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Role of nonlinear effects in nanowire growth and crystal phase
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We study theoretically and experimentally nonlinear effects during the “vapor-liquid-solid” growth of semi-
conductor nanowires. Nonlinear growth equation considered contains kinetic coefficients from the surface and
sidewall diffusion which can be of either signs. We predict four possible growth scenarios: (I) infinite growth;
(1) decomposition; (IT) averaging growth to a finite length; and (IV) continuing growth such that nanowires
of small initial length decay and longer nanowires grow infinitely. We present the experimental evidence of
nontrivial scenarios (IT) and (IV) during the Au-assisted molecular-beam epitaxy of GaAs nanowires. Scenario
(1) corresponds to the evaporation of GaAs nanowires during the annealing. Scenario (IV) is observed during
two-step growth procedure where a low-temperature growth is followed by deposition at 630 °C. We show that
the growth via scenario (IV) enables to control the crystal phase and to obtain the stacking-fault-free sections

of zinc-blende GaAs NWs having only 15-20 nm in radius.
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I. INTRODUCTION

Free-standing semiconductor nanowires (NWs) are prom-
ising one-dimensional nanostructures with applications in
nanoelectronic,! nanophotonic,> and nanosensing® devises.
Fundamental studies of NW growth and physical properties
are also of major interest. NW materials include elementary
semiconductors Si and Ge, III-V, II-VI compounds and
some oxides. Using modern epitaxy techniques, such as
metal-organic chemical-vapor deposition (MOCVD) (Refs.
4-6) or molecular-beam epitaxy (MBE),”® NWs with radii
on the order of 10 nm and length up to tens of micrometers
can be fabricated. NWs are usually obtained by the vapor-
liquid-solid (VLS) mechanism'® on the surfaces activated by
the drops of a metal growth catalyst (e.g., Au). Due to the
ability to accommodate strain in two dimensions, NW geom-
etry is ideal for monolithic integration of semiconductor ma-
terials with different lattice constants, in particular, of III-V
materials on silicon.”!"!> Geometrical and structural proper-
ties of NWs at given material system are determined by the
size of seed drops and the deposition conditions. Ideally, NW
would grow perpendicular to the (111) substrate surface at
the position and with the radius dictated by the seed drop
while the length would be proportional to the deposition
time. This property is considered as one of the main advan-
tages for the size, shape, and position controlled fabrication
of NWs.!3 It is known, however, that many thermodynamic
and kinetic growth effects impose certain limitations on the
NW morphology as well as crystal structure [hexagonal
wurtzite (WZ) or cubic zinc-blende (ZB) phase of M-V
NWs (Refs. 9 and 12)].

Long ago, Givargizov and Chernov'* discovered that
wires would not grow smaller than a certain minimum radius
(quantity on the order of few tens of nanometers in the case
of Si wires deposited from vapors of SiCl, and H, on the
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Si(111) surface with Au catalyst at surface temperature
~1000 °C). They attributed the observed growth behavior to
the Gibbs-Thomson (GT) effect of elevation of chemical po-
tential in a wire with a cylindrically or prismatically curved
surface. Later on, many works have been devoted to studying
the growth properties of different NWs.#>7-%12.15-25 [t is now
generally recognized that NW formation is influenced by the
direct impingement onto the drop surface,!>!'% the adatom
diffusion,®>:7-9:15.17.21.22.26 319 the nucleation.!%-20-2226-28 A]]
these processes must be considered under the constraint of
finite size of the drop and the growing NW. In stationary
growth mode with a constant radius, the vertical growth rate
is directly proportional to the number of semiconductor par-
ticles transferred to the drop via different kinetic pathways.?
As follows from early theories of diffusion-induced growth
(see Ref. 29 and references herein) as well as from more
comprehensive diffusion models,®!”-?! the NW growth rate is
generally a function of its length. Therefore, the time depen-
dence of NW length is nonlinear. Examples of some nonlin-
ear curves can be found, for example, in Ref. 8. By neglect-
ing the GT effect, the models of Refs. 8, 15, 17, and 21
predict all NWs growing infinitely at a time-dependent rate.
In contrast, the models of Refs. 5, 22, and 23 (accounting for
the GT effect) lead to the NWs growing infinitely at a time-
independent rate, provided that their radius is larger than the
minimum.

