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Fabrication of Zn /ZnS nanocable heterostructures by thermal reduction /
sulfidation
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Single-crystalline Zn/ZnS coaxial nanocables were fabricated through thermal reduction of ZnS
using graphite powder at elevated temperatures. Energy dispersive x-ray analysis of the
as-fabricated samples indicated that the nanowires were composed of Zn and S only.
Transmission-electron-microscopic study of the nanowires revealed that they had core/sheath
contrast, suggesting a Zn core/ZnS sheath heterostructure. Epitaxial relationship was observed
between the Zn and the ZnS. The possible formation mechanisms of such nanocables are discussed.
© 2003 American Institute of Physic§DOI: 10.1063/1.1558957

One-dimensiona(1D) nanoscale semiconducting mate- Chemical$ powder were separately placed on an alumina
rials have attracted much attention due to their importance iwafer. The ZnS powder was placed in the center of the alu-
understanding the fundamental roles of dimensionality andnina tube, and the graphite powder was placed 2 cm down-
guantum size effect, and their potential applications servingtream the ZnS powder. The tube was then sealed and
as the building blocks for electronic/optical nanodevités. pumped down to a base pressure of 20~ 2 Torr. The fur-
Many unique and fascinating properties have been proposathce was heated up to 800°C at 10°C/min, and held at
and demonstrated for this class of materials, such as metal800 °C for 30 min. The temperature was then further in-
insulator transitior, higher luminescence efficienéy en-  creased to 1300°C fo5 h before it cools down to room
hancement of thermoelectric figure of méfitand lowered temperature. During the fabrication process, a constant flow
lasing threshold®~*® ZnS was known for a long time of Ar was introduced in the tube at a flow rate of 100 sccm.
as a versatile and excellent phosphor host material. Dopetihe total pressure was maintained at 300 mTorr during the
with appropriate ions, a variety of photoluminescent,growth process. The general morphology and chemical com-
cathodoluminescerf!’  electroluminescerf!® and  position of the products were examined by secondary elec-
thermoluminesceft properties can be achieved. Among the tron microscopy(SEM, LEO 1450 VP with an energy dis-
wide-gap semiconductors, Zn®and gap 3.7 e)#! has a persive x-ray (EDX) spectrometer attached to the
large exciton binding energy40 meV) and a small Bohr microscope. Powder x-ray diffractiofKRD, Rigakau RU-
radius (2.4 nm, which make it an excellent candidate in 300 with CuK«; radiation was employed to examine the
exploring the intrinsic recombination processes in dense exproduct’s overall crystallinity. Detailed microstructure analy-
citonic system. This advantage is also expected to be an e$is of the products was investigated by transmission electron
fective factor for applications in low-threshold ultraviolet microscopy(TEM) using a Philips CM 120 microscope op-
lasing®>~2* Moreover, ZnS is an excellent optical transmis- erating at 120 kV.
sive material due to its broad transmission bagthrting Only graphite powder was left on the alumina boat origi-
from 0.4 um in the visible to about 14m in the infrared nally holding ZnS and graphite powder. A dark gray-
region and the high refractive index value. Inspired by thesebrownish wool-like material was obtained downstream the
promising properties and the possible outcome when limitingalumina tube after the furnace was cooled down to room
the ZnS growth within one dimension at the nanometer scaleemperature. XRD pattern of the products is shown in Fig. 1.
several groups have fabricated 1D ZnS nanostructures imall the diffraction peaks can be indexed to Zn and ZnS
cluding nanowire$? nanorods® and nanotubé$ recently.  within the experimental errdicompared to those of hexago-
In this letter, we report mass production of single crystalline
Zn/ZnS nanocables via a thermal reduction route of ZnS by
graphite powder. The nanocable is composed of a Zn core
and an epitaxial ZnS sheath despite a 43% lattice mismatch
between the two. The one-dimensional cable configuration
and the epitaxial metal/semiconductor interface may lead to
interesting chemical and physical properties unachievable in 2
other nanostructures. g
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0003-6951/2003/82(9)/1398/3/$20.00 1398 © 2003 American Institute of Physics



Appl. Phys. Lett., Vol. 82, No. 9, 3 March 2003 Q. Li and C. Wang 1399

Zn Zn (b)

Counts (a. u.)

