottom of the conduction band, thereby occupying the
orbits. According to the Pauli’s principle, two electrons that
occupy the same orbit should have different spinning direc-
tions. The low energy transition can thus be suppressed. As a
result, the band gap widens, i.e. blue shift happens. This is the
Burstein–Moss effect (B–M effect, or band-filling effect).[35]

Here the quantum-size effect is not considered as the crystal-
lite size, for all the samples are much larger than 10 nm in
size.[36,37]

Moreover, the doped ions with a higher oxidation state
than the lattice ions can lead to an increase in the charge-
carrier density. The higher the oxidation state, the larger the
increase is. It is noted that Sn4+ ions have the highest ox-
idation states, followed by In3+ ions, Co2+ and Mn2+ ions
as well as the lattice Zn2+ ions that are in the lowest states.
Therefore, for different doping ions, their effect (B–M or band
tail) starting to play a major role may take place at different
doping quantities. Given that the actual doping quantities in
ZnO are the same, the B–M effect may be stronger for the
doped ions with higher oxidation states than with lower oxi-
dation states, as the former can afford more charge carriers;
while for a higher doping amount the band-tail effect (i.e., red
shift) is expected to play a major role.
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The observed phenomena can thus be explained in terms
of the aforementioned mechanism. For the Sn4+- and In3+-
doped samples, the B–M effect plays a major role at a low
doping quantity (such as 1.0 at.%), leading to a blue shift in
the band gap. When the doping reaches a relatively high quan-
tity, it is the band-tail effect that plays a major role, which can
cause a red shift in the band gap. It is noted that the red shift
occurs, starting from 3.0 at.% for Sn4+-doped samples, while
for In3+-doped samples it starts from 2.0 at.%. This may be
because Sn4+ ions have higher oxidation states than In3+ ions
as discussed above.

As the oxidation state of Co2+ is identical to that of Zn2+,
the substitution of Zn2+ by Co2+ ions would not produce or
consume additional charge carriers. Hence, the B–M effect
may play a weaker role than the band-tail effect. Moreover,
since Co is a transition-metal element and it has unfilled d
orbitals, a strong sp–d exchange can occur upon doping be-
tween the band electrons of ZnO and the localized d elec-
trons of Co2+.[23] The s–d and p–d exchange interactions can
cause a negative and a positive correction respectively with
the edge of conduction and valence band, resulting in a band
gap narrowing.[23] Together with the band-tail effect, there-
fore, red shift occurs in the band gap for all of the Co2+-doped
samples, and the shift amplitude increases with the doping
quantity increasing.

While for an Mn2+-doped sample, though it has an identi-
cal oxidation state to Co2+ and Zn2+, it has a much weaker sp–
d exchange effect than Co2+ since it has a stable electron con-
figuration of [Ar]3d5 and Co2+ does not ([Ar]3d7). In addi-
tion, the band-tail effect for Mn2+ ions may also be very weak,
possibly because it has the lowest electronegativity among all
the elements reported here. Hence, for Mn2+-doped samples,
the B–M effect may approximately offset the effects of band
tail and sp–d exchange, leading to almost no shift in the band
gap.

In addition, characteristic absorption peaks are observed
in the visible-light region for all of the doped samples, which
are due to the d–d electronic transition between split 3d lev-
els in ZnO crystal field. Moreover, the major d–d transitions
occur at the energy levels of 6A1 →4T1, 4T2, 4A1, and 4E
for Mn2+-doped samples,[38] corresponding to the absorption
peak around 400 nm ∼ 500 nm. For the Co2+-doped sam-
ples, the three characteristic absorption peaks at 567, 600, and
656 nm correspond to the d–d transitions of 4A2(F)→2E(G),
4A2(F)→4T1(P), 4A2(F)→2A1(G), respectively.[23]

4.2.2. Photoluminescence emission

After electrons are excited from valence band to conduc-
tion band upon irradiation, they can first fall into the defects

(such as oxygen vacancy) from the conduction band via a non-
radiative process, then recombine with the holes in valence
band, accompanied by PL emission. The non-radiative pro-
cess mainly includes phonon emission and Auger recombina-
tion and is closely related to the defects of material. Hence,
a decrease in the PL intensity indicates a decrease in the re-
combination rate, and thus an enhanced charge separation ef-
ficiency of photoinduced electrons and holes. It is known that
the doping of ions can increase the defect density, leading to
an influence on the PL property.

Since Sn4+ and In3+ ions each have a higher oxidation
state than Zn2+ ions, the charge compensation can induce
more structural defects (such as oxygen vacancies and zinc
vacancies) upon doping, which can contribute to the PL emis-
sion. Considering the fact that Sn4+-doped TiO2 has a lower
intensity of PL emission than undoped TiO2,[39] this charge-
compensation effect may be the major reason why the inten-
sity of PL emission for the samples doped with Sn4+ and In3+

is enhanced at a doping quantity of 1.0 at.% compared with
for the undoped ZnO. Another possible reason is that the grain
size becomes smaller for the samples doped with small quanti-
ties of Sn4+ and In3+. This will lead to a larger specific surface
area, and thus more defects such as oxygen vacancies and sur-
face states. Some of these defects can contribute to the PL
emission.

