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Spatially and spectrally resolved photoluminescence imaging of individual ZnO/ZnMgO nanorod
single-quantum-well structur SQWS with a spatial resolution of 55 nm was performed using the
optical near-field technique with a metallized UV fiber probe. Using excitation power
density-dependent photoluminescence spectra of a ZnO/ZnMgO SQW nanorod, we observed the
discrete energy levels in a ZnO quantum-well layer2@4 American Institute of Physics

[DOI: 10.1063/1.1776338

For future optical transmission systems with high datacatalyst-free metalorganic vapor phase epilaa%&/The nano-
transmission rates and capacity, we have proposerbds were grown on AD5(0001) substrate. The average
nanometer-scale photonic devicéise., nanophotonic de- concentration of Mdx) in the Zn_,Mg,O layers used in this
vice and a method of integrating thetiThese devices con- study was determined to be=0.2 using energy dispersive
sist of nanometer-scale dots, and an optical near field is usedyay spectroscopy in a transmission electron microscopy
as the signal carrier. As a representative device, a nanoph@namper. The ZnO well layer thicknefs,) investigated in
tonic switch can be realized by controlling the dipole forbid',this study was 2.5nm, while the thicknesses of the

den optical energy transfer among resonant ener%y level IQnO.BMgo.ZO bottom and top barrier layers in the SQWs were

nanometer-scale quantum dots via an optical near fittles ; ;
. L ixed at 60 and 18 nm, respectiveliFig. 1 shows a sche-
made of sub-100-nm scale dots and wires, and their size ar}ﬁ< P elFig

position on the substrate must be controlled w?th nanometer- atgigﬁgr;g :;g\]/\(/assfa?r\-/z’;d PL spectra taken at 15 K at
scale .accuracy._A nanometer-scale ZnO dot is a PromMISING rous excitation power densities. A strong, sharp pégk
material for realizing these devices at room temperature, due
to its large excition binding energy60 meV).>* Further-
more, the recent demonstration of semiconductor nanorod
quantum-well structure enables us to fabricate nanometer-
scale electronic and photonic devices on single nanotdds.
Recently, ZnO/ZnMgO nanorod multiple-quantum-well
structures(MQWs) were fabricated and the quantum con-
finement effect of the MQWs was successfully obseR/kd.
addition, further improvement in the fabrication of nanorod
heterostructures has resulted in the observation of significant
photoluminescencg@L) intensity, even from nanorod single-
quantum-well structure@SQWs).9

To confirm the promising optical properties of individual
Zn0O/ZnMgO SQWs for realizing nanophotonic devices, we
measured the PL spectra using a low temperature near-field
optical microscope(NOM). Using a metallized UV fiber
probe, the spatial distribution of PL intensity and sharp PL
spectra of individual ZnO well layers were observed.

Zn0O/Zn_,Mg,0 SQWs were fabricated on the ends of
ZnO nanorods with a mean diameter of 40 nm using |

Zng gMg, ,0: 18nm
ZnO:L,=2.5nm
Zn, gMg, ,0: 60 nm

ZnO Nanorods
1.0 um

Sapphire (0001)

3E|ectronic mail: yatsui@ohtsu.jst.go.jp
PAlso with: SORST, Japan Science and Technology Agency, 687-1 TsuFIG. 1. Schematic of ZnO/ZnMgO SQWs on the ends of ZnO nanorods.
ruma, Machida, Tokyo 194-0004, Japan. The inset shows an overview of the ZnMgO/ZnO nanorod SQWSs.
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5 at a photon energy of 3.483 e\(b) Cross-sectional PL profile through
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Photon energy (eV) Zny gMgo O barrier layers, respectively. Furthermore, the

low—1 peak quenched rather slowly in comparison with the
(a) rapid quenching behavior df. Slow thermal quenching is
characteristic of quantum structures, supporting our postulate
l, thatloy-1 results from the quantum confinement effect. The
v IQW-1 | experimental 5,~-1 peak energy was consistent with the the-
ZnMgO ‘1

oretical value in a one-dimensional square potential well, in
which 0.28n, and 1.8n, are the effective masses of electron
10K and hole in ZnO, respectively, at a ratio of conduction and
valance band offset\E./AE,) of 9, and a band gap offset
(AEg) of 250 meV.

To examine the optical properties of individual
Zn0O/ZnMgO nanorod SQWSs, we performed spatially and
spectrally resolved PL spectroscopy using a low-temperature
NOM system in illumination-collection mode A sharpened
UV fiber probe with a 50-nm-thick aluminum film was used
0.001 ] for the scanning. He—CD laser ligkk =325 nm was used
‘ to excite the ZnO/ZnMgO SQW through the UV fiber probe.

