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Ga-doped ZnO single-crystal nanotips grown on fused silica
by metalorganic chemical vapor deposition
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In situ Ga-doped ZnO nanotips were grown on amorphous fused silica substrates using metalorganic
chemical vapor deposition. Structural, optical, and electrical properties of as-grown ZnO nanotips
are investigated. Despite the amorphous nature of fused silica substrates, Ga-doped ZnO nanotips
are found to be single crystalline and oriented alongctfais. Photoluminescend®L) spectra of
Ga-doped ZnO nanotips are dominated by near-band-edge emission with negligible deep-level
emission. The increase in PL intensity from Ga doping has been attributed to the increase of Ga
donor-related impurity emission. Current—voltage characteristics of the ZnO nanotips are measured
by conductive-tip atomic force microscopy, which shows the conductivity enhancement due to Ga
doping. © 2003 American Institute of Physic§DOI: 10.1063/1.1621729

ZnO is a wide-band-gap semiconductor that is currentlyatoms that leads to a reduced work functtbiConductivity
undergoing a renaissance because of its many exciting prognhhancement is also observed in boron-doped Si nanowires
erties. ZnO has a high exciton binding ener@® me\). by using scanning tunneling spectroscépin this letter, we
Excitonic emission, in contrast to electron—hole plasma refeport the MOCVD growth anéh situ n-type Ga-doping of
combination, leads to a low lasing threshold in ZnO. En-ZnO single-crystal nanotips on fused silica substrates. Struc-
hanced carrier and photon confinement in ZnO nanowiregural, optical, and electrical properties of the ZnO nanotips
have enabled the demonstration of an optically addressedlith and without Ga-doping are studied.

ZnO nanolaser at room temperatdrRecently, field emis- ZnO nanotips with different Ga doping levels were
sion from ZnO nanowires has also been repoftte&nO  grown on fused silica substrates using a vertical flow
nanotips are attractive for field-emission displays due to theiMOCVD system. Diethylzinc, oxygen, and triethylgallium
low emission barrier, high saturation velocity, and high ra-were used as the Zn metalorganic source, oxidizer, and Ga
diation hardness. metalorganic sources, respectively. The growth temperature

A variety of techniques have been exploited to growof ZnO nanotips was in the range of 300 to 500 °C. Ga/Zn
ZnO nanowires, such as template-assisted gréwtiution-  mole ratio was altered from I0 to 10 2 during the Ga-
based synthess,vapor—liquid—solid methods, catalyst- doped ZnO film growth. Details of the ZnO nanotip growth
driven molecular-beam epitafychemical vapor deposition using MOCVD have been described elsewtegpitaxial
(CVD),” metalorganic vapor phase epitaylOVPE) 2 and ZnO films, which were simultaneously grown on
metalorganic chemical vapor depositiMOCVD).° Among  (0112) r-sapphiré® substrates, serve as reference samples
these methods catalyst-free growth using MOCVD offers thdor doping information in ZnO nanotips. The resistivities of
capability of large-scale mass production, selective growththe epi-ZnO films were characterized using the four-point-
and compatibility with other well-developed semiconductorprobe method. Figure(d shows the measured resistivities
processing technologies. ZnO nanowires grown orof Ga-doped epitaxial ZnO films versus Ga/Zn mole ratios. A
c-sapphire using MOVPE have shown promising opticalLeo—Zeiss field-emission scanning electron microscope
properties of free-excitonic emission at 1Fk comparison  (FESEM was used to characterize the morphology of the
with most single-crystal substrates, amorphous substratdBms and a Topcon 002B transmission electron microscope
such as fused silica/glass are of particular interest due to the{fTEM) was used to perform detailed structural characteriza-
low cost. Furthermore, controllable situ doping of single- tions. Photoluminescend®Ll) spectra were excited with a
crystal semiconductor nanostructures is critical to realize825 nm He-Cd laser. An optical cryostat was used in the 77
nanoscale electronic and photonic devices. Selective doping PL measurement.
in InP nanowires has been exploited to produce nanoscale Shown in Fig. 1b) is a FESEM image of Ga-doped ZnO
p—n junctions'® Enhanced field emission has been demon-nanotips grown on a fused silica substrate. Irsgtshows
strated in boron-doped carbon nanotubes due to the changfee top view of the ZnO nanotips. The diameter of the bot-
in density of states near the Fermi level created by the dopamdm of nanotips is in the range of 40 to 60 nm and the height

is ~850 nm, giving an aspect ratio 6f17:1. Shown in Fig.
dAuthor to whom correspondence should be addressed; electronic maig(c) is a dark-field TEM image of the Ga-doped ZnO nanotip
ylu@ece.rutgers.edu along the[2110] zone axis. The selected area electron dif-
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FIG. 1. (a) Measured resistivity of Ga-doped epitaxial ZnO films versus
Ga/Zn mole ratios(b) FESEM image of Ga-doped ZnO nanotips grown on
fused silica substratéc) Top view of the ZnO nanotips.

