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Mn-substituted 1D [Zn1-xMnxSe](DETA)0.5(DETA= diethylenetriamine,x= 0-0.3) inorganic-
organic hybrid nanobelts have been synthesized by a solvothermal reaction in a mixed solvent media.
StrongMn2þ internal transition (4T1 f

6A1) emission peaks at 585 nm (2.12 eV) are detected at room
temperature photoluminescence (PL) spectra, and the highest emission intensity is obtained when the
nominal Mn content x=0.15. Temperature- and pressure-dependent photoluminescent properties as
well as the electron paramagnetic resonance (EPR) spectra of [Zn1-xMnxSe](DETA)0.5 nanobelts have
been studied for the first time. Temperature-dependent PL spectra show that the lower the temperature,
the higher the intensity of the emission intensity. Under high pressure, a large red shift ofMn2þ-related
orange luminescence is observed and luminescent intensity is greatly decreased as the pressure increases
to 10.5 GPa. Pressure dependence of the Mn2þ PL integrated intensity and energy have the same kink
point at 2.54 GPa, which give birth to two PL pressure coefficients in different pressure range.

1. Introduction

Currently, inorganic-organic hybrid nanocomposite
materials have attracted significant attention due to their
interesting and novel properties which are not easily attai-
nable in either inorganic or organic materials alone.1,2

Among them, II-VI-based hybrid semiconductors, MQ-
(L)n (M=Zn, Cd, Mn; Q=S, Se, Te; L=monoamine,
hydrazine, diamine, diethylenetriamine, cyclohexyla-
mine, m-xylylenediamine; n=0.5 or 1), a new family of
multifunctional hybrid materials, has been synthesized
recently,3 in which subnanometer sized MQ inorganic
segments (e.g., slab or chain) are separated by organic
spacers L in one structure via coordinate or covalent

bonds, and then result in a long-range order periodic
structure, like the superlattices or quantum wells.1,3a In
contrast to nonhybrid semiconductor nanomaterials, for
example, quantum dots, these compounds exhibit larger
blue shift in their optical absorption edges which means a
broader band gap tunability and a higher band-edge
absorption simultaneously owing to the quantum con-
finement effect.3d,e Moreover, the physical properties of
the hybrid system are conveniently tuned by changing the
length of organic amine, the number of inorganic layer
and also the anion.1,3d,e Besides this, this unique family
of II-VI-based hybrid semiconductors exhibit nearly
zero uniaxial thermal expansion (ZTE) in a broad tem-
perature range when selecting suitable amine, in virtue of
contradiction between positive thermal expansion (PTE)
behavior of inorganic semiconductor and negative ther-
mal expansion (NTE) of amine, for example, R- or
β-ZnTe(L)0.5.

4 It is worth mentioning that the combina-
tion of the strongpoint of both PTEmaterials and organic
components would show not only superior electronic and
optical properties but also flexibility and lightweight.
At the same time, transitionmetal doping has also been

used as an effective avenue to modulate the properties of
inorganic-organic hybrid nanocomposite materials due
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to the confinement of the electron and hole together with
host-sp and dopant-d hybridization.5 The improvement
of these properties is critical to material applications in
optoelectronic devices, information storage, solid-state
lighting, and spintronic materials. Until now, many
efforts have been spent on synthesis of transition metal-
doped MQ(L)n-based hybrid crystals. These works have
proved that doping is feasible in this hybrid system to
tailor its magnetic6 or photoluminescent properties7 and
still approximatively hold the structure and band-edge
absorption of the hosts. An interesting example is
thatMn-doped 2D-[Cd2S2(ba)] (ba=n-butylamine) with
n-butylamine as a spacer can give rise to a broad (white-
light) emission covering the entire visible spectrum like
CdSe nanocrystals8 caused by their high surface-to-
volume ratio, which enables it promising for use in
white-light light-emitting diodes (LEDs).9

