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The use of focused ion-beafRIB) nanopatterning for manipulating self-assembled ZnO nanodots

is described. Highly aligned ZnO-nanodot arrays with various periodiditigs, 750, 190, and 100

nm) on FIB-nanopatterned SySi substrates were prepared by metal-organic chemical-vapor
deposition(MOCVD). The artificially assembled ZnO nanodots had an amorphous structure. Ga
atoms incorporated into the surface areas of FIB-patterned nanoholes during FIB engraving were
found to play an important role in the artificial control of ZnO, resulting in the production of ZnO
nanodots on the FIB-nanopatterned areas. The nanodots evolved into single-crystalline dot clusters
and rods with increasing MOCVD-growth time. In addition, microphotoluminescence
measurements showed that the ZnO-nanodot arrays have low-dimensional quantum
characteristics. @005 American Institute of PhysidDOI: 10.1063/1.1898446

I. INTRODUCTION in which a systematic study of the formation mechanism and

the characterization of ZnO nanodots was carried out.
Self-assembled ZnO nanostructures such as nanbdots,

nanowires, nanorods, nanobelts, and nanotubéshave at-

tracted a great deal of attention for use in various applica“- EXPERIMENT
tions including nanoscale optical devices, field emitters, |4 order to fabricate ZnO nanodots with a controlled
nanoscale circuits, and nanosensors. In addition, a specig{orphology and dimension, we introduced a combination of
interest exists in the optoelectronic research community, ag “pottom-up’—“top-down” approach based on MOCVD and
the result of the promising optical properties of Zf®g., 2 FIB (SEIKO SMI-2050-functionalized substratés. The
large exciton binding energy of 60 meV and biexciton bind-pangpatterned substrates for the growth of manipulated ZnO
ing energy of 15 me)/° However, in spite of a number of nanodots were prepared by the FIB nanoengraving of
reports on the fabrication of self-assembled ZnO nanostrucsjo,/si substrates. Typical flow rates of source materials for
tures, one of the major obstacles to achieving ZnO-baseghe MOCVD growth of ZnO, diethylzinéDEZn) and N,O,
nanostructure-building blocks is the ability to control ZnO \ere 1 and 700@.mol/min, respectively, where the pressure
nanostructures with a desired size and forming position in, the MOCVD reactor was maintained at 200 Torr. The
the synthesis process. In this regard, some groups have afgpstrate temperatures were in the range of 500-700 °C so as
tempted to manipulate the position and size of ZnGyg siudy the effect of temperature on the selective growth of
nanostructure” However, only a few systematic reports zno nanodots in nanohole arrays on the substrates prepared
have appeared with detailed information relative to controlyy Fip.

ling the dimension and chirality of nanostructures by synthe- = The crystal structure of the artificially controlled ZnO
sis methods. Recently, our group reported on the control ofanodots on Sig/Si substrates was analyzed by transmis-
the position and size of ZnO nanodots using metal-organigjon electron microscopyTEM, HITACHI H-9000NAR,
chemical-vapor depositiofMOCVD) in conjunction with  300-kV accelerating voltageThe formation of not only nan-
nanopatterning by focused ion beaiiB). However, the  oqots but also a combination of clusters and rods were con-
mechanism of formation of artificially controlled ZnO nan- fiymed by atomic force microscofyAFM, SEIKO SPA-400
odots is currently unclear. Information on the mechanism forpq field-emission scanning electron microsceBg-SEM,

the selective formation of ZnO nanodots on FIB-engravedyeoL JSM-740D The composition of the selectively grown
nanohole arrays would attract a great deal of attention iyn0 nanodots in nanopatterned arrays was determined by
other interdisciplinary fields of nanotechnologies as well agyjcroenergy-dispersive x-ray spectroscdpyEDX) linked

the ZnO-related research community. We report herein on thgjith a TEM instrumentHITACHI HF-2000, 200-kV accel-
preparation of position- and size-manipulated ZnO nanodot%rating voltage in addition with SEM-EDX (attached to
JEOL JSM-6500F measurements. The optical properties of
dElectronic mail: fujita@iic.kyoto-u.ac.jp the ZnO nanodots were characterized by cathodolumines-
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FIG. 1. Schematic image of the FIB sputtering of a Si€l substrate with
30-keV G4 ions. AFM imagedb, ¢, and ¢l of 2D nanopattern arrays en-
graved by FIB are shown here. Nanopatterns were produced under a pro-
gramming command of fabricating a constant depth of 6 nm, by varying thé=IG. 2. Plan-view AFM images of 2D ZnO-nanodot arrays with different
beam diametefbeam currentof 13 (b, 1 pA), 23(c, 48 pA), and 100 nn(d, periodicities.(a) 750, (b) 190, and(c) 100 nm. Distribution of the nanodots
1.3 nA). shown in(a) and(c) in their widths is presented &dl).