0 5 10 15 FIG. 3. (a) Low-magnification bright field TEM image of a single nano-
Energy (keV) cable, showing contrast along the cable redial directiondark field TEM
image of the nanocable taken by choosing the Z0j2iffraction spot;(c)

FIG. 2. (a) SEM image reveals the general morphology of the dep05|teddark field TEM image of the nanocable taken by choosing the Zb®(2

223?:%; ga?ggv 'r:ﬁzb\)’vghtur:'cfglr Eg;a?eéi";ﬁgqo t;ﬂje:;?oabssﬁ:v?:’n;hneo_ diffraction spot;(d) SAD pattern take from the same nanocable, showing
yp P 9 two sets of diffraction spots, corresponding to Zn and Za30 zone,

wire, suggesting the wire is composed of Zn and S only. respectively;(e) HREM image of the same nanocable taken with the elec-
tron beam along Zn/Zn&l20) zone axis.

nal Zn:a=2.662 A,c=4.945 A and wurtzite ZnSa=3.823 , , _
A, c=6.261 A in the JCPDS files No. 4-831 and 79-2204,79ures 3b) and 3c) are the dark field TEM images of the

respectively. same nanocable using a Zd@® and ZnS(20) diffraction
Figure 2a) shows a SEM image of the as-fabricated ma_spot, rgspectively. The.Iigh.t/dgrk contrast ig cau'sed.by the
terial. The products demonstrate a wire-like morphology. Thaliffraction contrast, which indicates that Ziight in Fig.
nanowires appear to be relatively uniform, with an average(®), but dark in Fig. &)] and ZnS[light in Fig. 3(c), but
diameter of~100 nm, and length up to several tens of mi- dark in Fig. 3b)] are located in the core and sheath region of

crons. EDX was performed on these nanowires. A typicaf'€ N@nocable accordingly. A high-resolutiGR) TEM im-
EDX spectrum of a single nanowire is shown in Figb)2 age of part of the nanocable is shown in Fige)3which

indicating that the nanowire is composed of zinc and SquLIIreveals clear core/sheath interface and further confirms the
only, coaxial cable structure. The HREM image was taken with the
Figure 3a) gives a low magnification bright field TEM e!ectron beam along the Zn/Znd2Q zone axis. Moire .
image of such a nanowire. The diameter of the nanowire i%rlnges were observed in the cable core region, suggesting
100 nm. which is consistent with the SEM observation he overlapping of two different crystal lattices. The interface
. . ) ‘between Zn and ZnS is not smooth and possible surface steps
However, a light/dark/light contrast is observed along the

radial direction of the nanowire, suggesting a different phas§X'St' The lattice image of the interface is not clearly re-

composition along the wire’s radial direction, which leads toSOIVed due to the overlapping of Zn and ZnS crystalline lat-

) : tice. Nevertheless, p120]7,//[120]2,s, (002),,//(002);,s
the coaxial nanocable structure. TEM observation of several itaxial relation can still be observed. The outersurface of

tens of such nanowires reveal that the cable core and sheaﬁﬁe nanocable appears to be rough. Nevertheless, no amor-
thicknesses are not uniform, the core diameters range fro hous material is observed outside t.he cable surfa’ce

20 to 6.0 nhm and the sheath _th|ckr_1esses from 40 to 20 nm, As the products were obtained at the downstream of the

respectively. Selected area dlffragtlon pattéBADP) taken alumina tube, the nanocables are formed via a vapor trans-
"0”? the panocabl@a§ shown in Fig. @] _reveals two sets ferring process, namely, the vapor of the nanocable compo-

of diffraction spots[Fig. 3d)], corresponding to those from  gjsion material were carried by the processing gfsin this

Zn (120 zone and ZnS120 zone, respectively. The mea-

) - ) case and transferred to the downstream of the tube, where
sured d spacingdrom diffraction patternof Zn are 2.47.and 6 temperature is lower than the center part, and condensed

