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Zinc oxide (ZnO) is one of the most important nanomaterials on enhancing UV response of the ZnO NB, including polystyrene
for nano-optoelectronics,sensorg, transistors;* and nanopi- sulfate (PSS), poly(styrene-co-maleic acid) (PS-co-MAc), anioni-
ezotronics:® Because of the unique piezoelectric and semiconduct- cally charged poly-isopropylacrylamide) (PNIPAM), and car-
ing dual properties, ZnO nanowires (NWs) and nanobelts (NBs) boxymethylcellulose (CMC). For the layered coating, these poly-
are the fundamental material for nanogeneratotsyhich convert mers are all negatively charged or modified to possess negative
mechanical energy into electricity. With a band gap~&.4 eV charges. A scanning electron microscopy (SEM) image of these
and an exciton binding energy of 60 meV, ZnO has huge promise functionalized ZnO NBs is shown in the inset of Figure 1b. The
for optical applications, such as UV detectidrHowever, because  plur edge of NBs in the figure indicates successful coating of
of the presence of point defects and confined dimensionality, the polymers onto the NBs.

UV sensitivity of ZnO NWs and NBs is limited. Ultraviolet characteristics of the polymer functionalized ZnO NB

In this paper, we demonstrate that the UV response of a ZnO pase devices were tested to investigate their electric transport under
NB based sensor has been enhanced by close to 5 orders of magniyy jljumination. Figure 1a is the photoconductance response of
tude after functionalizing its surface with a polymer that has a high e single NB devices fabricated using ZnO NBs functionalized
UV absorption ability. This giant enhancement in photoconductance \ith gifferent polymers, and the data are plotted for the ratio of
?s attributed to th(_e energy levels int_roduced by th_e polymer lying ha conductance measured when the UV was on (G) and off (G
n t_he corresponding baf?d gap andin t_he conduction baf‘d Qf Zn0, The UV source used in the experiment had a wavelength distribution
which served as a “hopping” state and increased the excitation Pro-around 280 nm. The conductance of uncoated ZnO NB devices

bability of an electron to the conduction band. This exciting ( : : : : L
. ’ . T green line) increased for 2.8 times upon UV illumination. The
?c')fcg\\;e(;)ét\ggtligrzeaﬂy impact the applications of ZnO NWs/NBs conductance of the PS-co-MAc-coated NB (dark line) increased
) for 50 times upon UV illumination. The conductance for PNIPAM

The device fabrication was achieved using e-beam lithography . .
and focused ion beam (FIB) microscopysurface functionalization and CMC-coated Zn0 NBS was mcrt_ease(_j by 100 and 15 _tlmes,
respectively (see Supporting Information Figure S1). Surprisingly,

is one of the widely used methods to enhance the electric transport

properties of different 1D nanostructuréBecause of the special f[he photogor;ds%cggn_ce of :]he S\?S-coatedThZ_n_O N?] (red line)
physical and chemical properties of the attached chemical species,¢"€aS€S by times when UV was on. This Is a sharp contrast
o the other three polymers-coated ZnO NBs. It should be noted

