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Abstract: Vertically aligned single-crystal ZnO nanorods have been successfully fabricated on semiconduct-
ing GaN, AlysGagsN, and AIN substrates through a vapor—liquid—solid process. Near-perfect alignment
was observed for all substrates without lateral growth. Room-temperature photoluminescence measurements
revealed a strong luminescence peak at ~378 nm. This work demonstrates the possibility of growing
heterojunction arrays of ZnO nanorods on AlGa;-xN, which has a tunable band gap from 3.44 to 6.20 eV
by changing the Al composition from 0 to 1, and opens a new channel for building vertically aligned
heterojunction device arrays with tunable optical properties and the realization of a new class of
nanoheterojunction devices.

Introduction leads to the alignmenR®:12Two intrinsic problems are, however,

) . . . . associated with this technique, possibly limiting its application
Zinc oxide, a direct wide band gap (3.37 eV) semiconductor , ye\ices. IO, is a nonconductive material, making it difficult

with a large exciton binding energy (60 meV), is considered to 4, \jjize the aligned ZnO nanorods for electronic and opto-

be Qne_of tl_1e most |mpor_tant semiconductor méaterlals for ejectronic devices. A lateral growth of side branches close to
applications in optoelectronics, sensors, and actuaforsiO the substrate surface is almost inevitable during the early stages

s also a material that is biocompatible and biosafe for ¢ g wth. For technological applications, it is highly desirable
applications as implantable biosensors. In recent years, quasiy grow ZnO nanorods on a conductive or semiconductive

one-dm;ensu:jnal (1D) éno nanostruc(;u?emch as nanohbglﬂs, substrate in order to fabricate heterostructure devices and to
nanorods, and nanowiresiave attracted a great research interest ., e electronic measurements. GaN, an important optoelec-

for ap_pllcanons_ n sensm@optoeleotrpnlcg,fleld emissiorf . tronic material with the same crystal structure as ZnO, has been
and piezoelectricity. The growth of aligned ZnO nanorods is used as a substrate for growing aligned ZnO nanorods by the
coqsiQered to be a good candidate for light emif®rand field metal-organic chemical vapor deposition (MOCVD) tech-
emissiort! nique'® and the carbonthermal evaporation procédgue to

For the growth of aligned ZnO nanowires/nanoraeglane- their very close lattice match. MOCVD can achieve a perfect
oriented AbOs (sapphire) single crystals have been used as glignment of ZnO nanowires on GaN substrate but lacks the

substrates with the assistance of gold particles as catalysts, ircontrol over the nanowires’ site distribution and density since
which the growth is initiated and guided by the Au particle, no catalyst was used.

and the epitaxial orientation relationship between ZnO ap@Al Although GaN can electrically connect to the aligned ZnO

nanowires, due to the very close band gaps of GaN (3.44 eV)

; School of Materials Science and Engineering. and ZnO (3.37 eV), the heterojunction effect is fairly weak,
School of Electrical and Computer Engineering. . . . . . .
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nanorods grown on semiconducting GaNg &&a N, and AIN ! Y ;«'.?q
thin-film substrates by a vapetiquid—solid (VLS) phase "W {;ﬁ, *5,%‘;1.{‘;
process using gold as a catalyst. The as-grown nanorods sho mﬁg;’ ‘g: ‘i,l;‘l; "‘-.'3""’*'-" f
no lateral growth but are vertically aligned on the substrate i} W’?ﬁ }'ﬁ&?"?ﬁ,ﬁ{ Wil
surface. Our results prove that ZnO nanorods can be epitaxially &E Q_q&)}"lm';#\h , i’,
grown on AlGa N thin-film layers with any Al alloy W J‘;‘J' ?5’{4;} j
composition ratio. Since the band gap of@&-«N is tunable i *‘\%i‘%“:ﬁ"‘k

from 3.44 to 6.20 eV by changing the Al composition from 0 MO

to 1, a band gap tunable heterojunction array of ZnO nanorods}j ‘%’;ﬁ
on a thin-film substrate can be achieved, thus making them an il '5.
ideal candidate structure for light-emitting diode arrays. ﬁg 0y