The temperature- and pressure-dependent photolumi-
nescence are predominant test techniques for optical
properties and are frequently used to investigate the
properties of the luminescent centers in semiconductors.
Since the change of temperature can influence the crystal
fields surrounding luminescent centers and electron-
phonon coupling, resulting in different temperature
behavior in different luminescence centers.10 High pres-
sure photoluminescence (PL) spectra are a popular way to
study the electronic structures and phase transition of
semiconductor materials related to their structural stabi-
lity. Under the application of pressure, the interatomic
distance and the overlap among adjacent electronic orbits
will undergo change, so the pressure dependence of
luminescence can provide useful information about the
electronic states of the emitters and the interactions
between the luminescent centers and their hosts.11 Tem-
perature- and pressure-dependent photoluminescence
have been intensively used to investigate semiconductor
nanomaterials or bulk materials; however, it is rarely
reported to investigate the inorganic-organic hybrids
by this technique, which is of great value to study the

structures of the hybrids, consequently the influences of
the luminescent centers by the organic component, which
would change at a low temperature or high pressure
environment. Due to the fact that 1D structures are
important building blocks in fabricating electronic, opto-
electronic, electrochemical, and electromechanical devi-
ces with nanoscale dimensions,12 recently, we have
synthesized uniform [ZnSe](DETA)0.5 (DETA=diethyl-
enetriamine) one-dimensional nanobelts in a ternary
solution.3f

In this paper, we extend this synthesis method
for controlled synthesis of Mn-doped [ZnSe](DETA)0.5
nanobelts in a mixed solvent system. Temperature- and
pressure-dependent photoluminescence as well as the
electron paramagnetic resonance (EPR) spectrum of
[Zn1-xMnxSe](DETA)0.5 nanobelts have been studied
for the first time.

2. Experimental Section

2.1. Synthesis [Zn1-xMnxSe](DETA)0.5 Nanobelts. All re-

agents are of analytical grade and used without further purifica-

tion. [Zn1-xMnxSe](DETA)0.5 nanobelts were prepared follow-

ing our previously reported method with minor modification.3f

Na2SeO3 (0.3mmol) and 0.3 (1- x) (x=0, 0.05, 0.10, 0.15, 0.20,

0.25, 0.30) mmol of ZnSO4 3 7H2O were added into a mixed

solution containing 5 mL of hydrazine hydrate, 14 mL of

diethylenetriamine, 20x mL of 0.015 M MnSO4 3H2O solution,

and (16-20x) mL of deionized water under stirring. The mixed

solutionwas then transferred into aTeflon-lined autoclave (with

a filling ratio of 80% v/v). The autoclave was closed and kept at

180 �C for 4 days and, then, cooled to room temperature

naturally. The final product was centrifuged and washed several

times with double distilled water and absolute ethanol and dried

in vacuum at 60 �C for several hours.

2.2. Characterization. The final products were analyzed by

X-ray powder diffraction (XRD), scanning electronmicroscopy

(SEM), transmission electron microscopy (TEM), energy-dis-

persive spectrometry (EDS), inductively coupled plasma-atomic

emission spectra (ICP-AES), electron paramagnetic resonance

(EPR), UV-vis, and photoluminescence (PL), respectively.

XRD analyses were carried on a Philips X’Pert PRO SUPER

X-ray diffractometer equipped with graphite monochromatized

CuKR radiation (λ=1.54056 Å), and the operation voltage and

current were maintained at 40 kV and 40 mA, respectively.

Before XRD analyses, the powders had been grinded ade-

quately. The morphology was examined with a JEOL JSM-

6700F SEM, and TEM was performed on a Hitachi (Tokyo,

Japan) H-800 transmission electron microscope at an accelerat-

ing voltage of 200 kV. The percentages ofMn present in the final

samples were estimated by ICP-AES using an Atomscan Ad-

vantage spectrometer, Therma Jarrell Ash Corp. Room tem-

perature EPR spectra were performed on JEOL JES-FA200

EPR spectrometer (300 K, 9064 MHz, X-band), and UV-vis

absorption spectrawere obtained using aUV-2550 spectrometer

(Shimadzu). The samples had been predispersed well in ethanol

by ultrasonic treatment. The room temperature and low tem-

perature PL spectra were performed at the Time-Resolved

Spectroscopy Station of the National Synchrotron Radiation

Laboratory (NSRL, Hefei, China). All the room-temperature
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PL spectra were measured under the same conditions, for

example, the same mass of powder samples and the same

excitation light intensity. The PL measurements under pressure

were done in a gasketed diamond-anvil cell (DAC) at room

temperature. Some powders of the samples, together with a

piece of ruby chip, were placed in a stainless-steel gasket with a

hole of 160 μm in diameter. The pressure was determined by the

use of the standard ruby fluorescence technique.

