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“Melting Point”

• Elements melt/solidify at a single temperature (TM)

• Alloys melt/solidify over a range of  temperatures 
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Solute Partitioning
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Tie-Line Construction
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Interface Morphology

• At slow growth rates, L-S interface can be “planar.”

• As growth rate increases, L-S interface becomes 
“cellular.:

• At high growth rate, L-S interface is “dendritic.”

• Dendritic growth directions are preferred 
crystallographic directions
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Nano Synthesis



Nanotube Synthesis

• High aspect ratio fullerenes 
(nanotubes) synthesized by two 
primary methods

• Sublimation + 
condensation of  graphite

• Decomposition of  carbon-
containing compounds 



MWNT

• T.W. Ebbesen and P.W. Ajayan, “Large scale synthesis 
of  carbon nanotubes,” Nature 358, 220  (1992)

• M. Cadek et al.,  “Optimization of  the arc-discharge 
production of  multi-wall carbon nanotubes,”  Carbon  
40, 923  (2002)
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SWNT

• C. Journet, et al.,  “Large-scale production of  single 
wall carbon nanotubes by the electric-arc technique,”  
Nature  388, 756  (1997)

• Z. Shi et al.,  “Mass production of  single wall carbon 
nanotubes by arc-discharge method,”  Carbon  37, 
1449 (1999)

• M. Takizawa et al.,  “Change of  tube diameter 
distribution...ratio of  Ni and Y catalysts,”  Chem. Phys. 
Lett., 326, 351  (2000)



SWNT

• T. Guo et al., “Catalytic growth of  single-walled 
nanotubes by laser vaporization,” Chem. Phys. Lett.  
243, 49  (1995)

• M. Yudasaka et al.,  “Single-wall carbon nanotube 
formation by laser ablation using double targets of  
carbon and metal,”  Chem. Phys. Lett.  278, 102  (1997)
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the light approach,”  Carbon  40, 1685  (2002) 
[focused solar radiation]



Laser Ablation

• Choose wavelength for minimum absorption depth, 
maximum energy deposition

• Short pulse duration maximizes peak power, 
minimizes thermal conduction to surrounding matter

• High pulse repetition rate minimizes heat loss 
between pulses
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Laser ablation products from fullerene materials have been studied by transmission electron

microscopy and Raman spectroscopy. Using nickel and cobalt as a catalyst, single-wall carbon

nanotubes were produced at an ambient temperature of 400 °C. The results were compared with

those using graphite as starting materials. It is suggested that the formation of single-wall carbon

nanotubes is controlled by both the availability of proper precursors and the activity of the metal

catalyst. © 1999 American Institute of Physics. #S0003-6951!99"02146-4$

Since the first successful synthesis of single-wall carbon

nanotubes !SWCNTs" by arcing the carbon rod together with
the metal catalyst in an inert gas atmosphere,1,2 many im-

provements have been made to realize high-yield production

of this interesting material. Compared with the arc-discharge

method,3 the laser ablation method can give more homog-

enous products and is thus suitable for the study of their

growth mechanism.4 However, formation of SWCNTs in the

laser ablation method requires relatively high ambient tem-

perature. The favorable temperature is over 1100 °C and the

yield decreases dramatically below 850 °C.5,6 Although the

detailed data at low temperature for SWCNT formation is

not available, it is generally accepted that there is no

SWCNT bundle growth below 600 °C when a graphite–

metal target was used. Interestingly, this temperature depen-

dence is very similar to that of fullerene production by laser

ablation of graphite.7–9 This similarity implies a strong struc-

tural and energetic correlation of precursors for growth of

fullerenes and SWCNTs. An understanding of this correla-

tion would help us to reveal the growth mechanism of

SWCNTs in laser ablation. For this purpose, we have de-

vised new laser ablation experiments using fullerenes as tar-

get materials, speculating that laser decomposition of

fullerenes may provide proper precursors for the formation

of SWCNTs. The experiments were done under the conven-

tional condition for SWCNT production, except at relatively

low temperature in order to suppress the direct sublimation

of fullerenes. We compared the result with that using the

graphite target and discussed their differences by considering

the structure and energy of carbon precursors produced by

the laser beam.