The first aim of this paper is to show that the general
growth behavior is much more complex. We present and ana-
lyze the exact solution to the kinetic equation of stationary
NW growth that is equally applicable to MOCVD, MBE, and
other deposition techniques. The exact solution for the NW
length contains contributions from the diffusion of surface
and sidewall adatoms. Due to the GT effect and different
activities of semiconductor materials in different phases,
each of these contributions could be of either signs. This
allows for different growth scenarios, depending on the
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deposition conditions, the radius, and the initial length of a
NW. In the diffusion-induced mode, four modes are possible:
(I) infinite growth; (II) decomposition (negative growth);
(TI) restricted growth leading to a finite length; and (IV)
continuing growth such that NWs with larger initial length
grow infinitely and NWs with smaller initial length evapo-
rate. Among these, only the conventional mode (I) has been
considered in the literature®>78:15-2330 while nontrivial sce-
narios (II)—(IV), to the best of our knowledge, have not been
discussed earlier. We will also present an experimental evi-
dence of scenarios (II) and (IV) in Au-assisted MBE of GaAs
NWs.

The second objective of the paper is the control of crystal
phase of GaAs NWs by using the intelligent manipulation
with the NW structure in the growth scenario (IV), where a
low-temperature growth is followed by a high-temperature
deposition. It is well known that, in contrast to their cubic
7B phase under bulk form, GaAs and other III-V NWs often
adopt hexagonal WZ structure.®*122227.2830-35 In many
cases, the structure of NWs is not stable and exhibits a spon-
taneous switching between different phases, creating rota-
tional twins and stacking faults.?”-313%36 This clearly impedes
material properties so the control over the phase purity is
now considered as one of the main challenges in III-V NW
technology. Generally, the prevalence of WZ structure re-
quires sufficiently small radius'>333> and high supersatura-
tion in a liquid drop?” while ZB NWs are formed at larger
radius and lower supersaturation. Recently, a method has
been proposed to obtain the stacking-fault-free ZB GaAs
NWs by minimizing supersaturation during MBE [particu-
larly, by using the high-index (311)B substrates].>® However,
for practical applications it is important to control the crystal
structure of sufficiently thin straight NWs that are perpen-
dicular to the substrate. In MBE case, lower supersaturation
relates to a higher surface temperature,”> where the NWs
cannot be obtained by the standard VLS procedure [for GaAs
NWs on the GaAs(111)B, the upper temperature limit of Au-
assisted MBE amounts to 600 °C (Ref. 37)]. We will dem-
onstrate that the MBE growth on the pre-existing low-
temperature NW seeds of a short length can be performed at
630 °C and that the high-temperature section of GaAs NW
is pure ZB for the radii of only 15-20 nm.

II. THEORETICAL MODEL

Stationary growth model, discussed in more detail in Ref.
23, is schematized in Fig. 1. We consider a single cylindrical
NW with the uniform radius R and the contact angle of
spherical drop 8. Nonstationary growth effects?® and the lat-
eral growth3! are not taken into account. Impinging flux is
defined by the effective arrival rate J and the incident angle
«. The latter equals the incident angle of molecular beam in
MBE. In MOCVD, we formally put sin a=cos a=tan «
=1 since vapors entirely surround the drop and the NW.
Deposition rate is given by V=J€, cos «, with (), as the
elementary volume in the solid phase. Drop surface in con-
tact with the vapor is characterized by the surface energy 7.
The drop can be either liquid [(VLS mechanism)'?] or solid
(vapor-solid-solid mechanism?’); below we refer to most
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FIG. 1. (Color online) Illustration of the NW growth model with
the parameters described in the text.

common VLS case. The NW temperature across its length
and the drop temperature are assumed as being equal to the
surface temperature 7. In order to account for different pre-
cursor decomposition rates at different surfaces in the case of
MOCVD, we introduce the temperature-dependent pyrolysis
efficiencies at the liquid (x,), substrate (), and sidewall ();)
surfaces.

