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The wurtzite-type ZnS:Cu2+Mn2+ nanowires (NWs) were prepared by a simple hydrothermal method at
180 �C without any surface-active agent. The results of XRD, EDAX and XPS showed that both the Cu2+

and Mn2+ ions were incorporated into the ZnS lattice. The maximum concentration of the Cu2+ ions in
the ZnS and Zn0.99Mn0.01S NWs was 7% and 1%, respectively. The maximum concentration of the Mn2+

ions in the Zn0.99Cu0.01S NWs can reach to 10%. The ZnS:Cu2+ NWs exhibited the Cu2+-related emission
peak centered at 540 nm coming from sulfur vacancy to t2 level of Cu2+, while the ZnS:Cu2+Mn2+ NWs
exhibited the Mn2+ (4T1�6A1) and Cu2+ (interstitial S to t2 level of Cu2+) related transition centered at
577 nm and 501 nm, respectively. Moreover, the ZnS:Cu2+Mn2+ NWs showed the room temperature fer-
romagnetism property, and the saturation magnetization was increased as the Mn2+ doped ratio
increased.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

With the rapidly advanced research of the II–VI semiconductor
nanomaterials [1–5], the transition metal ions doped ZnS nano-
crystals with tunable and stable emission in visible as well as in
near-IR spectral region [6–8] exhibit a great application prospect
in the field of the biology science [9–12]. The doping ions can cre-
ate the intermediate energy state between the valence band and
conduction band of the ZnS and change its photophysical relaxa-
tion process. Usually, Mn and Cu doped ZnS nanocrystals are dem-
onstrated as the efficient phosphor because of the blue to orange
light emission [13–16]. For Mn doped ZnS nanocrystals, the emis-
sion is restricted within the yellow–orange region (580–600 nm)
coming from the Mn2+ 4T1�6A1 transition [17–20]. For Cu doped
ZnS nanocrystals, a wide range of the blue–green emission through
the recombination of the electron in the conduction band or de-
fects of the ZnS and the hole in Cu t2 state can be obtained
[14,21,22]. Therefore, Mn/Cu co-doped ZnS nanocrystals could be
a potentially color tunable phosphor to serve as a new class of
white light-emitting materials [23,24]. Based on the literature
[25], the photorelaxation process of the dual-doped nanocrystals
can switch from one dopant to another and back again to its origi-
nal state by tuning the band-gap of the nanocrystals. It is worth to
note that the Cu-doped ZnS nanocrystals are not investigated as
widely as the Mn-doped ZnS nanocrystals since that the Cu2+ ions
cannot incorporate into the ZnS lattice easily like the Mn2+ ions and
the uniform model of the optical transition process after Cu2+ dop-
ing has not been established. In the past few years, most studies
were reported for the cubic ZnS:Cu2+ nanoparticles [26–30], how-
ever, little work was reported for the wurtzite ZnS:Cu2+ nanowires
(NWs). Exploring the highly crystalline wurtzite ZnS:Cu2+ NWs has
always been a hot and challenging topic owing to its excellent opti-
cal properties. Moreover, many researchers have confirmed that
the Mn/Cr doped ZnS [31], Mn/Fe doped ZnS [32] and Cu/Cr doped
ZnS [33] showed the room temperature ferromagnetism in the
experiments. Since that doping two different ions into the ZnS
lattice can adjust the magnetic properties, such as the mobility,
the type and the concentration of charge carriers. Consequently,
we were stimulated in studying if we can obtain the room
temperature ferromagnetism in Mn/Cu co-doped ZnS NWs.

In this paper, we investigate systematically the optical
properties of the wurtzite ZnS:Cu2+Mn2+ NWs by fixing the concen-
tration of the Mn2+ ions and varying the concentration of the Cu2+

ions and vice versa. It would be useful to identify the maximum
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and optimum doping concentration of the Cu2+ ions in the ZnS and
Zn0.99Mn0.01S NWs, and the Mn2+ ions in the Zn0.99Cu0.01S NWs.
More importantly, we observe the room temperature ferromagne-
tism of the Mn/Cu co-doped ZnS NWs in the experiment, and
investigate the effect of the concentration of the Mn2+ ions on its
ferromagnetic properties.