Laser ablation experiments were performed in an electri-

cal tube furnace.4,10 Argon gas was introduced in the quartz-

tube reactor with a flow rate of about 300 sccm. The pressure

in the reactor was kept at about 600 Torr during laser abla-

tion. The second harmonic beam of a Nd-YAG laser !pulse

width %8 ns" was focused to get an energy density of about
3 J/cm2 per pulse on the target surface. The target was made

by pressing purified C60 polycrystalline powder, together

with 5 at. % !Ni!Co" powder as the catalyst, into a pellet of
1 cm in diameter. For purpose of comparison, a pure C60
!99.98%" target and a graphite–metal target were also used.
Soot-like samples for investigation were collected from the

wall of the quartz reactor after laser ablation. Table I listed

the samples obtained using different targets and at different

temperatures, where M represents the metal catalyst. Trans-

mission electron microscopy !TEM" observation was per-
formed in a Topcon 002B transmission electron microscope

working at 200 kV. Raman spectra were measured using an

Ar! ion laser with a wavelength of 488 nm. The spectra

resolution was &5 cm"1.

Figure 1 shows Raman spectra of the soot-like materials

formed in laser ablation under different conditions. Spectra

!a"–!f" correspond to samples A–F in Table I, respectively.
In spectrum !a", which was measured from the soot produced
from the target containing C60 and metal catalyst at 400 °C,

there is a sharp peak at 1592 cm"1 and a shoulder at about

1569 cm"1 in the high-frequency region. This Raman dou-

blet can be assigned to the tangential C–C stretching modes

of SWCNTs.11 Another broad peak at 1346 cm"1, namely

the ‘‘D band,’’ represents the contribution of disordered gra-

phitic materials.12 In the low-frequency region, a broad peak

near 170–180 cm"1 can be identified, which is characteris-

a"Author to whom correspondence should be addressed; electronic mail:

zhang@frl.cl.nec.co.jp

TABLE I. Preparation conditions and TEM results for different samples.

Sample No. Target

Temperature

!°C" SWCNT formation

A C60!M 400 Yes

B C60 400 None

C Graphite!M 400 Almost nonea

D C60!M 20 Almost nonea

E C60 20 None

F Graphite!M 20 Almost nonea

aIndividual SWCNT was observed in very few occasions.
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tically associated with the breathing mode of SWCNTs.11

Spectra !b" and !c", measured from the soot samples pro-

duced from a pure C60 target and a graphite–metal target at

400 °C, are quite different from spectrum !a". They show
only two broad peaks near 1590 and 1340 cm!1, indicating

the absence of SWCNTs in the products. Similar Raman

spectra, as shown by !c"–!e", were obtained for soot samples
produced at room temperature using the three kinds of tar-

gets.

The formation of a considerable amount of SWCNTs

using a C60–metal target at 400 °C was confirmed by high-

resolution TEM observation !Fig. 2". Here, the considerable
amount is characterized by the bundle formation as shown in

Fig. 2!a". The total yield of SWCNTs in the soot is about
5%, much less than that in Refs. 4 and 10. The number of

SWCNTs in a bundle is usually less than ten. The diameter

of a single SWCNT is 1.2–1.3 nm, which is slightly smaller

than that produced at high temperature. The caps of indi-

vidual SWCNTs have hemisphere shapes #Fig. 2!b"$. Bundle
formation was not found in other samples !Table I". How-
ever, individual SWCNT was occasionally observed in

samples C, D, and F. These samples were produced from the

targets containing a metal catalyst even at room temperature.

The yields of SWCNTs in these samples are so low that they

cannot be detected by Raman spectroscopy. No SWCNT was

found in the products ablated from the pure C60 target. This

is consistent with the result using a pure graphite target.13

In order to explain the experimental results, we use a

three-step growth model proposed for laser ablation of car-

bon materials.13 In this model, carbon species, mainly ex-

cited atoms and small clusters, are first ablated from the tar-

get and form a plasma zone. The plasma then begins to cool

down through expansion. Finally, carbon species are further

cooled down by collision with argon gas until a thermal dy-

namic equilibrium is established. The SWCNTs are sup-

posed to form in the second step where the plasma zone is

still dense and hot. The initial types and energies of carbon

species ablated from C60 and graphite are expected to be

different because of the different bonding environments. For

example, the C–C bonding energy on a pentagon of a C60
molecule is smaller than that on a hexagon,14 and breaking of

a C–C bond is more likely to happen on the pentagons. This

could lead to a preferential formation of some specific spe-

cies, such as dimmers, which would help the growth of nano-

tubes. Furthermore, if we assume a constant adsorption of

laser energy for carbon atoms,15 the kinetic energy of a spe-

cific species form C60 would be higher than that formed from

graphite, which contains only hexagons.14 The higher kinetic

energy could help the nanotube growth in two ways. First, it

would increase the collision rate between carbon species,

which is needed for mass transportation during nanotube

growth. Second, it would accelerate the decomposition of

some large fragments produced by laser ablation into proper

species for nanotube growth.16,17 The above arguments could

explain the different results obtained from C60 and graphite

targets at low temperature.

