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Diffusion-induced growth of GaAs nanowhiskers during molecular beam epitaxy: Theory and
experiment
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Mechanisms of nanowhisker formation during molecular beam epitBM§E) are studied theoretically
within the frame of a kinetic model that accounts for the adatom diffusion from the surface to the top of
nanowhiskers. It is shown that the adatom diffusion flux may considerably increase the vertical growth rate of
nanowhiskers. The decreasing length/diameter dependence of the MBE grown nanowhiskers is obtained that
explains a number of experimentally observed facts. The results of experimental investigations of GaAs
nanowhiskers grown by MBE on the GaA41)B surface activated by Au at different conditions are presented
and analyzed. It is shown that the length of thin GaAs nanowhiskers is several times larger than the effective
thickness of deposited GaAs. Theoretical and experimental length/diameter curves are compared to each other
and a good correlation between them is demonstrated.
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I. INTRODUCTION grow due to the adsorption of vapor atoms on the drop sur-
face and their transfer to the crystal phase due to the solidi-
Nanowhiskers, or vertical nanowir¢sl\Ws), are wirelike  fication of liquid alloy on the crystal surface under the drop.
nanocrystals with the diameter of several tens of nm and th&he higher growth rate of whiskers in the VLS mechanism is
length/diameter ratios of 10 and mdreNWs are one- explained by a faster chemical reaction or better adsorption
dimensional objects with unique structural and electronicon the liquid surface and a faster nucleation of crystal phase
properties and therefore attract an increasingly growing infrom the liquid drop. Since the initial eutectic drops usually
terest towards their applications in novel microelectronic andhave a broad size distribution and the whisker lateral size is
optoelectronic devices? Semiconductor NWSSi, GaAg  usually of order of the size of drop, the lateral size depen-
are usually grown by chemical vapor depositig8VD)  dence of the normal growth rate of whiskers has been studied
(Refs. 5-8 and 10or molecular beam epitaxMBE) (Refs.  experimentally in many system&:*4It has been found that
9 and 10 on the surfaces activated by a growth catalyst. Onén VLS growth whisker lengthL normally increases with
of the first examples of catalytic growth of whiskers wastheir diameteD; thicker whiskers thus grow faster than thin-
demonstrated by Wagner and Elfisn their experiments ner ones. For very thick whiskers the growth rate is deter-
with the CVD growth of Si on the $111) surface activated Mmined by the balance of adsorption and desorption processes
by Au. One of the critical issues in the physics of NWs andon the planar surface of liquid alloy. GivargiZSwsuggested
in their utilization in devices is the understanding of Nw to attribute the observed increase IofD) curves to the
formation mechanisms. This is important for the develop-Gibbs-Thomson effect caused by the finite curvature of the
ment of reliable nanofabrication techniques with controllablywhisker surface. The Givargizov-Chernov the8rf pro-
structured NWs for different applications. Also, the growth vides for the whisker growth rat /dt the expression of the
behavior of NWs is interesting from the viewpoint of funda- form dL/dt=(A-B/D) The coefficientsA andB depend on
mental physics as a very rare example of one-dimensiondhe CVD growth conditions and the vapor-solid interfacial
catalytic growth of nanocrystals. energy. This theory also explains the existence of a certain
Typical procedure of NW formation is the followidg. minimum diameter of drop under which the whiskers would
First, the catalyste.g., AU is deposited onto a crystal sub- not grow. Recently some of the authors of this paper pro-
strate (e.g., GaA$ and annealed before the whiskers areposed a more detailed kinetic model of VLS growth of
grown. Annealing leads to the formation of droplets of eu-NWs17 In particular, it has been shown that under certain
tectic liquid alloy (e.g., Au-GaA$ on the substrate surface. assumptions the NW growth rate can be indeed approxi-
The deposition of semiconductor materi@aAs from the  mated by a quadratic function of D/and thatdL/dt in this
vapor phase or molecular beam leads to the epitaxial growthase is inversely proportional to the squared interfacial en-
on the surface. The key effect of activation is that the surfacergy of liquid-surface boundary. This explains a higher rate
under the drops grows much faster than the surface withouif layer-by-layer growth of crystal under the drop. However,
catalyst. The usual explanation of this effect is the so-calledhe model of Ref. 17 also gives an increaslid@) depen-
vapor-liquid-solid (VLS) mechanism of whisker growtH, dence and the maximum growth rate of NWs is limited by
which has been subsequently extended to include the nanortire deposition rate of the material.
eter scale and is now widely used for the explanation of NW At the moment, semiconductor NWs are mainly grown by
formation!? In VLS mechanism, whiskers are assumed toCVD.>>7 However, MBE technique provides a number of
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advantages in the NW technoldgy due to strongly non-
equilibrium conditions during the MBE growth at lower sub- AR T l

