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An inorganic-organic hybrid semiconductor, ZnS/CHA (CHA cyclohexylamine) nanocomposites was
successfully synthesized via a solvothermal method using CHA as solvent, which yielded uniform and ultralong
nanowires with widths of 1061000 nm and lengths of-520 um. Changing the reaction conditions could

alter the morphology and optical properties of the nanocomposites. The periodic layer subnanometer structures

were identified by high-resolution transmission electron microscopy (HR-TEM) images, with thickness of
~2 nm. The composites exhibited a very large blue-shift in their optical absorption edge as well as an exciton

excitation band due to a strong quantum confinement effect caused by the internal subnanometer-scale structures.

The pure hexagonal wurtzite ZnS nanowires were also obtained by extracting the ZnS/CHA nanocomposites
with dimethyl formamide (DMF). In addition, the luminescent properties of exciton and defect-related transitions
in different samples of ZnS/CHA were discussed in detail.

I. Introduction Recently, we prepared uniform and ultralong ZnS/CHA
hybrid nanowires via a solvothermal method using cyclohexyl-
amine (CHA) as solvent for the first time. The composites
exhibited a remarkable blue-shift in their optical absorption edge
as well as an exciton excitation band due to a strong quantum
confinement effect induced by the internal layer substructures.
In this paper, we systematically reported the preparation,
characterization, and spectral properties of the wire-like ZnS/
CHA nanocomposite. The pure hexagonal wurtzite ZnS nano-
wires were also obtained using the ZnS/CHA nanocomposite
precursor.

Quantum confinement effect has shown its huge charm in
optoelectronic applications and ultrasensitive biological detec-
tion. Currently, semiconductor dots are referred because a very
large variation is achievable in these applicatibrisHowever,
it is a great challenge to generate uniform and periodic lattices
of dots. It is well-known that inorganic frameworks have rigidity
and stability, while organic and coordination compounds hold
great promises for processability, flexibility, structural diversity,
and geometrical controllability. Incorporation of the two coun-
terparts into a single structure may generate orgainiarganic
hybrid composites that enhance or combine the useful properties;| gxperiments
of both component%:1° Some experiments have been done to
explore this kind of inorganieorganic hybrid nanomaterials,
including clay, metal chalcogenides, metal halides, metal oxides,
and metal phosphates and phosphordtésRecently, develop-

ments demonstrate that unique hybrig-Yl semiconductors d ¢ Ut
can be also synthesized by incorporating segments of¥ll| COO)-2H,0 and 18 mL of 0.06 M (NH)2CS aqueous solution

semiconductor and organic species in one structure via coor-"a@s added into 420 mL CHA at room temperature under

dinate or covalent bonds such as ZnS¢gnMnSe(pdays, ;nagnetiq stirgng. A tlranspalrer)t solution for;ned ;fter stirring
ZnTe(NeHs), and CdSe(en), etcl6-22 or 30 min. The resultant solution was transferred into 14 50-

: : L Teflon-lined stainless steel autoclaves on average and then
Actually, the organic template may dominate the structure mL Tet . .
y g P y maintained at 120C for 20 h in an oven. After the reaction,

of the inorganie-organic hybrid semiconductors. By choosing the Teflon-lined autocl led naturally t
an organic template, various low-dimensional nanostructures can € letlon-ined autoclaves were cogled naturally to room

be obtained, such as nanobelts, nanosheets, nanorods, etc, Whiéﬁmperat.ure. The product was collected andlwashed V.Vit.h et.hanol
would be crucial for certain devices in nanodevitey, 192123 several times to remove the reactants possibly remaining in the

On the other hand, in the inorganiorganic hybrid semicon- final products. Then half of the white precipitate was centrifu-
ductors due to incorporating of inorganic and organic materials, galtle?j and dlneid zt 8?]90 or(]: Iffor 1% hin vacuu(;n, Whlcr:j WaZO
there generally exists subnanometer structure in the period ofcalled sampleA. Another half product was redispersed in

several nanometers, leading to obvious confinement effééts. mL OT DMF under' magnetic stirring fqr 30 min to extract it
The final suspension was transferred into two 50-mL Teflon-

* Corresponding author. E-mail: hwsong2005@yahoo.com.cn. Fax: liN€d stainless steel autoclaves on average and maintained at
86-431-6176320. 180 °C for 48 h in an oven. Then the product was cooled,
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A. Sample Preparation. Zinc acetate and thiourea were
analytical-grade reagents and CHA was a chemical-grade
reagent, which were all used as received without further
purification. In a typical synthesis, 17 mL of 0.03 M Zn(gH
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TABLE 1: Reaction Conditions of Different Samples and Their Fluorescent Decay Time Constants as Well as the Proportion of
the Component with Shorter Decay Constant of the Exciton and Defect Emissions