The temperature is an important factor to influence the

SWCNT formation. In conventional SWCNT production by

laser ablation of graphite,4,10 the high temperature !1200 °C"
restricts the cooling rate of carbon species, and thus sustains

the necessary kinetic energy for them to decompose into

proper precursors and to arrive at the growth site of nano-

tubes. This argument, together with that in the previous para-

graph, can be used to explain the different results between

samples A and D. However, it should be noted that the high

temperature also favors the formation of fullerenes.7–9 The

efficiency of nanotube formation may thus not be propor-

FIG. 1. Raman spectra measured from products of laser ablation using tar-

gets of !a" C60 and metal catalyst at 400 °C; !b" pure C60 at 400 °C; !c"
graphite and metal catalyst at 400 °C; !d" C60 and metal catalyst at room
temperature; !e" pure C60 at room temperature; !f" graphite and metal cata-
lyst at room temperature.

FIG. 2. High-resolution TEM micrographs of !a" SWCNT bundles and !b"
individual SWCNTs in the laser ablated soot obtained from a C60–metal

target at 400 °C.
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Abstract

By using a KrF excimer laser to ablate a target of SiC powder mixed with 10 wt.% SiO powder at 14008C, Si nanowires2

were deposited on the inner wall of a ceramic tube. Transmission electron microscopy shows that the nanowires are around

14 nm in diameter and co-exist with a small amount of nanoparticles. High-resolution transmission electron microscopy

shows that the nanowires are crystalline Si nanowires and the nanoparticles are cubic SiC. The intergrowth of heterocrystal

nanowires and nanoparticles verifies that the oxide-assisted growth model of Si nanowires is reasonable. q 1999 Elsevier
Science B.V. All rights reserved.

1. Introduction

! .Quasi one-dimensional Si nanowires SiNW have
w xattracted much attention 1–4 . As the miniaturiza-

tion of present microelectronics continues, future

nanoelectronics need nanoscale functional semicon-

ductor materials. SiNWs naturally become one of the

promising candidates. Current research on SiNWs

focuses primarily on growth methods and starting

materials. The reported growth methods include elec-
! . w xtron beam EB lithography 5 , reactive ion etching

w x ! . w x6 , the scanning tunneling microscope STM 7 ,
w x w xthermal evaporation 8,9 and laser ablation 1,2 .

Among these methods, laser ablation seems to be the

)
Corresponding author. Fax: q852-2788-7830; e-mail:

apannale@cityu.edu.hk

most promising for synthesizing SiNWs because this

method can produce free-standing nanoscale materi-

als in high yield with controllable experimental con-

ditions. Other nanoscale materials, including C60
w x w x w x10 , b-C N 11 , single-wall carbon nanotubes 12 ,3 4

were first synthesized by this method. The starting

materials for deposition of SiNWs by the laser abla-

tion method include Si powder mixed with catalyst
w x w x1 or Si powder with SiO powder 13 . However, a2

target made of SiC powder mixed with SiO powder2

! .is interesting since electronic-grade silicon EGS is

made from the reaction of SiC powder and SiO2
w xpowder 14 . EGS is a polycrystalline material of

high purity which is the raw material for the prepara-

tion of single-crystal silicon. In this Letter, we report

the synthesis of SiNWs by using KrF excimer laser

to ablate the target of SiC powder mixed with 10

wt.% SiO powder at 14008C.2

0009-2614r99r$ - see front matter q 1999 Elsevier Science B.V. All rights reserved.
! .PII: S0009-2614 99 01119-7
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2. Experimental

A schematic diagram of the equipment used is

shown in Fig. 1. The target was made by pressing

SiC powder mixed with 10 wt.% SiO at 1508C for2

24 h under a hydraulic press. After the target was

placed in the high-temperature zone inside the ce-

ramic tube, the tube was evacuated by a mechanical

rotary pump. Argon gas was kept flowing through
!the tube at a rate of 50 sccm standard cubic cen-

.timeter and a pressure of 700 Torr. After the tem-

perature achieved 14008C, the laser ablation process
! .was started. A KrF excimer laser beam 248 nm of

400 mJ per pulse and a pulse width of 34 ns at 10 Hz

ablated the target. The total duration of ablation was

2 h and the size of the laser spot on the target was

about 1=3 mm. Two layers of sponge-like webs, a

yellow web and a green web, were deposited on the

inner wall of the tube as shown in Fig. 1. The yellow

web was 5 times more abundant than the green web

by weight. The products were mounted on copper
! .grids for transmission electron microscopy TEM

! .observations Philips FEGCM200 .

