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Abstract. We describe the formation of axial GaAs/AlAs heterostructured nanowires grown
via the vapor-liquid-solid method. The calculations are based on the combination of mass
balance of atoms in the droplet and the nucleation-limited composition of ternary Al Ga, As
nanowires. We examine the influence of growth temperature, atomic Al flux and the Au con-
centration in the liquid on the interfacial abruptness. In particular, we compare the composi-
tional profiles of heterostructures in Au-catalyzed and self-catalyzed nanowires. The obtained
results might be useful for growth of GaAs/AlAs heterostructured nanowires.
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Annoranusa. [IpoBeneHo TeopeTHUecKoe MCCienoBaHUe (HOPMHUPOBAHMSI OCEBOM TIeTe-
poctpykTypbl GaAs/AlAs B HUTEBUAHBIX HAHOKPHCTAIaX, BBIPAIICHHBIX II0 MEXaHM3MY
Map-XUIKOCTb-KpUCTA/UI. B OoCHOBe Mojenu JeXWT MaTepualbHBIA OajaHC B Karuie, Tie
BCTpaMBaHUE aTOMOB B HUTEBUAHBI HAHOKPUCTAILI JUMUTUPOBAHO HyKJealuei. M3ydeHo
BJIMSIHUE TEMIIEpaTypbl POCTa, IIOTOKA aJIOMUHMSI M KOHILIEHTpPALIMK 30J10Ta B KaIlle Ha pe3-
KOCTb reTeporepexona. B 4acTHOCTH, MbI CpaBHMBaeM IPOMUIM COCTaBa IreTePOCTPYTYPHBIX
aBTO-KaTAJIMTUYECKUX M Au-KaTaJIUTUYECKUX HUTEBUIHBIX HAHOKPUCTAIIOB. IloiyyeHHBIE

pe3yabTaTbl MOTYT OBITH ITOJIE3HBI IIPU POCTE OCEBBIX TreTepocTyKTyp GaAs/AlAs B HUTEBU/I -
HBIX HAaHOKPHCTAJIIaxX.

KmoueBbie cioBa: ipoduib cocTaBa, 0ceBble TeTepOoCTpyKTYphl, AlGaAs, HUTEeBUIHbBIE Ha-
HOKPMCTAJLJIbI, MOACIMPOBAHUE
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Introduction

Semiconductor nanowire heterostructures are one of the most promising nanoscale objects whose
properties have attracted much attention from researchers [1]. Axial nanowire heterostructures
are usually produced by the so-called vapor-liquid-solid mechanism [2]. A combination of binary
compounds provides advanced functionality. Consequently, a wide range of devices based on
nanowire heterostructures have been developed, including electronic, photonic and thermoelectric
applications [3]. One of the key features of heterostructured nanowires is the heterointerface
which determines the quality of optoelectronic applications. Ideally, such nanostructures should
be grown with atomic precision which is impossible without understanding the formation
mechanism. A particular factor limiting interfacial abruptness is the reservoir effect [4]. Thus,
modeling the growth of heterostructured nanowires is of paramount importance. Recent studies
[5, 6] have reported on an analytical approach to describing the compositional profiles of axial
heterostructures in Au-catalyzed and self-catalyzed nanowires. In this study, we apply our model
to a GaAs/AlAs heterojunction and examine the influence of growth temperature, atomic flux of
Al and concentration of Au on the interfacial abruptness of heterostructured nanowires grown via
the vapor-liquid-solid (VLS) mechanism.

Materials and Methods

Within the model, we consider VLS growth of an axial nanowire heterostructure from a droplet
which initially contains Ga, As, and Au elements (in the case of self-catalyzed growth the Au
concentration equals zero). Then we vary the vapor phase composition introducing the flux of Al
which makes the droplet quaternary. As a result, an Al Ga, As ternary solid solution forms. It has
been shown [6] that the compositional profile across an ax1al heterostructure can be found from

ﬁlldy (1)

dx ga- xdx

Here & is the axial coordinate across the heterointerface x is the content of AlAs pairs in the
solid, g is the geometrical coefficient, ¢, =1 —c, isthe total concentration of group III elements,
ais the dimensionless influx of Al, y =c,,/ (c 4 ¢.,) 1s the liquid composition, ¢ s Cy and
c,, are the concentrations of Al, Ga As and ﬁu in ﬁle droplet, respectively. Eq. (1‘) is solved by
mtroducmg an mechanism to incorporate atoms into the solid, which determines the liquid-solid
composition dependence. In our case, we consider the nucleation-limited growth regime which
can be applied if supersaturation is low. Then the liquid-solid composition dependence can be

written as [7]

1
Y= 2
1+ 1-x ez‘”AlAs-GaAs(X*UZ)Jrh ( )
X
Here ®,,, .., 18 the pseudobinary interaction parameter in the solid and b is a coefficient

depending on the As, Ga, Al and Au concentrations in the droplet, the chemical potential
differences for the pure components and the interaction parameters in the liquid. All details can
be found in [7].
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Results and Discussion