2. Experimental section

2.1. Preparation

In our experiments, all chemicals were analytical grade and were used as re-
ceived without further purification. The ZnS:Cu2+Mn2+ NWs were synthesized by
the hydrothermal method, similar to our previous work [34]. Firstly, zinc nitrate,
manganese nitrate and copper nitrate with appropriate proportions were dissolved
in 16 ml ethylenediamine (EN) and water (1:1 in volume ratio). After stirring for
1 h, thiourea (3 mmol) was put into the resulting solution. After stirring for another
2 h, the colloid solution was transferred into a 20 ml Teflon-lined autoclave and
kept at 180 �C for 12 h. After the reaction, the autoclave was taken out and cooled
down to the room temperature. The product was washed with ethanol and deion-
ized water for several times and separated by centrifugation, then dried at 80 �C for
1 h to get a white powder.

2.2. Characterization

X-ray diffraction (XRD) pattern was collected on a MAC Science MXP-18 X-ray
diffractometer using a Cu target radiation source. Transmission electron micro-
graphs (TEM) and high-resolution transmission electron microscopy (HRTEM)
images were taken on JEM-2100 electron microscope. The specimen was prepared
by depositing a drop of the dilute solution of the sample in ethanol on a carbon-
coated copper grid and drying at room temperature. X-ray photoelectron spectrum
(XPS) measurement was performed on a Vgescalab MK II X-ray photoelectron
spectrometer (XPS) using Mg Ka radiation (hm = 1253.6 eV) with a resolution of
1.0 eV. UV–vis absorption spectrum was measured on UV-3101PC UV spectrometer.
The specimen was dispersed in ethanol and placed in a 1 cm quartz cell, and ethanol
served as the reference. Photoluminescence (PL) measurement was carried out at
Fig. 1. XRD patterns of (a) ZnS:Cu2+(x%) (x = 0, 1, 3, 5, 7, 10, 11, 12) NWs; (b) ZnS:Mn2+(1%
the lattice constants of the ZnS:Cu2+(1%)Mn2+(z%) (z = 1, 5, 10) NWs.
room temperature, using 325 nm as the excitation wavelength, He–Cd Laser as
the source of excitation. Magnetic hysteresis loop was measured by a Lake Shore
7407 vibrating sample magnetometer (VSM) with the maximum field of 6 kOe.
3. Results and discussion

Fig. 1 shows the XRD patterns of the ZnS:Cu2+ (x%) (x = 0, 1, 3, 5,
7, 10, 11, 12), Zn0.99Mn0.01S:Cu2+(y%) (y = 1, 2, 3, 5, 7, 10) and Zn0.99-

Cu0.01S:Mn2+ (z%) (z = 1, 5, 10) NWs. It can be seen that all the dif-
fraction peaks of the ZnS NWs (Fig. 1a) can be well indexed as the
hexagonal wurtzite structure, which are consistent with the stan-
dard card (JCPDS No. 36-1450). It is possible to predict the growth
direction by performing comparison of the full width at half max-
imum (FWHM) for different XRD peaks. Note that the (002) dif-
fraction peak is stronger and narrower than the other peaks,
suggesting a preferential growth direction along the c-axis. The
Cu2+ ions (0.71 nm) and Zn2+ ions (0.74 nm) have very similar ionic
radii, so the position of the diffraction peak has no apparent change
in Fig. 1a and b. For the Zn0.99Cu0.01S:Mn2+ (z%) (z = 1, 5, 10) NWs,
the position of the diffraction peak shifts to the low angle (Fig. 1c),
indicating that the lattice constants of the Zn0.99Cu0.01S:Mn2+ (z%)
NWs are increased as the Mn2+ doped ratio increased. According
to the Bragg equation [35], a slight increase of the lattice constant
‘‘a’’ and ‘‘c’’ are obtained (Fig. 1d), because the ionic radius of the
Mn2+ ions (0.83 nm) is about 10% larger than that of the Zn2+ ions
(0.74 nm) [36]. After incorporating the Cu2+ ions into the ZnS and
Zn0.99Mn0.01S lattice, the peak centered at 32.281� and 46.321�
can be indexed as the Cu2S phase (JCPDS No. 02-1284), which
firstly emerged for the ZnS:Cu2+(10%) and Zn0.99Mn0.01S:Cu2+(2%)
NWs. So the substitution ability of the Cu2+ ions in the Zn0.99Mn0.01-

S NWs is lower than that in the ZnS NWs. In other words, the Mn2+
)Cu2+(y%) (y = 1, 2, 3, 5, 7, 10) NWs; (c) ZnS:Cu2+(1%)Mn2+(z%) (z = 1, 5, 10) NWs; (d)