Experiments ; ?g i “ﬁ }.‘.HE

ik

In our experiments, the MOCVD technique was employed for " il
growing GaN, AIN, and AlGaN epilayef$;'® which served as the
substrate for the subsequent growth of ZnO nanorods. Undnplzshe-
oriented GaN and AIN thin films were grown on one-side-polished
a-plane sapphire substrates to thicknesses afn2 and 500 nm,
respectively. AJsGasN epitaxial layers with a thickness205 nm
were grown on a 500 nm thick AIN buffer layer grown on a one-side-
polishedc-plane-oriented sapphire substrate. A8&nm thick~5 x 5

mn? gold catalyst layer was then deposited by plasma sputtering onto
the epitaxial nitride substrates. The ZnO nanorods were grown through
a vapor-liquid—solid process using a mixture of equal amounts (by
weight) of ZnO and graphite powders (0.6 g each) that were loaded in
an alumina boat located at the center of an alumina tube, which was Figure 1. SEM images of aligned ZnO nanorods grown on a GaN substrate.
placed in a single-zone tube furnace. Argon was used as carrier gas afa) Low-magnification 30 side view image. (b) High-magnification 30

a flow rate of 49 sccm with additional 2% (1 sccm) oxygen to facilitate side view image. (c) High-magnification top view image.

the reaction. The substrates were placed 10 cm downstream from the
source materials. The source materials were heated t6®@%0 a rate

of 50 °C/min, and the temperature was held at the peak temperature
for 30 min under a pressure of 30 mbar, while the local temperature of
the substrates was880°C. Then the furnace was turned off, and the
tube was cooled in air to room temperature witki# h under an argon
flow.
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The as-synthesized aligned ZnO nanorods were first examined
under a LEO 1530 field emission gun (FEG) scanning electron
microscope (SEM) operated at 10 kV. A typical low-magnifica-

g
Cu
3

tion SEM image of ZnO nanorods grown on GaN is shown in g5 ¢
Figure la. All of the ZnO nanorods are straight and perpen- RS & W
dicular to the substrate with a high uniformity across the entire 25 35 45 55 65 75 85

substrate, indicating that this technique can be scaled up for 2
large-area production. As shown from a higher-magnification F Figure 2. XRD spectra of aligned ZnO nanorods growing on GaN (a),
SEM image in Figure 1b, the ZnO nanorods exhibit uniform AlosGasN (b). and AN (c) substrates.
diameter. Figure 1c shows a top view of the aligned ZnO
nanorods, where only the very bright gold catalyst tips can be
observed. It also confirms that almost every single nanorod is
perpendicular to the substrate, and that there are no side
branches, which is generally unavoidable when sapphire is use
as substrate.

Highly aligned ZnO nanorods were also grown og #&8a sN
and AIN substrates under the same growth conditions, even
though the lattice mismatch for these materials is larger than
that for GaN. Figure 2ac gives the X-ray diffraction (XRD)
spectra of the aligned ZnO nanorod samples grown on Ga
AlpsGay N, and AIN substrates, respectively. In all three spectra,
only diffraction from (0002) and (0004) atomic planes of ZnO

is observed at 34.63 and 72?7 6espectively, indicating the high
degree of nanorod alignment and their epitaxial relationship with
the substrate. From the lattice constants of wurtzite Gak (
d3 190 A andc = 5.189 A) and wurtzite ZnOa(= 3.249 A and
= 5.207 A), the lattice mismatch between the (0001) planes

is 1.9%. Thus, in the XRD spectrum (Figure 2a), the peak from
the GaN (0002) plane overlaps that of ZnO, while a double
shoulder is observed on the (0004) peak. The epitaxial relation-

ship between the ZnO nanorods and the GaN substrate layer is
N, (0001pno || (0001)kan, [0110]zn0 || [0110]gan Although the
' lattice constant decreases from 3.190 (GaN) to 3.15:@d sN)

and to 3.110 (AIN) A, and their lattice mismatch correspond-
ingly increases from 1.8 to 3.0 to 4.3%, the epitaxial relationship
(15) Chowdhury, U.; Wong, M. M.; Collins, C. J.; Yang, B.; Denyszyn, J. C.; IS preserved as supported by the XRD spectra shown in Figure

Campbell, J. C.; Dupuis, R. ol Cryst. Growth2003 248 552-555. ic fi ; ;
(16) Zhu T G.: Chowdhury, U : Wong. M. M.. Denyszyn. J. C.: Duptis, R. D. 2b and c. This figure also shows that the diffraction peaks of
J. Cryst. Growth2003 248 548-551. AlosGaysN and AIN are gradually separated from ZnO peaks
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Figure 4. Low-magnification TEM image of ZnO nanorods grown on GaN
(a) and AIN (b) substrates. (c) High-magnification TEM image of a single
ZnO nanorod; (inset) the corresponding electron diffraction pattern of the
ZnO nanorod shown in (c).