A B C D E
reaction conditions reactant quantity (mmol) Zn(¥DOY-2H,0 0.255 0.255 0.255 4.25 0.255
(NH2).CS 0.54 0.54 0.54 9.0 0.54
solvent Vwater VcHA 1:12 1:12 0:13 1:12 1:12
temperature°C) 120 100 120 120 120
extraction using DMF no no no no yes
life time exciton emission 71 (NS) 2.9 0.31 0.23 11
72 (nS) 6.0 4.1 3.8 5.3 6.9
Ry (%) 71 27 20 0 54
defect emission 71 (NS) 1.7 1.6 1.7 1.2
72 (ns) 11.0 9.3 10.6 8.3 6.7
R; (%) 40 26 26 0 54

washed, centrifugated, and dried just likewhich was called obvious correlation with the well-crystallized precursors. The
sampleE. Similarly, 8.5 mL of 0.03 M Zn(CHCOO):2H,0 XRD patterns of the samplg indicate that it is phase-pure
and 9.0 mL of 0.06 M (NH).CS aqueous solution was added ZnS with hexagonal wurtzite structure (JCPDS 36-1450). The
into 210 mL of CHA and reacted at 10 for 20 h, forming especially narrower and stronger peak at the (002) face implies
sampleB. SampleC was produced by adding 0.056 g of Zn- that the preferential growth is along thexis. Estimated from
(CH3COO)+2H,0 (0.255 mmol) and 0.041 g of (NH#CS (0.54 the peak half widths at (110), (103), and (112) planes by using
mmol) into 227.5 mL of CHA without deionized water at 120 the Scherrer equation, the average crystalline size of ZnSis

°C for 20 h. Samplé® was obtained by adding 8.5 mL of 0.5 nm. In comparison to the XRD patterns Bf the diffraction

M Zn(CH3COO)-2H,0O and 9.0 mL of 1.0 M (NH).CS patterns at (002) plane of ZnS might be identified in the ZnS/
aqueous solution into 210 mL of CHA at 12C for 20 h. The CHA composites, which were labeled with arrows. In addition,
processes of stir, cooling, washing, centrifugation, and drying the patterns at (110), (103), and (112) planes seemed to appear
of samplesB, C, andD were the same a&. In comparison, in some samples; however, they were too weak to detect clearly.
the reaction conditions of all samples were listed in Table 1. B. FE-SEM and TEM Images. Figure 2 depicts the FE-

B. Measurements.The data of X-ray diffraction (XRD) SEM images of different samples. Figure 2a demonstrates that
patterns were obtained on a Rigaku D/Max 2500V PC diffrac- sampleA yields ultralong nanowires, with diameters 100
tometer operated at 18 kW with Cuokradiation ¢ = 1.5406 nm and lengths of 1520 um. Figure 2f demonstrates that, in
A). Field-emission scanning electron microscopy (FE-SEM) sampleA, the wires are uniform and with smooth surfaces and
images were measured on XL30 ESEM FEG (FEI Company). regular cross section (circle). Figure 2b shows that by reducing
HR-TEM images were recorded on a JEM-3010 transmission the temperature from 12TC (A) to 100°C (B), the diameters
electron microscope. The Fourier transformatianfrared spec- of the nanowires hardly change; however, the lengths become
tra (FT—IR) were recorded on a Bio-Rad FTS-3000 (Excalibur shorter (5-10 um). Actually, temperature is has key role in
Series). A Perkin-Elmer Pyris Diamond thermogravimetric the formation of nanowires. It is found that 9230 °C is a
analyzer (with a heating rate of 1°@/min, 40-800 °C) was suitable range for the growth of nanowires. As the temperature
used for the thermal degradation study of samples under nitrogenbecomes lower than 9TC, the reaction hardly takes place. As
atmosphere, i.e., thermogravimetric analysis (TGA). the temperature becomes higher than AG0nanoclusters form.

