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Abstract

The thermodynamic conditions of the Zn vapour ia growth atmosphere found in
carbothermal reduction vapour phase transport d¢ro@ft ZnO nanostructures are
discussed. In typical growth conditions the Zn wapis undersaturated and will only
nucleate at energetically suitable accommodatites ssuch as Au-coated regions or
ZnO buffer layers/seeds. We suggest that growdkgads by Zn condensation at such
sites and subsequent oxidation, consistent withemxgntal evidence that metal
catalysts or pre-deposited ZnO nucleation poinés raguired for ZnO nanostructure

growth using carbothermal vapour phase transport.



1 - Introduction

ZnO is the subject of intensive research, with mapplications envisaged in various
areas, including p-type doping for LEDs and laseéodes, random lasing in
nanocrystalline films, magnetic impurity doping agrdwth of multilayer structures for
materials engineering [1]. Low dimensional ZnO m&nactures, such as nanorods,
nanotubes, nanowires and nanobelts, have attratiegttion because of their interesting
properties in terms of fundamental physical coreepid for potential applications [1].
The small “footprint” area of these nanostructuresans that they can grow on a wide
variety of substrates with a much higher crystallquality compared to thin films on

mismatched substrates.

ZnO nanostructures have a wide range of morphdaogig@ch are sensitive to growth
parameters such as temperature, substrate typaygasnt and source species [1,2]. In
order to reproducibly grow specific morphologiesaiscaleable manner for applications
it is necessary to develop a better theoreticaletstdnding of ZnO nanostructure
growth. In many cases of nanostructure growth tigstallite shape is not indicative of
the equilibrium crystal habit alone and the growitlocess is affected both by the
thermodynamic and kinetic aspects of the proces$ss View is strengthened by
considering the growth of structures such as e BAanocastles, nanotetrapods and
nanoflowers, where the morphology is clearly notegoed solely by the ZnO crystal
habit and must be due at least in part to kinefpeats of growth [3]. At present there is
a relative scarcity of theoretical work on ZnO nstnacture growth, certainly compared

to the vast literature on the various observatmingifferent synthesized morphologies.



A number of papers have been published by Barnaddca-workers [4] dealing with
the effects of surface energies on nanostructumpimotogies, i.e. the growth habit, and
the effects of e.g. In contamination. Other workesse also considered aspects such as
nanostructure nucleation and diffusion of surfapecges and the effects of gas
atmospheres [5]. These works have opened a newuaven ZnO nanostructure
research. The intent of the present work is to tifyarthe Zn vapour gaseous
atmosphere in conditions typically found in carlesthal reduction (CTR) vapour phase
transport (VPT) growth and to comment on the ingilans for the associated growth
mechanism. A detailed discussion of the CTR-VPTcess may be found in references

6 and 7 [6,7].

2 - CTR-VPT growth of ZnO nanostructures - model

The growth of ZnO nanostructures via CTR-VPT igimciple reasonably simple but
there are still a number of variable factors in phecess. Figure 1 presents a qualitative
summary of our present understanding of the CTR-\AD nanostructure growth

process, listing the various aspects of importandke process.

The first stage of CTR-VPT growth proceeds by thedpction of Zn vapour through
the carbothermal reduction of ZnO powder [8]. Tkheand stage of the process is Zn
vapour transport from the source region to the tsates via the inert gas flow. The
third stage is the impingement of source speciesthen substrate, effectively the
condensation of the source species and nanosteuctucleation. This stage is

significantly affected by the nature (chemical atdictural termination) of the substrate



and its temperature. The final, fourth, stage @f pinocess involves other interactions
with the substrate including diffusion across thefece, re-evaporation and finally

reaction of the Zn with oxygen at or on the sulistsurface and crystal growth. The
focus of this paper is to consider the first andjrectly, the third stages of this process
(generation of the constituent growth sources amtlensation of the source species /

nanostructure nucleation).