3. Results and discussion

The TEM micrograph in Fig. 2a shows the typical

morphology of the materials in the yellow web. It

can be seen that the product consists of nanowires

with an average diameter of 14 nm. Most of the

SiNWs are consist of straight and smoothly curved

parts. The morphology is a common characteristic of
w xvarious nanowires, such as SiC nanowires 15 and

w xcarbon nanowires 16 . Although the nanowires have

a high ratio of length to diameter, the diameter

remains the same throughout the entire nanowire.

The inset is a selected-area electron diffraction

Fig. 1. The schematic diagram of the laser ablation apparatus.

Fig. 2. Morphology of Si nanowires taken from the yellow

! .product. a Low-magnitude TEM image of Si nanowires. The

! .inset is SAED pattern. b HRTEM image of a typical Si nanowire.

w xThe growth direction goes along 111 .

! .SAED pattern taken from the nanowires. The
! . ! .diffraction rings match well with the 111 , 220

! .and 311 diffraction rings of silicon with a diamond

structure. Analysis using energy dispersive X-ray
! .spectroscopy EDS equipped on TEM confirmed

that the nanowires have a crystalline Si core and an

amorphous silicon oxide outer layer. Fig. 2b is a
! .micrograph of high-resolution TEM HRTEM of a

typical SiNW. It further confirms that the nanowires

are crystalline SiNWs. Two groups of crystal lattices

have the angle in 708 which means the spots con-
" 4sisted by 111 crystalline planes. Thus the growth

w xdirection is along 111 .

In addition to the yellow web as the main product,

there still exists a green web, which has not been



Decomposition of 
Carbon Compounds

• Pyrolysis of  gases:  chemical vapor deposition (CVD)

• Pyrolysis of  solids (polymers)

• Hydrothermal synthesis from aqueous solutions [ J.A. 
Libera and Y. Gogotski, Carbon  39, 1307  (2001) ]

• Organic solutions (supercritical toluene) [ D.C. Lee et 
al., J. Am. Chem. Soc.  126, 4951  (2004) ]



CVD

• Heat catalyst material 500-1000°C in tube furnace 
with flowing hydrocarbon gas (methane)

• Catalyst = Fe, Ni or Co (all have high solubility for C 
[see phase diagram], supported on porous alumina

• Dissociation of  hydrocarbon molecules by transition 
metal, dissolution of  C by metal, supersaturation

•  Precipitation of  C from particle leads to tubular 
carbon solids with sp2 bonding



S. B. Sinnot et al., Chem.Phys.Lett. 315, 25-30 (1999)
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CVD

• A. Cassell et al.,  “Directed growth of  free-standing 
single-walled carbon nanotubes,”  J. Am. Chem. Soc. 
121  7975  (1999)

• Lithographic patterning of  Si substrate to form 
pillars

• Contact printing transfers catalyst to tops of  pillars

• Nanotubes nucleate on pillar tops, grow directionally



Nano Films



Sputtering

• Gas ions collide with target, sputter material from 
surface, deposit onto substrate

• Gas can be inert (Ar) or reactive (O2, N2)

• Magnetron added beneath target; magnetic field 
traps electrons in electron tunnel, increasing erosion 
by increasing gas ion collisions
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Planar Diode Source

• High voltage supply ionizes 
small amount of  gas between 
electrodes

• DC discharge develops, causing 
sputtering from cathode

• Cathode is water-cooled disk 
5-10 cm diameter

• Slow process

Ar+ e-

Anode

Cathode

+
-



Triode Source

• Heated filament added to a diode source:  provides 
electrons to sustain the glow discharge, independent 
of  target

• Discharge operates at lower gas pressures (0.5—1 
mtorr), and lower target voltage

• Increased ionization efficiency, high deposition rates



Magnetron Source

• Magnetic field of  50—500 gauss parallel to target 
surface

• In combination with electric field causes electrons to 
drift in a closed circuit or “magnetron tunnel” in 
front of  target

• Electron confinement increases efficiency, resulting in 
lower gas pressure 



Magnetron Parameters

• Cathode current density = 20 mA / cm2 

• Voltage 250 — 800 V

• Target to substrate distance ≈ 10 cm

• Deposition rate ≈ 100 — 2000 Å/min 

• Current density at cathode is peaked where magnetic 
field lines are tangent to surface of  cathode, causing 
non-uniform erosion



Ion Beam Source

• Multi-aperture Kaufman ion sources commercially 
available (Harold Kaufman, NASA-Lewis, 1960’s)

• Ar+ ion beam up to 10 cm diameter

• 0.5-1.0 A/cm2

• Beam energy 500-2000 eV

• Low background pressure (0.1 mtorr)



Ion Beam Sources

• Substrate isolated from ion generation 

• Minimal interaction between processes at target and 
processes at substrate

• Control of  ion impact angle and spot size

• Independent control of  ion energy and current 
density



Metallic Films

• Sputtering of  metals in Ar+ gas results in easy 
deposition of  conducting films