The powder samples were redispersed in the ethanol byIn Figure 2c, it can be observed that the products are still wire-
ultrasound to form a suspension for the measurement of thelike in sampleC; however, they become shorter, irregular, and
UV —vis absorption spectra, which were measured on an UV- less uniform. This indicates that a suitable quantity of water is
3101PC UW-Vis—NIR scanning spectrophotometer (Shimad- important to form perfect nanowires. Our investigation also
zu). Fluorescence and excitation spectra were recorded on andicates that, when the volume ratio of water to CHAv4er
Hitachi F-4500 spectrophotometer equipped with a 150-W Xe-
arc lamp at room temperature. Fluorescent dynamics wer
measured on an FL920-Fluorescence Lifetime spectromete
(Edinburgh Instruments) with MCP-PMT, in which the excita-
tion source was an NF900 nanosecond flash lamp with a pulsg !
duration of 1 ns. By the deconvolution taking into account of
the lamp pulse width and the instrumental temporary response
the resolution limitation of the system reached~t400 ps.

(a.u.)

Il. Characterization

=l W >

A. XRD Patterns. The XRD patterns of various samples were
depicted in Figure 1. As one can see from Figure 1, the sample
of A, B, C, andD have almost the same XRD patterns, implying
that they have similar crystal structure. However, the relative
intensities of the sharp diffraction peaks vary significantly in ; ; ; : T ; :
different samples, which indicates that the crystallinity in 0 10 20 30 40 50 60 70
different samples is different. The sharper and stronger diffrac- D 20
tion peaks correspond to better crystallinity. In comparison to egree ( )
the sampleE, we know that most of the sharp peaks have Figure 1. XRD patterns of different ZnS/CHA or ZnS nanowires.

Intensi
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Figure 4. FT-IR absorption spectra of different samples.

Figure 2. FE-SEM images of (a) sampk, (b) sampleB, (c) sample nm. Figure 3c further indicates that the layer structure formed
C (d) sampleD, and (e) samplé&; (f) high-magnification images of
sampleA and (g) high-magnification images of samjile

by interlaced arrangement of the amorphous and crystalline
bands, which looks like the ordered assembly of ZnS nanorods
reported previously® According to the figure, the interplanar
distance in the crystalline area is estimated to be 3.125 A, which
exactly corresponds to the (002) plane of the wurtzite ZnS
(lattice constants of the bulk wurtzite ZnS are= 3.820 A and

¢ = 6.257 A). According to HR-TEM images, it is suggested
that the interlaced arrangement of wurtzite ZnS and amorphous
CHA forms layer structures in the ZnS/CHA composites.

C. FT-IR Spectra. Figure 4 shows FT-IR spectra of the ZnS/
CHA composites in comparison to pure CHA solution. The
spectrum of pure CHA (Figure 4f) gives the typical absorbance
of the G—H vibrations at 2969 and 2893 ch?>2® These
vibrations also appear in the ZnS/CHA composites but shift to
2924 and 2854 crit. The appearance of the- vibrations
evidences the presence of the organic component. The shift is
caused by the chemical bonding behavior between ZnS and
CHA.2425 The likeness of IR spectra of different ZnS/CHA
composites indicate that they have the similar component and
the same bonding strength between ZnS and CHA. In sample
E, C—H vibrations are not observed, which illustrates further
that pure ZnS nanowires are extracted from ZnS/CHA precur-
sors.

D. TGA Results. To determine the thermal stabilization of
the ZnS/CHA and the content of CHA in different samples, the
TGA experiment was performed. As displayed in Figure 5, we
Vcha) is higher than 1:8, the nanoclusters form. When the can see that the hybrid composite is stable at temperatures below
concentration of the reactants Anincreases by 16 times, the 200 °C and CHA is gradually lost over 20TC. The weight
obtained nanowired)) become fatter. As can be seen in Figure loss is completed at+660 °C. The content of CHA is nearly
2d, the diameter dD increases te-1 um and the length remains  the same ifA andC, but is smaller irD. Assuming the chemical
at ~15 um. Note that, by decreasing the concentration of the formula of the ZnS/CHA composite as Z#fSHA)y, X is
reactants in the aqueous solution further, the tender nanowiresdeduced to be 1.36 for sample 1.24 forC, and 0.75 foD.
form. From Figure 2e and g, it can be seen that the ZnS powdersFrom the above XRD and FIR, following UV—Vis absorp-
obtained from ZnS/CHA precursor still yield nanowires; how- tion and PL results and the same reactant concentratidyn of
ever, the surface and the cross section of the nanowires becom®, andC, we can conclude that the content of CHA Bnis

Figure 3. (a) TEM and (b, c) HR-TEM images of sample

irregular. similar to that inA andC.

