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ABSTRACT

In this work, we report the growth of verticallyigiled ZnO nanorods with excellent
optical quality by both catalyst free vapor phasmgport (VPT) and catalyst free pulsed laser
deposition (PLD). We compare the near band edgsséon of such deposits, with a focus on the
identification of the origin of the 3.331 eV emmsifeature. X-ray diffraction (XRD), scanning
electron microscopy (SEM) and low-temperature ()3pKotoluminescence (PL) were used to
characterise these nanorod deposits. XRD and SEW r@aeal that both techniques lead to
highly textured ZnO nanorod arrays with unifolgyaxis orientation normal to the substrate
surface. The VPT-grown nanorods are well separated show smooth, facetted surfaces
whereas the PLD-grown nanorods are more closelggaband display comparatively rougher
surfaces. The optical quality of the samples olethiny both growth methods was very good and
low-temperature PL spectra were dominated in bages by a strong bound exciton (BX)
emission (3.36 eV), and also showed emission floensurface exciton and the free exciton. A
comparatively weak visible emission was also olegdim samples deposited by both techniques.
The main difference between the PLD- and VPT-gronorod samples is the presence of the
3.331 eV emission in the former, and its complétseace in the latter (as well as in continuous
PLD-grown seed layers) which is discussed in lightthe differing surface morphologies
mentioned above and which provides strong supporbdr previous assignment of the origin of
this defect to structural defects in the inhomogeisesub-surface region close to the rough

nanorod surface.



1. Introduction

ZnO has a range of promising materiapprties including a wide direct band gap (3.37
eV) and a large exciton binding energy (60 meV) Fjrthermore, low dimensional ZnO single
crystal nanostructures can be grown in a varietymofphologies with excellent crystalline
quality and optical properties [1]. This has resdlin considerable interest in the growth of ZnO
based nanostructures such as nanorods, nanowitksnambelts. Amongst this range of
morphologies, vertically aligned ZnO nanostructufé®) have been of particular interest
because this morphology is especially well suitedpdtential applications in optoelectronic
devices (as it enables efficient electrical comtgcbf arrays of nanorods) and in field emission
devices [2-4].

Many deposition techniques including wapphase transport (VPT) [5-9], metal-organic
chemical vapour deposition (MOCVD) [1,10], hydratimal deposition [11], pulsed laser
deposition (PLD) [12], electrochemical depositidi8], and chemical bath deposition (CBD)
[14] have been used to grow vertically aligned Zmgdorods with good crystalline quality and
optical properties.

The utilisation of ZnO nanorods in optoelectrotvices is ultimately determined by the
optical quality of the nanorods [3]. Thus an untirding of the different optically-active
defects which contribute to the near-UV band edgetgluminescence (PL) in ZnO and its
nanostructures and the relationship of these detedhe nanostructure morphology is key to the
choice of the optimum deposition methods and caditfor a particular application. In this
work we have grown ZnO nanorods by catalyst freeT V&hd catalyst free PLD, and
characterised these deposits by x-ray diffractidR[), scanning electron microscopy (SEM)

and low-temperature photoluminescence (PL), withdhm of further elucidating the origin of



the recently reported 3.331 eV defect emission.[Q2)mparison of the near band edge PL
emission of the nanorod deposits grown by both BhB VPT shows that the 3.331 eV emission
is present in the former and completely absenhélatter (and also absent in the continuous
PLD-grown seed layers). These data are considerdight of SEM data showing smooth,

facetted VPT-grown nanorod surfaces, compared ugher PLD-grown nanorod surfaces and
provides strong support for the previous assignroétite origin of the recently observed 3.331
eV emission to structural defects in the inhomogesesub-surface region close to the rough

nanorod surface.