Fig. 2. (a and b) TEM and HRTEM (FFT, SAED) images of the ZnS:Cu2+(1%) NWs; (c and d) TEM and HRTEM (FFT) images of the ZnS:Cu2+(1%)Mn2+(5%) NWs; (e–g) EDAX images
of the ZnS:Cu2+(1%)Mn2+(1%), ZnS:Cu2+(1%)Mn2+(5%) and ZnS:Cu2+(1%)Mn2+(10%) NWs.
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ions can promote the transition from the Cu2+ ions to the Cu+ ions.
It is worth to note that there are no other diffraction peaks from
Mn2+ and Cu2+ ions when inverse adding Mn2+ ions into the
ZnS:Cu2+ (1%) NWs until the content of the Mn2+ ions reach to
10% (Fig. 1c). The Cu2+ ions cannot be doped into the ZnS lattice
easily due to the less solubility of CuS in ZnS [37], whereas the
Mn2+ ions can be incorporated into the ZnS lattice in a large
proportion.

Fig. 2a and b show the TEM, HRTEM, FFT and SAED images of the
ZnS:Cu2+(1%) NWs. The TEM image (Fig. 2a) shows that these NWs
are smooth and uniform over their entire lengths and the diameter
is in the range of 8–17 nm. The FFT image (see inset of Fig. 2b) fur-
ther proves that the NWs grow along the (002) axis, which is in
agreement with the results of XRD. The well-crystallized wurtzite
form can be verified based on the discrete bright spots in the SAED
image (see inset of Fig. 2b), indicating that the Cu2+ ions do not de-
grade the crystallinity of ZnS NWs. Moreover, the expanding lattice
can be observed in the yellow rectangle area in Fig. 2b.
Consequently, the Cu2+ ions have been incorporated into the ZnS
lattice. The TEM and HRTEM images of the ZnS:Cu2+(1%)Mn2+(5%)
NWs exhibit good crystallization and well oriented in Fig. 2c and
d. Moreover, the degree of the lattice expand is different from
the yellow rectangle regions in Fig. 2d, indicating that both the
Cu2+ and Mn2+ ions have substituted for the Zn2+ sites simulta-
neously. In order to confirm the existence of the Mn2+ and Cu2+

ions, the EDAX spectra of the Zn0.99Cu0.01S:Mn2+ (z%) (z = 1, 5, 10)
NWs were recorded. In Figs. 2e–g, it is obvious that the sample
contains the Zn, S, Mn and Cu elements and the content of the
Mn element is increased as the concentration of the Mn2+ ions in-
creased. There is no other element in the spectra, confirming the
purity of the samples.

Fig. 3a exhibits the XPS survey spectra of the ZnS:Cu2+(1%) and
ZnS:Cu2+(1%)Mn2+(5%) NWs. The presence of the carbon and oxy-
gen are due to the carbon tape used for the measurement and
the adsorbed gaseous molecules such as O2, CO2, and H2O, respec-
tively [38]. Fig. 3b and c show the high resolution XPS spectra for
the S element of the ZnS:Cu2+(1%) and ZnS:Cu2+(1%)Mn2+(5%)
NWs. The peak can be decomposed into two Gaussian peaks cen-
tered at 161.30 eV and 162.99 eV, corresponding to the ZnS (blue
dot line) [39] and Cu2S (olive dot line) [40], respectively. It can



Fig. 3. (a) XPS survey spectra of the ZnS:Cu2+(1%) and ZnS:Cu2+(1%)Mn2+(5%) NWs;
(b and c) high-resolution binding energy spectra of S 2p for the ZnS:Cu2+(1%) and
ZnS:Cu2+(1%) Mn2+(5%) NWs.

1 For interpretation of color in Fig. 4, the reader is referred to the web version o
this article.
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be seen that the intensity of the peak coming from the Cu2S (olive
dot line) in ZnS:Cu2+(1%)Mn2+(5%) NWs (Fig. 4c) is higher than that
in ZnS:Cu2+(1%) NWs (Fig. 4b), which further proves that the Mn2+

ions play a key role in promoting the transition from the Cu2+ ions
to the Cu+ ions. Moreover, the Cu+ ions have been proved the stable
state and the S2� ions can reduce the Cu2+ ions to the Cu+ ions in
the literatures [41–43].Fig. 4a shows the absorption spectra of
the ZnS:Cu2+ (x%) (x = 1, 2, 3, 5, 7) and Zn0.99Cu0.01S:Mn2+ (z%)
(z = 1, 2, 5, 7, 10) NWs. It can be seen that the absorption maxima
for the ZnS:Cu2+ NWs is 328 nm (x = 1), 330 nm (x = 2), 336 nm
(x = 3), 338 nm (x = 5), 333 nm (x = 7), respectively, which is red-
shift as the Cu2+ doped ratio increased. Since that the position of
the absorption peak can reflect the band gap of the NWs. Based
on the following relation:

a ¼ Aðhm� EgÞn=hm ð1Þ

where A is a constant and n is 1/2 for the direct band gap semicon-
ductor. The band gap of the ZnS:Cu2+ NWs was found to decrease as
the Cu2+ doped ratio increased, which may be caused by the local-
ized energy levels of the excitation states of the Cu2+ ions or the in-
creased size of the NWs. For the Zn0.99Cu0.01S:Mn2+ (z%) (z = 1, 2, 5,
7, 10) NWs, the absorption maxima is centered at 323 nm (z = 1),
327 nm (z = 2), 328 nm (z = 5), 328.6 nm (z = 7), 330 nm (z = 10),
respectively, which can be seen in Fig. 4c. The band gap of the
Zn0.99Cu0.01S:Mn2+ NWs is calculated to be 3.84 eV (z = 1), 3.79 eV
(z = 2), 3.78 eV (z = 5), 3.77 eV (z = 7) and 3.75 eV (z = 10), respec-
tively. After adding the Mn2+ ions into the Zn0.99Cu0.01S NWs, the
band gap of the Zn0.99Cu0.01S:Mn2+ NWs is larger than that of the
Zn0.99Cu0.01S NWs (3.78 eV) until the concentration of the Mn2+ ions
increases to 5%. Further increasing the content of the Mn2+ ions
would decrease the band gap of the Zn0.99Cu0.01S:Mn2+ NWs. So,
the doping effect can modify the highest valence state and the low-
est conduction state, thereby modulate the band gap [44]. Fig. 4b
shows the PL spectra of the ZnS:Cu2+ NWs. Four emission peaks
can be observed in the blue,1 green and orange regions. The blue re-
gion peaks centered at 418 and 447 nm are attributed to the transi-
tion from the conduction band edge of ZnS to the surface states S
and S vacancy [45]. The green emission peak centered at 540 nm
is corresponding to the recombination from the shallow donor level
(sulfur vacancy) to the t2 level of Cu2+ [46,47]. The orange emission
centered at 588 nm is rarely reported. Only Datta et al. [48] have
observed this orange emission for the Cu2+ doped ZnS nanorods.
So its origin is still not clear and needs further study. With the con-
centration of the Cu2+ ions increasing, the position of the green
emission peak shifts from 540 to 544 nm, which may be due to
the slight change of the size of the NWs [33]. Moreover, the PL
intensity of the ZnS:Cu2+ NWs is decreased with the Cu2+ doped ra-
tio increased and higher doping concentration results in a stronger
quenching. Since that some defect centers would formed as the Cu2+

doped ratio increased, which can inhibit more electrons to be ex-
cited and lead to the enhancement of the nonradiative recombina-
tion process. Hence, we selected the Zn0.99Cu0.01S NWs with the
strongest PL intensity to synthesize the Zn0.99Cu0.01S:Mn2+ NWs.
The room temperature PL spectra of the Zn0.99Cu0.01S:Mn2+ (z%)
(z = 1, 2, 7) NWs are shown in Fig. 4d. It can be seen that the inten-
sity of the Zn0.99Cu0.01S:Mn2+ NWs is about four times lower than
that of the ZnS:Cu2+ NWs, indicating that incorporating the Mn2+

ions into the Zn0.99Cu0.01S NWs would bring more defect states dur-
ing the growth process. For the Zn0.98Cu0.01Mn0.01S NWs, the yel-
low–orange emission peak centered at 577 nm coming from the
Mn2+ 4T1–6A1 transition can be observed [49], indicating that the
Mn2+ ions have been incorporated into the Zn0.99Cu0.01S NWs. The
position of the two peaks in the blue region have no change com-
pared with the ZnS:Cu2+ NWs, indicating that the energy levels of
the S surface states and S vacancy relative to the valence band
nearly keep constant in our samples. It is worth to note that another
emission peak centered at 402 nm coming from the interstitial S can
be observed for the Zn0.99Cu0.01S:Mn2+ NWs [50]. So, the Cu2+ re-
lated green emission peak shifts to 501 nm after incorporating the
Mn2+ ions into the Zn0.99Cu0.01S NWs, which is corresponding to
the recombination of the electron in the interstitial S and the hole
in Cu t2 state [51]. With the Mn2+ doped ratio increasing, the rela-
tive intensity ratio of the green emission to the yellow–orange
emission decreases, illustrating that there are more energy trans-
ferred from the Cu2+ ions to the Mn2+ ions. Consequently, the col-
or-tunable emission can be obtained by adjusting the
concentrations of the Mn2+ and Cu2+ ions in ZnS NWs.