strate temperaturé8.Since MBE growth always proceeds at
higher supersaturations of gaseous phase, it may provide an
opportunity to achieve largér/D ratios at smaller diameters

D. However, the mechanisms of NW formation during MBE ton | 4 f
remain in largest measure unformulated. In contrast to the : Diftusion
majority of CVD techniques of NW formation, in MBE :
growth the nonactivated surface may grow with the rate
comparable to the deposition rate. Here the question arises: if
the maximum growth rate of NWs is limited by the deposi-
tion rate, why is their length much higher than the nominal
thickness of deposited material? In contrast to CVD, the

N;Bi groglvtg ITpII(éith?[ry r;gjllvall%es of thﬁ. drl]ﬁ.usm;n Izngth FIG. 1. The model of NW growth during MBE. NW is assumed
ot adsorbed atomdatom —Yum, WhiCh IS ot order g being a cylinder of diamet&®=2R and lengthL, the contact
or higher than the typical whisker lengths. Therefore, the

o . . angle of drop is assumed to be 90°. The processes on the main
contribution of the adatom diffusion into the overall growth g ace are adsorption, desorption, diffusion, and nucleation; the

behavior of NWs should be carefully investigated. An impor-pqcesses on the side surface of NW are desorption and diffusion:
tant step in studying the mechanisms of NW formation durpe processes on the NW top are adsorption and desorption on the
ing MBE was taken by Schubeet al.'® who reported the |iquid surface and the vertical growth of the top facet. The deposi-
L(D) dependence of Si whiskers grown on thé1$i)-Au tion rate from a molecular beam ¥ the surface growth rate I,
surface. Expecting the usual VLS growth to proceed, theand the NW growth rate idL/dt.

authors found that narrower whiskers grew much faster than

the thicker ones. The measure(D) dependence was found g, persaturation in the gaseous phase is higher than the super-
to be close to the inversely proportional relatiore A/D.  saturation of the liquid alloy. The crystallization of liquid on
Such form ofL(D) dependence is typical for the diffusion- {he solid surface under the drop is possible only when the
induced (Dl) grOWth of wirelike CryStals that was investi- a"oy is Supersaturated_ The VLS growth of NWs strong]y
gated theoretically and experimentally by Sé&fsand Ditt-  gepends on the phase diagram of catalyst and deposited ma-
mar and Neumanf?:?* DI growth is controlled by the terial, the values of interfacial energies on gas-liquid, liquid-
diffusion of adatoms towards the whisker top along their sideso|id, and gas-solid boundaries. The corresponding expres-
facets. When the surface is activated by the growth catalystjons can be found, for example, in Ref. 17. In this work we
the drop of a liquid alloy on the top of NW may be quite an try to incorporate the DI effects into the standard VLS con-
attractor for the adatoms and VLS growth may take manyept; therefore we consider the model of NW growth during
features of the DI one. Technologically it is important that MBE on activated surface as shown schematically in Fig. 1.
MBE technique may enable growing whiskers whose lengthn this model the normal growth of NWs is ensured by the
is much higher than the effective thickness of deposited magrystallization of the material from the supersaturated liquid
terial (when the DI mechanism dominajesbecause the alloy in the drop on the crystal surface under the di@pin
grOWth rate of NWs in the DI mode is no |Onger restricted byVLS growth) However, we assume that the atoms may ar-
the deposition rate. rive into the drop not only from the molecular beam but also
The aim of this work is theoretical and experimental in-from the substrate surface due to diffusion along the side
vestigation of NW formation mechanisms during MBE. A facets of NWs(as in DI growth. Obviously, the diffusion
kinetic model of NW formation will be presented that motion from the surface to the drop is possible only when the
handles the description of adatom diffusion from the surfacgygatom supersaturation on the surfacés higher than the

