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Wirelike Growth of Si on an Au/Si(111) Substrate
by Gas Source Molecular Beam Epitaxy
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Ultrafine Si nanowires are grown on an Au/Si(111) substrate using gas source molecular beam epitaxy. These Si wires with cross-
sectional dimensions between 50 nm anpar2grow mainly with a growth axis parallel to the <111> direction. The growth rate of
nanowires is independent of their diameters, i.e., nanowires with different diameters have the same growth rate. From the depen-
dence of source gas concentration on the growth rate we conclude that this independence is a fundamental one even when gas pres
sure ranges as high ax1104 Torr. This method provides a possible alternative means for fabricating ultrafine silicon quantum
wires.
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Recently, Si-based nanostructures such as Si quasi-one-dime
sional wires have attracted much attention in the semiconductor sc
ence and technology field due to their importance in novel optoelec
tronic and thermoelectric properties, and potential device applica
tions. Most of experlmental attempts to fabricate Si nanowires have
been reported by using nanofabrication definition or selective
growth techniques on patterned substraf&$he advantage of such
Si nanostructures is the accurate control of wire position. An alter
native fabrication method is to generasmowhisker®n an Si sub-
strate by so-called vapor-liquid-solid (VLS) growth mecharftém.
In this process, a small amount of a liquid-forming material such as
Au, Pt, or Ga is used to form a liquid alloy droplet, which acts as a
preferred site for Si from the vapor. As the growth progresses, the
droplet is separated from the substrate and rides on the top of t
growing whiskers. Such whiskers have been suggested as nov
nanostructures for applications in vacuum microelectrohics.
Moreover, if the control of ultrafine wirelike growth becomes possi-
ble, it would be useful to apply these wires to the fabrication of Si
quantum wires and related quantum function devices. Figure 1. SEM image of Si wires grown on Au/Si(111) substrate. Most of

Conventional VLS growth of Si nanowires is totally based on athe wires having diameters ranging from 0.1 ov2grow normally to the
chemical vapor deposition (CVD) technique. For those wires growrsubstrate, while some of them are oriented along the <100> direction.
by CVD, it has been demonstrated that the growth rate is quadrati-
cally dependent on their diameté®.Such wires with different
heights usually are not uniform in both fundamental studies an®i,Hg. The base pressure in the chamber is in the rangel8fToor,
practical applications. Alternate epitaxial growth techniques such aghich is very low compared with conventional CVD growth.
gas source molecular beam epitaxy (GS-MBE) are progressively Figure 1 is a SEM image of a typical sample in which Si wires
emerging as a unique tool for providing improved control of growth.are grown on Si(111) substrate with at&iprocess and with Au as
Thus there is an essential need to grow ultrafine wirelike semicona liquid forming agent. The growth pressure is kept at arourfd 10
ductor crystals by GS-MBE since it now allows thickness controlTorr. Most wires with diameters between 0.1 andn2 grow nor-
down to the monolayer level. mally to the substrate, i.e., parallel to the <111> direction. Note that

In this paper, we report on ultrafine Si wire growth on Au/Si(111) these wires have the same height, which indicates that all the wires
substrates using GS-MBE. The results observed here are illustratdéhve the same growth rate irrespective of their different lateral
using scanning electron microscopy (SEM). The Si wires with diam-dimensions. This phenomenon is discussed below. In addition, some
eters ranging from as small as 50 nm to as largeuas @row main-  wires with smaller diameters are inclined to the substrate. As seen
ly with a growth axis parallel to the <111> direction. Different from from Fig. 1, the angle between the growth direction of the Si wires
previous report$,8 our results show that the growth rate is indepen-and the substrate surface is about 35°, which indicates that these
dent of their diameters, i.e., nanowires with different diameters havavires are oriented along the <100> direction. It appears that these
the same growth rate. The dependence of the growth rate on thkin inclined wires have a higher growth rate than the thick normal
source gas concentration is also investigated. ones.

The starting materials are n-type Si(111) wafers with resistivity — Figure 2a shows the heights of the Si wires as a function of their
of 3-5Q cm. After the standard Shiraki cleaning proceaslé nm diameters. Curves 1-3 correspond to the wires prepared at gas pres-
Au film is deposited on the substrates. Prior to growth, the substratesure of 7x 107 Torr for 30, 120, and 180 min, respectively. Size data
are heated at 900°C in a GS-MBE chamber for 20 min without anyre obtained from SEM micrographs. It is obvious that for a certain
source gases present in order to form Au/Si eutectic and remove amgyowth period, all wires have nearly the same height. The longer the
surface oxide. Growth of the Si wires is achieved at 700°C by theyrowth time is, the higher the wires are. The average diameter and
introduction of 4 standard cubic centimeters per minute (sccmheight of Si wires are shown in Fig. 2b as a function of growth time.

