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Abstract  
Ultrathin ZnSe nanowires grown by Au-catalyzed molecular-beam epitaxy show an interesting growth behavior of diameter-dependence of 
growth rates. The smaller the nanowire diameter, the faster is its growth rate. This growth behavior is totally different from that of the nanowires 
with diameters greater than 60 nm and can not be interpreted by the classical theories of the vapor-liquid-solid mechanism. For the Au-catalyzed 
nanowire growth at low temperatures, we found that the surface and interface incorporation and diffusion of the source atoms at the nanowire tips 
controlled the growth of ultrathin ZnSe nanowires. 
 
 
 

The unique configuration of the metal catalytic 
growth of nanowires (also known as the vapor-liquid-solid 
(VLS) growth) makes it very promising for applications in 
nanotechnology. The most significant work on the mecha-
nism of the unidirectional growth of semiconductor whisk-
ers through the VLS mechanism was published by Wagner 
and Ellis.1 Classically, the unidirectional growth of Si 
whiskers, for example, can be simply interpreted based on 
the difference of the sticking coefficients of the impinging 
vapor source atoms on the liquid (the catalytic droplet) and 
on the solid surfaces (the whisker and substrate). An ideal 
liquid surface captures all impinging Si source atoms, while 
a solid surface of Si rejects almost all source atoms if the 
temperature is sufficiently high. Due to the presence of 
metal catalysts, the geometry and atomic structure of the 
interface between the metal catalyst and the whisker have 
been found to be very critical to the whisker growth, par-
ticularly the growth velocity, growth direction or crystal 
orientation. In the classical VLS model, it is believed that 
the metal catalyst is in molten state which absorbs the 
source materials to form a supersaturated liquid droplet. 

The precipitation of the source atoms occurs at the droplet-
whisker interface, and the precipitation rate is mainly de-
termined by the supersaturation of the droplet. Givargizov 
et al.,2,3 determined the whisker growth rate as a function of 
the driving force of supersaturation (Δμ/kT) and first em-
pirically described the growth rate by 
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where b and n (~2) were empirical fitting parameters. Us-
ing a two-dimensional model of island nucleation and 
growth 2,3 , this relationship was later justified numerically 
and then 
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where η was the island edge energy density and h the layer 
thickness. A typical kinetic experimental result is the 
growth rate dependence on the whisker diameters. The 
larger the whisker diameter, the faster is its growth rate. 
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Fig. 1: (a) and (b) ZnSe nanowires with small diameters show fast growth rates. (c) High-density stacking faults and twins (marked by the ar-
rows) frequently occur in ZnSe nanowires grown at a low temperature. (d) and (e) Ultrathin ZnSe nanowires always form HCP structure. 
 
 
 
This growth phenomenon is attributed to the well-known 
Gibbs-Thomson effect, i.e., the decrease of supersaturation 
as a function of the whisker diameter.2,3 
 

Due to the change of the driving force (the difference 
of chemical potentials), Si whiskers with small diameters 
(< 100 nm) grow very slowly. Obviously, there is a critical 
diameter at which Δμ = 0 and the whisker growth stops 
completely. Those whiskers with diameters smaller than the 
critical diameter (about 50nm) should stop growing. This 
classical VLS mechanism has been extrapolated to explain 
the growth of most nanowires. However, in recent years, 
both experimentalists and theorists4-7 have demonstrated 
that thin semiconductor nanowires with diameter smaller 
than 50 nm can grow and show interesting growth behav-
iors. For example, in the growth of thin Si and ZnSe 
nanowires catalyzed by Au particles, smaller nanowires 
have higher growth rates compared to thicker ones,5-7 and 
most of ultrathin nanowires grow at relatively low tempera-
tures. Recently, Kodambaka et al.8 demonstrated by in-situ 
transmission electron microscopy (TEM) that solid cata-
lysts led to Ge nanowire growth even at a temperature be-
low the eutectic point. In this paper, we present the 
diameter-dependence of the growth rate of ZnSe nanowires 
fabricated by molecular-beam epitaxy (MBE), and the 

structural changes of these nanowires grown at low tem-
peratures. We report that ultrathin nanowires display differ-
ent growth behaviors compared to the classical VLS 
growth2,3 or other growth models controlled by surface 
incorporation and diffusion mechanisms.9 
 

ZnSe nanowires were grown by a VG V80H MBE 
system which was dedicated to ZnSe-based II-VI com-
pound growth in a single chamber. A thin Au layer was 
deposited on a GaAs substrate at 150 oC and then annealed 
at 530 oC for 10 minutes in order to generate uniform Au 
nano-catalysts on the substrate surface. ZnSe nanowires 
were grown at different temperatures using a ZnSe com-
pound source. Details of the experiment setup can be found 
in a previous paper.10 The nanowire samples were prepared 
by cleaving the substrates into small pieces (without any 
chemical pretreatment) and directly characterized by TEMs 
(JEOL2010F and Philips CM120).  
 