of epitaxially growing layer to the NW tops. Experimental sypersaturation of liquid alloy. In steady state the normal
results on the MBE growth of GaAs NWs on the growth rate of NWdL/dt is given by

GaAq111)B surface activated by Au will be reported and
compared to the predictions of the theoretical model. It will 7R?dL _(V-V; 2Cr, 5
be demonstrated experimentally that under certain conditions 0 d \ o  n TR L (1)
. i
MBE method enables one to realize pure DI growth mode
and to grow whiskers with lengths much higher than theHere L(t) is the NW length at time measured from the
effective thickness of deposited GaAs. A theoretical modekurface of the epitaxial layer, growing on the substrate sur-
will explain why such a growth behavior of NWs may occur. face and having the thickness li(t) (Fig. 1), R is the NW
radius,V, is the growth rate of nonactivated surfabtis the
Il THEORETICAL MODEL deposition rate() is the_volume per atom ir_1 the crysfcﬁl,i_s
the volume concentration of alloy, is the interatomic dis-
Thermodynamic driving force for the formation of NWs tance in the liquid phase is the mean lifetime of atoms in
on an activated surface is the difference of chemical potenthe liquid, andj, is the diffusion flux of adatoms towards the
tials in the gaseous, liquid, and solid phases. The adsorpticiop of NW. The first term in Eq(l) stands for adsorption on
on the drop surface dominates over desorption only when théhe liquid surface, the second for the desorption, and the

2D
nucleation
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third describes the DI contribution to the growth rate. Below lsLs Neg DN
we consider the growth rate of nonactivated surf¥geas = D B= —qL 2mR. (7
; ; flle f
being the model parameter that can be obtained from the q
experimentally recorded dat&Since the diffusion length of Estimating the diffusion coefficient an:I';Z/tf, wherel;
adatoms on the surface is much larger tRain the case of is the length of diffusion jump on the side surface anis
GaAq111)B surface at 580 °C, the diffusion length of Ga the corresponding diffusion time, &4~ ne, ti~ts, and
atoms is severgkm (Ref. 24], we can assume near the |;~I; we geta~L;/4l;~10% because the diffusion length
NW base as being coordinate independent. In a simplifie#f Ga on the GaAd410 surface at 580 °C is of order of
model we will considers as the second model parameter.10 um (Ref. 26 and the length of diffusion jump is of order
Generally the parametek4, and o are related to each other of lattice spacing. The adatom supersaturation on the surface
and are the functions of the lateral size distribution of NWs.is normally of order of unit{® and the supersaturation of
When the 2D nucleation on the side surface of NW is notiquid alloy is very smalf3 Also, the length of the longest
pronouncedno lateral growth of NW, the adatom concen- NWs is normally not higher than 1@m. Therefore, at
tration on the side surface changes dug¢italesorption and A<1 and\~1 the first term on the right-hand side of Eq.
(i) surface diffusion. In contrast to CVD, in MBE there is no (6) dominates and the term containitig 1 can be neglected.
adsorption on the side surface of vertically standing whisUnder the same assumptions the concentration of &lay
kers. Therefore, in steady state the kinetic equation for adeEq. (1) can be put to its equilibrium valu€., The approxi-

tom supersaturation on the side surfagesads mate expression for the NW growth rate is therefore reduced
to
(n+ 024D L p=0 @
7 DT+ D=0, d—":v{s—wL} ®)
dt R coshA\)