(EDS) during the SEM measurements. Panels a and b of Figure
3 are SEM images of ZnO nanorods grown around the edge of
the gold catalyst on GaN and AIN substrates, respectively, in
which the catalyst boundary is clearly marked by the growth
of aligned ZnO nanorods. EDS measurements were performed
on the nanorod regions and the exposed substrate regions. Within
Figure 3. SEM images of ZnO nanorods growing on GaN (a) and AIN the nanorod regions (Figure 3c and f), strong signals from zinc
(b) substrates at the edge of catalyst layer-fIcEDS spectra of the and oxygen were detected with a small gold signal originating
corresponding circled region in (a) and (b). from the Au film which acted as the catalyst and a portion of
. i . which remained at the tip of ZnO nanorods. Signals from the
due to the increased Iattllce mismatch, whereas the ZnO (OOOZ)GaN and AIN substrates were also found. However, on the
and (0004) peaks remain sharp and clear. _exposed substrate (Figure 3d and e), only strong signals from
Because both ZnO and the substrates have the same wurtzitg,s g pstrate materials were detected. Therefore, unlike the
structure, the deposited ZnO nanorods are confined in their six noncatalyst technique, such as MOCVD, which lacks of control
e_quwglent<01]0> dlre(_:tlons and only grow along th? [0091] over the growth position, the VLS process can precisely position
direction exactly follgvyl_ng the substrate’s crystal orientation. o aligned ZnO nanorods by patterning the gold catalyst, where
As aresult, the possibility for ZnO nanorods to undergo lateral o ncovered substrate area remains chemically and structurally
growth is rare, even around the catalyst where conditions are ;,.anged. Moreover, an almost perfect vertical alignment of
favorable for lateral growth, as shown in Figure 3a and b. 7,5 hanorods without lateral growth can be achieved using
Therefore c-plane-oriented AlGa—xN substrates are ideal for the VLS technique demonstrated here.
thg grpvvth of _allgngd ZnO nanorods. On the other han_d, the Transmission electron microscopy (TEM) was also performed
epitaxial relationship between ZnO _aratplane sapphire (o gj;e and crystal structure analysis using a Hitachi HF2000
substrate is (000%)o || (1120)ai,0, [0110]zn0 || [0001]aj,05 TEM operated at 200 kV. The lower-magnification TEM images

élthough tRe lattice mismatch betv/\g\ee_n 4@o (4 x 3.249  yhrained for ZnO nanorods grown on GaN and AIN substrates
= 12.996 A) and [00030, (12.99 A) is almost zero, there is are shown in Figure 4a and b, respectively. All of the nanorods

only one direction that is defined_by this epitaxial relgtionship exhibit fairly uniform thickness along their entire length with
because the (119 plane ,Of AbO; is a rectaqgular lattice but gold catalysts at the tips. By measuri@00 nanorods recorded
the (0001) plane of ZnQ is a hexagonal lattice. As a result, the on TEM images, we found that the average length of ZnO
lateral growth pf ZnO side branches was always observed for nanorods grown on GaN was 434 nm, while the ZnO nanorods
a-plane sapphl_re substratb?s_. . L grown on AIN substrate were a little longers00 nm. However,
The _prope_rnes of (_:atalytlc part_lcle |r_1|t|ated growth were e, length distributions are very close-118 and+120 nm
further investigated using energy-dispersive X-ray Spectroscopy¢or 7no nanorods grown on GaN and AIN substrates, respec-

(17) Yang, P.; Yan, H.; Mao, S.; Russo, R.; Johnson, J.; Saykally, R.; Morris, tIVE|y). The average diameter was 286 nm for Zn_O nanorods
N.; Pham, J.; He, R.; Choi, HAdv. Funct. Mater.2002 12, 323-331. grown on GaN and 22 2 nm for those deposited on AIN.
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4200 i . . i . . which corresponds to the band gap of GaN (3.44 eV). Due to
Vol ' (a) the increased band gap when Al is introduced into the GaN
3360 l

= i - I : = lattice, the PL peaks from the substrate are blue shifted and
thus no additional substrate-related peaks were observed from
ZnO nanorods grown on AlGaN and AIN substrates.
1650 GaN peak @ l——[——-‘:“-f' Although the PL peaks have an identical shape, their peak
T : : intensity varies significantly. The highest PL signal intensity,
0840 / | \ which was more than 10 V, was measured from ZnO nanorods
s ! \ L ey \’\ grown on AIN (Figure 5c) and the lowest from ZnO nanorods
// B i grown on GaN, only~4 V, as shown in Figure 5a. The PL