Fig. 5 shows the magnetic hysteresis loops of the ZnS:Cu2+(1%)-
Mn2+(z%) (z = 1, 5, 10) NWs. Since that we did not observe the fer-
romagnetism property either for the ZnS:Mn2+ or ZnS:Cu2+ NWs at
room temperature. Consequently, the hybridization interaction be-
tween the Mn and Cu elements should be the fundamental reason
for the origin of the ferromagnetism. Because Cu (3d104s1) is a kind
of non-magnetic element, the 3d orbitals are fully filled and hence
do not contribute to the ferromagnetism. Moreover, its secondary
phase such as CuS (Cu2+ 3d9) displays antiferromagnetism, Cu2S
(Cu+ 3d10) shows no magnetism due to the fully filled 3d orbitals
f



Fig. 4. (a and c) UV–vis absorption spectra of the ZnS:Cu2+ (x%) (x = 1, 2, 3, 5, 7) and Zn0.99Cu0.01S:Mn2+ (z%) (z = 1, 2, 5, 7, 10) NWs; (b and d) PL spectra of the ZnS:Cu2+ (x%)
(x = 1, 2, 3, 5, 7) and Zn0.99Cu0.01S:Mn2+ (z%) (z = 1, 2, 7) NWs.
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[52]. In addition, Mn itself is anti-ferromagnetic, so the extrinsic
ferromagnetism cannot be induced even if the Mn clustering oc-
curs [24]. To date, there are limited literatures about the magne-
tism of the Mn/Cu co-doped ZnS NWs for comparison. Chen [32]
have studied the magnetic properties of the Mn/Fe co-doped ZnS
NWs using the first-principle calculation. They found that the
defects in the doped system favored the ferromagnetic property.
During the experiment, no Mn or Cu related secondary phase or
Fig. 5. Magnetic hysteresis loops of the ZnS:Cu2+(1%)Mn2+(1%), ZnS:Cu2+(1%)-
Mn2+(5%) and ZnS:Cu2+(1%)Mn2+(10%) NWs.
defect can be detected by the XRD analysis. Hence it may be con-
cluded that the observed ferromagnetism is not due to the pres-
ence of any secondary phases. Since that all the spin majority
states are occupied for the Mn2+ and Cu2+ ions, spin-minority states
are either empty (for Mn2+ ions) or partially occupied (for Cu2+

ions). Based on the Anderson’s super exchange [53], due to the
hybridization between the Mn2+/Cu2+ ion’s d shell and the near
neighbor S2� ion’s p shell, these spin-minority states become partly
occupied. Consequently, the spin-majority states of the S2� ions
become more occupied than the spin minority states. So, the mag-
netic moments of the S2� ions are parallel to that of the Mn2+/Cu2+

ions [54]. It can be seen that the ferromagnetism is stronger as the
Mn2+ doped ratio increased. Since that the results of XRD and XPS
show that the Mn2+ ions can promote the transition from the Cu2+

ions to the Cu+ ions in the ZnS:Cu2+(1%)Mn2+(z%) (z = 5, 10) NWs.
So the local concentration of the hole at the anion would increase,
making the exchange interaction between the S2� ions and the
transition metal ions increased, which lead to the enhancement
of the ferromagnetism [33]. In so doing, we have created multi-
functional one-dimensional NWs with exciting magnetic–optical
behavior at room temperature, indicating its important
applications for functional nanoscale devices.
4. Conclusions

In summary, we successfully synthesized ZnS:Cu2+(x%),
ZnS:Mn2+(1%)Cu2+(y%) and ZnS:Cu2+(1%)Mn2+(z%) NWs. Both of
the Mn2+ and Cu2+ ions substituted for the Zn2+ sites in the host
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ZnS, and the maximum doping concentration of the Cu2+ ions in
the ZnS and ZnS:Mn2+(1%) NWs, and the Mn2+ ions in the
ZnS:Cu2+(1%) NWs was 7%, 1%, 10% respectively. The result showed
that the Mn2+ ions can promote the transition from the Cu2+ ions to
the Cu+ ions. The Cu related emission peak centered at 540 nm for
the ZnS:Cu2+ NWs and 501 nm for the ZnS:Mn2+Cu2+ NWs were ob-
served. The Mn2+ 4T1–6A1 emission centered at 577 nm can also be
observed in the ZnS:Mn2+Cu2+ NWs. As the Mn2+ doped ratio in-
creased, the PL intensity was decreased and the saturation magne-
tization was increased.
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