Here z is the coordinate along the whisker axi3; is the
diffusion coefficient of the adatom on the side surface ofThe coefficienty accounts for the desorption from the drop
NW, and 7; is the lifetime of the adatom on the side surfacesyrface:

before reevaporation. The first boundary condition to .

is found from the equation of continuity at0 2Cei|9 _ %

9)

_ dn ls

= -D R—| =-—27#R . 3 . I . .
Jo Mec? ™ dz| .o 4t RN ® wherexgq is the equilibrium percent concentration of the lig-
) o uid alloy andW is the deposition rate in monolayers per
Equation(3) indicates that the adatom flux through the NW gecong(ML/s). The coefficient = (V-VJ)/V is the relative
basej, equals the number of adatoms attached to the NWjittarence between the deposition rateand surface growth

boundary. Hereng is the equilibrium concentration of ada- 316\ The radiusR, gives the characteristic scale at which
toms on the side surfachl,is the equilibrium concentration 1o pj effects become predominant:

of adatoms on the main surfadg,is the length of adatom

diffusion jump on the main surface, ahds the characteris- QU Neg _ beds
tic time between two consecutive diffusion jumps. The at- R = Ttsaz we ™ (10
tachment rate is proportional to adatom supersaturatiéh
The second boundary condition to H@) where g, is the equilibrium adatom coverage of the surface.
o Taking for estimates the typical numb&$> x.,~0.1,
nz=L)=¢ @) W~1ML/s, ~1s,0q~5X1073, I,~0.4 nm,t;~10°5 s,

means that the adatom supersaturation goes to the supersad{id o ~1 we gety~0.2 andR:~100 nm. Therefore, de-
ration of the liquid alloy atz=L. Solution to Eq.(2) with  sorption from the liquid drop may reduce the vertical growth
boundary condition§3) and(4) enables one to fing(z) and ~ rate of NW up to 20%. However, for thin NWs witR~ 10

therefore to calculate the adatom diffusion flux to the NwnM the adatom diffusion may increase the growth rate in
top order of magnitude. All DI contributions die & —« as

1/R, because the adatom flux to the whisker top is propor-

tional toR and the adsorption-desorption term is proportional
(5 to R?. Equation(8) also shows that the DI contribution van-

ishes at\ — o, because all adatoms reevaporate before they
The result forj, is obtained from Eqs2)—(5) in the form reach the NW top. Solution to E) can be presented in the
form

. dn
L= - DfneQZWRE

z=L

ao

h=p [ costin) AV 1)} | © L) = V(e = Dt+Lil(e0). (11

Here A=L/L; is the ratio of whisker length to the adatom The first term in the right-hand side of E(L1) equals the
diffusion length on the side surfatg=D;7. Coefficientse: ~ adsorption-desorption VLS growth raté-y)V minus the
and 8 are determined by the physical parameters of the syssurface growth rat&/;=(1-¢)V; this term can be of either
tem and by the radius of N\WR as follows: signs. The DI contribution contains the functibaf the form
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FIG. 2. Dependences of relative length of NW$L; on the
relative effective thickness of deposited matekHlL; at different
drop diameter$e=R./R(e— )] obtained from Egqs(12) and(13).