120-130 130-140

cence(CL) measurements at room temperat(Rd) with a  diameter directly corresponded to that of the nanohole at the
system equipped with a FE-SEM instrumegdEOL JSM-  top surface. On the other hand, the sputtering time required
65005 and microphotoluminescendg-PL) measurements for achieving the same sputtering depth among the three pat-
performed by fluorescent microscom“KON Y_FL) using terns was different. A Iarge beam size leads to a short pro-

the 325-nm line of a He—Cd lasé20 mW) as the excitation cessing time at the expense of increase in the individual
source. holes. Using optimized FIB-sputtering conditions we suc-

ceeded in forming 2D nanohole arrays with various period-
icities (e.g., 750, 190, and 100 nrover a wide area.

Ill. RESULTS AND DISCUSSION

A. FIB Nanopatterning B. Selective formation of ZnO nanodots

In order to fabricate spatially regular arrays of nano-  Figure 2 shows AFM images of highly aligned 2D ZnO-
structures, appropriately shaped patterns were introducatanodot arrays formed in FIB-engraved nanohdfestern-
into the substrate followed by MOCVD growth of the ZnO ing depth: 6 nm with different periodicities at a MOCVD-
into the patterns. Recently, nontraditional nanofabricatiorgrowth temperature of 700 °C for 40 s. From the AFM study
technologies such as FIB lithograptynear-field optical shown in Fig. 2 the average heighigs (a), 5 (b), and 4 nm
lithography!* and contact printing techniquéshave been (c)] and average widthgL30 (a), 40 (b), and 25 nm(c)] of
actively developed. Of these, FIB, utilizing a direct sputter-individual nanodots selectively grown on each nanohole ar-
ing process, has many unique advantages over other similaay are closely related to the dimensions of the nanoholes,
types of techniques for nanofabricatiofl) maskless rapid indicating that a nanohole with a larger dimension accommo-
prototyping,(2) its sub- 10-nm spot size enables the pattern-dates a larger ZnO nanodot. The perfect one-by-one accom-
ing of diverse nanostructures at very high resolution, @d modation of a ZnO nanodot in a nanohole was realized in the
allowing the production of high-resolution patterns without samples of 2D nanohole arrays with 750- and 190-nm peri-
refocusing or changing the sample height. odicities, while the packing percentage of ZnO nanodots in

In this work, SiGQ(50 nm/Si substrates were patterned the nanoholes with a 100-nm periodicity was about 64% in
in a FIB chamber to create two-dimensiotdD) arrays of  addition to a large distribution in their widthEig. 2(d)]. The
nanoholes. A Galiquid-metal ion source, in which the beam low packing percentage is due to the relatively high growth
energy was fixed at 30 keV, with an ion dose of 1temperature of 700 °C, resulting in an increase in the atomic
X 10* cm™ was used. The ion-beam size is a function of thedesorption of reacting species from the surface of the pattern.
beam current as programmed FIB properties. The beam cu¥ery recently, the selective formation of ZnO nanodots with
rents were varied from 1 pAto 1.3 nAin order to control thea packing percentage higher than 75% into the nanoholes
dimensions of the nanoholes engraved by FIB. Details conshown in Fig. 2c) was realized, using more optimized
cerning the patterning modes of the FIB system for high-growth conditions, which will be reported elsewhere.
speed nanoengraving over a wide area have been described In order to study the characteristics of the selective
elsewheré? growth and evolution of ZnO nanodots as a function of