This general overview of the CTR-VPT process ispsufed by a wide range of
experiments in our laboratory over a number of yeand also by comparison of our
data with other data in the literature. Specific@ilappears that the background flow of
Ar used in our system (or more generally the ibatkground gas flow) removes the
majority of the Q initially present in the growth chamber prior toogth (since the
furnace tubes are usually stored in air when nosg), except for a small quantity of O
trapped close to the substrate surface which isovech more slowly via diffusion
through a boundary layer (which we refer to asrapjped” layer). We find that, without
the use of an Ar background flow (or with insuféiot flow time prior to attempted
growth, typically 10 minutes in our system at 98mscAr flow), the residual ©reacts
very quickly with the carbon source material toateeCO/CQ and no ZnO deposit is
observed due to consumption of the C and thus R @&ction to generate Zn vapour.
If a very long flushing period with Ar is used pritm attempted growth, again no ZnO
nanostructure deposit is observed. These obsemgasapport the assumption of the
existence of a small quantity of, @apped close to the substrate surface, whichaacts
the oxygen source for growth and which is removieavly via diffusion through a

boundary layer. This means that the growth prooassrally terminates after a certain



period of time, thus limiting the nanostructureesizOther groups have reported the
introduction of an external {upply downstream of the source material and betfue
sample location, which can enable growth over edeédndurations [9]. We have not
implemented this in our growth system because aumpge substrates generally are
located directly above the source material to engqual temperatures for both. This
configuration works well in terms of deposit quantand reproducibility and is also
rather simple to model thermodynamically. We aneently undertaking computational
fluid dynamics (CFD) modelling of our experimensgkstem to quantify the hypotheses
above and to compare the timescales from CFD toliserved experimental timescales
for pre-growth flushing etc. Congruent sublimatminthe ZnO powder to create Zn(g)
and Q(g) is not relevant as an oxygen source becausepitucess only becomes
significant at temperatures > 1280 which we have verified directly from unsuccessful
attempts to grow ZnO using only ZnO source powdwt also indirectly as noted
above, when the C is removed by reaction withgthce no ZnO deposit is seen on the

substrate due to the absence of the CTR reaction.

Thus in VPT growth using CTR of ZnO powders in @ystem, the main gaseous
species in the growth chamber are Zn vapour (Zrggd) CO/CQ. ZnO nanostructure

growth appears to occur via reaction of Zn vapdupgaclose to, the substrate surface
with residual oxygen trapped there. Various oth#ghars have ascribed ZnO growth to
(a) Zn(g) condensation followed by oxidation [6hdar to us, (b) ZnO(g) condensation
into crystalline ZnO [10], or (c) to a combinatioh such processes with the dominant
one being dependent on experimental conditions [I1i¢ existence and stability of the

ZnO(g) molecule has been a subject of study (amaescontroversy) for many years



[12] and may indeed contribute to growth in certexperimental scenarios, but we do

not think that it is relevant in our experimentgstem.

3 - Results and Discussion:

CTR Reaction Thermodynamics

In order to examine the growth process in moreildetee nature of the CTR reaction,
mentioned above, is studied in detail. The CTR treacmay be described by an
Ellingham diagram, and using standard thermochdndesa [13] theAG; for the

reaction2Zn0O(s) + 2C(s) — 2Zn(g) + 2CO(g) is given by (with T measured in K):

AG, =722-0.587T (kJ/moby) (1a)
which is valid for temperatures > A At lower temperatures, where € the main

product (the reaction i2ZnO(s) + C(s) - 2Zn(g) + CO,(9) );
AG, =552-0.4131 (kJ/moby) (1b)

In both cases a molar equality or excess of carb@ssumed, which is normally the
case in CTR-VPT growth. This allows us to calculdte equilibrium Zn(g) pressure.
We neglect the effects on the chamber pressurartifelr reactions to form ZnO(g) or
other species, based on the discussion in the dirgcgaragraph, and assume the
equilibrium CO(g)/CQ(g) pressure is entirely due to the species pratibgethe CTR
reaction (i.e. neglecting any background contanonat The Zn(g) equilibrium
pressure due to the CTR reaction is shown as dajvim figure 2, in the temperature
range 300 — 2000 K. The Zn(g) vapour pressure uilibgum with condensed Zn(s,|)
as calculated from standard thermochemical dathifilie same temperature range is

shown as curve (b) in figure 2.