Stationary adatom concentrations on the substrate surface
(ny) and sidewall facets (n;) obey diffusion equations

n,
DAn + xJ cos a—— =0, (1)
Ts

2
dng 0., 2

D + wyJ sin a —
a7 Xf 7

Here, A is the two-dimensional (2D) Laplace operator in the
substrate plane (), z is the vertical coordinate, D, and D are
the diffusion coefficients, and 7, and Ty are the effective life-
times on the substrate and the sidewalls, respectively. Nu-
merical values of 7, and 7 are limited by the desorption from
the surface or by the nucleation. The coefficient w in Eq. (2)
equals 1 in MOCVD and 1/7 in MBE. Four boundary con-
ditions to Egs. (1) and (2), given in Ref. 23, require constant
adatom concentration on the surface far away from the NW,
the continuity of chemical potential at the NW base and top,
and the continuity of diffusion flux at the NW base.

Following the procedure of Ref. 23, the diffusion-induced
contribution to the growth rate is obtained from the exact
solutions of Egs. (1) and (2). The result can be presented in
the form

(d_L) _BU(LI\)+C @)
dH) yge U'(LIN)

where L is the NW length, H=V7 is the deposition thickness,
t is the time, and N\;=\D,7; is the diffusion length on the
sidewalls. The R-dependent coefficients B and C are defined
as follows:
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2\, tan 0 2\, 0
B=Mw—L—i%l—J> C=h.éﬂmmml—j)

R 0, R
(4)
The functions U(I) and U’(I) in Eq. (4) are given by
U(I) = sinh(I) + v&(R/\)[cosh(l) — 1],
dU .
Uu'()= i cosh(l) + vS&(R/\,)sinh(l). (5)

Here, A= \m is the effective diffusion length on the sub-
strate surface, S(R/N,)=K;(R/\,)/Ky(R/\,), K; are the
modified Bessel function of the second kind of order i and
v=(D\ 0/ D\;o,). The quantities 6,=y,/7,0, cos a and
0= wxJ 7,0/ sin a denote the maximum coverage of the sur-
face by the substrate and the sidewalls adatoms, respectively,
with o and o as the areas of corresponding adsorption sites.
The R-dependent activity of semiconductor material in the
drop is defined as 6;=exp(u; /kgT+Rsr/R), where u; is the
chemical potential in the infinite liquid phase, Rgr
=(29; sin B)/(kgT) is the characteristic GT radius, (), is
the elementary volume in the liquid, and kg is the Boltzmann
constant.??> Coefficient B describes the sidewall adatoms and
coefficient C stands for the substrate adatoms. Correspond-
ing diffusion fluxes are positive when the activity of adatoms
is larger than the liquid activity and negative otherwise.

NW growth rate is also influenced by the adsorption-
desorption processes on the drop surface*>!>20 and by the
growth of quasi-2D layer on the substrate surface (S).”%%223
These contributions can be collected in one term,
(dL/dH),ps=A. Here, A is a certain L-independent function
of NW radius R, which can also be of either signs due to the
GT effect. The explicit expression for A, which can be found
in Ref. 38, depends on the epitaxy technique (MBE or
MOCVD) and is omitted here as inessential for further
analysis. Overall growth rate is given by dL/dH
=(dL/dH) jizr+(dL/dH),ps. Introducing the normalized
length, lEL/)\f, and the deposition thickness, h=H/ )\f, the
equation for NW length writes

dl BU)+C
ST +A, I(h=0)=I,. (6)
The initial condition at =0 determines the length [, of pre-
existing NWs, e.g., obtained at different growth conditions.

Nonlinear differential Eq. (6) with function U([) given by
Eq. (5) can be integrated analytically at arbitrary coefficients
A, B, and C and initial condition /,. The result is obtained in
the form of reverse dependence h(l),

hU):BziAZ{Bh{;Eg}—AU—LQ}+ADPU}-WU@]

(7)
The functions F(I) and W(I) in Eq. (7) are determined by

F(l) = (A + Bvd)[cosh(l) — 1]+ (B +Avd)sinh() + A + C,
(8)
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2(C - Bvd)
Y=o =
(B = A NG
(A - C+2Bvd)tanh(l/2) + B+AvS
Xarctan ’E s
\

)

where G=A[1-(v8)*]-B>*~C?>+2BCvé.

Kinetic Eq. (6) takes a very simple form in the limit case
of A—0 [diffusion-induced growth with AJ/R>1,
(\f/R)tan a>1].782! Introduction of a new variable U con-
verts Eq. (6) at A=0 to

au
E=BU+C, U(h=0)=U(ly). (10)
Solution to Eq. (10) is given by
1 BU()+C
Mn:—mﬂ—il——}, (11)
B | BU(,)+C

where U(l), by definition, increases with / and equals zero at
[=0.

