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ZnO hexagonal prisms have been grown from pohnylpyrrolidone-assisted electrochemical
assembly ont@-type Si(111) substrate. These ZnO prisms arrays are higd02 orientated. The

(0001 end facets and{1010} side facets of the hexagonal prisms are well defined. The
photoluminescencéPL) spectrum of these ZnO prisms shows an intense ultraviolet near band-gap
emission with a full width at half maximum of 86 meV at room temperature. The low-temperature
PL spectrum is split into well-resolved free and bound exciton emission lines. The temperature
dependence of the exciton emission intensities shows a nonmonotonic decaying behavior, which can
be explained by the existence of interfacial state20©5 American Institute of Physics

[DOI: 10.1063/1.1883633

I. INTRODUCTION We develop a low-temperature and template-free
polymer-assisted electrochemical route to grow highly
ZnO has attracted considerable research attention rg0002-oriented arrays of ZnO hexagonal prisms opitype
cently because it is a suitable candidate for blue or ultraviolegi (111) substrates. Polgvinylpyrrolidone (PVP) was added
light-emitting devices and photodetectors. ZnO is a direcinto the deposition bath to modulate the growth of ZnO crys-
wide-band-gaf3.37 e\} semiconductor with a high exciton tals. It has been reported that ZnO nanorods with hexagonal
binding energy of 60 meV. The morphology, size, and orien{faces can be directly electrodeposited fromd@turated zinc
tation of ZnO are crucial to the application of this material. chloride aqueous solutidh’ While these nanorods were
The ZnO random laser created by Caipal. used a highly short in length, and overlapped, which were difficult to be
disordered structure to obtain laser actfdrow-dimensional  used in practical applications. The use of PVP in the deposi-
ZnO nanowires can reduce the threshold of stimulated emigion bath can effectively promote the vertical growth of ZnO
sion because of quantum confinement effécts. crystals and disperse the nucleation of ZnO nanorods. The
In general, fabrication of well-aligned ZnO arrays is andetail of PVP-assisted formation of ZnO hexagonal prisms
effective route to realize optoelectronic applications. Al-has been reported elsewhérand it is strengthened on the
though aligned growth of inorganic thin films has been suc-optical properties of these prisms in this paper. The optical
cessfully achieved by gas-phase techniques such as vapowvestigation shows that the ZnO prisms are of high crystal
transpor‘?3 and chemical-vapor depositidfi, these tech- quality and have attractive optical properties. Using Si as the
niques inevitably need high vacuum or high temperaturesubstrate provides the possibility to integrate these high-
making them disadvantageous for large-scale production. Oguality hexagonal prisms with silicon-based devices.
the other hand, wet chemistry route is a cheap and flexible
method to _synthe3|ze Zn0O nanomat_ena_l W|_th a SpeC_IfI(iI' EXPERIMENT
shape, but it may suffer from contamination issues, which
limits the application. The deposition solution was £¥aturated aqueous solu-
tions, consisting of 0.005-M Zngl 0.1-M KCI, and
Author to whom correspondence should be addressed. Fr86-431-  0-5 Wt % PVP. The experiment was carried out potentiostati-
5684009. Electronic mail: ycliu@nenu.edu.cn cally at —0.6 V (versus Ag/AgCl reference electrodéor
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FIG. 1. SEM photos of ZnO grown from PVP-assistant electrodeposition. s {
2000 | fod
. . " I 4185 meV
1 h. Solutions were hold at 60 °C during deposition. The of .}/(5\1__
substrate wap-type, (111)-oriented Si wafer. Before elec- o000 L . _ , ) . ) . .
trodeposition the substrate was sequentially ultrasonically - 20 26 30 35 40
cleaned in acetone, ethanol, and water, respectively, each fc Energy (eV)

10 min. Then the Si wafer was immersed in a 5% HF solu-
tion for oxide removal followed by rinsing with doubly dis- FIG. 2. Room-temperature PL spectra of ZnO grown with@utrve a,
tilled water. After deposition, the film was rinsed thoroughly Straight liné and with PVP(curve b, dash line
with ethanol and distilled water, which was essential to re-
move PVP absorbed onto ZnO surfaces. which is consistent with the SEM results. The full width at
The morphology of the film was investigated by a Hita- half maximum (FWHM) is 0.21°, implying super crystal
chi S 4200 field-emission scanning electron microscopy. Theyyality.
X-ray diffraction (XRD) Sspectra were measured USing a ro- Because these hexagona| ZnO prisms have potentia| ap-
tating anode x-ray diffractometer with C,; radiation of  pjication in the photoelectric devices, more attention is paid
1.541 A The phOtOluminescenc(é’L) measurements were to the optica| properties_ Figure 2 shows the room-
carried out in the temperature range from 83 to 283 K usingemperature PL spectra of the samples grown without and
the 325-nm line of a He—Cd laser as the excitation sourceyjth PVP. Compared with the non-PVP sample, some obvi-
The surface photovoltage spectrosc@fyS was measured oys differences can be observed. The intensity of the near
by applying a monochromatic lightobtained by passing a pand-gap exciton emission at 3.27 eV of the PVP-assistant
light from a 500-W xenon lamp through a double-prism sample increased significantly. The FWHM value of this
monochromatdron a sample. A lock-in amplifier, synchro- peak evidently narrows from 185 to 88 meV. This value can
nized with a light chopper, was employed to amplify the he comparable with those of ZnO thin films grown by the
photovoltage signal. method of molecular-beam epitaxy, and even narroWr.
The increasing peak intensity and decreasing peak linewidth
imply that the quality of the PVP-assistant sample is signifi-
Ill. RESULTS AND DISCUSSION cantly enhanced. Another change is that the intensity of the
_ N ) visible emission decreases obviously for the PVP-assistant
PVP added into the deposition bath plays an importanample. The origin of the visible emission is generally ac-