3. Results and Discussion

3.1. Preparation and Characterization of [Zn1-xMnx-

Se](DETA)0.5 Nanobelts. Figure 1 shows powder X-ray
diffraction (PXRD) patterns of the products, with the
nominal Mn content x=0.05, 0.10, 0.15, 0.20, 0.25, and
0.30. As is known before, the sample with x=0 can be
indexed as [ZnSe](DETA)0.5 with an orthorhombic phase
Cmc21. No impurity peaks (for example, MnSe) are
detected whenMn is introduced, which indicates the pro-
bable uniform doping throughout the samples. The sam-
ples were further analyzed by component analysis and
EPR. The schematic structure illustrations are shown in
Figure 2, which were reported previously.3f All molecular
simulations were carried out with software package:
Materials Studio, Version 4.1, Accelrys Inc., San Diego,
CA (USA), 2008.
3.2. Morphology of [Zn1-xMnxSe](DETA)0.5 Nano-

belts. Figure 3a shows that [Zn1-xMnxSe](DETA)0.5
nanobelts (the nominalMn content x is 0.15) have lengths
in the range of 10-20 μmand their average thickness is of
about 40 nm. The belts have a smooth surface and are
flexile. TEM observation in Figure 4 shows that the
doped belts have a width of 200-400 nm. The results
indicated that the Mn doping will not change its beltlike
shape even when the nominal Mn content x reaches 0.30.
However, when the nominalMn content x is more than or
equal to 0.20, a sort of irregular particles appears besides
the belts (see Figure S1 in the Supporting Information)
and the particles manifold with a further increase in
the nominal Mn doping content x. Because there is no

additional diffraction peaks identified even in partly
enlarged XRD patterns (see Figure S2 in the Supporting
Information), HRTEMand EDS are used to characterize
these irregular particles. A HRTEM image taken from
the edge of a grain (see Figure S3a,b in the Supporting
Information), showing lattice spacings of ca 3.51 and
3.52 Å, respectively, corresponding to the lattice spacings
of the (100) planes and (010) planes for wurtzite ZnSe,
respectively. The angle of the planes of (100) and (010) is
110�, which is consistent with that calculated result
according to its crystal structure. Energy dispersive
X-ray spectrum (EDX) analysis performed on different
selected areas of the grains shows that the elements
are Zn, Mn, and Se with a mean molar ratio of
54.0:2.3:43.7 (see Figure S4 in the Supporting Information).

Figure 1. Powder X-ray diffraction patterns of synthesized [ZnSe]-
(DETA)0.5 and [Zn1-xMnxSe](DETA)0.5 nanobelts with different Mn
contents. Patterns from (a) to (g) correspond to the nominal Mn content
x=0, 0.05, 0.10, 0.15, 0.20, 0.25, and 0.30, respectively.

Figure 2. Schematic illustrations of the crystal structures of [ZnSe]-
(DETA)0.5 and [Zn1-xMnxSe](DETA)0.5 nanobelts. The light-blue cylin-
ders are Zn, the saffron cylinders represent Se, and the blue and gray
cylinders are N and C, respectively. The introduced Mn are shown with
brown cylinders and marked with arrows.

Figure 3. SEM images of [Zn0.85Mn0.15Se](DETA)0.5 nanobelts.