• Adhesion is superior to evaporation methods:  
energetic particles from target clean substrate and 
promote local rearrangements on surface

• Multicomponent targets do not always produce alloy 
films of  same composition:  different sputter yields of 
component species;  correction is to use multiple 
targets (“co-sputtering”)



Reactive Ion 
Sputtering

Target Gas Film

Si O2 SiO2

Si N2 SiN2

Ti N2 TiN2

In/Sn O2 In2O3/SnO2



Microstructures: 
Sputtered Films

• “Zone” Model widely accepted

• J.A. Thornton,  J. Vac. Sci. Tech.  12, 830  (1975)



Zone 1

• Zone 1 

• T/Tm < 0.3

• Tapered columnar grains with intergranular voids



Zone 2

• Zone 2

• 0.3 < T/Tm < 0.5

• Columnar, platelet, or whisker grains separated by 
dense intercrystalline boundaries



Zone 3

• Zone 3

• T/Tm > 0.5

• Equiaxed grains and epitaxial growth on surface



Zone T

• Zone T

• “Transition” zone, resulting from bombardment-
induced surface mobility

• Films that would be expected in Zone 1 can by grown 
with high density and smooth surface by biasing the 
substrate (200 V) to increase ion flux 

• Bombardment causes compressive stresses in films



2 Experimental details

RF magnetron sputtering was employed to grow ZnO thin

films on Si substrates. During the growth of ZnO thin films,

ZnO target (4 in, purity 99.9999%) was sputtered with a
mixture of high purity oxygen and argon at a ratio of 1:2,

keeping the pressure at 15 mTorr. The RF power density of

the ZnO target was 3.7 W/cm2 and deposition time was
95 min. The distance between target and substrate was

12 cm. The growth temperatures were varied between 560

and 720 C, which are quite a high temperature range for
nominal sputtering growth.

For the structural characterization of the films, trans-

mission electron microscopy (TEM) and X-ray diffraction
(XRD) were used. Morphological investigations have been

carried out by atomic force microscopy (AFM) in tapping

mode. Low-temperature photoluminescence (PL) mea-
surements at 10 K were performed with a He–Cd laser

(325 nm) to investigate optical properties.

3 Results and discussion

The XRD spectra of ZnO thin films grown on the Si sub-

strates at various growth temperatures are shown in Fig. 1.

Except for the peak corresponding to Si (400), all of the
samples show only peak corresponding to the {00l} planes

of ZnO, indicating that the preferred orientation growth is
along the c-axis [10]. The intensity ratio of ZnO (0002)

diffraction peak relative to Si (400) peak decreases from

2.22 (560 !C) to 0.23 (720 !C) as the growth temperature
was increased from 560 to 720 !C, indicating deterioration

of the crystalline quality. The use of a growth temperature

below 560 !C caused the deterioration of the crystallinity
again, based on the reduced IZnO(0002)/ISi(004) ratio.

According to previous reports, increasing the growth tem-

perature of ZnO thin film on sapphire substrate improves
its structural and emission properties. However, our results

concerning the growth of ZnO thin films on a Si substrates

suggest that there is an intermediate growth temperature
allowing for the optimization of the ZnO film growth.

The cross-sectional TEM images takenwith g = 0002 two-

beam condition from ZnO thin films are shown in Fig. 2,
where domains of granular types showing polycrystalline

nature are observed in all of the samples. From the selective

area diffraction pattern taken at the interface between the p-
type Si (100) substrate and the ZnO thin films, it can be seen

that most of the grains have zone axes of the !1120" or !1010"
directions relative to the [110] zone axis of the Si substrate.
This signifies the planar relationship between Si substrate and

ZnO thin film as #001$sijj#0001$ZnO and #220$Sijj#1120$ZnO
or #220$Sijj#1010$ZnO [11]. Asmentioned in the XRD results,
the preferred orientation of the ZnO thin films is also

confirmed by the ZnO (0002) diffraction spots showing an arc

shape. The angle of deviation corresponding to the change
fromspots to an arc shapewas approximately 10!, irrespective
of the growth temperature. As the growth temperature was

increased from 560 to 720 !C, the surface morphology of the
films changed from a columnar grain to a relatively flat sur-

face, as shown in Fig. 2b–d. This is ascribed to the reduced

atomic mobility at low temperature, while at high growth
temperature the increased atomic mobility promotes the

probability to find more stable atomic positions so that the

surface finally becomes flat. [12]. The primary facet planes
forming the surface are the f0223g and f0001g planes for the
samples grown at 560 and 720 !C, respectively.As the growth
temperature increases, the grain size also increases from
74 nm at room temperature to 542 nm at 720 !C.