It is noted that the aforementioned enrichment of doped
ions at the grain boundary can lead to the formation of a block-
ing barrier, resulting in suppression of the recombination of
photogenerated electrons and holes.[40] This blocking effect
increases with the increase of doping quantity. When the dop-
ing quantity reaches a limit, the impurity oxide emerges in
Sn4+- and In3+-doped samples. The higher the doping quan-
tity, the more the formed impurity oxides are. This impurity
oxide formed on the surface of the doped ZnO has a potential
energy large enough to prevent the surface states from trap-
ping photogenerated charges carriers.[40] As discussed above,
moreover, doping Sn4+ and In3+ ions into ZnO lattice can lead
to an increase in the charge–carrier density and the formation
of band tail, which increase with increasing the doping quan-
tity. This can give rise to an enhancement of non-radiative re-
combination (such as Auger recombination).[41] Furthermore,
the grain sizes of doped samples increase with increasing the
doping quantities of Sn4+ and In3+ ions, resulting in a reduc-
tion of surface defects. All these effects can result in a fluores-
cence quenching, and thus can explain why the peak intensity
of PL emission decreases gradually with the increase of the
doping quantities of Sn4+ and In3+ ions.

In addition, Sn4+ ions have a larger charge-compensation
effect than In3+ ions as it has a higher oxidation state. Based
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on the aforementioned discussion, this may explain why for all
of the Sn4+-doped samples the PL intensity is higher than for
the undoped ZnO, while for In3+-doped samples it is lower
than for ZnO when the doping amounts increase to 2.0 at.%
and 3.0 at.% respectively.

Unlike Sn4+ and In3+ dopants, doping Co2+ and Mn2+

cannot provide excess electrons. Thus, neither the charge-
compensation effect nor the enhancement of non-radiative
Auger recombination is expected. It is noted that doping Co2+

and Mn2+ ions can lead to the formation of deep doping en-
ergy levels in ZnO which are located near Fermi level.[42] So
it is suggested that multi-phonon emission can occur between
isolated doping levels inside the band gap, resulting in non-
radiative recombination. This may explain why the PL emis-
sion intensity is lower for all of the Co2+- and Mn2+-doped
samples than for the undoped ZnO. In addition, the strong
quenching effect for the peak at 420 nm may be caused by
the non-radiative recombination such as multi-phonon emis-
sion. Like the Sn4+- and In3+-doped samples, the blocking ef-
fect due to the enrichment of doped ions at the grain boundary
is the major reason why the fluorescence quenching increases
with the increase of doping quantities of Co2+ and Mn2+ ions.

Moreover, with respect to other emission peaks, it is
found that the emission around 526 nm does not change signif-
icantly with increasing the doping quantities for the Sn4+- and
In3+-doped samples, while the changing trends of this peak
for the Co2+- and Mn2+-doped samples are consistent with
those of the other emission peaks. Since this peak is ascribed
to the anti-oxygen, it is suggested that doping ions with higher
oxidation states than the lattice ions may increase the concen-
tration of anti-oxygen atoms. The lattice strain may thus be
cancelled out, result in almost no change in the PL emission
intensity with the change in doping quantity.

It is noted that the fluorescence is strongly quenched
at a doping quantity of 1.0 at.% for Mn2+-doped samples,
while for Co2+-doped samples it occurs at a doping amount
of 5.0 at.%. This may be because the grain sizes for Mn2+-
doped samples are smaller than those for Co2+-doped sam-
ples. Hence, more defects that can contribute to the fluores-
cence quenching are present in Mn2+-doped samples than in
Co2+-doped samples. Another possible reason may be related
to the electron configuration and the effect of sp–d exchange
of Co2+ and Mn2+ ions. Further study is required to elucidate
this.

5. Conclusion
The influences of ion doping on the crystal morphology,

optical absorption, and PL emission of ZnO are studied sys-

tematically via doping with four different ions (Sn4+, In3+,
Co2+, and Mn2+). These ions differ in many properties, such
as ionic radius, electronegativity, oxidation state, and electron
configuration, which can have an influence on the doping be-
haviors of the ions, leading to different micro-structures and
morphologies of the resulting crystals. The optical absorp-
tions of the resulting doped samples are determined by many
factors, such as band-tail effect, Burstein–Moss effect, and sp–
d exchange effect. The band-tail effect and Burstein–Moss ef-
fect can be changed with the doped ion number when the ox-
idation states are different from those of the lattice ions. The
sp–d exchange effect is closely related to the electron configu-
ration of the doped ions. The oxidation state of the doped ions
can also have an influence on their enrichment at the grain
boundary, which can influence the crystal growth. Similarly,
the PL emissions of the doped samples are also the compre-
hensive consequences of many influencing factors, such as
charge compensation (closely related to oxidation state of the
doped ions), blocking barrier (due to the enrichment of doped
ions and the evolution of impurity oxide at the grain bound-
ary), non-radiative recombination, and possibly also the sp–d
exchange effect. In addition, it is noted that grain boundary
and interface of nanomaterials may have an influence on the
properties of doped ZnO too, on which the research is under
way. Nevertheless, all these can be used for a rational synthe-
sis of doped ZnO so as to tailor the properties of ZnO-based
materials, which may present a viable approach for related real
applications.
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