2. Experimental details
2.1Zn0O Seed Layer Formation

ZnO seed layers were first prepared by BbC5i (100) substrates for both VPT and PLD
nanorod depositions. Prior to deposition, Si sabstr were cleaned by ultrasonication firstly
in acetone and then in isopropanol for 15 min edtle. PLD apparatus was equipped with a
high power, Q-switched, frequency-quadrupled Nd:YkGSer. The wavelength output 266
nm, repetition rate 10 Hz, pulse width 6 ns, laseergy 150 mJ and number of laser shots
5000 were used. The average laser fluency on tietZrget (99.999%, PI-KEM) was fixed at
2 Jlent and the target-substrate distance was also kestat at 5 cm. The base pressure of
the system was at 6x¥@nTorr while the deposition was carried out at aygen pressure of
100 mTorr. Before deposition, for the purpose ofae cleaning, the Si substrate was heated
to 950 °C for 30 min and then cooled to 450 °C3¥min. The deposition was then performed
at this temperature. In order to achieve a bettgstalline/textured seed layer after the

deposition, the seed layer substrate was annealéslt °C for 20 min and then cooled back to



150 °C for 60 min. The thickness of the ZnO seegekrig was measured to be ~ 120 nm.
Further details are given in reference [12].
2.2 VPT Nanorod Growth
ZnO nanorods were grown by VPT on these ZnO-se8dsdbstrates at 900 °C using an
Ar gas flow rate of 90 sccm for 1 hour. The tempaea ramping of the furnace was varied
between 25 and 50 °C/min till the temperature reddb 900 °C. 60 mg of high purity graphite
powder and 60 mg of ZnO powder were ground togdtirea few minutes until a homogeneous
mixture was obtained. This mixture was then loaaed spread carefully over a 2 cm length in a
middle of alumina boat and the sample suspendedeaiboThis boat was then loaded into the
furnace for the nanorod growth. Further detailsceoning the growth process are reported
elsewhere [5,6,15].
2.3 PLD Nanorod Growth
ZnO nanorods were also growrPhip on the ZnO seeded Si substrates described in
section 2.1. Prior to deposition, the seed layarseevannealed to 800 °C for 110 min. The ZnO
nanorods were then grown at this substrate temperat a 600 mTorr oxygen pressure using
40,000 laser shots for the deposition over a peviod 2 hrs. The laser specifications were the
same as for the seed layer growth, described itiose2.1. After deposition, the substrate was
cooled to 150 °C for 75 min. Further details on BiéD nanorod growth are reported elsewhere
[12].
2.4 Deposit Characterisation
The structural characteristics of the depdsieaterials were investigated by-&@ XRD
(Bruker AXS D8 Advance). Surface morphologies wstadied by SEM (Carl-Zeiss EVO

series). Low-temperature photoluminescence (PLktspevere recorded using He—-Cd laser



excitation at 325 nm with a 1 metre SPEX 1704 mbnmmator coupled to a Hamamatsu model

R3310-02 photomultiplier tube which was cooled ppraximately —20 °C.

3. Resultsand discussion
3.1 Structural properties
XRD data (8-o scans) from PLD-grown ZnO seed layers, VPT-growm® zAhanorods and
PLD-grown ZnO nanorods in addition to data front-plane terminated ZnO single crystal
wafer (Tokyo Denpa) of thickness 0.5 mm are shawhig. 1. All the deposited material shows
a dominant ZnO (002) reflection aft 2 34.5°. Since the XRD data shown in Fig. 1 is plbtbn
log scale, a weak ZnO (004) reflection was alsceplex] at B = 72.80° in both the seed layer
and nanorod samples (shown in the right hand siskt). No other ZnO-related diffraction peaks
were observed, which indicates a high degree ofutex(vertical orientation) for all the
deposited materials. Furthermore, since no catalgst used in our growth methods, no other
deposited material or crystalline phases are obdgem the XRD data. A number of other
reflections, due either to the Si substrates [I6inpurities in the x-ray tube, are indicated ie th
figure and explained in the caption.