Another remarkable difference observed in the samples

grown at different temperatures is the thickness of the
oxide layers at the interfaces between the Si substrate and

ZnO thin films, which might be amorphous SiO2, as shown

in Fig. 3. The thicknesses of the oxide layers are 3.5, 3.8,
4.3, and 12.3 nm for the samples grown at RT, 560, 640,

and 720 !C, respectively. A rapid increase in the oxide

Fig. 1 XRD patterns of ZnO thin films grown on Si substrates at
various temperatures: (a) 520, (b) 560, (c) 640, and (d) 720 !C. (e)
The intensity ratio of the ZnO (0002) and Si (400) diffracted peaks as
a function of growth temperature
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Abstract The structural and optical properties of ZnO
thin films grown on Si substrates were investigated for

different growth temperatures in the range of 520–720 "C.
X-ray diffraction investigations revealed the preferred c-
axis oriented growth of ZnO thin films, which was further

confirmed by the presence of ZnO (0002) diffraction spots

with arc shape. The increase in growth temperature trans-
formed surface morphology from pyramidal with columnar

grains to relatively flat surface with increased grain size. In

addition, the increased growth temperature caused redshift
and intensity enhancement of band-edge emission of the

ZnO, which were related to the increase in tensile strain

and the grain size, respectively.

1 Introduction

The superior physical properties of ZnO such as its high
exciton binding energy, high thermal stability, and oxida-

tion resistance have led to the possibility of realizing
intense emitters in the ultraviolet (UV) wavelength range

[1, 2]. ZnO film doped with magnetic elements is also one

of the promising materials for spintronics [3]. Moreover,
low growth temperature of ZnO thin film makes it possible

to fabricate thin-film transistors on a flexible substrate [4].

Because of its wide area of application, studies on the
growth of ZnO thin films have been performed using var-

ious growth techniques including metalorganic chemical

vapor deposition, molecular beam epitaxy, sputtering,
pulsed laser deposition, atomic layer deposition, and so on

[5–7].

Most of these studies used sapphire as substrate for
epitaxial growth, where the lattice mismatch between the

ZnO epilayer and sapphire can be reduced by the 30"
rotation of the film with respect to the substrate along the
in-plane direction. Also, the immature developments of p-
type ZnO and ZnO-related ternary and quaternary com-

pound and small lattice mismatch between ZnO and GaN
has stimulated the interest in the growth of hybrid structure

[8]. Thus to realize ZnO in optoelectronics devices, it is

most essential to grow ZnO epilayers with high structural
and optical quality. Oh et al. reported the growth of high-

quality ZnO thin films on sapphire substrates without a
buffer layer by radio-frequency (RF) magnetron sputtering

at a relatively high growth temperature of 750 "C [9].

However, the growth of the ZnO thin film on a Si substrate
has the advantages of low cost, large area, and the avail-

ability of an integration process, as compared to ZnO on

sapphire. Also, Si is more sensitive to thermal effects and,
consequently, high temperature can cause atomic diffusion

and thermal oxidation at the interface during the growth of

the oxide films. Therefore, the effect of the growth tem-
perature on the characteristics of ZnO thin films on Si

substrates must be scrutinized in detail. In this work, we

grew ZnO films by RF magnetron sputtering at various
temperatures, and investigated their microstructural and

optical properties.
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thickness was observed at higher growth temperatures of

more than 640 !C. Thus, the formation of the oxide layers
in the interface depends on the growth temperature,

resulting in the thicker oxide layer at higher growth tem-

perature. For the ZnO thin film grown on a sapphire
substrate, the oxide layers were not observed at the inter-

face at these temperature range. Therefore, the oxide layer

observed at the interface may be formed due to the diffu-
sion of oxygen into the interface during the growth and the

diffusion rate is likely to increase at a high growth tem-
perature. Consequently, in contrast to the ZnO films on

sapphire substrate showing epitaxial behavior through the

30! rotation of crystallographic direction to reduce lattice
mismatch, the large lattice mismatch induced and the

thermal oxide formed by the use of Si substrate led to the

deposition of polycrystalline film.
The AFM images shown in Fig. 4 illustrate the effect of

the growth temperature on the surface morphology of ZnO

thin films. The estimated root-mean-square (RMS) values

for the samples grown at temperatures 560, 600, 640, 680,

and 720 !C are 29.5, 30.1, 32.6, 48.3, and 54.9 nm,
respectively. Although a flat surface was observed in

samples grown at high temperature, the RMS roughness

value increases with increasing growth temperature. This
may be ascribed to the fact that the respective grains have

different growth rates at high temperature, as observed in

Fig. 2d. Also, at much higher growth temperature the
increase in evaporation rate of the absorbed surface mol-

ecule on the surface may cause top surface rough.
Figure 5 shows the PL spectra at 10 K from ZnO thin

films grown at different temperatures. For all growth

temperatures, strong near band-edge emission (NBE) is
observed in the UV region. As the growth temperature

increased, however, the UV luminescence efficiency was

enhanced and the near band-edge free exciton (FX) tran-
sition at around 368 nm (3.37 eV) was slightly redshifted.