The aim of next section is to consider possible growth
modes of NWs following from the obtained solutions. We
show that the time evolution of NW length will generally
depend on the sign of kinetic coefficients and the initial
length /. The analysis will be illustrated by some numerical
examples in the case of Au-assisted MBE of GaAs NWs on
the GaAs(111)B substrate.

III. GROWTH SCENARIOS

The first general property of Eq. (6) is the following.
Since U(0)=0, U'(0)=1, and U(l) ~U’'(l) ~exp(l) at [— o,
Eq. (6) becomes linear in [ in two important particular cases,

(w) (w)
— =C+A, — =B+A.
dh/); dh/, ..

The first Eq. (12) shows that at the beginning of growth the
NW is fed from the substrate and through the drop. This
result has been obtained earlier in Refs. 5, 21, and 22. The
second relationship demonstrates that tall NWs are fed only
from the sidewalls and through the drop since the surface
adatoms evaporate before they reach the NW top. The con-
dition of NW formation from ;=0 (drop lying on the sub-
strate surface) yields C+A >0 while the infinite growth at
|— is possible at B+A>0. At A—0, these conditions are
reduced to C>0 and B> 0, respectively.

We now analyze possible scenarios of NW growth follow-
ing from simplified Eq. (10) in the diffusion-induced mode.
Obviously, the sign of the right-hand side of Eq. (10) deter-
mines the sign of derivative dl/dh; the NW growth rate is
positive at BU+C >0 and negative at BU+C <0. The points
where BU(l,)+C=0 are the stationary points with corre-
sponding critical lengths /.. Four possible behaviors of the
linear function with sign alternating coefficients B and C are
presented in Fig. 2, where the arrows indicate the time evo-
lution of nonlinear system considered. We therefore arrive at

(12)
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dU/dh

FIG. 2. (Color online) Illustration of the growth modes de-
scribed in the text: I—infinite growth, II—negative growth, III—
averaging growth with attractive stationary point /,=/,, and IV—
continuing growth with repulsive stationary point /,=1,.

four possible growth scenarios: (I) B>0, C>0: NW of any
initial length [, grows infinitely. (I) B<0, C<0: NW of any
initial length [, decay. (IIl) B<<0, C>0: critical length de-
termined by U(l,)=C/|B| is the attractive stationary point
such that the NWs with initial length [, <</, grow to [/, and
the NWs with [,>1, diminish their length to /. (averaging
growth). (IV) B>0, C<O0: critical length determined by
U(l,)=|C|/B is the repulsive stationary point such that the
NWs with initial length /,<<l, decay and the NWs with [,
> [, grow infinitely (continuing growth).

Since U, C, and B are the functions of R, the growth
scenario at given deposition conditions would generally de-
pend on the radius of a particular NW. Equations (4) for B
and C in view of the above definition for the liquid activity
take the form

2N\, exp(Rs7/R
B= 0 tian a[l _ M]
- R On
o\, exp(Re/R
C=x 5(R/>\S)[1 - —p(eGT )] (13)
sl

Here, 6;= 6,/ 6; and 6= 6,/ 6, are the effective supersatu-
rations of sidewall and surface adatoms with respect to the
infinite liquid alloy with activity 6 =exp(u;’/kgT). Obvi-
ously, coefficients B and C change sign at critical radii Ry
and R, determined by

_ Rer _ Rer
g, ~° Inb,

B (14)
Diffusion flux of surface adatoms is positive at R> R and
negative at R<<R(; the condition for the NW growth from
zero length is R>R. In this sense, critical radius R is
equivalent to the Givargizov-Chernov minimum radius be-
low which the NWs would not nucleate, although the expres-
sion for R is different from the result of Ref. 14. Diffusion
flux of sidewall adatoms is positive at R> Ry and negative at
R<Rp; the infinite growth at [—% yields R>Rp. Four
growth modes of NWs can be therefore reformulated in
terms of their radius: (I) infinite growth at R>max(Rg,R);
(I) negative growth at R<min(Ryz,R); (III) averaging
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FIG. 3. (Color online) Typical growth diagram of Au-assisted
MBE of GaAs NWs for the model parameters described in the text:
zone I—infinite growth, zone IV—continuing growth, and zone
[I—negative growth.

growth at R-<R<Rjy; (IV) continuing growth at Rz<R
<Re.