fraction and the high-resolution images are shown in insets

(a) and (b), respectively. Electron microscopy confirms the

single-crystal quality of the Ga-doped ZnO nanotips. High-

resolution lattice images show a single-crystalline nanoscale 5

tip. We do not observe any significant structural change be-

tween undoped and Ga-doped ZnO nanotips. = — S
Under certain growth conditions, ZnO grown on various 310 315 320 325 330 335 340 345 350

substrates shows a columnar structure with rods ending in Photon Energy (eV)

tips® Columnar growth is usually considered to result from 8p|G. 3. (a) RT PL spectra of undoped and Ga-doped ZnO nandips7 K

high growth rate along the-axis of ZnO. ZnO is a polar PL spectra of undoped and Ga-doped ZnO nanotips. Curves 1, 2, 3, and 4

semiconductor, witi{0001) planes being Zn terminated and correspond to the spectra of undoped and Ga-doped ZnO nanotips with
N reference resistivities of 400 cm (undoped, 0.58 Q) cm (Ga-dopeg, 4.0

(0001 planes being O terminated. These two crystallo-y 15-3 ¢ om (Ga-dopegiand 3.0< 10°¢ O cm (Ga-doped, respectively.
graphic planes have opposite polarity, and hence have differ-

ent surface energiéé.The initial ZnO crystals that nucleate tion of the ZnO nuclei on the relatively flat SjGsurface

on the amorphous fused silica surface presumably do NQnce they reach some critical size.

have a specific epitaxial arrangement, resulting in randomly Figure 3a) shows the RT PL spectra of undoped and
oriented nuclei. A columnar structure may result from eitherGa-doped ZnO nanotips. Curve 1 is for the undoped ZnO
competitive blocking of all crystallites whoseaxis is point-  nanotips with a reference resistivipyes of 40 Q cm, curves

ing away from the surface normal, or a preferential orienta2 3 and 4 correspond to Ga-doped ZnO nanotips pyitof
0.58, 4.0<10 3, and 3.0<10 2 Q cm, respectively. It has
been reported that due to excess exciton impurity and crys-
talline defect scattering, there exists a deep-level emission
around 2.4 eV in the undoped ZnO nanowires or
whiskers*!® The almost negligible deep-level emission in
Fig. 3(a@) suggests good optical quality of the Ga-doped ZnO
nanotips. For ZnO nanotips, the near-band-etdBE) re-
combination that monotonically increases with is de-
creased to 410 2 Q) cm upon progressively increasing Ga
doping[curves 1, 2, and 3 in Fig.(8]. With a further in-
crease in the Ga doping level, the peak intensity starts to
decreasgcurve 4 in Fig. 8a)]. Half-width broadening can be
seen in the spectra whep is at 4<10 2 Qcm or less
[curves 3 and 4 in Fig.(®)]. Figure 3b) shows the 77 K PL

50 nm spectra of the same set of samples. At 77 K, undoped ZnO
nanotips(curve 1 display a dominant NBE emission around
3.36 eV, which lies in the spectral range of multiple emission
lines associated with neutral donor bound-exciton

PL Intensity (a. u.)

FIG. 2. (a) Selected area diffraction pattern of a single Ga-doped ZnO - L
. @ — Hiraction pa ng Pee #5recombinatiort® We speculate that the NBE emission may
nanotip along th¢2110] zone axis(b) an image of a single-crystalline tip

from high-resolution TEM, andc) dark-field TEM image of a single Ga- afise from_bound-exciton emission involving donor-like

doped ZnO nanotip. complexe§.7
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oF ] 3 correspond to the spectra of undoped and Ga-doped ZnO
L ] nanotips withps of 40 2 cm (undoped, 0.58 () cm (Ga-
6o . doped, 4.0x10 % Qcm (Ga-doped, respectively. The
[ T asymmetry in the rising slopes of the conduction and valence
<[ bands show that the “undoped” ZnO nanotips are intrinsi-
f; ok 1 i cally n-type, in agreement with the observations in the as-
s | 1 J grown epitaxial ZnO films. Significantly steeper rising slopes
E h . .
3-of . in | -V spectra are clear in Ga-doped ZnO nanotqmsves 2
T and 3 in comparison with those in the undoped nanotips
sor T (curve 1. These confirm the conductivity enhancement in
sok ] ZnO nanotips due to Ga doping.

20 _1'_5 : _1"0 _0'_5' ofo : ofs : 1jo : 115 : zfo : zfs S0 In summary, we he_lve demonstrated fabricatiomagitu -

Voltage (V) Ga-doped ZnO nanotips grown on gmorphous fused.snlca

substrates by MOCVD. ZnO nanotips are shown aligned

FIG. 4. I-V spectra for the undoped and Ga-doped ZnO nanotips, wheralong the c-axis. TEM measurements confirm the ZnO nan-
ﬁ;’g’;ispiv Vsi't ﬁ?gf;gﬁéfféfi!ﬂvﬁézeofﬂgﬁﬁa(ﬁﬁé‘gsggeg sﬁg‘g Ss'(dgged Zitips are single crystals with no observable structural change
"3 ) . e " from Ga doping. Ga-doped ZnO nanotips possess good opti-

dopeg, 4.0x4G™= .cin (Ga-dopell respecilvely. cal properties with negligible deep level emission in PL spec-
tra. Nanoscale tunneling |-V spectra exhibit conductivity en-

We also note that two weak shoulders appear on th@ancement due to Ga doping. The conductivity-tailoring
low-energy tail of the dominant 3.36 eV peak. These shoulchieved in Ga-doped ZnO nanotips opens up possibilities

ders disappear gradually with Ga incorporation giving rise tGqy the fabrication of novel nanoscale devices.

a new emission line around 3.35 eV that dominates the spec-

tra. This 3.35 eV emission line shows the same trend as the This work has been supported by National Science
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ported in low-temperature PL spectra of Ga-doped ZnO epi-

taxial films!81® where a Ga donor bound-exciton complex
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