The redshift in band-edge emission implies the variation of

the electronic structure of ZnO thin films grown at different

Fig. 2 Cross-section TEM
images obtained from ZnO thin
films grown on Si substrates at
various temperatures: (a) RT,
(b) 560, (c) 640, and (d) 720 !C.
Selective area diffraction
patterns of ZnO thin films
grown at (e) 560 and (f) 720 !C,
respectively
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Modifications

Gas Pulsing

• Periodic pulsing of  reactive gas during reactive 
sputtering process

• Forms alternating layers of  metal and dielectric

• Suppresses columnar growth, results in smooth 
surface finish

• Also stabilizes metallic mode:  periodically 
switching off  reactive gas inhibits nucleation of  
compounds;  only metallic constituent nucleates



Modifications

Low frequency sputtering

• In the 60 — 100 kHz range, reactive magnetron 
sputtering is facilitated

• Deposition rate increases up to 80%

• Ions are accelerated by full voltage modulation 
rather than just self-bias voltage



Technical 
Considerations

Targets

• Fabricated by mechanical, sintering, and casting 
methods, sometimes at very high cost...

• Target utilization can be increased by flattening 
the magnetic field lines parallel to the target 
surface



Technical 
Considerations

Film Uniformity

• Deposition rate profile depends upon 

• geometry and size of  the source, 

• operating pressure

• target-to-substrate distance



Technical 
Considerations

Substrate Preparation

• Glow discharge cleaning favors adhesion

• Vacuum interlocks prevents contamination



Molecular Beam 
Epitaxy

• A. Cho and J.R. Arthur, “Molecular Beam Epitaxy,”  
Prog. Solid State Chem. 10, 157  (1975)

• Epitaxial film growth 

• Ultrahigh vacuum conditions

• Real time analysis of  surface and environment



RHEED
gun

RHEED
screen

Source ovens

shutters

substrate heater

MBE Growth Chamber

Isolation valve
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Abstract

Morphology and optical properties of GaN nanowhiskers grown by molecular beam epitaxy (MBE) have been studied in correlation
with growth parameters. It was shown that the growth parameters can be tuned such that uniform, well separated and high-quality
nanowhiskers are obtained. Using an optimized ramp of Ga beam equivalent pressure (BEP) during the growth, the tapering or
coalescence of nanowhiskers can be suppressed. By increasing the growth temperature the density of nanowhiskers is reduced, but the
crystalline quality is improved as can be concluded from cathodoluminescence (CL) results.
r 2006 Elsevier B.V. All rights reserved.

PACS: 81.15.Hi; 81.05.Ea; 81.07.Bc; 81.16.!Dn; 78.60.Hk

Keywords: A1. Growth models; A1. Nanostructures; A3. Molecular beam epitaxy; B1. Nitrides

1. Introduction

The rapid development of present information technol-
ogy imposes a search for solutions beyond modern Si-
CMOS technology. The progressive shrinking of the
minimum dimension in semiconductor devices is expected
to be limited by technological and fundamental physical
issues. World-wide efforts in a search for new strategies to
overcome problems arising with conventional top-down
manufacturing have thus been strongly motivated. For the
preparation of structures significantly small (at the
nanometer scale), self-organized bottom-up and non-
conventional top-down approaches have attracted a great
deal of attention. Among different types of nanostructures,
nanowires and nanotubes may represent extremely inter-
esting building blocks for nanoelectronics due to their
suitability for fabricating both nanoscale devices and
interconnects. For a variety of semiconductor materials
such as group-IV [1] and III–V materials [2,3], nanowhisker
fabrication is already well established. Within the III–V

compound semiconductor groups, an assortment of
molecular beam epitaxy (MBE) epitaxially grown vertical
nanowhiskers have been prepared and investigated [4–7].
In recent years, a tremendous development of new families
of nanodevices utilizing whisker materials is emerging
[8–19]. GaN nanocolumns with extremely good crystal
quality and strong luminescence efficiency [20–23] have
already been grown by MBE on different substrates. GaN
nanocolumns with a wide range of heterostructure
geometry and composition can be fabricated with good
reproducibility [24–27]. While the whisker growth by MBE
has already been established, a lot of uncertainty remains
on the mechanisms driving the growth. A better under-
standing is necessary to control and tune the physical
properties of nanowiskers. In this context our investigation
of MBE-grown GaN nanowhiskers demonstrates the
possibility to control the tapering effect and to improve
the crystalline quality of the whiskers.