00001 Lo tonaeten, o VI IR The PL signal was collected with the same fiber probe as
325 33 335 34 345 35 355 36 used for excitation, and detected using a cooled charge
Photon energy (eV) coupled device through a monochromator. The fiber probe
(b) was kept in close proximity to the sample surface
' (~10 nm using the shear-force feedback technique.
FIG. 2. (a) Power-(at 15 K) and(b) temperature-dependence of the far-field F'gure 3a) shows the spatla!ly a_nd spectrally relsowed
PL spectra of ZnO/ZnMgO nanorod SQWs. PL image at 3.483 eV. Considering the rod diameter
(40 nm), the bright spot labeleX [see Fig. 8], the full
width at half maximum of which was as small as 55 fsae
was observed at 3.371 eV, while broad pedksy—1 and  Fig. 3b)], originated from one SQW nanorod. The spatial
lzamgo) @ppeared at 3.480 and 3.555 eV. The number ofesolution, which almost equals the ZnO nanorod diameter,
peaks and their positions did not change up to 100 W/cm indicates that carrier tunneling between the nanorods can be
Further experiments on the temperature-dependent evolutigfeglected. Since the deep potential depth between the
of the PL spectra in ZnO/ZpMg, ;0 nanorod SQWs con- vacuum and the barrier layer is as much as 4‘&the car-
firmed the origin of the PL peaks. Figuréb shows typical riers generated in the barrier layer in one nanorod are con-
PL spectra of ZnO/ZggMg, O nanorod SQWs measured fined to the same nanorod through which the PL signal is
over a temperature range from 10 to 293 K. At 10 K, acollected. Furthermore, high spatial resolution imaging can
strong, sharp peakl,) was observed at 3.371 eV, while pe realized by enhancing the spatial resolution due to the
broad peaks appeared at 3.485eVigy—1) and plasmon resonance at the metallized sharpenetf Since
3.555 eV(lznwgo)- As the temperature increased, the intensi-the sharpened UV probe is entirely coated with a thin metal
ties of thel, andlz,ugo Peaks decreased drastically, and theyfilm, light propagates inside the fiber core and is efficiently
almost disappeared at temperatures above 100 K, while theonverted into the surface plasmon mode at the metallic tip,
lex andlgw—1 peaks increased relativeltpandl zoygo- This  just as with a Kretschmann configuratib‘hSuch plasmon
behavior presumably results from the decomposition ofexcitation effectively excites the carriers in the barrier layer
bound excitons to free excitions owing to the increased therand scatters the evanescent field of the ZnO quantum-well
mal energy, and supports the argument described above, thayer.
PL l¢x andlgw—1 peaks correspond to a free exciton peaks,  The five solid curves in Fig.(4) show the near-field PL
andl, andl;,y,0 are the well-known neutral-donor bound spectra and their power dependence as determined by fixing
exciton peak emitted from ZnO nanorod stems andhe fiber probe at positioX in Fig. 3a). In the weak exci-

PL intensity (arb. units)
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low? law2  lzwo oretical value of the energy differencéAE=E,—E,
SRR SRR D =21 meV) between the first excited state of the hdlg,,)
W and the ground state of the hdlg,,;). In this calculation, we
M/.\_,;\ o'l ) ™ used the following parameters: 0.8 and 1.8m, for the
) ) = w & effective masses of the electron and hole, respectively, and a
5 W\ Near £ O @'law? e ] band gap offsetAE,) of 250 meV. This is the first detection
A e : | 7 field £ ) of the excited state in ZnO quantum structures, although it
z M > has previously been observed in high-quality ZnO bulk
3 M 2 crystals'®
o A o E o In conclusion, we investigated the power-dependent fea-
O S N [ tures of individual ZnO/ZnMgO nanorod SQWs. Using a
l: “ 1 Far o thin aluminum-coated UV fiber probe, we observed band-
LT e 5wy PRy (rfiels 004 BT filing in the ground state and the resultant first excited state
Y T S Excitation power (W/cm?) of a hole in ZnO/ZnMgO SQWs. This successful detection
Photon energy (eV) (b) is attributed to the high spatial resoluti¢5 nm of NOM

a ) . e e

(@ and the high detection sensitivity utilizing plasmon reso-
FIG. 4. (a) Solid curves show the near-field PL spectra of ZnO/znMgo Nance at the tip Qf the meta:”ized uv ﬁber_ PrObe- The resu'FS
nanorod SQWs at excitation densities ranging from 1.2 to 12 V@/@me ~ shown here provide one criterion for realizing nanophotonic
dzsheddcurveﬂzl anEZ) show the far-fielddPL Spééctra- All tr?e spectrawere devices, such as the switching devices confirmed by the au-
obtained at 15 K(b) The excitation power dependence of the PL intensity at ;
3.483(open circleg and 3.508closed circleseV. thors in CuCl quantum CUbéS'
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