Numerous sputtering conditions were examined to realMOCVD-growth time, we varied the growth time from 40 s
ize the desired nanohole profiles. Figure 1 shows AFM im+o 600 and 900 s. Figure 3 shows that, when the MOCVD-
ages of 2D nanohole arrays patterned under a programmirgyowth time is increased, the nanodots are converted to clus-
command of fabricating a 6-nm constant depth with varyingters[600 s, Fig. 8b)] and rod4900 s, Figs. &) and 3d)] on
the beam sizes of 1@), 23 (b), and 100 nm(c). The beam FIB-nanopatterned holes. An increase in the average dot
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FIG. 3. FE-SEM images of selectively grown ZnO nanod@ls clusters
(b), and rods(c). The image shown irfd) is a magnified image ofc). The

growth time for the formation of nanodots), clusters(b), and rods(c) is

40, 600, and 900 s, respectively. Although some rods fall down on thd 1G- 5 (@) FE-SEM image of wgll-aligned Zn0 clusters grown for 600 s.
substrate surface, all are selectively well grown on the 2D nanohole array$?) CL spectrum of the FE-SEM imade) measured at RT. The inset shows
RT-CL image taken at the wavelength of 374 nm from the area designated as

a dotted square in the FE-SEM ima@®.
width was linear with respect to growth time, while the av-
erage dot height was less sensitive to growth time. Wheluminescence peak represents an excellent map of the lumi-
sufficient growth time(over 600 $ was used, the average nescence from the area designated by a box in the SEM
volume (Fig. 4) of the grown ZnO nanostructures increasedimage, thus permitting the formation of stoichiometric ZnO
superlinearly with the increment of growth time, resulting in clusters to be visualized.
the formation of rod structures with random growth direc-
tions. The superlinear increase in volume can be attributed t@. Formation mechanism of ZnO nanodots on FIB-
a dramatic increase in the height of the ZnO nanostructurepatterned nanoholes
Iea_ding to_th_e d.OtS being converted to rods with high aspect The bottom and sidewall of the sputtered nanohole are
ratios. This indicates that FIB-patterned nanoholes act 33150 SiQ with amorphous structural properties because the
seed_s for the growth_ of ZnO nanodots, clusters, and rods 3StRickness of the thermally grown SjQ@ayer on Si substrates
function of growth time. It should be noted, however, that,

i o th b dati ¢ Jot ’'is 50 nm and the depth sputtered by FIB is 6 nm in all
EZ?](;ﬁges 3 86 ocrllj.;,tgng;r:geasci(z:g?r:j]gbsaaﬁjn rg d:aar:g :cs IIgamples used in this work. Thus, it can be concluded that a
o i - " change in the surface structure, such as the generation of
commodated in a nanohole, as shown in Figb)-3(d). The 9 9

. . . surface atomic steps and kinks by energeti¢ ®as, is not
mechanism for the selective formation of nanodots, C|USter%lated to the selective formation of ZnO nanodots on the
and rods on nanopatterned holes will be described in detail i

1 :
Sec. Il C. ?—'IB-sputtered SiQareas.

Figure 5 shows a plan-view SEM image of ZnO clusters Our previous study suggested the possibility that Ga at-

; . . oms are incorporated into patterns during the FIB
selectively grown in nanoholes for 600 s and a RT-CL image ! b ! P unng

. . ngraving. In order to investigate the effect of Ga atoms
taken at a wavelength of 374 nm in addition to the measureﬁ] g g g

CL i The st ission band at 374 o th corporated into patterns from the ion beam for nucleation
spectrum. 1he strong emission band & nm n ey ZnO, we carried out the growth of ZnO using a substrate

scanned spectrum taken with the CL system indicates that t ubstrate Lwhich is different from the previous on@ub-
origin of the emission can be attributed to the near band-ed rate 2 shown in Fig. 1. A schematic image for comparison
em|s|§|on of ZnOh cons;f:iegrll_g. Its ba?dkgap O.f 3'317 63\; 4Thebetween the two types of substrates is shown in Fig. 6 and
resufting monochromatic Image taken using the Myurface AFM images for substrate 1 observed at each step are

shown in Fig. 7. For substrate 1, after preparing FIB-

Photon Energy [eV]

FIG. 4. Volume evolution of grown Zn@from nanodots to clusters and

4000 T T ' T engraved 2D nanohole arrays on a Si substiféitg 7(a)], we

- 30 . carried out thermal oxidation of it in a furnace at 1000 °C for

E 3000 10 min in an oxygen atmosphere to allow the incorporated

e 2500} Ga atoms in the patterned holes to form/Ga,. In order to

< 2000} exclude the effect of Ga on ZnO nucleation, the thermally

o 1500} formed GaO,_, was lifted off, and the thermally grown SjO

E 1000} . layer eliminated using a diluted HF solutidirig. 7(b)].