2. Experimental details

GaN nanowhiskers are grown by radio frequency
plasma-assisted MBE on Si"1 1 1#. After the usual chemical
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cleaning procedure, the substrates were annealed in
ultra-high vacuum at 925 1C for 15min, in order to obtain
an oxygen-free surface, which showed a 7! 7 reconstruc-
tion, as confirmed by low-energy electron diffraction.
Nanocolumn density and diameter (20–150 nm) are chan-
ged with III–V ratio. Below stoichiometry (defined as the
III/V ratio at which the growth rate saturates) epitaxial
growth proceeds nominally under N-rich conditions, which
leads to the desired columnar morphology. The N-rich
growth conditions are obtained at an N2 flux of 4.0 sccm
and plasma cell forward power of 500W, while the Ga
beam equivalent pressure (BEP) is selected between 2:1!
10"8 and 6:7! 10"8 mbar. The substrate temperature
during growth is chosen in the range between 770 and
810 1C. For higher growth temperatures, higher Ga fluxes
are needed to reach the same growth rate due to the Ga
desorption process. In our experiments we slightly changed
the nominal III/V ratio and the growth temperature,
resulting in different stoichiometry and deposition rates.
All samples discussed in this paper are listed in Table 1 in
which we report all the growth parameters. However, note
that at high Ga desorption rates, as in the high growth
temperature case, BEP measurements may have less real
meaning. As a general rule, one can say that N-rich
conditions may be achieved either by decreasing the III/V
BEP ratio, or by increasing the deposition temperature
which results in a higher Ga desorption. When growth
proceeds under N-rich conditions, the Ga adatom surface
mobility is strongly reduced [28] due to excess nitrogen and
a ‘‘Ga-balling’’ effect takes place. A subsequent growth by
a ‘‘vapor–liquid–solid’’ epitaxy [29] is proposed as the
kinetic model for the self-organized columnar growth,
where the Ga droplets on the surface act as catalyst for
the GaN growth. Cathodoluminescence (CL) was per-
formed in a Leo 1550 SEM equipped with a Zeis VIS
grating monochromator, a CCD camera and a He-cooling
cryostat (6–475K range). The electron beam had energies
between 2.5 and 25 keV with currents ranging from 4pA to
10 nA.

3. Results and discussion

A typical morphology of the MBE-grown GaN nano-
whiskers is shown in an oblique cross-sectional SEM
micrograph (Fig. 1a). Highly dense, isolated hexagonal
nanocolumns are homogeneously grown on the whole
substrate. The whiskers grow vertically aligned along the
[0 0 0 1] direction as determined by X-ray diffraction
measurements (not shown here). The majority of the
nanocolumns have diameters ranging between 20 and
150 nm and a length of about 300–500 nm, which of course
strongly depends on the growth rate and time. Some of
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Table 1
Growth conditions for GaN nanocolumns

Sample Substrate temp. Stage 1 FGa;1 Stage 2 FGa;2 Stage 1 time Ramp time Stage 2 time
(1C) #10"8 mbar$ #10"8 mbar$ (min) (min) (min)

NC04 770 2.7 240
NC08 775 2.7 180
NC10 790 2.7 240
NC11 800 2.5 240
NC16 795 2.1 360
NC20 800 2.6 6.7 60 2 240
NC23 800 3.3 5.5 30 30 180
NC29 810 3.3 4.3 30 15 255

The last three samples were grown using three different growth stages: in stage 1 growth is started with an initial Ga-flux FGa;1; then the flux is raised
gradually (ramp stage) to the final flux FGa;2, where it is kept constant till the end (stage 2).

Fig. 1. (a) Cross-sectional SEM micrograph of GaN nanowhiskers grown
on a Si#1 1 1$ substrate, sample NC10; (b) cross-sectional SEM image of
sample NC16; (c) zoom of a nanowhisker of sample NC16 in which a
strong reduction of the column diameter during growth is evident; (d) top-
view SEM micrograph of sample NC08.
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sample NC16; (c) zoom of a nanowhisker of sample NC16 in which a
strong reduction of the column diameter during growth is evident; (d) top-
view SEM micrograph of sample NC08.
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Summary

• Solidification from liquid phase:  control of  porosity, 
shrinkage, constitutional supercooling, solute 
partitioning (can be used to advantage)

• Deposition from vapor phase:  CVD, Sputtering, 
PLD for production, MBE for scientific evaluation



End
Lecture 08