Figure 3a depicts TEM images of the sampleand parts b E. Possible Formation Mechanism of Nanowires.A
and c of Figure 3 depict HR-TEM images of an individual fundamental understanding of the formation mechanism of ZnS/
nanowire. Figure 3a shows that the morphologya$ uniform CHA hybrid nanowires is crucial to control the whole chemical

and wire-like just like its FE-SEM images. Figure 3b clearly reaction. In fact, we can simply consider a quasi-emulsion
demonstrates that the periodic layer arrays formed in the system formed after adding water into CHA in which the amount
individual nanowire. Calculation shows that the period-ia of water plays a key role. When a certain quantity of water
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Figure 5. TGA curves of sample#é, C, andD.
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Figure 7. UV—Vis absorption spectra of various samples.

the reactants only instead of the mixture of water and reactants.
Those reverse micells were not so stable as in the former case.
In the hydrothermal conditions, the reaction resulted in the loss
of the reactants, and the nanowires obtained were therefore
shorter, irregular, and less uniform. As excess water was added,
it existed in continuous phase and the reverse micells did not
form, thus the morphology of the products was irregular.
y .'.'.OO“OO"OO' QO'DD Suited hydrothermal temperature range<{380°C) was also
O O“ "C’G" a key factor for the formation of nanowires. If the temperature

»OD«?O mO OO-O 3] 'j was lower than this range, the reaction cannot take place. If the

- QO™ OnO O'“‘ temperature was higher, reverse micells could be destroyed by
the quick thermomovement of all molecules, and irregular
products formed. In the temperature range, the nanowires
become longer with increasing temperature.

(d) IV. Optical Properties

O~ CHA ({_n) () 7Zn » SI A. UV—Vis Absorption Spectra. The UV—vis absorption
- — - - - spectra of various samples are depicted in Figure 7. As shown,
Figure 6. Schematic illustration of a possible mechanism for the

formation of ZnS/CHA nanowires. The cross section of (a) short axis the pure Zn.S n_anoww_esE][ haye a slight absorption peak 5.“
and (b) the long axis of single reverse micelle; (c) the cross section of 379 €V, which is consistent with the band gap of bulk wurtzite

short axis and (d) the microstructure of one ZnS/CHA nanowire. ZnS2728Quantum confinement effect occurs in the case of the
nanoparticles when the particle size becomes comparable with
was added into CHA, a great number of reverse micelles or smaller than the exciton Bohr raditfs® The exciton Bohr
containing water solution formed and served as microreaction radius in ZnS is 2.5 n&:-31.321t is natural that the quantum
containers. Coordinate bonds formed betweéyH, of CHA confinement effect does not occurlinbecause the diameter of
and Zr#t inside the reverse micelles. Different reverse micelles the ZnS nanowires~100 nm) is much larger than the exciton
self-organized together by the attraction of polarized CHA along Bohr radius in ZnS. In the ZnS/CHA composites, the band gap
the long and short axis of micelles, forming wire-like structure. absorption blue-shifts in comparison to the bulk and becomes
The polarization of CHA was caused by the existence WH; stronger in comparison to the bulk. The energies of the band
bonds in the carbon rings. Under certain solvothermal condi- gap absorption in the samplés B, C, andD were 4.60, 4.67,
tions, S~ was released from thiourea. In this case, ZnS formed 4.68, and 4.40 eV, respectively. The blue-shift of the band gap
subsequently and grew along the reverse micelles. The schemati@absorption in ZnS/CHA composites can be attributed to the
illustration of a possible mechanism for the formation of ZnS/ quantum confinement effect. In the ZnS/CHA composites,
CHA nanowires is drawn in Figure 6. In the TEM experiments, despite the diameter of the nanowires beiriD)0 nm, however,
because the electron beams were induced perpendicularly to thén the nanowires there exist periodic subnanometer structures
length direction of a nanowire, layer structures were observed. forming by an interlaced arrangement of ZnS and CHA layers
In the preparation, adding of proper water was significant along thec-axis of ZnS, which is clearly identified by the HR-
for the formation of ZnS/CHA nanowires. As proper water was TEM figures. Moreover, the thickness of the periodic ZnS layers
added, uniform and regular nanowires were obtained (samplesis about several nanometers, which is smaller than the exciton
A, B, andD), while in the preparation without water, irregular  Bohr radius in ZnS (in sampl&, the average thickness of the
nanowires formed (samp(€). In the later case, a quasi-emulsion ZnS layers is deduced to be2 nm). As a consequence, strong
system could also form. However, the reverse micelles containedconfinement effects occur in the ZnS/CHA composites.
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Figure 8. (a) Excitation and (b) emission spectra of various samples.
In the figure, ET and DT represent exciton transition and defect
transition, respectively.