devices based on ZnO NWs/NBs demonstrate unique and interestin . ) )
propertiest? In this paper, a layer-by-layer self-assembly method that dry PSS polymer itself is nonconductive and showed almost
was used for manipulating and functionalizing polymers onto the N response to UV |IIum!nat|on (bl_ue line), thus, on its own it cannot
surface of ZnO NB&# In general, since the functional polymers contribute to the huge increase in conductance. In contrgst, PSS-
used for UV sensing was negatively charged, a positively charged c0ated ZnO NB showed a much smaller respons#) fo the light
polymer, poly(diallyldimethylammonium chloride) (PDADMAC), of 523 and 680 nm wavelength (see Supporting Information Figure
was chosen to assist the electrostatic assembly of the negativelyS2). This phenomenon shows that the huge increase in conductance
charged polymer. Surface charge of ZnO NBs is negative in aquatic for PSS-coated NB must be a coupling effect between the polymer
solution according tai-potential measurement. Prior to surface and ZnO. This study shows the distinct effect of different polymers
coating, the ZnO NBs used in the devices were cleaned with oxygenon the photoconductance of ZnO NB.
plasma to remove surface chemical residuals and other contaminants From our measurement data, coating of polymers normally
before testing or polymer functionalization. For a bare ZnO NB, increases the UV response of ZnO NB by-1D0 times. However,
PDADMAC was first adsorbed onto its surface by electrostatic the UV response of PSS-coated NB has a much larger magnitude.
attraction force between the negative surface charges of ZnO andTo explore the reason for this distinct performance, we have
positive charges of PDADMAC. Then, the ZnO NB was immersed measured the UV absorption spectra of the four polymers used in
in an anionically charged polymer solution of choice, which was our study. As shown in Figure 1b, PS-co-MAc MA, PNIPAM, and
adsorbed on the ZnO NB owing to the electrostatic force from the CMC show a UV absorption peak at wavelengths around-190
cationically charged PDADMAC molecules. 200 nm. In the 280 nm wavelength range as provided by the UV
Different kinds of polymers with different UV absorption abilities  source in our experiments, the three polymers show little absorption.
and wavelengths were used in the experiment to test their effectsHowever, as for the UV absorption spectrum of PSS, there are two
T School of Materials Science and Engineering, Georgia Institute of Technology. abs_orp_tlon peaks around 190 and 260 nm, matchlng well to the
*School of Chemical and Biomolecular Engineering, Georgia Institute of excitation wavelength of the UV source. The data suggest that the

;ﬁ,lcahg”r?c')ﬁgybptical Technologies, Inc. large absorbance of the PSS to the UV is likely responsible for the
#DARPA/MTO. observed huge increase in photoconductance.

12096 = J. AM. CHEM. SOC. 2007, 129, 12096—12097 10.1021/ja075249w CCC: $37.00 © 2007 American Chemical Society
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Figure 2. (a) Schematic illustration of the electrohole generation process
with facilitation of transition states from the molecular energy states in PSS.

0- (b) Schematic illustration of photon-induced carrier transportation process
3 4 in a ZnO NB by UV illumination.
Time (ks)
(b) e PSS The role played by PSS is to serve as a hopping-state or bridge for
e, = PS-co-MAc the electron transfer. As discussed above, the as generated holes
- “‘u_. 4 CMC ' are trapped at the NB surface by the PDADMAC, while the elec-
- v PNIPAM trons are transported through the NB core, (Figure 2b). Therefore,
S the conjunction of electrorhole pair generation in ZnO with the
g assistance of PSS and surface-hole trapping effect by PDADMAC
a may largely prevent the electreinole recombination, resulting in
© a huge increase in the photoconductance of PSS-coated ZnO NB.
In conclusion, by coating ZnO NB using a polymer that exhibits
a large UV absorption peak, the UV induced photoconductance
200 220 240 260 280 300 increases by 5 orders of magnitude. This huge increase in
wavelength (nm) photoconductance is suggested owing to an eleethofe genera-

) . . .. tion process as assisted by the energy states in the polymer.
Figure 1. (a) Normalized conductance responses of a single functionalized . . o
ZnO NB device (see inset) upon UV illumination being tuned on and off: 1 herefore, with coating UV sensitive POlymerS' the UV response
bare ZnO NB without coating (green line, magnified by 10000), PS-co- 0f ZnO NB was greatly enhanced. This study sets the foundation
MAc-coated ZnO NB (dark line, magnified by 1000), PSS-coated ZnO NB  for increasing the sensitivity of UV detectors based on ZnO. The
(red line), PSS polymer only (blue line, magnified by 500). Insetis an SEM  ragyit suggests that, by selecting polymers with different wave-

image of a typical device. The applied voltage remainet ¥ for all of : .
the measurements. (b) UV absorption spectra of PSS (red line), PS-co-Iengths of UV absorption, UV detectors with a large range of

MAc (dark line), PNIPAM (blue line), CMC (green line). Inset is an SEM ~ Wavelengths and super-high sensitivity can be fapricatgd using
image of a polymer-coated ZnO NB sample. arrays of ZnO NWs and NBs functionalized using different

) ) o ) polymers. This discovery can have outstanding applications in
Soci et al? have proposed that the high sensitivity UV detection photonics and optoelectronics.