We start to investigate the formation of GaAs/AlAs heterostructured nanowires with analysis
of the interfacial profile x(&) for different growth temperatures. The values of binary and ternary
interaction parameters and Gibbs free energies can be found in [7]. Fig. 1 shows the composi-
tional profile of a GaAs/AlAs nanowire heterostructure at a fixed ¢ o = () (self-catalyzed growth),
a=2,g=0.001 and ¢, =0.01. Within the nucleation-limited regime, the compositional control
of Al Ga, As nanow1res over the entire range is possible at all presented growth temperatures
which can ' be explained by the fact that the AlAs-GaAs pseudobinary interaction parameter has
a low enough value. It is seen that the slope of the GaAs/AlAs heterojunction at small and high
solid compositions is different (a steep slope at x < 0.8 which means that the solid composition
changes rapidly with the axial coordinate across the heterointerface (less than 10 monolayers)
and a long tail at x > 0.8 meaning that a large number of ternary monolayers (~70 monolayers)
is needed to achieve the pure AlAs binary). The shape of the x(&) curves can be explained by the
shape of the liquid-solid composition dependence: a small addition of Al atoms to the droplet
leads to a tremendous increase of the Al concentration in the ternary nanowire, except the range
of high AlAs content in the solid. Increasing the temperature broadens the heterointerface.
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Fig. 1. Contour plot of the GaAs content x in the GaAs/AlAs NW heterostructure NW versus distance
¢ and temperature 7 (a); composition profiles x(§) across the GaAs/AlAs NW heterostructures at
different temperatures 7 (b).

The temperatures 7 are given in the inset to Fig. 1, 5. The distance along the nanowire is measured in monolayers (MLs)

Next, we analyze the influence of the concentrations of the foreign catalyst (for the par-
ticular case of Au) on the interfacial abruptness of GaAs/AlAs heterostructures. It should be
noted that such analysis makes it possible to compare Au-catalyzed and self-catalyzed growth
of heterostructured nanowires. The contour plot for variation of the distance & with AlAs
content x and Au concentration ¢, in the GaAs/AlAs nanowire heterostructure and the x(&)
dependence calculated for different "Au concentrations at a fixed c,,=0.01, T=610°C,a=2
and g =0.001 are presented in Fig. 2. Such high temperature mlght be relevant for GaAs/AlAs
heterostructured nanowires [8]. Within the considered range of Au concentrations (0 <c¢, <
0.4), increasing the Au concentration broadens the heterointerface. However, a heterointer ace
might be sharper in the case of Au-catalyzed growth as compared to the case of self-catalyzed
growth if Au concentration is very high. This is due to the non-monotonic behavior of inter-
facial abruptness with varying Au concentration. Roughly the same number of monolayers is
needed to obtain pure AlAs regardless of Au concentration.

Finally, let us consider the effect of the dimensionless atomic flux on the compositional pro-
file of axial GaAs/AlAs nanowire heterostructures. Fig. 3 shows the contour plot for variation of
the distance & with AlAs content x and dimensionless atomic flux a in the GaAs/AlAs nanowire
heterostructure and the x(&) dependence calculated for different dimensionless atomic fluxes
at fixed ¢, =0.01, 7=610 °C, c, =0 and g = 0.001. Lower atomic fluxes a result in broader
GaAs/Ale heteromterfaces This effect is especially crucial when a tends to 1.
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Fig. 2. Contour plot of the GaAs content x in the GaAs/AlAs NW heterostructure NW versus distance
€ and Au concentration ¢, (a);composition profiles x(£) across the GaAs/AlAs NW heterostructures
at different Au concentrations ¢, in the droplet (b).

The concentrations ¢, are given in the inset to Fig. 2, b

a) b)
&ML

80.00

70.00

- 60.00

- 50.00

40.00 o

- 30.00

- 20.00

10.00 ’ a=15

a=2

0.000

OO 1 1 1
0 25 50 75 100

&ML
Fig. 3. Contour plot of the GaAs content x in the InAs/GaAs NW heterostructure NW versus
distance & and dimensionless atomic flux a (a); composition profiles x(&) across the GaAs/AlAs NW

heterostructures at different dimensionless atomic fluxes a (b).
The dimensionless atomic fluxes a are given in the inset to Fig. 3, »

a

Conclusion

To summarize, we have calculated the interfacial profiles of axial GaAs/AlAs heterostructures
in self-catalyzed and Au-catalyzed nanowires grown in the nucleation-limited regime. Special
attention is paid to the influence of the concentrations of the foreign catalyst (on the example of
gold), temperature and atomic flux on the interfacial abruptness of GaAs/AlAs heterostructures.
Our findings confirm that decreasing the growth temperature and Au concentration and increasing
the atomic flux can improve the interface abruptness of the GaAs/AlAs heterojunction. The
obtained results may be useful for growth of GaAs/AlAs heterostructured nanowires.
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