1.33 A, for(002 and (2L0) planes, respectively. These agreetq form nanostructures. As no particle was observed at either
very well with those of hexagonal Zn from the JCPDS filegnd of the nanocable, the vapor—liquid—soli/LS)

No. 4-831 @lop;=2.47 A, dz10=1.33 A). The measured]  mechanisrf is not appropriate here. Instead, a vapor—solid
spacings of ZnS are 3.12 and 1.91 A @02 and (20)  (VS) mechanisiff can be used to explain the one-
planes, respectively. These match the corresponding d spagimensional growth.

ings of wurtzite ZnS from the JCPDS file No. 79-2204  The formation of the Zn/ZnS configuration is discussed
(dooz=3.13 A, d70=1.91 A). The SADP also suggests an as following, where carbon is believed to play an important
epitaxial relation between the Zn and ZnS with role. ZnS was first reduced to metallic Zn by carbon at high
[120],,//[120]7ns, (002),,//(002)7,5, (210);,//(210)zps. temperaturé~1300 °Q, which eventually led to the forma-



1400 Appl. Phys. Lett., Vol. 82, No. 9, 3 March 2003 Q. Liand C. Wang

tion of Zn nanowires. The resulting Z(bp 907°G%° and 3. Hu, T. W. Odom, and C. M. Lieber, Acc. Chem. R88, 435(1999.
CS, are in the vapor phase at this temperature. The €S iC- M. Lieber, Solid State Commur07, 607 (1998.
not stable, it will further decompose into carbon and sulfur, 4\T(- g“' aEd C-KMk'_-rbe“JSC'elmfghl 251\((2$ODH c cheuna and C. M
whose process provides the sulfur source. While suipr - ~e€Ce® © 0T ('zoggee eh. &. Y. Tseng, L. Lheung, and L. M.
445 °0° will remain in the vapor phase and move with the sy s Funrer J. Nygard, L. Shih, M. Forero, Y. Yoon, M. S. C. Mazzon,
processing gas Ar, the carbon will be in the solid phase due H. 3. choi, J. Ihm, S. Louie, A. Zettle, and P. L. McEuen, Scie2@® 484
to its high bp at~5000 °C?° which explains the leftover of  (2000.
the graphite powder on the alumina boat. When the Zn in theGSz-Oggda, K. Tomoda, N. Yamamoto, and A. Chutinan, Scie2&% 604
vapor Phg"se condenses and grows in the morphology oil(\ll. Hung, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weberf, R. Russo,
nanowiré® at the downstream of the tube wher_e the tempera- _  p Yang, Science92, 1897 (2001.
ture was lower due to the temperature gradient along tubey, y. wu, H. Q. Han, M. Huang, B. Messer, J. B. Song, and P. D. Yang,
axis, the surface of the Zn wire reacts with the sulfur and is Chem.-Eur. J8, 1261(2002.
resulfidized to ZnS, due to the large surface area of Zn wires?Highly Conducting One-Dimensional Soljdslited by J. T. Devereese, R.
Once a thin layer of ZnS is formed outside the Zn nanowire, ™ £¥2rd and V. £ van Eol_r:(t':'?e”l‘g”‘:é(’\i‘;‘gq\mrk' 1979
furth.er ZnS grow_tr(thickening of the shgglhnay take over uj p HoImes,’K.pIE. 'Johxs'on’ R G Doty, and B A Korgel, Scieg®
by either S diffusiof’ or Zn and S deposition from the vapor 1471(2000.
phase. 2. D. Hicks and M. S. Dresselhaus, Phys. Rev4B 16631(1996.

It is interesting to note that the ZnS sheath is epitaxially™®Y. Arakawa and H. Sakaki, Appl. Phys. Le#t0, 939 (1982.
grown on zinc, despite a 43% lattice mismatch between thl‘;Y— Arakawa and A. Yariv, IEEE J. Quantum Electrd®, 1887(1986.
two. Both the Zn and ZnS lattice are completely relaxed, as E‘Ie'\ggs:;;o'nggﬂ('igg; M. Asada, and Y. Suematsu, IEEE J. Quantum
indicated by the measured d spacings from the r~"':mc'cak-"|‘eL. OzaW.a,C’athodqumin;ascence Theory and Applicati@iisdansha, To-
electron diffraction patterns. Although the HREM image is kyo, 1990.
not clear enough to provide any interfacial structural infor-*"Phosphor Handbogkedited by S. Shionoya and W. M. YEERC, Boca
mation due to the cable thickness, it is reasonable to specy.Raton, FL, 1999 _ _
late that interfacial dislocations must be present to accommo->- Valenta, D. Guennani, A. Manar, B. Honerlage, T. Cloitre, and R. L.