of ZnO NW was due to the presence of oxygen-related hole-trapping

states at the NW surface. This process can also be applied to explain - acknowledgment. This work was supported by DARPA STTR

our observation. The first layer of coated polymer is cationically through Magnolia Optical Inc. and DOE BES (Grant DE-FG02-
charged PDADMAC. The free electrons might be trapped by the 07ER46394).

positively charged sites at the surface. Upon UV illumination, these
|m(;n0b|||zhed ellectronﬁ clan trap th;‘. phpton-generated holes andéhus Supporting Information Available: UV response of PNIPAM and
reduce t i N eCtr.Oﬂ ?_fe _recomh!nat|on hrat(_es in ZnO NBfan h CMC-coated ZnO NBs. Response of PSS-coated ZnO NB to 523 and
increase the carrier lifetime. This mechanism a_ccounts or the 555 nm wavelength. This material is available free of charge via the
enhanced UV response for ZnO NB coated with PS-co-Mac
PNIPAM, and CMC.

The above mechanism may not be sufficient to account for the
huge increase in photoresponse of the PSS-coated NBs. From Figuréreferences
1b, the UV absorption spectrum of PSS has a peak at around 260 (1) Nakayama, Y. Pauzauskie, P. J.; Radenovic, A.; Onorato, R. M.; Saykally,
nm, which is coincidently close to the applied UV source R. J.; Liphardt, J.; Yang, P. INature 2007, 447, 1098.
wavelength. We proposed that this absorption peak and the related ggagggéss'oJ"zgg’”O”* D.P.;Ip, K. Heo, Y. W.; SteinerPTog. Mater.
molecular energy states in PSS play a significant role for enhancing (3) Cha, S. N.; Jang, J. E.; Choi, Y.: Amaratunga, G. A. J.; Ho, G. W.;
the photon response. Although the first layer of ZnO NB surface \2/\(/)%'5[8‘% 2"6'3?55“'“’ D. G.; Kang, D. J.; Kim, J. Mppl. Phys. Lett.
is covered by PDADMAC, it is well-known that the monolayer (4) Lao, C. S.; Liu, J.; Gao, P. X.; Zhang, L. Y.; Davidovic, D.; Tummala,
adsorption usually cannot reach 100% coverage. Therefore, the ) 5\}; Wa%g,LzAé.NﬁAno Le;té%(%ogsgasggs.

[ ang, Z. L.Adv. Mater. 719, .

remaining surfat_:e c_ould be covered by the_ next adsorbed layer o_f (6) Wang, Z. L Mater. Today2007, 10, 20.
PSS, as shown in Figure 2b. We now consider the area that PSS is (7) wang, X. D.; Song, J. H.; Liu, J.; Wang, Z. Bcience2007, 316, 102.
directly interfacing with ZnO. Under UV light, an electron in PSS (® \L’\é?t”%béé%:zzygguy J.; Song, J. H.; Liu, J.; Xu, N. S.; Wang, ZNano
is excite_d from _the ground_—state energy state to an exitgd energy (g) wang, Z. L. Song, J. HScience200§ 312, 242.
state owing to high absorption, which creates an unoccupied energy (10) Soci, C.; Zhang, A.; Xiang, B.; Dayeh, S. A; Aplin, D. P. R.; Park, J.;
state (step 1). If the ground energy state of the PSS is at the level Bao, X. ¥.; Lo, Y. H.. Wang, DNano Lett.2007 7, 1003.

L L ] R (11) Lao, C. S.; Li, Y.; Wong, C. P.; Wang, Z. Nano Lett.2007, 7, 1323.
within the band gap of ZnO, it is possible that the electron in the (12) Park, W. I.; Kim, J. S.; Yi, G. C.; Bae, M. H.; Lee, H.Appl. Phys. Lett.

' Internet at http://pubs.acs.org.

valence band of ZnO NB is likely to be excited to the ground state 2004 85, 5052. . )
of PSS, which subsequently transits to the conduction band of ZnO 13 55‘52”2"55%55'&"”8“ M. Koch, M.; Mullen, kMacromol. Chem. Phys.

(step 2). This “hopping” process may largely enhance the transition (14) Lao, C. S.; Kuang, Q.; Wang, Z. L.; Park, M. C.; Deng, YAppl. Phys.
probability of the valence electrons in ZnO to its conduction band, Lett. 2007 90, 262107.
resulting in a large increase of electremole pairs (Figure 2a). JA075249W
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