In order to relate these data to a specific expamial scenario, the total pressure of the
system must be defined. As stated above, in ouemsyshe furnace tubes in which
CTR-VPT growth occurs are open to the external aphere and thus the overall
pressure is one atmosphere. The CTR reaction fdkes in a background atmosphere
of an inert gas. In order to model this situatiom take the data shown in curve (a) of
figure 2 for the Zn(g) equilibrium pressure and adldto the pressure of the
CO(g)/CQ(g) produced in the CTR reaction and the backgratntbspheric pressure
in the tube due to Ar (1 atmosphere) and then realize the total pressure in the
chamber back to one atmosphere. We then calctiateehormalized Zn(g) (and other
gases’) pressure by applying the same renormaliséictor to the data in curve (a) of
figure 2. The renormalized Zn(g) pressure is showeurve (c) of figure 2. We take this
Zn(g) pressure as the actual Zn(g) pressure ingtbath zone, from which Zn(g)
supersaturation may subsequently be calculated. @apr consequence of this
procedure is that at temperatures wh&@ for reaction (1a) becomes negative (> ~
1250 K) the Zn(g) and CO(g) pressures are “clam@ed! half atmosphere each (since
the overall pressure is one atmosphere, as medti@mmve) and dominate the
composition of the growth zone. The procedure desdr above is certainly an
approximation, but we believe it is a reasonablguaate way to model the rather
complex processes in the growth system, and thratdins the essential chemistry and

physics required to describe the process.

The key parameter describing the driving force rioicleation of species from the

vapour phase is the supersaturation. The supeasiatuis defined as [5]:



o )
where P is the actual pressure andisPthe vapour pressure in equilibrium with the
condensed phase at the temperature of the subddaged on the data in figures 2(b)
and 2(c), we have calculated the Zn(g) supersabarah the growth zone in the

temperature range 300 K to 2000 K and this is shiowigure 3.

It is clearly seen from figure 3 that at all tengtares the Zn(g) species is
undersaturated, i.e. S < 0. In fact at very low high temperatures the Zn(g) species
has S = -1, the lower bound for this parametertefperatures around 1200 K the
Zn(g) supersaturation peaks at ~ -0.7, slightlyg lgmn the temperature whé&@; for

reaction (1a) becomes negative. At higher temperat®—> -1 as B > o, while P

remains clamped at 0.5 atmospheres as mentionetbpsey. We have assumed that
the source material and substrate temperaturesqgaia. This situation is actually used
in many CTR-VPT growth systems including ours, vilte sample placed directly atop
the source material location as stated above [61W],is a good approximation in many

other systems where the sample is close to thesdocation in the growth zone [14].

The implications of these data for growth of ZnMostructures in a CTR-VPT system
are discussed below. The main outcome of our aisaigsthat in typical CTR-VPT
growth conditions as discussed above the Zn vapwways undersaturated. The
starting point to note in any discussion relatedhtermodynamic aspects of CTR-VPT
growth is that these aspects by definition canmdly fdeal with the kinetics of the

growth process and associated chemical reactiansthe second and fourth stages of



this process shown schematically in figure 1. QYelnis means that the data above and
the conclusions we draw from these data must beedeas a general “infrastructure”
from which to view the growth process. The kinedpects of the growth process,
which are the subject of ongoing investigation| wléarly have important implications
for determining the actual growth morphologies.@wlty, and related to the first point,
the vapour pressures found above are upper limitalges, and kinetic aspects of the
CTR reaction and vapour transport from source bsisate (even if the temperatures of
source and substrate are identical) is likely tadléo smaller values of Zn(g) partial
pressure at the substrate and lower supersatusatiDespite these caveats the
thermodynamic results presented above do offerthaupper bounds they supply,

useful insights into the nature of ZnO nanostruegnowth in CTR-VPT systems.

The overwhelming majority of experimental data fraur and other groups’ results
indicate that CTR-VPT growth (with equal source aainple temperatures) on the
commonly used inert, smooth, bare Si/gi@lass and AD; substrates is always
unsuccessful unless either (a) Au catalyst layerpZnO buffer thin films or seed
particles are used. When such catalyst, buffer réayer seeds are used, ZnO
nanostructure growth is seen only on the catalydmdfered / seeded regions [15,16].
Clearly our results for the Zn(g) vapour, whiclurgdersaturated at all temperatures, are
fully consistent with these observations and suobeovations are easily explicable as
being due to the combination of the vapour underatibn (which precludes
homogeneous gas phase nucleation and subsequesitoiepon the substrate) with the

absence of energetically suitable accommodatias sin uncatalysed / unbuffered /
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unseeded substrates of the type commonly used Hwprecludes heterogeneous

nucleation directly on the substrate).