As mentioned above, a ZnO single crystal wafer wB® measured with the same
apparatus and its ZnO (002) reflection was obseate® ~ 34.45°. The (002) reflection full
width at half maximum (FWHM)c-axis lattice spacing and out-of-plane coherencetle
(crystallite size, from the Scherrer equation) wexeasured for the PLD-grown ZnO seed layer
(0.225°, 0.520 nm and 35.30 nm, respectively) MR&-grown ZnO nanorods (0.208°, 0.519 nm
and 38.11 nm, respectively) and the PLD-grown Zr&dorods (0.198°, 0.521 nm, and 75.31

nm, respectively). The crystallinity of the nanosad improved compared to the seed layers. The



value of c-axis lattice spacing for VPT- and/or PLD-grown Zm@norods is in excellent

agreement with the value determined from the data the ZnO wafer (i.e. 0.521 nm).
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Figure 1. 20-0 XRD data for PLD-grown ZnO seed layers (black )Jin€PT-grown ZnO
nanorods (red line), PLD-grown ZnO nanorods (bloe)land a ZnO wafer (orange line). The
features marked with # are due to Cydfd tungsten Jradiation from the X-ray tube, with the
latter due to contamination. The left hand sidetrshows the rocking curve (RC) data from the
four samples around the ZnO (002) peak positior fight hand side inset shows thea data
for the deposited samples over a broadear®yular range. Both insets use the same colours as

the main figure.

The left hand side inset of Fig. 1 shoaskmg curve (RC) data for the (002) reflection of
the PLD-grown ZnO seed layers, VPT-grown ZnO nadsy®LD-grown ZnO nanorods and the
ZnO wafer. The FWHM of the RCs for the PLD-grownrseed layers, VPT-grown ZnO
nanorods and PLD-grown ZnO nanorods are 2.16°° @Bd 0.76°, respectively. We note that

our FWHM value for the RC for VPT-ZnO nanorods isian smaller compared to reports of



similar VPT-grown samples from Rajendra Kumar etal Li et al. who find FWHM values of
~ 2-2.8° and ~ 1.5°, respectively [6,7] and are manable (albeit slightly larger than) the values
for our PLD-grown ZnO nanorods. These data furtheicate the highly textured nature (with
axis orientation) of the nanorod deposits and tlgh lerystalline quality of these materials
compared to literature reports.
3.2 Surface mor phologies

Fig. 2 shows the surface morphologieshe PLD-grown ZnO seed layers (Fig. 2a),
VPT-grown ZnO nanorods (Fig. 2b, 2c and 2d) and #t@wvn ZnO nanorods (Fig. 2e and 2f).
The PLD-grown ZnO seed layer is observed to beegsiibooth and continuous. PLD-grown
ZnO seed layers have been reported to be excaiddtrates for the growth of high quality
nanorods by Li et al. and Jie et al. [7,17]. Filg.shows VPT-grown ZnO nanorods at a 30° tilt
view while the inset shows a plan view of the samamorods. Fig. 2c shows a higher
magnification view of the individual VPT-grown nand morphology at the same 30° tilt view
while the Fig. 2d shows 70° tilt view of these nanis. These data show that the VPT-grown
nanorods have excelleataxis orientation normal to the substrate surfadgch correlates well
with the XRD analysis discussed above. Fig. 2c amtipular shows that the VPT-grown
nanorods are well separated (typically by some 400hm) and show smooth, facetted top and
side surfaces, indicative of the underlying hexadocrystalline symmetry. Previous TEM
studies of VPT grown ZnO nanorods have shown tHf-grown nanorods synthesized under
similar conditions have extremely smooth surfaced are crystalline throughout, consistent
with the SEM data in Fig. 2 [8,9,18]. SEM data fr&D-grown ZnO nanorods at 30° tilt view
is shown in Fig. 2e while the inset shows a topvwié the same nanorods. Fig. 2f shows an 85°

tilt view of these PLD-grown ZnO nanorods. Although identical PLD-grown ZnO seed layer



was used for the growth of both VPT- and PLD-Zn@arads, the PLD-grown ZnO nanorods

are very closely packed and the nanorod surfacew slvidence of considerable roughness,
which is likely due to both the inhomogeneous sutfese region of these nanostructures close
to the nanorod surface, where a sub-surface trangiegion is seen from an inner crystalline

region to an amorphous surface region as reveajeprdvious TEM studies [12], as well as

proximity effects from neighbouring nanorods cofitag each other during growth. Once again

the data show that the PLD-grown nanorods havellerte-axis orientation normal to the

substrate surface, which again correlates well thiéhXRD analysis discussed above.