To be more specific, consider the case of Au-assisted
MBE (x,=x;=1 and w=1/m) of GaAs NWs on the
GaAs(111)B surface. We study the temperature dependences
of Rz and Rc given by Eq. (14) with 6y
=(1/m)(V/h)(oy/ o) 7/ tan a exp(—p; / kpT) and 0,
=(V/h) 7, exp(—u; /kgT). Here, V/h is the equivalent depo-
sition rate in monolayers (MLs) per second, for which we
use the typical value of 1 ML/s.® The ratio 0/ 0y amounts to
4/6 for the (110) sidewall and (111)B substrate surfaces of
7ZB GaAs. The adatom lifetime on the sidewalls, limited by
the desorption, is as usual taken in the Arrhenius form 7
=yj?1 exp(E),/kyT). We use the values of E{=2 eV for the
activation energy for desorption (estimated from the data of
Ref. 39) and »=10"" s™' for the corresponding vibration
frequency. As mentioned above, the adatom lifetime on the
substrate is limited either by the desorption (at high tempera-
tures) or by the surface nucleation (at low temperatures). As
a result, 7, has a maximum at a certain temperature.”>*’ We
therefore utilize the model of Ref. 40 of the form 1/7
=1/ Tg+ 1/7,, with T? as the lifetime of a single adatom at no
growth conditions and 7, as the effective nucleation time.
The conventional Arrhenius temperature dependence T(S)
=v;" exp(E}/kgT) is used at E}=1.64 eV and v,=10'" s7,
the values approximately corresponding to the MBE of GaAs
on the GaAs(111)B substrate.”? The temperature dependence
of 7,=v,' exp(~E,/kzT) with E,=097 eV and v,=3
X 107 s7!is taken from Ref. 22. Since nothing can be said
about the value of w;(7), we can only use the estimates of
Ref. 22, lying within the thermodynamically permitted range
of liquid chemical potential during the growth. Finally, the
value of R;7=6.6 nm corresponds to 40% concentration of
Ga in the Au-Ga alloy [with surface energy y=0.72 J/m?
for pure liquid Ga and 1.14 J/m? for pure liquid Au (Ref.
41)] and the contact angle 8=120°.

Theoretical curves for Rz(T) and Ro(T) are presented in
Fig. 3. The temperatures higher than 500 °C yield straight
GaAs NWs with uniform radius from base to top,37 for
which the stationary growth model is directly applicable. As
seen from Fig. 3, infinite growth of NWs [scenario (I)] can-
not proceed at very high temperatures due to the negative
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diffusion from the NW top to the substrate. For the model
parameters considered, the averaging growth to a finite
length [scenario (IIT)] is never observed since R-> Ry within
the entire temperature domain. The NW growth is com-
pletely forbidden in zone II below the curve Ryz(T) [scenario
(I)], which is, however, smaller than 10 nm for all reason-
able temperatures. Nontrivial scenario (IV) of continuing
growth can happen in zone IV between the curves Rz(T) and
R(T), where the growth cannot proceed from the drop lying
on the substrate surface but can continue from pre-existing
NWs with sufficiently large initial length /,>1,. Figure 3
shows that the domain of NW radii exhibiting such continu-
ing growth extends at higher surface temperatures. As fol-
lows from the equation U(I,)=|C|/B and U(I)xexp(l) at I
>1, the temperature dependence of dimensional critical
length L, at high T mimics that of N(T) with minor logarith-
mic corrections. As the diffusion length A f(T) decreases with
T, the critical length for the continuing growth becomes
smaller at higher 7.

To conclude this section, we note that negative growth via
scenario (IT) during MBE or MOCVD should always take
place at zero deposition rate (/=0), when the coefficients B
and C become negative. Since the diffusion flux is directed
from the NW top to the substrate, the decrease in NW length
should be associated with the increase in surface layer thick-
ness. It should be also mentioned that the growth scenarios in
MOCYVD technique strongly depend on the temperature be-
havior of precursor decomposition probabilities, x,(7) and
X/(T), which may be different at the substrate and sidewall
surfaces. The resulting growth diagram will therefore differ
from the MBE case. This issue requires a separate study
which will be presented elsewhere. Finally, the detailed
analysis of general growth Eq. (6) at A #0 leads to six pos-
sible growth scenarios instead of four so that nontrivial cases
of continuing and averaging growth could be observed
within certain intervals of NW radii.*8