E 500 - SEM-EDX measurements confirmed that Ga atoms that were
Ofm----u---®--"" . ) 1 incorporated during the FIB nanopatterning were completely
0 ZG“:owt:\o?r ime“f:] 800 1000 eliminated by the lift-off process. The reoxidation of the HF-

rodg as a function of MOCVD-growth time.

treated substrate with an oxide thickness of 50 (600 °C
for 40 min) was then carried out to achieve a $ISi sub-
strate with 2D nanohole arrays, with a 750-nm periodicity
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FIG. 6. Schematic image for comparison between two kinds of substrates
(substrates 1 and) datterned by FIB for ZnO growth to clarify mechanism
on the selective formation of ZnO nanodots on 2D nanoholes.

FIG. 8. Side-view bright-field TEM images of selectively grown ZnO nan-
odots on nanoholes shown in FigaB (a) TEM image of nanodots grown
[Fig_ 7(c), the same as the substrate shown in Fi@i)]Z on three arrayed nanohold®) TEM image of a ZnO nanodot on a nano-
After the reoxidized substrate was transferred to thé]ole. The inset ofb) is selective area TED pattern of the ZnO nanodot with
. . an amorphous-crystalline structure grown on the nanohole. The scale bar in
MOCVD reactor, Zn and O species were supplied for ZnOy,e image(b) indicates 50 nm.
growth. The feature of ZnO grown under the same growth

conditions, as were used for the ZnO nanodots on the reox.Fence of nanoholes is similar to that of self-assembled ZnO
dized substrate presented in Figa)2 is shown in Fig. 7d).

A number of smaller nanodots compared with those in Fig_nanqdots on planar SYISI substrates, as reported in our

. 1,14
2(a) [also shown at Fig. ()] are formed into nanoholes as previous studies:

well as on the planar SiOsurface between the nanoholes Figufe 8 shows cross-sectional bright-field TEM 'images
[Fig. 7(e)], indicating that the nanoholes did not act as arti-Of selectively grown ZnO nanodofthe sample shown in the

- S . ig. 3(@] on the nanoholes. No significant crystalline lattices
ficial traps for migrating Zn and O adatoms and mampulatec!lzvere observed in the ZnO dot area, indicating that the struc-

nucleation seeds for ZnO any longer. The random formatlorgure of the ZnO grown on the nanepattern is amorphous. The

of these nanodots in their positions irrespective of the ex'sémorphous structure of the ZnO nanodot was also confirmed
from the selective area transmission electron-diffraction
(TED) pattern shown in the inset of Fig(l8. In order to
clarify the mechanism for the selective formation of ZnO
nanodots on nanoholes, we carried QtEDX measure-
ments at points corresponding to the cross sections of the
sample. Theu-EDX spectra were recorded at different posi-
tions of the nanodot and the substrate area for composition

analyses. The spectrum shown in Figa)9was obtained

si point “1”  (a)
S, 10 zn,
a Ga Zn Ga
£ | Y
0
(8] si point “*2” (b)
O
g Ga Ga
<
FIG. 7. Plan-view AFM images$the image scale ofa)—(d) and (f) is 3 o
% 3 um? and that of(e) is 600X 600 nnt] of (a) FIB-engraved 2D nanohole C| L Zn
arrays on a Si substratéy) chemically(a dilute HF solutiop treated sub-
strate after a thermal oxidation at 1000 °C for 10 nfi),reoxidation of the 6 1 2 3 4 56 7 8 9 10
HF-treated substrate at 1000 °C for 40 mid), randomly grown ZnO nan- Energy [KeV]

odots on(c), (e) a nearby area of a single nanohole in the sarfghleand(f)
well-aligned ZnO nanodots selectively grown on the substi@tenhich is FIG.* 9. (a) and(b) showu-EDX spectra recorded at the points markedias
also shown in Fig. @). and 2 in Fig. 8b), respectively.
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from the planar unpatterned SiGurface between nanoholes () Gaussian profile of Ga atoms
[marked as “1” in Fig. 8(b)], which clearly shows the char- sio, (e)
acteristic peaks corresponding to Zn and Ga as well as Si and pinhna e