Note that both the average diameter and height increase linearly as
the growth time increases. The growth rate can be obtained from the
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Figure 2.(a) Height of the Si wires as a function of the diameted (b)
average diameter and height of Si wires as a function eftgrome.
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Figure 3.Growth rates of Si wires as a function of their diameter far gas
source SiHg concentrations in the chamber

slopes of the straight lines in Fig..Zbbviously, the \ertical gravth

rate of 3 A/s is about ten times that in the lateral direction. In addi

tion, it should be noted that with the samevgito condition and
without grawvth-promotingAu, the gravth results in high-quality
film, and the grarth rate is as lo as 0.4 A/$0which is about eight
times less than that of the present wirengho This may be due to
high absorption ability ofAu/Si liquid droplets,so that SjiHg is

Figure 3 shars the dependence of Big concentration on the
growth rate of Si wiresThese wires are gnm at 700°C with the
Si,Hg process for 30 minThree diferent SjHg concentrations,
which correspond to ddrent gas pressureare shwn in the inset
of Fig. 3. Under these gnth conditions,the gravth is stopped
beforeAu is consumedis seen from Fig. 3he gravth rate increas-
es as the $Hg concentration increases. Moxeg wires with dif-
ferent diameters stillxhibit the same gmeth rate gen though the
gas pressure is as high az 104 Torr.

It is well knavn that Si whiskrs grevn by CVD depend on the
whisker diameters for their axial gath ratej.e., thin whiskers grav
slower than thick one&For the present GS-MBE gnth, however,
growth rate of ‘ertical Si wires is independent of wire diameters.
Thus, understanding the gndh mechanism is important foalfri-
cating well-controllable ultraie nanwvires. According to the
Gibbs-Thomason &fct, the thermodynamic equation of the Si wire
growth process can begressed as

Ap = Apg - 4Qal/d [1]

whereAy is the efective difference between the chemical potentials
of SibHg and Si in the wireQp is the same diérence on a Si pla-
nar surlce,a is the specit free enggy of the wire sudce,Q is the
atomic wlume of Si,andd is the diameter of the wir&he depen-
dence of the gmeth rateV on the efective chemical potential dif-
ference is gien ag

V = b(AWKT) 2]

whereb is a coeficient, k is the Boltzmann constarik,is the grevth
temperatureandnis an intger (equal to 2 in CVD). In order to sim-
plify the analysiswe suppose that the same flux of source gas¢Si
is introduced to the gvth chamber for both CVD and GS-MBE.
For the CVD methodas the grath proceedsit is evident that the
gas pressure is highnd accordinglya high SpHg concentration is
available in the chambefhis, in turn, suggests thahy, is compa-
rable to 2a/d, shawing size dependenceoFGS-MBE graevth, on
the other handhere is a relately small concentration of gilg in
the gravth chamberhenceAp is much lager than La/d, even for
wires with smaller diameters. In Eq.the second term can be omit-
ted. It is wly the gravth rate of the Si wires is independent of their
diametersThis independence can be used for an analysis of the wire
growth mechanism in GS-MBEA detailed iwvestigation of the
mechanism is in progress.

It was shavn previously that arAu layer on the Si substrateasv
broken up into may small droplets of dférent diameters when
annealingand each droplet gaa Si wire. Br the present GS-MBE
growth, as discussed abe the gravth rate of ery thin wires is the
same as that of thick onékhus, it is possible to gne very thin Si
wires with \ery small separation among them by controlling the
annealing process and gl conditions.Arrays of Si quantum
wires may bedbricated by this method.

Conclusion

We hare reported on the wirelk gravth of Si onAu/Si(111)
substrate by GS-MBH:he Si wires with width between 50 nm and
2 um grov mainly with a gravth axis parallel to the <111> direc-
tion. It is found that the gvath rate of nanwires is independent of
their diametersj.e., nanavires with diferent diameters ke the
same grarth rate with the gs pressure range as high ag 104
Torr. One mechanism is priged to &plain the wire gravth differ-
ence by GS-MBE and CVDndicating that the impreed wire uni-
formity in length using GS-MBE is due mainly to the refei
lower gas pressure compared with CVD gtb.
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