IV. EXPERIMENTAL EVIDENCE OF NEGATIVE AND
CONTINUING GROWTH

Obviously, scenario (I) corresponds to most of the growth
experiments reported in the literature.*7-%13-21.2425 We found
experimental evidences of scenarios (II) and (IV) in the case
of Au-assisted MBE of GaAs NWs on the GaAs(111)B sub-
strates. In our growth experiments in Riber 32 MBE setup,
substrate was deoxidized at 620 °C and a GaAs buffer layer
was grown at 630 °C. A 70 nm AlGaAs marker layer was
systematically inserted in this buffer layer in order to have an
absolute reference of vertical coordinate z. Then the substrate
temperature was decreased and stabilized to the value desired
for the NW growth. An amount of Au equivalent to a uni-
form layer of 1 nm was deposited on the substrate surface
from an Au source installed in the MBE growth chamber.
This procedure resulted in the formation of Au droplets al-
loyed with the substrate constituents which could activate the
NW growth.

Negative growth is well illustrated by our annealing ex-
periments. GaAs NWs were grown at 530 °C for 15 min
with an As, beam equivalent pressure of 6 X 107° Torr and a
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FIG. 4. GaAs NWs after in situ anneal under As,: (a) reference
sample without annealing; (b) 4 min anneal; (c) 5 min anneal. Scale
bars represent 200 nm.

Ga flux corresponding to a nominal growth rate V of 0.2
nm/s. This growth stage produced NWs of 800 nm length
and 25 nm diameter in average, as shown in Fig. 4(a). Sev-
eral samples were grown and subsequently annealed in the
growth chamber under the As, flux at 630 °C and for vari-
ous durations. After the growth, the resulting morphology of
NW ensembles was investigated by scanning electron mi-
croscopy (SEM). The sample cross sections were observed
after cleaving and the contrast between GaAs and AlGaAs
allowed us to locate the marker layer and then to determine
the exact position where Au was deposited before initiating
the NW growth. We could deduce the thickness of the 2D
GaAs layer growing concomitantly with the NWs. The re-
sults are presented in Figs. 4(b) and 4(c). It is obvious from
this figure that NWs gradually decompose during the anneal-
ing. We also observed that the average thickness of GaAs 2D
layer increased from 110 nm for nonannealed samples to 147
nm and 176 nm for 4 and 5 min annealing time. This clearly
indicates that the NW decomposition did not result from re-
evaporation of Ga which is not expected at 630 °C. We pro-
pose the following mechanism: NWs dissolve in the catalyst
droplets, As is most likely re-evaporated from the drop but
Ga migrates from the droplet to the surface where it can
reincorporate the GaAs solid phase since As, flux is sup-
plied. In other words, we observe the negative NW growth
rate at V=0 which is predicted in scenario (IT) where adatom
diffusion flow is reversed as compared to the standard situa-
tion of scenario (I).

Another series of MBE growth experiments evidence that
continuing growth via scenario (IV) also happens. Au cata-
lyst was deposited on GaAs(111)B with the same procedure
as described hereinabove. After Au deposition, we tried to
grow GaAs NWs with the following conditions: in a first
sample (sample A) the growth was realized at 630 °C for 15
min. The SEM view shown in Fig. 5(a) reveals that NWs do
not grow at this relatively high temperature and the segrega-
tion of the Au particles at the substrate surface is observed.

FIG. 5. Samples of GaAs grown with a low-temperature
(530 °C) step of variable duration #;7, followed by a high-
temperature step (630 °C) of 15 min. (a) sample A with #;,=0; (b)
sample B with 7;7=1.5 min; (c) sample C with 7;,7=15 min. Scale
bar is 400 nm.
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FIG. 6. SEM cross views of GaAs NWs grown with a low-
temperature step for 7;7=12 min (a) before and (b) after the high-
temperature growth. Scale bars are 200 nm in Fig. 6(a) and 2 um
in Fig. 6(b).