Figure 4. TEM images of [Zn0.85Mn0.15Se](DETA)0.5 nanobelts.
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Thus, it can be assumed that these structure features are
due to the presence of inorganic phase Zn1-xMnxSe in the
sample.
3.3. Mn Content in [Zn1-xMnxSe](DETA)0.5 Nano-

belts. ICP-AES are used to determine the Mn content as
shown in Table 1. It is seen that the amount of Mn
incorporated into the [ZnSe](DETA)0.5 nanobelts is little,
but when the nominal content x is more than or equal to
0.20, the amounts of incorporated Mn have a distinct
increase, concurring with the appearance of irregular
Zn1-xMnxSe grains (see Figure S1 in the Supporting
Information). Thus, excessive doping in inorganic-
organic hybrid semiconductors is more inclined to form
inorganic diluted magnetic semiconductors (DMSs),
which means that doping in inorganic-organic hybrid
semiconductors could be compared with nonhybrid
ones.
3.4. EPR Spectroscopy of [Zn1-xMnxSe](DETA)0.5

Nanobelts. Electron paramagnetic resonance (EPR) as
an accurate probe is used to study theMn2þ coordination
state, andMn2þ-Mn2þ interaction forMn2þ (S=5/2) is
sensitive to its coordination environment (Figure 5).
There are a series of hyperfine lines in the spectrum
(a) (the nominal Mn content x = 0.05) which can be
identified as two signals.With the increase ofMn content,
one signal (signal 1) intensifies while the other (signal 2)
disappears as shown in the spectrum (b). For signal 1,
a hyperfine splitting of A=61.98� 10-4 cm-1 can be
extracted, which agrees well with that obtained from
substitutional doping Mn2þ in ZnSe crystal (61.7 �
10-4 cm-1),10c,13 indicating Mn is substitutionally incor-
porated into the host lattice. Signal 2, whose hyperfine
splitting A is about 57.8 � 10-4 cm-1, disappears when
the nominal Mn content increases to x = 0.10. So the
signal 2 is not given by Mn2þ ions located near the
surface, or else the signal would not become weakened
with increasing the doping content, and the signal caused
byMn2þ ions at the surface should have exhibited a larger
hyperfine splitting due to its strong ionic activity.14 Thus,
we can conclude that signal 2 comes of forbidden transi-
tion (ΔmS=( 1,ΔmI=( 1).12d,15When the nominalMn
content reaches up to x= 0.15, a broadband shows up
and the six hyperfine lines almost disappear, which
indicates that Mn2þ-Mn2þ interaction has been domi-
nant and only few isolated Mn2þ ions still exist.
3.5. Photoluminescence Property of [Zn1-xMnxSe]-

(DETA)0.5 Nanobelts. Figure 6 shows the room-tempera-
ture PL spectra with 300 nm excitation, indicating a

distinct emission band centered at 585 nm for all the
products, originating from Mn2þ internal d-d (4T1 f
6A1) transition which consists of bulk and nanocrystals
Zn1-xMnxSe DMS11a,16 (the band centered at 600 nm is
the double frequency peak of the 300 nm excitation). This
is another piece of evidence in favor of successful doping
besides EPR data. All the room-temperature PL spectra
were measured under the same conditions for compar-
ison. With the increase of nominal Mn content, the
emission peaks at 585 nm will not shift but intensities will
first increase from the nominal Mn content x=0 to x=
0.15 and then decrease when the nominalMn content x>
0.15, as shown in the inset of Figure 6. There will be more
effective substitution of Mn2þ ions at the tetrahedral
coordinate sites contributing to the Mn2þ-related emis-
sion while increasing doping content. Excessive doping
(x>0.15) will enhance Mn2þ-Mn2þ interaction due to
their close proximity as well as the formation of inorganic
Zn1-xMnxSe which would answer for the Mn2þ lumines-
cence quench.17 Thus, an appropriate doping amount is
vital to achieve themaximal photoluminescence intensity.
Obviously, in the present experiments, the maximal in-
tensity appears at the nominal Mn doping content x=
0.15 which corresponds to 0.013 of the exact doping
amount determined by ICP-AES. Band-edge absorption
peaks at about 310 nm (4.00 eV) are observed and almost
have no shift complying with altered Mn content (see
Figure S4 in the Supporting Information). Besides this,
two minor peaks appeared at 266 nm (4.66 eV) and 286 nm
(4.34 eV) whose origins have not been not entirely clear
up to now.3f Compared with our previous results,3f all of
the three peaks have a red shift from260, 284, and 295 nm,
respectively. Prolonging the reaction time will destroy
inorganic-organic hybrid structure and only pure inorganic