0.000 1 . |
Jpe MG WD M0 300 400 4300 sS00 peak intensity from ZnO nanorods grown on AlGaN exhibited

I
2520 | | | % Y I | . -

Wavelength
] an intermediate peak intensity of7 V (Figure 5b). Since the
7.000 . . . . , , density of nanorods grown on GaN, AlGaN, and AIN substrates
[Volt] (b) is calculated from the SEM images to be 146, 70, and 157 per
5600 Y | um?, respectively, these relative PL intensities are not linearly
] related to the nanorod density. Therefore, the measured PL
4200( | 3787 _ | | intensity of ZnO is likely to be affected by the absorption of
). 156 GaN substrate. Due to the wide band gap of AIN (6.20 eV),
2800 1 : _ i the luminescence at 378 nm from ZnO is not absorbed by AIN
f: | ) substrate, but the band gap of GaN is very close to that of ZnO,
1.400 | ng I 375 ) thus the PL of ZnO is likely to be absorbed by the GaN substrate
/ for the nanorods grown on GaN.
0.000 Y A i B e~ :
3100 3300 3500 3700 3900 4100 4300 4500 Conclusion
Wavelength [nm] Vertically aligned single-crystal ZnO nanorods have been
U — successfully fabricated on semiconducting GaNg s8lay 5N,
10100 : — - . 2 . . and AIN substrates through a vapdiquid—solid process. This
vell (C) alignment is almost perfect on the three types of substrates
8080 L E without lateral growth. The as-synthesized ZnO nanorods also
showed a reasonable size distribution and high crystal quality.
6.060 | ! - i
Room-temperature PL measurements revealed a strong lumi-
Nl nescence peak at378 nm whose intensity depends on the
4040 | : . . . . .
: \\ substrate material, possibly due to the different absorption
200 | | _ | \ | _ i properties of AIN, AbsGasN, and GaN. This work demon-
/3?:1.5 | 31 AN strates the possibility of growing heterojunction arrays of ZnO
: : nanorods on AlGa;xN substrates witlx values ranging from

pooo !l L 4 1 0 H ] —
3100 3300 3500 3700 330.0 4100 430.0 4500

w 0to 1. If the AlGaN alloy composition can be designed laterally
‘avelength [nm] . . . . .

Figure 5. Photoluminescence spectra (300 K) of aligned ZnO nanorods using a combinatorial approaéhthis could possibly open a
grown on GaN (a), AlsGasN (b), and AIN () substrates. new channel for building vertically aligned heterojunction device

arrays with tunable optical properties and the realization of a
The smaller size of the ZnO nanorods on AIN is possibly due new class of nanoheterojunction devices.
to the larger lattice mismatch between ZnO with AIN. The ZnO ]
nanorods are single crystal (Figure 4c), the growth direction is Ackr_10w|ed_gment. The research was F’ar“a”y suppor_ted b_y
[0001], and the six side facets af&120}. Georgia Institute of Technology Nanoscience/Nanoengineering

Room-temperature photoluminescence (PL) properties were R€S€arch Program, by the DARPA SUVOS program, NASA

measured for ZnO nanorod arrays grown under same conditions” €hicle Systems Program and Department of Defense Research

on GaN, AlGaN, and AIN substrates (Figure-53 using a 266 and Engineering (DDR&E), and MU_RI program from ARO
nm Nd:YAG Q-switched laser with an average power of 1.9 (Grant DAAD19-01-1-0603). In addition, R.D.D._gratefully
MW as the excitation light source. A Si photodetector is used acknowledges the support of the Steve W. Chaddick Endowed
to measure the PL. All of the samples exhibited a strong Chair in Electro-Optics.

luminescence peak at378 nm, corresponding to the near band JA050807X

gap emission of ZnO, an identical peak shape with a peak width
at half intensity of~15 nm. For the PL spectrum of ZnO (18) Xiang, X. D.; Sun, X. D.; Briceno, G.; Lou, Y. L.; Wang, K. A.; Chang,

H.Y.; Wallacefreedman, W. G.; Chen, S. W.; Schultz, PSGencel995
nanorods on GaN, a small peak at 362.7 nm was also detected, 268 1738-1740.
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