We have previously reported similar results.’” Then, two
other samples were grown by using a two-temperature pro-
cess: the first growth step was performed at 530 °C for 7,
=1.5 min (sample B) or 15 min (sample C). At this tempera-
ture, NWs are formed, as already observed in Fig. 4(a). After
this first step, the temperature was ramped to 630 °C within
2 min. During this ramping, the incident Ga and As, fluxes
were maintained. Finally the growth was continued at
630 °C for 15 min for sample B and C. Therefore, this last
growth step was similar for the three samples A, B, and C.
Figures 5(b) and 5(c) show SEM images of samples B and C.
It is observed that no NWs are present in sample B, the final
figure being quite comparable to sample A. This means that
the NWs formed at the low-temperature-growth step of 1.5
min, did not continue to grow at high 7; either they were
decomposed like in annealing experiments or were buried by
GaAs growing faster on the rest of the surface. On the con-
trary, sample C shows NWs longer than what is expected for
the 15 min of growth at low temperature; most of the NWs
are longer than 2 um [Fig. 5(c)]. Obviously, in this sample,
NW growth was possible at high 7. Scenario (IV) is believed
to be responsible for the different behaviors of samples B
and C; the initial NW length is lower (sample B) or higher
(sample C) than the critical length. The latter corresponds to
the NW sidewall cross section which intercepts enough in-
coming Ga flux to compensate for the flow of adatoms which
otherwise diffuses from the drop to the substrate surface,
leading to NW decomposition.

GaAs NWs shown in Fig. 5(c) have rather complex ge-
ometry; some of them develop branches and the majority of
NWs are tapered toward their top. Such complex geometry
can be explained by changes in drop size and position at

FIG. 7. (Color online) TEM image of a NW grown with two-
temperature steps (detached from sample C of Fig. 5) showing
phase transitions along the NW length. From left to right: pure WZ
phase corresponding to 530 °C growth (1), WZ with twins (2) and
highly faulted WZ/ZB mix up (3) corresponding to temperature
ramping, pure ZB phase corresponding to 630 °C (4), significant
reduction in the diameter followed by phase mixing (5). Scale bar
represents 40 nm.
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Section 4

Section 1

Fourier
Transform

FIG. 8. (Color online) (a) High-resolution TEM closeups of pure
WZ (section 1 of Fig. 7) and ZB (section 4) GaAs NW; (b) enlarged
TEM images of WZ with stacking faults (section 2) and highly
faulted WZ/ZB mix up (section 3). Inserts show the corresponding
Fourier transforms.

elevated temperature. Most probably, the drop first inflates
with the temperature and then becomes unstable on the NW
top so that it splits into several smaller drops. Some of those
give branches and other may migrate to the substrate. We
note that similar MBE growth experiments carried out in
EP1203 setup at slightly different conditions allowed us to
obtain more regular shape of NWs. The GaAs(111)B sur-
faces were activated by Au with the same procedure as de-
scribed above. A low-temperature growth was performed at
T=550 °C form atomic Ga and As, beams with a nominal
growth rate of 0.3 nm/s for ¢;,=1, 2, and 12 min. After the
temperature ramping to 630 °C, the high-temperature-
growth step was performed at a lower nominal growth rate of
0.15 nm/s for 48 min. Similarly to the previous case, NWs
with #;7=1 and 2 min did not grow. NWs with #;7=12 min,
having average initial length of 800 nm [Fig. 6(a)] continued
to grow at 7=630 °C and reached more than 10 um in
length [Fig. 6(b)] after this high-temperature step.

V. CONTROL OF CRYSTAL PHASE

An interesting feature is the impact of the high-
temperature growth on the crystal structure of GaAs NWs.
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ROLE OF NONLINEAR EFFECTS IN NANOWIRE GROWTH...