Table 1. Nominal Mn Content in the Reaction Mixture and the

Experimental Mn Composition As Determined by ICP-AES Analysis

Mn % nominal 5 10 15 20 30
Mn % ICP-AES 0.14 0.20 1.30 8.21 11.96

Figure 5. Electron paramagnetic resonance (EPR) spectra of [Zn1-x-
MnxSe](DETA)0.5 nanobelts with different Mn2þ nominal contents:
(a) x = 0.05; (b) x= 0.10; (c) x = 0.15.
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semiconductor can be obtained. In the present experi-
ments, prolonging the reaction time for the sake of
successful doping may do harm to hybrid structures to
some extent, which would reduce quantum confinement
effect answering for the red shift of absorption peaks.
3.6. Temperature- and Pressure-Dependent Photolumin-

escence of [Zn1-xMnxSe](DETA)0.5 Nanobelts. The tem-
perature- and pressure-dependent photoluminescence
techniques are frequently used to investigate the proper-
ties of the luminescence centers in inorganic semiconduc-
tors. However, the technique applied for investigation of
the inorganic-organic hybrid system has rarely been
reported18 and still needs to open out. PL spectra are
studied at temperatures ranging from 255 to 30 K as
shown in Figure 7 with the nominal Mn content x=0.15
as an example.
Mn2þ-related orange luminescence at 585 nm still ex-

ists, and intensity is greatly enhanced as the temperature
decreases to 30 K, as shown in the inset of Figure 7 (the
peak at around 596 nm is the double frequency peak of the
298 nm excitation). Similar effects are observed in the
case of the nominal Mn content x=0.10 and x=0.20
(data not shown). The same phenomena have been seen in
other nonhybrid materials, such as Zn1-xMnxSe DMSs,
indicating the effective substitution of the Mn2þ ions at
the tetrahedral coordinates.19 However, the red shift
illustrated in their Zn1-xMnxSe DMSs associated with
d-d exchange interactions, which lowers the energy for
the transition from the excited to the ground state, is not
obviously observed here. There are no antiferromagnetic
d-d interactions between Mn2þ ions here, which are
caused by the very low concentrations of Mn2þ in lattices

to impact the crystal field between the 4T1 and
6A1 states,

perhaps responsible for this undiscovered shift.20

Next, we have studied PL spectra of [Zn1-xMnxSe]-
(DETA)0.5 nanobelts under pressure. Figure 8 depicts the
PL spectra of [Zn0.85Mn0.15Se](DETA)0.5 nanobelts mea-
sured at room temperature with increasing pressure.
A large red shift of Mn2þ-related orange luminescence

Figure 6. Room-temperature photoluminescence (PL) spectra of synthe-
sized [ZnSe](DETA)0.5 and [Zn1-xMnxSe](DETA)0.5 nanobelts with
different Mn contents. The excitation wavelength is 300 nm (4.13 eV).
Curves from (a) to (f) correspond to the nominalMn content x=0, 0.05,
0.10, 0.15, 0.20, and 0.30, respectively. Inset (left) shows the pattern of the
PL integrated intensity versus Mn contents and inset (right) shows the
color of the sample before and after illumination at λ= 365 nm.

Figure 7. Temperature-dependent PL spectra for [Zn0.85Mn0.15Se]-
(DETA)0.5 nanobelts. The excitation wavelength is 298 nm (4.16 eV).
Curves from (a) to (f) correspond toT=225, 220, 170, 105, 70, and 30K,
respectively. Inset pattern shows the pattern of the PL integrated intensity
versus temperature.

Figure 8. Pressure-dependent PL spectra for [Zn0.85Mn0.15Se](DETA)0.5
nanobelts. The excitation wavelength is 514.5 nm (2.41 eV).