Figure 2. SEM data from the (a) PLD-grown ZnO seed layer8Q&ttilt view, (b) VPT-grown
ZnO nanorods at 30° tilt view, (c) an enlarged vigwb), and (d) the same VPT-grown ZnO

nanorods at 70° tilt view, (e) PLD-grown ZnO nardsrat 30° tilt view, (f) the same PLD-grown



ZnO nanorods at 80° tilt view. The inset of (b) whoa plan view of (b) with a smaller

magnification scale while the inset of (e) showsam view of (e).

The lengths and widths of the VPT-gratwrO nanorods were extracted using ‘Image J’
software [19] and are in the range of 1.5 pr@ and ~ 175 - 200 nm, respectively. The same
guantities for the PLD-grown ZnO nanorods are mrdinge of 0.9 - 1.@m and ~ 135 - 200 nm,
respectively. The surface coverage density of tR&-grown ZnO nanorods was measured to be
~ 18 perum? (based on a count of ~ 75 nanorods in jam¥ region) and ~ 28 parm? for the
PLD-grown ZnO nanorods (based on a count of ~ ldr®rods in a 4m? region, somewhat

larger values than in previous works [6,7].

3.3 Optical properties

() |14 3.360 ev) 2o T e (b)

1000000 - 10000 +

3331 eV
\ TES(3.320eV)  **® wavelongth (nm}

BX;{1L0 (3.290 eV) /BX-ZLO (3.217 eV)
TES1LO (3251eV 1Eg 910 (3.182 V)

/ BX-3LO (3.145 eV)

100000
1000

10000 4

100

Intensity (counts)

Intensity (counts)

1000

Ll U T
370 380 390

Wavelength (nm)

T T T
450 500 550 600

Wavelength (nm)

Figure 3. Low-temperature (13 K) PL spectra of PLD-grown Zs€ed layers (black lines),

VPT-grown ZnO nanorods (red lines) and PLD-growr©®Zmanorods (blue lines): (a) near band
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edge region, (b) visible region. Inset of (a) shanagnified view of surface exciton (SE) and

free exciton (FE) spectral region.

Fig. 3a shows the near band edgesemnisegion for all the deposited samples, which is
dominated by theglbound exciton (BX) line at 3.36 eV in all casehich is attributed to Al
impurities, as well as the surface exciton (SE) &ee excitons (FE) for the three samples,
which can be seen in the inset of Fig. 3a. FWHMiesalof the d BX for the PLD-grown ZnO
seed layers, VPT-grown ZnO nanorods and PLD-grow® fanorods are 2.062 meV, 1.994
meV and 1.437 meV, respectively indicating the hggtical quality of these samples. Two
electron satellite (TES) and longitudinal optic&lOj replicas are normally observed in the
highest optical quality materials and are locatedhe spectral region ~ 30-70 meV from the
parent emissions. Such features are clearly seeviH®-grown ZnO nanorods; we observe the
TES of the §line at 3.320 eV and its two LO replicas, TES 1L@ dES 2LO, at 3.251 eV and
3.182 eV, respectively. The LO replicas of the BXigsion, such as BX-1LO, BX-2LO and BX-
3LO are also clearly seen for the VPT-grown ZnOanads at 3.290 eV, 3.217 eV and 3.145 eV,
respectively, and less clearly for the PLD-growntenals. The LO replicas in all cases are
spaced ~ 72 meV apart, characteristic of the Zn/Stal. The PL intensity from the VPT-grown
ZnO nanorods is much greater than both the PLD-gr@awO seed layer and the PLD-grown
nanorods in both the near band edge and visiblargpeegions (the latter shown in Fig. 3b).