A
dx
I(g,\) = —_— 12
(e,N) ¢fo¢+cosﬂx) (12)
with ¢=R./R(e—7). At ¢>1 (thin NWs withR<R. at ar-
bitrary ¢ and y or e-y<1 relating to the case when very
thick whiskers grow with the same rate as the surfase-
lutions (11) and(12) are reduced to

. R )Vt
N=|lZte—y]—. 13
smh()<Rsy|_f (13
For relatively short NWs withh <1 Eq.(13) is further sim-
plified to
R

L=—"Vt. 14
A 14
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FIG. 4. SEM image of sample H,,=1.0 nm, effective thick-
ness of GaAs=500 nm.

strongly increases at smaller drop diameters, which is typical
for the DI growth?0-23

Ill. EXPERIMENT

In our growth experiments, the NW formation procedure
consisted of three stagés.First, GaA$111)B substrates
were placed in the growth chamber of the EP1203 MBE
setup, where the oxide was removed from the substrates and
the GaAs buffer layer was deposited. The GaAs buffer layer
thickness was kept about 300 nm in all growth runs. Second,
the samples were transferred from the MBE setup into the
vacuum chamber equipped with an Au electron beam evapo-
rator. In the vacuum chamber, a thin Au film was deposited

NW diameter. This dependence was observed experimentally 1.0 nm(sample No. 1and 2.5 nm(sample No. 2 Third,

for the Si NWs grown by MBE on the Gi11)-Au surface'®

the samples were transferred back to the MBE growth cham-

~ Typical growth kinetics of NWs in the DI mode is shown per, heated up to the temperature of 630 °C in order to re-
in Figs. 2 and 3. As seen from Fig. 2, for modest values oinoye the oxide layer and to form the eutectic Au-GaAs

effective thickness$d, the NW length linearly depends oy

for largerH this dependence converts to logarithmical. Fig-

ure 3 demonstrates that at givéh the length of NWs

4
- —— H=0.1L,
B - - - H=03L,
3L - H=09L,
.

Relative Length of NW=L/L
N N

O 1 1
0.0 0.5 1.0 15 20 25
Relative diameter of NW RIRc

FIG. 3. Dependences of NW lengtHiL; on their diameteR/R,
obtained from Eqgs(12) and (13) at three different values of the
effective thickness of deposited materidiL¢, £=0.3, andy=0.2.

drops on the GaAs surface. After the annealing, the GaAs
layers with the effective thicknesses of 500 (sample No.

1) and 1000 nm(sample No. 2 nm were deposited. The
deposition rate of GaAg/=1.0 ML/s and the substrate tem-
peratureT=585 °C were kept constant for both the samples
studied. The visualization of surface morphology was per-
formed by applying the CamScan S4-90FE scanning electron
microscope(SEM) with a field emission gun, operating in
the regime of secondary electron emission. The energy of
primary beam amounted to 20 keV. Cross-sectional SEM im-
ages of samples 1 and 2 are presented in Figs. 4 and 5,
respectively.

IV. RESULTS AND DISCUSSION

From the analysis of SEM images of samples Nos. 1 and
2 we obtained the experimental length/diameter dependen-
cies of NWs presented in Figs. 6 and 7. Frb(D) curves it
is seen that the length of NWs decreases with their diameter
for both the samples. For sample No. 1, the minimum diam-
eter is about 30 nm and the maximum is about 170 nm. The
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FIG. 7. Same as Fig. 6 for sample No. 2, theoretical curve
obtained atH=1000 nm,R.,=100 nm,y=0.15, ands=0.9.

FIG. 5. SEM image of sample =2.5 nm, effective thick-
ness of GaAs:looognm. ple 24, may therefore conclude that the MBE growth of GaAs NWs