O. The intensity of the Zn- and Ga-related peaks is compa- 81", damaged area

rable, but is quite weak. On the other hand, the intensity of (b)
the Ga peak is much stronger than that of the Zn peak in the :
spectrum shown in Fig. (B), which was measured at the /
interface aredmarked as *2” in Fig. 8(b)] between the dot
and the surface of the nanohole. This result is reasonable, (¢)  amorphous zno nanodot

considering the Gaussian profile of the ion béarfhe in-
corporation of Ga atoms in areal' might be due to ion-
beam broadening caused by the surface charging of the insu-

lating SiQ, surface. The dark ardalenoted as ‘3" in Fig.

8(b)] on the Si surface below the thermally grown Si@yer (d) new precipitates
is a damage-induced area, produced by energeticiGe

during the FIB nanoengraving. Ga and Cu atoms as well as

major Si and O atoms were detected from the clusters in the

SiO,. The formation of clusterf “4” area in Fig. 80)] com-

posed of Ga and Cu atoms might be due to the incorporatiohl!G. 10. Schematic images showing the evolution of ZnO nanodots into

: f : f clusters and rods in nanoholes, as a function of MOCVD-growth tiae.
of Ga atoms during FIB patterning and Cu diffusion from theGa atoms are incorporated with a Gaussian profile into the patterned SiO

Sito the SiQ layer during the MOCVD-growth temperature |ayer. The incorporation of Ga atoms is propagated up to the damaged areas
at 700 °C. Our simulation showed that Gans that are ac- (dark areason the Si surface below the thermally grown Si@yer. Simu-
celerated by 30 keV can penetrate to depths of more than @ation resqlts_ showed that th_e maximum propagati_qn depth_ of Ga atoms
m and tha the maximum Ga concentration is at around 32197 S0 2 about €0 i 1 he pattering condiin of s sy
nm from the SiQ surface. From these findings and the SiO tyre at 700 °C. Clusters into the Sidayer are composed of Ga and Cu
thickness of 50 nm, it can be concluded that the damagegtoms.(c) Formation of an amorphous ZnO nanodot on the supersaturated
area("3) is induced by Ghaions and that the clusters consist- Surface of the Ga-incorporated area into a nanotfoleZnO precipitates
. * with a single-crystalline structure are formed on the close vicinity of the
ing of Ga a_‘nd 'CL( 4) are fgrmed at the depth where the Ga amorphous ZnO nanodot due to catalyst-poisoning efféejsThe ZnO
concentration Is at a maximum. precipitates rather than the amorphous ZnO nanodots are enlarged by suc-
From the above discussion, in conjunction with Figs.cessive supply of Zn and O species, resulting in large ZnO dfitsthe
6-9, we propose the mechanism for the evolution of ana_\rge ZnO dots lead to the formation of ZnO rod structures through suffi-
cient growth.
nanodots to clusters and rods on FIB-patterned nanoholes as
a function of MOCVD-growth time. The schematic images nanohole. From th@-EDX spectra in Fig. 9, the quantity of
are presented in Fig. 10. A number of Ga atoms are incorpancorporated Ga atoms in thel' area is clearly much
rated into the Si@ layer during FIB nanoengraving, even smaller than that in area2’ in the nanohole, indicating that
though Si and O atoms are simultaneously etched out bgufficient numbers of Ga atoms to act as a catalyst are re-
energetic Gaions. The Ga atoms that are incorporated in thequired for effective ZnO nucleation.
patterned nanohole were molten before reaching the ZnO- The formation of amorphous ZnO nanodots may cause a
growth temperature of 700 °C in this study because the melteatalyst-poisoning effec,inactivating the interface and cut-
ing point of Ga is about 30 °C. At the early stage of MOCVD ting off the Zn and O supply to the supersaturated surface.
growth, Zn atoms that decompose from the DEZn are abSome large dots, as shown in FigaB are also formed ir-
sorbed into the molten Ga atoms, which are mainly anchoredegularly on the substrate in addition to uniform small nan-
on the nanoholes, forming a solid solution of Zn—-Ga. Onceodots. From a careful observation of the SEM image in Fig.
the Zn—Ga solid solution is supersaturated, the continuou3(a), the large dots are formed not on the central area of the
supply of Zn and O species results in the formation of amornanohole surface but in the vicinity of the nanoholes. The
phous ZnO nanodots on the supersaturated suffadehe  TEM observation of a large ddiFig. 11(b)] also clearly
Ga-incorporated area into the nanohole. Therefore, we corshows that a large dot with a single-crystalline structure is
clude that the amorphous ZnO nanodot with a Zn-abundarformed in proximity to an amorphous ZnO dot grown on the
phase, as confirmed by theEDX measurements, directly central area of a nanohole surface. The catalyst-poisoning
grew out from the supersaturated surface. As mentionedffect causes the Zn and O supply beneath the amorphous
above, Zn atoms were also detected on the planar unpaZnO to be cut off. Thus, the source supply is concentrated
terned SiQ surface between the nanoholes. However, naround the amorphous ZnO nanodot, and new ZnO precipi-
ZnO-related emission by selective excitation of the surfacdates with a single-crystalline structure are formed in close
area, denoted as1’, was observed in the RT-CL measure- proximity to the amorphous ZnO nanoddtig. 11(a)]. The
ments, while a ZnO band-edge emission was clearly obabsorption and diffusion of Zn and O can be enhanced at the
served from a single dot on a nanohdlelhis indicates that surfaces of the ZnO precipitates during growthrurther
only a small number of Zn and O adatoms were incorporateduccessive supply of Zn and O species results in the coars-
into area '1’. However, spontaneous dot nucleation followedening of the ZnO precipitates rather than amorphous ZnO
by growth and coarsening only occurs in ared ‘of the  nanodots.