In the case of PLD-grown ZnO nanorods, a defdeted emission at 3.331 eV and its
TES and LO replicas were also seen, as reportedriprevious work [12], which is not seen in
either the PLD-grown seed layer emission or the 3gR3dwn nanorod emission. The intensity of

this emission is comparable to the BX emissionhi@ $ame sample. This emission was first
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reported in our previous report [12] and its orgyinvestigated, using TEM and other studies of
the nanorods involved. However the present stubbwal us to make comparisons with ZnO
nanorod deposits grown by VPT, as well as with iooiius ZnO film deposits. The data in Fig.
3 show that the 3.331 emission is seen only frommRhD-grown ZnO nanorods. Our previous
study allowed us to tentatively assign the oridithis spectral feature to structural defects i th
inhomogeneous sub-surface region close to the rawgiorod surface, where a sub-surface
transition region from an inner crystalline regittnan amorphous surface region is observed.
This study adds considerable weight to this assaginsince the feature is not seen in a
continuous film (where the sub-surface transitiegion from a crystalline to an amorphous
structure, seen for PLD-grown ZnO nanorods, is prasent) deposited by PLD at similar
temperatures, nor is it seen in VPT-grown nanosadsid deposited at similar temperatures which
are well separated and display very smooth, fatetiefaces, indicative of nanorod crystallinity
continuing right to the nanorod surface. The eroisss only seen from PLD-grown ZnO
nanorods which are very closely packed and whoscas show evidence of considerable
roughness, which is likely due to both the inhonmageis sub-surface region of these
nanostructures close to the nanorod surface, whsod-surface transition region is seen from an
inner crystalline region to an amorphous surfaggore[12], as well as proximity effects from
neighbouring nanorods contacting each other digrogth.

The totality of data from our present measuremaiitsv us to confidently assign the
3.331 eV emission to recombination at structurdéds with slightly different environments in
the inhomogeneous sub-surface region, where theitian from a crystalline to an amorphous
structure means a variety of defects environmergspaesent in the outermost parts of the

crystalline region, giving rise to a relativelydarinhomogeneous line width. Our data show that

12



the appearance of this feature is intimately linkedhe presence of an inhomogeneous sub-
surface region in the nanorods, and that the albseihsuch inhomogeneous sub-surface regions
(in continuous films such as the PLD-grown see@tpgr their replacement by fully crystalline
nanorods with smooth, facetted surfaces (in the -g®vn nanorod sample) leads to the

complete disappearance of this feature.

4. Conclusions
We have successfully grown ZnO nanorods kil M®T and PLD on PLD-grown ZnO seed
layers and have studied the structural, morpho&dgind luminescent properties of the both
types of nanorods as well as the underlying PLDvgranO seed layers. XRD studies show that
the VPT-grown and PLD-grown ZnO nanorods, as welhe PLD-grown seed layers are highly
textured withc-axis orientation normal to the substrate planeMSBmages confirm this and
further show that the VPT-grown ZnO nanorods ar# separated with the nanorods spaced by
distances of 100's nm, with smooth facetted top amt® surfaces while PLD-grown ZnO
nanorods are densely packed and show rough sutigassmparison. Low temperature PL from
all samples shows a dominagtBX line, along with SE and FE emission in the neand edge
region, while the VPT-grown nanorods clearly sholaSTand TES LO phonon replicas as well
as LO replicas of theg BX. These data reflect the high optical qualitytted deposited material,
in particular for the case of VPT-grown ZnO nanarobh the near band edge spectrum from
PLD-grown ZnO nanorods, a recently reported defeletted emission was observed at 3.331
eV, which was not seen for either the PLD-growndskegrer or VPT-grown nanorod samples.
Overall, the present report allows us to confijeltssign the 3.331 eV emission to

recombination at structural defects in the subaaaftransition region from a crystalline to an
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amorphous structure, and shows that the presensiechfan inhomogeneous sub-surface region
is crucial to the observation of this emission deat Hence the present work contributes to an
important increase in understanding of the diffeigptically-active defects which contribute to
the near-UV band edge photoluminescence (PL) in Aafstructures and the relationship of
these defects to the nanostructure morphology, lwhsccrucial to the choice of the optimum

growth parameters when targeting a particular apptn.
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