role in modulating the growth of electrodeposited ZnO. Fig-cepted as the transition of a photogenerated electron from a
ure 1 shows the scanning electron microscé®¥M) image

of ZnO crystals grown from deposition solutions containing
0.5 wt % PVP. Uniform ZnO hexagonal prisms are observed
to grow : along(0001) orientation. Theg0001) end facets and Lo
the {1010} side facets are clearly identifiable. The growth A%
mechanism of ZnO hexagonal prisms from PVP-assisted :

electrochemical assembly can be briefly explained as fol-

lows: PVP molecules adsorb preferentially onto {610}
side facets, leaving th@®001) end facets active to the fresh
ZnO molecules and promoting the growth in tk@001)
direction® Such separated and aligned hexagonal structure s i
on Si substrate provide potential application in many fields. FX-2L0
The well-faced nature of these prisms with two naturally I X3 i
faced hexagonal ends can provide a natural resonance cavity 3 | o
for stimulated emissiofilf these prisms are micropatterned i e .
to fabricate specific geometry, they can be used in functional 30 34 32 33 34 38 36
devices. Encrgy (V)

The XRD spectrum of ZnO crystals grown from PVP- gig 3. [ ow-temperature PL spectrum of the PVP-assistant ZnO hexagonal
assistant sample is dominated in tf@002 orientation, prisms at 83 K.
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lower-energy side of PX located at 3.345 eV indicates the
contribution of neutral-acceptor bound excitoh®X). The
peaks at 3.307, 3.236, and 3.167 eV are attributed to the
1-LO, 2-LO, and 3-LO phonon replica of FX, respectively.
Well-resolved excitonic lines further demonstrate that this
sample is of high quality since imperfect crystals would
broaden the emission band and lower the emission
intensity‘:g'13

Figure 4 shows the temperature-dependent PL spectra of
the ZnO hexagonal prisms measured from 83 to 283 K. The
exciton emission of FX, BX, and A°’X show an obvious
redshift with increasing measurement temperature. The tem-
perature dependence of the maximum peak energy of FX,
DX, and A°X is shown in Fig. %a). The temperature depen-
dence of the exciton emission energy is related to the tem-
perature dependence of the band energy, which can be ex-
pressed in terms of the semiempirical formulg;(T)
=E,(0)—aT2/(T+p),** where EL0) is the peak energy at

FIG. 4. Temperature-dependent PL spectra of PVP-assistant ZnO hexagorabsolute zero temperature andnd 3 are the fitting param-
prisms.

eters.E,(0) is 3.378, 3.365, and 3.345 eV, respectively, for
FX, D°X, and A°X emissions. In Fig. &), the lines repre-

shallow level close to the conduction-band edge to a deeplgent the calculated temperature dependences for each emis-
trapped holéaV, cente).ll'lzSurface-trapped hole can tun- sion mode and it can be shown that the calculated lines can
nel back into the particle, where it recombines with an elec{it well with the experimental data.

tron in an oxygen vacano(wg) resulting in the formation of

The temperature dependence ofXDand FX emission

aV, center, the recombination center of visible emission. Inintensities is plotted in Fig. (). As can be seen from Fig.
terms of experimental results, two reasons are contributed t&(b), it is different from the exponentially decaying behavior
the decrease of the visible emission. One is that the crystakported previously.The intensities firstly decrease with in-
quality of PVP-assistant sample is enhanced which reduceseasing the temperature in the range of 83-183 K, then
the number of defects inside the crystals. The other reason iacrease with temperature in the range of 183-233 K, and
that, PVP molecules adsorb onto the side facets of ZnO crysiecrease again at temperatiire 233 K. The nonmonotonic

tals during electrodeposition, which decreases the number eémperature behavior of the PL intensity may be caused by
oxygen vacancy sites adsorbed on ZnO facets. These twibe interface states, formed by the intersecting of the hexago-
effects would prevent the formation & to decrease the nal prisms, as shown in Fig. 1. The formation of interface
recombination centers of visible emission, as a result, destates can be proven by the measurement of SPS. SPS is a
creasing the intensity of the visible emission.