large ZnO dots

liquid Ga

Ga-Cu clusters

(f) ZnO-rod formation
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FIG. 13. Temperature-dependemPL spectra of 100 nanodots in the ZnO-
nanodot sample presented at Fi¢g)2

FIG. 11. Cross-sectional bright-field TEM images as supporting evidence . . .
for the process shown in Figs. () and 1@e). (a) Formation of a zn0o ~ Ment results, it could be confirmed that the formation of

precipitate on the close vicinity of the amorphous ZnO nandiptd large  artificially controlled ZnO nanodots with an amorphous

ZnO dot is formed on the close vicinity of the amorphous Zn0O nanodotstructure |S due to the Ga atoms |ncorporated durlng the FIB
grown on the center of a nanohole surface because the absorption and dif-

fusion of Zn and O are enhanced at the surfaces of the ZnO |orecipitaténgr"’wIng Process. . . .
during growth. The inset is selective area TED-pattern image of the large ~ AS @ consequence, Zn and O species supplied during
ZnO dot, which clearly shows that the large dot has a single-crystalineMOCVD growth for ZnO rods are concentrated beneath the
structure. precipitates. The FE-SEM image of FigcBshows that only

a small number of ZnO rods appeared to grow perpendicular

Although the number of the ZnO precipita{ésg. 11(a)]  to the surface of the nanohole. Moreover, the lengths of the
and large dot$Fig. 11(b)] is small, these structures coexist rods are much shorter than those of the rods inclined from
with uniform amorphous ZnO nanodofbig. 8b)] on the the surface normal, which serves as additional evidence for a
same sample. The cause of this is unclear at present, boatalyst-poisoning effect.
might be due to different critical evolution times that depend
on the degree of the cata_llyst-p0|son|r-1g effect. Ga atoms mD. Low-dimensional quantum characteristics of
corporated by FIB result in the selective growth of ZnO. At .