on the GaAg&111)B surface activated by Au at given growth
length of NWs amounts to 3600 nm @=30 nm and conditions implies the domination of the DI growth for drops
decreases to 420 nm Bt=170 nm, the L/D ratio thus chang- smaller than 100 nm. However, at the reasonable value of
ing from 120 for the thinnest NWs down to 2.4 for the thick- ¥=0-15 we needed different to fit the two experimental
est ones. The maximum length of NWs is more than 7 time§urves(e=0.2 for sample No. 1 and 0.9 for sample N9. 2
higher than the effective thickness of deposited GaAs. SincE0ssible explanation of this fact is a larger perimeter of NWs
the thickness of Au layer for sample 2 is 2.5 times larger, thdn Sample No. 2 per unit surface area and a higher rate of
drops and resulting NWs are considerably broader—from 6@Vverall adatom consumption by the growing NWs in this
to 450 nm in diameter. The maximum length of NWs is Case. Therefore, the surface growth rate in sample No. 2 is
about 4700 nm and is 4.7 times higher than the effectivdoWer than in sample No. 1, and the parametdor sample
thickness of deposited GaAs. ThéD ratio in sample No. 2 No. 2 is larger. Also, it should be noted that neither of our
still reaches 80 times for the thinnest NWs. The accuracy ofXPerimental curves obeys the simpleDldependence of
experimental measurements and data processing is abdg@l- (14) within the whole range of NW lengths and diam-
higher than 5% for NW length and 15% for their diameter. €ters. This is in contrast to the recent results on the MBE
(12) are presented in the same figures. The best fit to thi!® €xperimental(D) curves for allD from 70 up to 230
R.=100 nm. This seems reasonable because the samplEgsults of Ref. 19 and give the decreaslo@®) curves, the
were grown at the same surface temperature and growth rat@)ape of our curves for sufficiently high NWs-1000 nm
so all the parameters in E¢LO) for R, (the unknowno is  always contain the nonlinear termsn

supposed to be-1) should be considered as being equal. We In our previous experiments with larger drops and lower
amounts of deposited GaA200-300 nm we did not ob-

4000 - serve the decreasing[D) dependences and did not get the
u experiment NWs with lengths several times higher than the effective
theory thickness. In particular, in Ref. 14 the VLS-like increasing
L(D) dependencies were obtained that were comfortably fit-
ted by the generalized Givargizov-Chernov theory of Ref.
17. This indicates that, depending on the MBE growth con-
ditions and the size of initial drops, both VLS-controlled and
diffusion-controlled modes of NW growth can be realized.
One of the interesting effects here might be the competition
between the two modes resulting in nonmonotddiD) de-
pendencies. Numerical study of the derived equations for the
NW length/diameter dependences show the strong influence
of fitting parameter®k. ande on the resulting curves. From
O™ 0 20 80 80 100 120 0 160 180 200 these two parameters onR can be estimated with reason-
Diameter [nm] able accuracy and remains completely unknown. There-
fore, the complete theoretical description of NWs grown by
FIG. 6. Experimental and theoretical length/diameter dependenMBE should include a detailed study of all kinetic processes
cies for sample No. 1. The theoretical curve is obtained from Egson the surface. The adatom diffusion to NWs may consider-
(12) and(12) at H=500 nm,R.=100 nm,y=0.15, ands=0.2. ably reduce the surface growth rate and change the whole
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picture of epitaxial growth on the nonactivated surface. ThisNe have presented a kinetic model of the DI growth of NWs
effect requires a separate study. during MBE that explains the observed effects and shows a
Finally, we have shown theoretically and experimentallygood qualitative correlation with the experimental results. In
that the adatom diffusion from the substrate to the top ofarticular, the model explains the shape of the observed
NWs during MBE growth of GaAs NWs on the length/diameter curves.
GaAgq111)B-Au surface considerably increases the length of
NWs. The growth of thin NWg <100 nmnj is mainly con-
trolled by the adatom diffusion and not so strongly by the
adsorption on the drop surface. The length/diameter depen- G.E.C. is grateful for the Alexander von Humboldt Foun-
dences of GaAs NWs exhibit the decreasing behavior typicatlation. The authors are grateful to the financial support from
for the DI growth. We demonstrated the possibility of grow- SANDIE program, different scientific programs of the
ing long NWs (up to 5000 nm with very high length/ Russian Academy of Sciences and RFBR Grant No. 05-
diameter ratio$>100) at modest amount of deposited GaAs. 02-16495.
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