. . . Aulombard, Solid State CommuB@8, 695 (1996).

date the large lattice mismatch. It is not clear how thew,, vamada, T. Yamamoto, S. Nakamura, T. Taguchi, F. Sasaki, S. Koba-
epitaxial relation can be formed under such huge lattice mis- yashi, and T. Tani, Appl. Phys. Le#9, 88 (1996.
match. Both Zn and ZnS in the presented study preserv&w. Chen, Z. G. Wang, Z. J. Lin, and L. Y. Lin, Appl. Phys. Lét0, 1465
hexagonal structure, the geometry similarity between the tW(2)1(1997)- _
lattices may favor the formation of the epitaxial relation.  R:Menner, B. Dimmler, R. H. Mauch, and H. W. Schock, J. Cryst. Growth
Moreover, if the first ZnS layer on Zn surface was formed by2286’ 906(1989. . .

. o 20 . : . J. Valenta, D. Guennani, A. Manar, B. Honerlage, T. Cloitre, and R. L.
sulfidation of Zn7” the resulting orientation of ZnS may be  aylombard, Solid State Commu88, 695 (1996.
confined by the exposed Zn surface. 23y, Yamada, T. Yamamoto, S. Nakamura, T. Taguchi, F. Sasaki, S. Koba-

In conclusion, Zn/ZnS coaxial nanocables were fabri- yashi, and T. Tani, Appl. Phys. Le#9, 88 (1996.
cated via a simple thermal reduction of ZnS using graphite24Y- Yamada, inOptical Prope_rties of Lovv_-Dir_n‘ensi_onaI Materialedited
powder. The diameter of the nanocable-i$00 nm. A good zsiyJT.' Ogawa and Y. KanemitstWorld Scientific, Singapore, 1995

. i . .Jiang, Y. Xie, J. Lu, L. Y. Zhu, W. He, and Y. T. Qian, Chem. Mafi3,

epitaxial relation was found between the Zn core and ZnS 15132001 v. w. Wang, L. D. Zhang, C. H. Liang, G. Z. Wang, and X.
sheath, despite a 43% lattice mismatch of the two. The nano-s. peng, Chem. Phys. Le857, 314 (2002.
cable configuration may results from a ZnS reduction fol-*°D. B. Zhang, L. M. Qi, H. M. Cheng, and J. M. Ma, J. Colloid Interface
lowed by Zn sulfidation process. The 1D growth is explained, S¢i- 246 413(2002. _ _
by the VS mechanism as no particle is detected at the end OfL' Dloczik, R. Engelhardt, K. Ernst, S. Fiechter, |. Sieber, and R. Konen-

kamp, Appl. Phys. Lett78, 3687(2001).
the nanocables. p. Appl. Phy (2001

2R. S. Wagner, inWhisker Technologyedited by A. P. Levitt(Wiley-

. . . . . Interscience, New York, 1970
This research is supported by RGC direct allocation ineerc Handbook of Chemistry Physi@RC, Cleveland, OH, 1977

the Chinese University of Hong Kong, under Project N0.%o. Kubaschewski and B. E. Hopkins, Gxidation of Metals and Alloys
2060227. (Butterworths, London, 1962



Applied Physics Letters is copyrighted by the American Institute of Physics (AlIP).
Redistribution of journal material is subject to the AIP online journal license and/or AIP
copyright. For more information, see http:/ojps.aip.orgfaplofaplcr.jsp

Copyright of Applied Physics Letters is the property of American Institute of Physics
and its content may not be copied or emailed to multiple sites or posted to a listserv
without the copyright holder's express written permission. However, users may print,
download, or email articles for individual use.