. ; selective grown ZnO nanodots
the same time, however, Ga atoms prevent ZnO nuclei from
crystallizing, which results in the formation of amorphous  We previously reported on quantum confinement effects
ZnO nanodots that serve as the origin of the catalystfrom self-assembled ZnO nanodots by MOCVD on Si§
poisoning effect. We conclude that the number of Ga atomsubstrated. However, since the spatial distribution of the
varies from position to position due to local ion-beam fluc-nanodots fabricated by self-assembly is still random, it is
tuations during the FIB patterning, causing changes in thdlifficult to achieve desirable characteristics for ZnO
degree of the catalyst-poisoning effect. Figure 12 clearlynanostructure-based devices. In this regard, the realization of
shows that self-assembled ZnO nanodots on planar unpaew-dimensional ZnO nanodots well manipulated in size and
terned SiQ/Si substrates have a single-crystalline structurepositions is strongly desirable. ThePL measurements were
with hexagonal atomic arrays without any types of defects irperformed to confirm low-dimensional quantum characteris-
spite of the amorphous nature of giblg From the experi- tics of the selectively grown 2ZnO nanodots. The
temperature-dependent PL measurements were carried out
from 4.2 to 300 K in a cryostat. Approximately 100 nanodots
with a uniform size[shown in Fig. 2a)] arranged in the
diameter(7.5 um) of the focused laser spot were excited.

The u-PL spectra are presented in Fig. 13. At 4.2 K, the
main peak position of the spectrum with a broad full width at
half maximum(FWHM) of about 80 meV is around 3.380
eV. Usually, a free-exciton emissiofEX) from ZnO thin
films on SiG/Si, Si, and A}Os is located at about 3.377 eV
at low temperaturé10 K),**%*and the energy position of
FIG. 12. (a) Plan-view TEM image of self-assembled ZnO nanodots on athe near-band-edgeNBE) emission is barely related to the
Si0,/Si substratédot density: 1.3 10! cm®) by MOCVD. The widths of  crystal structure of ZnO. It has been reported that the PL

the individual nanodots range from 5 to 15 r{an average height of the . ;
nanodots is about 7 nm (b) High-resolution TEM image of a self- spectrum of amorphous ZnO films shows a strong ultraviolet

.. N o
assembled ZnO nanodot with a single-crystalline structure showing hexagd2Mission (NBE emISSIOI?I. Therefore, it is ree_lson_able to _
nal atomic arrays. conclude that the emission from 100 nanodots in this study is
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shifted to the higher-energy side. Moreover, the emission ent3. Another possible explanation for the blueshift, that is, the
ergy was independent of temperature below 80 K. SharBM shift is discussed later.
peaks that were not shifted with temperature originated from  Concerning broad linewidttB0 meV at 4.2 K size dis-
the emission of the He—Cd laser, which is frequently ob-tribution within the laser spot7.5 um) does not seem re-
served when the intensity of the PL emission from a samplesponsible because only 100 nanodots were excited. Since the
is weak and which is a good reference for calibrating PLZnO nanodots in this work have nonburied structures and the
energy. emissions from them are only observed below 175 K, we
First, the cause of the observed blueshift is discussedpeculate that the broad emission is related to the generation
There are two possible explanations: one is the quantum siz& nonradiative recombination centers at the surface of the
effects from the nanodofs>* and the other is band-gap wid- ZnO nanodots. In addition, the asymmetry of the spectral
ening by the Burstein—Mo{8M) effecf* which could occur  shape with a long tail toward the lower-energy side of the
due to the unintentional doping effect of Ga atoms into thespectrum might be interpreted as being due to the generation
nanodots during MOCVD growth. Calculations were per-of surface defect levefS.
formed concerning the quantum effect. The infinite potential The anomalous PL temperature dependence mentioned
barrier was introduced to clarify the band-gap enhancemerih Fig. 13 can be mainly attributed to the thermal excitation
by the quantum size effect in the ZnO nanodots. The averagef carriers among discrete energy lev&l§he width of the
height and average width of nanodots are 9 and 130 nmmanodots in this study was as large as 130 nm, resulting in
respectively, as mentioned in Sec. Il B, indicating that thequantum-well-like 2D quantum confinement. In this situa-
dimension of the dots is much larger than the excitonic ZnCtion, the energy gap between each level is very small, result-
Bohr radius of 1.8 nm. In this case, the center-of-mass moing in the easy excitation of a carrier from lower-energy to
tion of excitons is quantized by the confinement potentialhigher-energy levels by thermal energy. From the calculation
and the relative carrier motion is dominated by the Coulomiof energy levels in the conduction band near the band gap of
interactions. This is the so-called weak confinenféss-  the ZnO nanodots using E(®), the findings show that there
suming the Coulomb potential to be a small perturbation, thare five discrete energy levels within 2 meV from the lowest
confinement energies were calculated by a combination oéxcitation-energy level, showing that the band-gap shrinkage
the Kronig—Penny model adopting “a particle in a box” andby thermal energyestimated by Varshni equatidtto be 6.7
the Kayanuma modéP including the Coulomb potential. meV up to 80 K, which is the temperature upper limit for
The band-gap enhancement was estimated from the shift ishowing no peak shiftcan be compensated by the thermal
the EX band. The energl of the EX band from the ZnO excitation of carriers in the conduction band. Regretfully, we