Figure 9. (a) Excitation spectra of samplzas monitoring at different
energies and (b) emission spectra of saniplender different excitation
energies. (ET represents exciton transition and DT means defect
transition).

The contrast studies on different ZnS/CHA composites

suggest that the confinement effect is nearly independent of thegnission spectra under different excitation energies. In Figure
diameter of the nanowires as it varies in the range of-100 9b, as the excitation energy is in the range of 4837 eV,
1000 nm, but strongly dependent on the ratio of CHA t0 ZnS 5 emission bands are distinguished, which are assigned to
in the ZnS/CHA composites. Greater content of CHA in ZnS/ yhe exciton transition (high-energy side) and the defect transition
CHA composites induces a larger blue-shift in absorption g ,seq by sulfur vacancy and interstitial sulfur lattice defects,
spectra. We suggest that the content of CHA can modify the ognectively. As the excitation energy is in the range of 4.13
thickness of the ZnS layers. Increased content of CHA leads 4 51 eV, the boundary between the exciton band and defect band
the average thickness of the ZnS layers to decrease, inducing Yisappears and they unite as one band. This phenomenon may
stronger confinement effect. come from the energy transfer between the two transitions. In
B. Luminescence.Parts a and b of Figure 8 show the PL  Figure 9a, three excitation peaks at 3.69, 4.08, and 4.74 eV are
excitation and emission spectra in different samples, respec-identified as monitoring 3.02 and 3.14 eV. The emission at 3.02
tively. In Figure 8a, the peak energies are 4.38 &Y, @.42 and 3.14 eV should be dominantly contributed to defect
eV (B), 4.45eV (), 4.56 eV D), and 4.21 eVE), respectively,  transition, as shown in Figure 9b. In the excitation spectra, the
which shift red compared to the absorption spectra. In com- 3,69 and 4.08 eV peaks should be assigned to the defect
parison to the pure ZnS (sampli§, the excitation peaks for  transitions, while the 4.74 eV peak is assigned to the exciton
the ZnS/CHA composites shift blue due to the confinement transition. As monitoring defect emissions, the exciton excitation
effect, just like the results of absorption spectra. In Figure 8b, peak appears, indicating that energy transfer from exciton to
there appear two peaks for all the samples, assigned to thedefect states occurs.
exciton emission (high-energy side) and the defect emission. C. Fluorescence DynamicsFluorescence dynamics of the
The defect emission at 2.70 eV B, C, andE is caused by exciton and the defect emissions in different samples were also
trapped surface statés?¥3¢ In the sampleD, we did not measured, as shown in Figure 10a and b. It can be seen that all
observe the above defect emission, but observed the defecemissions have a lifetime on the nanosecond time scale as report
emission at 3.44 eV caused by sulfur vacancy and interstitial previously3®4! The fluorescence decay curves in different
sulfur lattice defects, which will be discussed late#*3738In samples vary greatly. In most of the samples, the fluorescence
comparison to the pure ZnS nanowires, the exciton emission in decays biexponentially, while in samglk it decays exponen-
the ZnS/CHA ComDOSite demonstrated blue-shift. For the t|a||y The two exponentia| time constants, (Shorter) an(iz
samplesA, B, C, D, andE, the peak energies locate at 3.77, and the relative contribution of the component with a shorter
4.10, 4.13, 3.69, and 3.61 eV, respectively. On the contrary, Jifetime, are listed in Table 1. The longer lifetimes for the
the energy(v2.70 eV) of the defect emission has little variation. exciton emission are in the range of 389 ns, while those
The ratio of the defect emission to the exciton emission varies for the defect emission are in the range of-612.0 ns. The
considerably in different samples. In pure ZnS, the ratio of the shorter lifetimes are in the range of 0:23.9 ns for the exciton
defect emission to the exciton emission increases more greatlytransition and 1.21.7 ns for the defect emissions. For samples
than those in the ZnS/CHA composites, indicating that more B andC, the lifetimes are shorter than those in the other samples,
defects are involved after extracting. especially for the shorter lifetime of the exciton emission. There
In comparison to the other samples, the photoluminescenceare a number of factors influencing the florescence decays. The
for sampleD demonstrates special emission properties. As a lifetime constant is dominated by the sum of radiative and
special case, energy-selective excitation experiments werenonradiative transition rates. On one hand, the distribution,
performed on samplB. Figure 9a shows excitation spectra at energy, and number of defect states influence significantly the
different monitoring energies, while Figure 9b displays the energy transfer between exciton and defect states or difference
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Figure 10. Fluorescent decay curves of (a) exciton emission and (b)
defect emission in different samples.
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