For the VLS growth, the temperature is critical to 
nanowire quality and growth direction.11 As shown in Fig. 
1 (a) and (b), ZnSe nanowires formed at a temperature be-
low 390 oC have non-uniform diameters at the initial 
growth stage. The nanowire roots are thicker than the tips, 
and the surfaces near the roots are rough. This is obviously 



Growth behaviors of ultrathin ZnSe nanowires by Au-catalyzed molecular-beam epitaxy, Y. Cai et al..,  
Applied Physics Letters 93 (2008) 233107-1-233107-3 
 

Preprint of the Department of Inorganic Chemistry, Fritz-Haber-Institute of the MPG (for personal use only) (www.fhi-berlin.mpg.de/ac) 

3

0/1 Cd n +=

 
Fig. 2: (a) The solid dots indicate the growth rates measured from different diameters of ZnSe nanowires. The dashed line is the fitting curve by 
dL/dt=Ar-4/3 and the solid line by dL/dt=Ar-4/3+C. (b) Experimental data of the whisker growth rates reported by Givargizov (1975). 2 
 
 
 
because the deposition of ZnSe on the substrate surface is 
significant when the temperature is too low and these de-
posited atoms diffuse from the substrate surface to the 
nanowire growth fronts. ZnSe nanowires grown at a high 
temperature do not have this morphology.10 Once the 
nanowires reach a certain length, there is no obvious 
change in the diameters. For the tapered nanowires shown 
in Fig. 1 (a) and (b), the diameters may change gradually 
from 30 nm at the roots to about 5 nm at the tops. The qual-
ity of the thick nanowires is poor in comparison with the 
nanowires grown at a higher temperature (> 530 oC). A 
high density of stacking faults and twins always occurs in 
these nanowires. Fig. 1(c) illustrates the stacking faults and 
twining structures observed in an individual nanowire. One 
of the reasons for the formation of these planar defects was 
due to the phase transformation from the face center cubic 
(FCC) structure to the hexagonal close-packed (HCP) 
structure. The chemical composition of the source materi-
als, e.g. the evaporation ratio of Zn:Se and surface energies 
may also result in the formation of these defects.12,13 We 
have observed that ZnSe nanowires formed at a tempera-
ture higher than 530 oC were always a cubic structure and 
contained few defects. Decrease of the growth temperature 
could result in a high density of stacking faults, nano twins 
and some portion of HCP structure. As shown in Fig. 1 (d) 
and (e), ultrathin ZnSe nanowires with diameters of about 
3-6 nm formed perfect HCP structure at 390 oC. 
 

From our measurement, the growth rate of thin ZnSe 
nanowires (diameters < 60 nm) shows a strong diameter-
dependent phenomenon. Smaller nanowires have higher 
growth rates compared to thicker ones (see Fig. 2 (a)). This 
is totally different from the growth of the nanowires or 
whiskers with diameters greater than 100 nm (see Fig. 2 
(b), data from Ref. 3). Figure 2 (a) illustrates the changes of 
growth rates versus the diameters of thin ZnSe nanowires. 
The relationship between the growth rates and the diame-

ters can be described by V  (C0 is a con-

stant and n is about 1-2). Obviously, this relation does not 
agree with the classical VLS model,2,3 in which the metal 
catalysts are liquid (above the eutectic point), and the 
nanowire growth is determined by (i) the incorporation of 
the source atoms on the droplet, (ii) diffusion through the 
droplet and (iii) precipitation at the liquid-solid interface 
(See Fig. 3 (a)). From our observation, for ultrathin 
nanowires, however, the growth may largely deviate from 
these three steps and also deviate from the growth model 
controlled by surface incorporation and diffusion mecha-
nisms, i.e. the source materials captured by the droplet 
diffuse along the droplet surface to the growth front (see 
Fig. 3(b). In this case, the growth rate can be described by 
V = 1/r (see Ref. 9). This means that the growth rate is only 
determined by the circumference of the liquid-solid inter-
face. Similar growth phenomena of diameter-dependence 
of growth rates have been observed in III-V (e.g., GaAs, 
GaP, InAs and InP) nanowire growth by metal organic 
vapor-phase epitaxy and chemical beam epitaxy, and the 
growth models based on surface diffusion mechanisms  
 
 

 
 
Fig. 3: Different diffusion models for the source atoms to incorpo-
rate into the growth front of the nanowire. (a) The classical VLS. 
(b) The metal droplet is in partially molten state. Its surface and 
interface are liquid, while the core of the droplet may be solid. (c) 
The metal catalyst is solid, but the interface is liquid. 
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Fig. 4: (a) The schematic concentration profile of the source atoms at the catalytic interface. (b) The flux J(t) of the source atoms flowing into the 
catalytic interface. 
 