Thus Zn atoms require energetically suitable accodation sites where they may
“stick” for sufficiently long to react with oxygeat the substrate surface and form a
ZnO nanostructure nucleus, and such sites areqed\y catalysed / buffered / seeded
substrate regions; growth will only be seen on swegions. The reaction of oxygen
with Zn atoms at the (suitably catalysed or buff¢reurface proceeds to form ZnO
nanostructures. The oxidation rate is temperatepeddent with activation energy of
0.73 eV [17] and has received relatively little alission in the ZnO nanostructure
literature. However, given the wide diversity of @nnanostructure morphologies
observed experimentally and the likelihood from tesults and discussions above that
Zn(g) condensation and oxidation is the main groketite we believe the temperature
dependence of the oxidation rate will be importantletermining the nature of the
nanostructure growth morphology and perhaps detengndetails of growth in specific
cases, e.g. between VS and VLS growth for the cdsgrowth on substrate with

catalytic metal particles or metal films [6].

We intend to focus our future work on studies & kimetics of the growth process and
specifically step IV of the schematic diagram igufie 1. We will study the interaction
of condensing species with the substrate and niecddeanO nanostructures, including
the diffusion of Zn atoms, their reaction with ogygand their incorporation into the

growing ZnO nanocrystals. We will also explore thiative timescales and energetics
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of these processes under different conditions &edcbnsequent effects on the ZnO

nanostructure morphology.

4 - Conclusions

We have reported data concerning the thermodynaomditions of the Zn vapour in
the growth atmosphere for CTR-VPT growth of ZnO estructures. We show that in
our CTR-VPT conditions (which are typical of marystems reported in the literature)
the Zn vapour is always undersaturated. The untleedad Zn(g) species requires
energetically suitable accommodation sites to K&tfor sufficiently long to react with
oxygen at the substrate surface and form a ZnOstarmbure nucleus and such sites are
provided by catalysed / buffered / seeded substegiens, and thus growth will only be
seen on such regions, consistent with experimelatal. Based on various experimental
data from our group and others we suggest that thrgnoceeds via oxidation at the
surface of the Zn atoms at energetically suitalitss We suggest that the complexity
of ZnO nanostructure morphologies and the consetyu€iverse range of reported
shapes may be related, at least in part, to thpdeature dependence of the oxidation
reaction and the related aspects of surface diffusif Zn atoms, their reaction with
oxygen, their incorporation into the growing ZnOnoarystals and the varying

timescales and energetics of these processes difigeent conditions.

We believe that the results presented above pravigeneral infrastructure in which to

view ZnO nanostructure growth processes of the &PR-type. Physical insights

gained from the use of this thermodynamic infradtite to understand the relatively
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narrow range of growth processes of the CTR-VPE tyyay ultimately be applicable to
a broader range of ZnO nanostructure growth preseasd may lead to more general
understanding of the key aspects which determiregtbwth and morphology of this

nanomaterial.
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7 - Figure captions

Figure 1:

Schematic, qualitative summary of the CTR-VPT Zn@hastructure growth process,

listing the various aspects of the process refeiwed the text.

Figure 2:

Curves (a), (b) and (c) show: (a) Zn(g) equilibripressure due to the CTR reaction in
the temperature range 300 — 2000 K; (b) Zn(g) vagassure in equilibrium with
condensed Zn(s,l) as calculated from standard thememical data in the same

temperature range; (c) Renormalized Zn(g) pressuitge same temperature range.

Figure 3:

Zn(g) supersaturation in the temperature rangex3)2000 K.
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Fgure 1

| — Zn vapour generation Il — Species transport
(via carbothermal reduction) (e.g. diffusion, free/forced
convection, etc.)
/ [l — Species
:> condensation

IV — Species interaction
on substrate including (a) diffusion,

on substrate

(b) reaction (e.g. with §and (c)

incorporation into ZnO crystat
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Figure 2
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Figure 3
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