Figure 9. Pressure dependence of the Mn2þ PL integrated intensity
(a) and energy (b) for [Zn0.85Mn0.15Se](DETA)0.5 nanobelts.
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is observed, and luminescence intensity is greatly de-
creased as the pressure increases to 10.5 GPa, which can
be seen more clearly in Figure 9 (the peak at around
696 nm is the standard ruby fluorescence used to deter-
mine the pressure). From Figure 9a, we can also see that
the PL integrated intensity decreases rapidly with increas-
ing pressure up to about 2.54 GPa and then decreases
slowly. The PL energy as a function of pressure is shown
in Figure 9b. The data can be fitted with the following
formula:

EðPÞ ¼ E0 þRP

Where E0 is the ambient pressure PL energy, R is the PL
pressure coefficient, and P is the applied pressure. It is
found that, at lower pressure, the PL energy of
[Zn0.85Mn0.15Se](DETA)0.5 nanobelts shifts linearly with
a pressure coefficient of-19meV/GPa. Above 2.54 GPa,
the PL peak also shifts linearly with pressure but the
pressure coefficient changes to -30 meV/GPa. As for
pressure coefficient R=-30 meV/GPa, it is in excellent
agreement with that of calculated pressure coefficient of
the Mn2þ-orange emission using the crystal field theory,11f

which indicates a phase transition trend from direct to
indirect gap semiconductors.11c The other pressure co-
efficient at lower pressure, to our best knowledge, has not
been reported for ZnSe-based inorganic compounds so
far. Considering organic diethylenetriamine is “limper”
compared with inorganic ZnSe and then is easy to be
compressed, we propose that this PL peak also shifted
linearly with the pressure coefficient due to the compres-
sion effect of diethylenetriamine molecules. It is interest-
ing to note that pressure dependence of PL integrated
intensity and PL energy have the same kink point at
2.54 GPa, which means the same mechanism between
them. We can also attribute the rapid decreases of PL
integrated intensity before 2.54 GPa to the compression
effect of diethylenetriamine molecules. This is consistent
with a previous study that Mn2þ-related orange emission
intensities increase monotonically with the length of the
organic monoamines.7,8 Compression of diethylenetri-
amine (DETA) molecules in [Zn1-xMnxSe](DETA)0.5
under pressure makes the interlayer manganese inter-
actions enhanced due to their close proximity and then
decreases the emission intensities. Another remarkable
feature is that the decreases of PL intensity are reversible.
When pressure is released, the PL can resume immedi-
ately (see Figure S6 in the Supporting Information).
Because this process is irreversible for pure inorganic
ZnSe nanomaterials,11c the only reasonable interpretation

here is that diethylenetriamine was elastic and recovered
upon release of pressure. This further confirmed that
decreases of Mn2þ PL integrated intensity and red shift
of the Mn2þ-related orange emission band is due to the
compression effect of diethylenetriamine molecules with-
in the [Zn1-xMnxSe](DETA)0.5 structure.

4. Conclusions

In summary, [Zn1-xMnxSe](DETA)0.5 nanobelts have
been synthesized by a solvothermal reaction and their
temperature and pressure behaviors have been investi-
gated systematically. A strongMn2þ-related orange emis-
sion band at 585 nm is observed for the [ZnxMn0.15-
Se](DETA)0.5 nanobelts at room temperature. The
maximum emission intensities can be obtained in the
case of nominal Mn content x=0.15. For nominal Mn
content x = 0.15, the intensity of Mn2þ-related orange
luminescence at 585 nm is greatly enhanced as the tem-
perature decreased to 30 K without shifting in peak
positions. Under pressure, a large red shift of Mn2þ-
related orange luminescence was observed and lumin-
escence intensity was greatly decreased as the pressure
increased to 10.5GPa. Being a kink point at 2.54GPa, the
PL energy varies linearly with the pressure separately and
presents two pressure coefficients. The pressure coeffi-
cient at high pressure should be due to a phase transition
trend from direct to indirect gap semiconductors, while
the one at low pressure is deduced to be due to a
compression effect of diethylenetriamine molecules. The
EPR spectra of [Zn1-xMnxSe](DETA)0.5 nanobelts have
been studied. These new observations may be helpful for
further understanding the photoluminescent mechanisms
in doped inorganic-organic hybrid semiconducting
nanostructures.
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