 
 
have been proposed.14,15 For example, to explain the diame-
ter-dependent growth rate of InAs nanowires, Froberg, et 
al. 14 has proposed a combined model which counts for 
both the Gibbs-Thomson effect and material diffusion from 
the substrate surface. For a nanowire with a diameter larger 
than 25nm, it is found that its growth rate is controlled by 
surface diffusion (the growth rate decreases with increasing 
the diameter). Due to the Gibbs-Thomson effect, when the 
diameter is smaller than 25nm, the growth rate decreases as 
the diameter shrinks. This is because the driving force for 
the incorporation of atoms to the catalyst is reduced with 
decreasing the catalyst diameter. In this case, the catalyst is 
considered as a droplet if the temperature is sufficiently 
high. For ultrathin nanowires, however, the growth tem-
peratures are often lower than the eutectic point of the bulk 
material, and the catalyst may not be a droplet during 
growth. On the one hand, because of the nano size effect, 
the melting temperature of a nano-sized catalyst decreases 
as the size of the catalyst shrinks. But, on the other hand, 
due to the Gibbs-Thomson effect, the decrease of the cata-
lyst droplet diameter lowers the solubility of the source 
atoms and thus shifts the melting temperature of the cata-
lyst. For Au-semiconductor alloys (e.g., Au-Si, Au-Ge and 
Au-ZnSe), a deviation from the eutectic point generally 
causes the increase of the melting points. Therefore, when 
the growth temperature falls, the metal catalysts at the 
nanowire tips with relatively small diameters became solid 
first, while those catalysts with relatively large diameters 
may still remain in the liquid state. Since the growth of 
ultrathin nanowires can still maintain under the temperature 
below the eutectic point (the metal catalyst is solid) as ob-
served by in-situ TEM,8 the real incorporation and diffu-
sion processes of the source atoms at nanowire tips are 
complicated and have not been addressed so far. 
 

We proposed a model to interpret the growth behav-
iors of thin nanowires by solid catalysts, and the growth is 
mainly controlled by surface/interface incorporation of 

atoms. This model is based on (i) the catalyst is solid, (ii) 
the source atoms deposited on the substrate surface and the 
nanowire surface diffuse along the nanowire side walls and 
preferentially flow into the catalyst interface to result in the 
nanowire growth, and (iii) the nanowire growth rate is 
mainly due to the atomic diffusion through the interface. 
Fig. 3 (c) shows schematically this surface/interface incor-
poration process. We consider the interface at the solid 
catalyst as a grain boundary. Since the grain boundary dif-
fusion is slower than the surface diffusion,16 the growth of 
the nanowires in the present model is limited by the inter-
face diffusion. According to the Fisher model for grain 
boundary diffusion17, the atom concentration at a grain 
boundary is described by:  

)
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where, D is the volume diffusion coefficient, Dgb is the 
grain boundary diffusion coefficient, δ is the grain bound-
ary width c0 is the concentration at the surface, r is the ra-
dius of the nanowire (see Fig. 4 (a)). The flux of the atoms 
flowing into the grain boundary (Fig. 4(b)) at time t is: 
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where the concentration is quasi-static. Assuming that ∆t is 
the time needed for growing ∆L (one lattice layer of a), 
then the total number of atoms in ∆L is: 
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To estimate the growth rate of ZnSe nanowires versus di-
ameters, we use the following parameters: Dgb = 10-13 

cm2/s,16,18 D= 10-17 cm2/s,16 c0 = 2.7 atom/nm2;19 the lattice 
parameter for ZnSe is a= 0.567 nm; ρ = 21.7 atom/nm3. 
Then, A is determined to be 0.5 nm7/3/s. Comparing to the 
experimental data, we obtained: 

CA += 3/4
1ν

r0

                                                  (8) 

where, C is about 0.012 nm/s which means the constant 
deposition of the source atoms. This value is consistent 
with the deposition rate of ZnSe on a flat substrate at about 
390 oC in MBE. The diameter-dependence of the growth 
rate estimated by equation (8) matches the experimental 
data fairly well (see Fig. 2 (a)). We noticed that this inter-
face diffusion mechanism is different from that of the sur-
face diffusion controlled mechanism.8 This is because the 
surface diffusivity is generally one order higher than that of 

the grain boundary diffusivity16 , and for the present model, 
the deposition of the source atoms is mainly controlled by 
boundary diffusion. For the nanowires with a diameter d > 
60 nm, the growth rate is very low because of the increase 
of the diffusion length at the catalyst interface. This dra-
matically lowers the deposition rate of atoms at the central 
area of the nanowire-catalyst interface. In real experimental 
condition, however, the atoms on the catalyst surface 
should have a high mobility and are in semi-melting state. 
The surface can always capture the source atoms to cause a 
constant growth of the nanowire. For ultrathin nanowires, 
the melting points of the catalysts will decrease by increas-
ing their diameters. For the nanowires with diameters larger 
than 60 nm, the directly impinging atoms on the liquid 
catalysts will play a dominant role during the growth, and 
the nanowire growth will follow the classical VLS scheme. 
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