nanodots can be given by were not able to obtain more information from other samples
with smaller dot dimensiongshown in Figs. &) and Zc)]
E=E . ﬁ(i . i) (&)24_ (ﬁ)z due to the very weak emission at this stage.
20t 2 \my my/ L\ Ly L, The higher-energy shift of the PL spectra in Fig. 13 can
) 5 5 5 be explained by the BM shift as another possibility, consid-
+ (&) } _178% (&) + (ﬂx) + (n_z) ering the possible unintentional Ga doping into the nanodots.
L, € Ly Ly L, The Fermi level in the conduction band of the degenerate
— 0.246F (1) semiconductor leads to a widening of the energy band, which
. Ryd» . . .
is related to carrier concentration, by
where the exciton binding energy of 60 meV in bulk ZnO h2 [3n)\23
(the Rydberg valueEr,q) was employed and introduced into AE= g(;) 3)

the Kayanuma model. The effective masses of electrons and
holes arem,=0.24n, and m,=0.45m, respectively.” The  The electron effective mass is expressedras Generally,
average dot dimension derived from AFM measuremept, however, the experimental results for the band-gap shift ver-
=L,=130 nm and_,=9 nm, is substituted into the E@L). I sus the carrier concentration do not exactly follow E3).
addition, the third term can be neglected due to the fact thaExperimental results reported from some ZnO research
its calculated value is very small. Since the dot structures igroups have shown various exponent val(@43, 1/3, and
this study are not capped, half of the dot surfaces are und&/5)*~**for Eq. (3). In heavily doped polar ZnO, the band-
stress-free conditions. From this fact, the strain-inducedjap shift cannot be simply explained by only a BM shift
band-gap shift was not taken into account. Thus, the(Bg. because the widening of the band gap caused by the BM shift
can be simply expressed as competes with the narrowing of the band gap by Coulomb
interactions among the charged carriers and their scattering

2 2 2 . . . . .
n2+n2 n against ionized impurities.
_ Ny Nz
E=Egxzno* C( 133 T 92) 0.014 88 eV. @) Assuming that the BM shift is also observed at low tem-

perature(4.2 K), we estimated the carrier concentration in
Here, Egx zn0 (€nergy position of the EX band in ZnO thin the nanodots using the energy shift of the main peak ob-
films) and C (the calculated confinement paramgtare  served in theu-PL measurement at 4.2 (Fig. 13 compared
3.377 and 2.40 eV, respectively. The calculated EX energy awith the main peak position of a reference sample. The ref-
the lowest excited leveln,=n,=n,=1) is 3.392 eV, which erence sample was a ZnO thin film on a §i6i substrate,
agrees well with the experimental PL results shown in Figused in our previous repoftThe main peak position of the
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ZnO nanodots have amorphous structural properties and that
Ga atoms, incorporated during the FIB engraving, play an
important role in the artificial control of ZnO nanodots. The
supply of Zn and O species results in the formation of amor-
phous ZnO nanodots on a surface that is supersaturated with
respect to a Zn—-Ga solid solution in the Ga-incorporated area
into the FIB-patterned nanohole. An increase in MOCVD-
growth time permitted nanodots to be changed into clusters
and rods. The lengths of the rods perpendicular to the nano-
hole surface are much shorter than those of the rods inclined
from the surface normal, which clearly demonstrates the
catalyst-poisoning effect. Finally, from-PL measurements,
we confirmed that the blueshift in the PL spectrum measured
at the low temperature of 4.2 K from ZnO-nanodot arrays

Photon Energy [eV] can be mainly attributed to the low-dimensional quantum

FIG. 14. Luminescence spectra obtained by temperature-depepeient ~ characteristics of the ZnO nanodots.
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