As already discussed in Sec. I, most of III-V NWs grown by
different deposition techniques form in the high-pressure WZ
phase.®*123932 This surprising effect is observed only for
NWs and never happens in a bulk III-V materials, 2D layers
and even in quantum dots obtained at ambient pressure. In
the case of GaAs, the difference of bulk cohesive energies
between WZ and ZB phase amounts to 16.6 meV per GaAs
pair.*> To overcome this difference and to obtain WZ GaAs
under the bulk form, one should apply a huge pressure
>100 GPa.*} Theoretical models of WZ phase formation in
III-V NWs developed so far attributed the observed effect to
a decrease in lateral surface energy in WZ NWs (Refs. 12,
27, and 33-35) due to a lower number of dangling bonds on
the sidewalls or the edges separating the latter. It was argued
that the contribution from the surface energy to the overall
free enthalpy of NW formation diminishes with increasing
the NW radius. Therefore, the surface energy gain outweighs
the difference in bulk cohesive energies only in sufficiently
thin NWs. Equilibrium considerations result in the critical
radius of ZB to WZ phase transition smaller than 10 nm in
the case of GaAs NWs.3%3 However, many experimental
results show that GaAs NWs of radii several times larger that
this critical value, still adopt the WZ structure.’?”3%4 This is
because the models of Refs. 33 and 35 consider the energy
balance of fully formed NWs of defined geometry and ignore
the nucleation stage. More realistically, it has been proposed
that the critical parameter is the size of the nuclei formed at
the catalyst/NW interface during the NW growth.?’ This size
is inversely proportional to the supersaturation in the liquid.
This model was supported by experimental results>’** show-
ing that ZB phase is systematically observed during transient
growth steps in the beginning and in the end of deposition
during which the supersaturation in the liquid is less than
during the steady NW growth (where the crystal structure is
predominantly WZ). As suggested in Ref. 27 and further de-
veloped in Refs. 22 and 28, crystal structure of NWs is
strongly affected by mononuclear nucleation at the triple
line; growth at high supersaturation (small nuclei with preva-
lence of their edge energy) should onset the formation of WZ
phase while the low supersaturation (larger nuclei with
prevalence of their cohesive energy) conditions should lead
to the prevalence of ZB structure. Since in MBE case the
supersaturation generally decreases with increasing the sur-
face temperature,?> a high-temperature growth via scenario
(IV) could provide a method for the production of stacking-
fault-free ZB NWs of sufficiently small radii, which is of
paramount importance for applications.

High-resolution transmission electron microscopy (TEM)
images of a NW of 37 nm diameter in the bottom part, de-
tached from sample C of Fig. 5, are shown in Fig. 7. Figure
8 presents the enlarged TEM images of four sections of NW
shown in Fig. 7 and the corresponding Fourier transforms of
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the real-space images. The bottom part of the NW [section 1
in Figs. 7 and 8(a)] corresponds to the low-temperature
growth and it has pure WZ structure, as seen from the TEM
image of section 1 and the corresponding Fourier transform
in Fig. 8(a). Then, the WZ structure presents an increasing
number of stacking faults in a region which corresponds to
the temperature ramping, where the supersaturation starts to
decrease [section 2 in Figs. 7 and 8(b)]. At the end of this
region, the crystal structure switches to ZB structure with a
few twins. Finally, a 200 nm segment of pure ZB is found
[section 4 in Figs. 7 and 8(a)], as demonstrated by the TEM
image and the corresponding Fourier transform in Fig. 8(a).
In this ZB segment, the NW diameter first increases slightly
and then reduces significantly. These changes in diameter are
most likely following the changes in catalyst drop size dis-
cussed hereinabove; inflation of the drop with temperature as
it fills with more Ga; splitting the drop or loss of its constitu-
ents when mechanical instability is attained. Below 25 nm
diameter, stacking faults and phase mixing reappear (section
5 in Fig. 7). This latter observation is not clearly understood
at the moment but it seems to be a consequence of the
smaller radius of the NW and larger relative contribution
from the surface energy, as discussed hereinabove. These
results  qualitatively ~ support  previous theoretical
findings?>?728 and demonstrates that GaAs NWs grown at
630 °C by the two-step procedure of scenario (IV) have pure
ZB phase.

To conclude, we have developed nonlinear model of NW
formation and have shown that in the diffusion-induced
mode there are four possible scenarios of NW growth: (I)
positive, (IT) negative, (IIT) averaging, and (IV) continuing
growth. Theoretical growth diagram in the case of Au-
assisted MBE of GaAs NWs separates the domains of sce-
narios (I) and (IV) in (I) in (T,R) plane while the observa-
tion of scenario (IIT) is unlikely. Theoretical predictions are
in qualitative agreement with our experimental results which
validate nontrivial growth modes (II) and (IV). We have
demonstrated that the two-step growth with the temperature
ramping could provide a method to obtain pure ZB sections
in III-V NWs at high growth temperatures (relating to a low
supersaturation in the liquid phase). In particular, two-step
MBE growth via scenario (IV) enables to obtain stacking-
fault-free ZB GaAs NWs of only 15-20 nm radii, which
would not be possible by the standard VLS growth procedure
at constant temperature.
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