Figure 3 shows the low-temperatui@3 K) UV PL spec-

well-established nondestructive technique for semiconductor
characterization that relies on analyzing illumination-induced

trum of the PVP-assistant ZnO prisms on Si substrate. Thehanges in the surface voltage. It is an effective tool to in-
UV emission is split into a series of lines, which was notvestigate the photophysics of excited states generated by ab-
observed in the sample grown without PVP. The strongessorption in the aggregate stdteFigure 6 gives the SPS of
peak at 3.360 eV is characteristic of neutral-donor boundhe PVP-assistant ZnO sample. The sample shows an intense
exciton emissiofD°X). The emission observed at 3.374 eV surface responses peak at 392 nm, which implies the exis-
on the higher-energy shoulder of th&Dpeak is assigned to tence of interface states. When the light was applied on the
the free exciton(FX). The weak emission shoulder at the sample, photogenerated electrons and holes will accumulate
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V. CONCLUSION

In conclusion, a new method of PVP-assisted electro-
chemical assembly has been developed for growing direc-
15 tional ZnO hexagonal prisms on Si substrate. The ZnO
prisms show favorable improvement in the crystal quality,
defect density, and luminescence properties. The
temperature-dependent behavior of the PL intensity shows an
interesting nonmonotonic decaying characteristic, which can
5| be explained by the existence of interface states.

10 |

photovoltage (uv)

° ACKNOWLEDGMENTS

T N T S U T | This work was supported by the Program of CAS Hun-
%0 360 400 450 500 850 600 dred Talents, the National Natural Science Foundation of
wavelength (nm) China(Grant Nos. 60376009 and 60278034nd the Culti-

FIG. 6. Surface photovoltage spectroscopy of PVP-assistant ZnO hexagon}glgm_On Fun_d_ of the Key S(‘flentlflc a_nd Technical Innovation
prisms. Project, Ministry of Education of ChingGrant No. 70401y

at the band bend due to the existence of the interfacial statesy cao, v. G. zhao, S. T. Ho, E. W. Seelig, Q. H. Wang, and R. P. H.
as a result, the surface photovoltage signal can be observedchang, Phys. Rev. Leti82, 2278(1999.

The SPS peak at 392 nm is near the band gap Of ZnO Crys%M. H. Huang, S. Mao, H Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R.
tals Russo, and P. Yang, Scien@92, 1897(20012).

. . . 3y. Zhang, H. Jia, R. Wang, C. Chen, X. Luo, D. Yu, and C. Lee, Appl.
As temperature is below 183 K, the intensity of the ex- phys. Lett. 83, 4631(2003.

citonic emissions decreases with increasing temperature’s. P. Zhang, N. T. Binh, Y. Segawa, K. Wakatsuki, and N. Usami, Appl.
caused by the increasing thermal release of excitons, similag\'jvhys- Lett. 83, 1635(2003. _
to other report. The electrons trapped at the interface states , - . Park, G-C. ¥i, M. Kim, and S. J. Pennycook, Adv. Matenein-

: ports. > trapp 1€ In > SIales oim, Gen 15, 526 (2003.
W|” not Cont”bute to the I’adlatlve recomb'nat'on W|th n- 6R |_|L|Y A. A. Vertege]y E.W. Bohannan’ T. A. Sorenson, and J. A. Switzer’
creasing temperature at>183 K, trapped electrons are Chem. Mater.13, 508 (2001).
partly relaxed from the interface states, resulting in an in- - Pauporte and D. Lincot, Appl. Phys. Leff5, 3818(1999.

f free electrons. This means that the number of ex~y - W Feng. Y. C.Liu, J. ¥- zhang, ¥. M. Lu, D. Z. Shen, and X.

c_rease O_ ] ' ) ’ ‘W. Fan, J. Phys. Chem. Bevised.
citons will increase at the same time. In this temperature®. J. Ko, Y. F. Chen, Z. Zhu, T. Yao, I. Kobayashi, and H. Uchiki, Appl.
range, the two processes of thermal release of excitons angPhys. Lett. 76, 1905(2000.
the increase of excitons exist simultaneously, while the latter A'p';'l %T\‘;Z 8D4 '\2""13?(‘1%%2_‘0”’ H. J. Ko, K. T. Park, Z. Zhu, and T. Yao, J.
is dominant. Therefore, the increasing intensity of excitoniciy™| "y, ¢. Liu, H. Yanget al, J. Phys. D36, 2705(2003.
emission is observed. When the temperature is over 233 K?A. V. Dijken, E. A. Meulenkamp, D. Vanmaekelbergh, and A. Meijerink,
most electrons trapped at the interface states are thermally- Phys. Chem. BL104 1715(2000.

L L o R. L. Weiher and W. C. Tait, Phys. Re66, 791 (1968.
ionized, the excitonic emission thermally quenched become P, Varshni, Physic#Amsterdam 34, 149 (1967,

dominant. The intensity of exciton emission decays againsy, |in, p. wang, Q. Zhao, M. Yang, and Q. Zhang, J. Phys. Chenl0B,
with increasing temperature. 3202(2004).

Downloaded 10 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



