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Abstract. Composition of ternary III-V nanowires became a subject of recent intensive 
studies inspired by several optoelectronic applications. Among these nanostructures, 
phosphide nanowires possess a wider bandgap making it especially promising for applications 
operating in the green visible range. However, unlike other III-V materials, the growth of 
AlGaP nanowires remains rather unexplored. In this work, we model the stationary 
composition of self-catalyzed AlGaP grown by molecular beam epitaxy. We show that under 
a wide range of growth parameters our theoretical approach does not require any fitting 
parameter and thus allows direct interpretation of experimental data. The obtained numerical 
results demonstrate a tendency to Al domination over Ga at rather low fluxes of the first. 
Interesting phenomena of the rise of Al fraction with an increase of the total group III flux is 
demonstrated. On the other hand, high tolerance of the chemical composition to the 
temperature, concentration of phosphorus in the droplet, and adatom kinetics is shown 
numerically. 
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1. Introduction  
Opportunities for combining different materials in III-V nanowires (NWs) nowadays enable 
various photonic and optoelectronic applications in devices with novel functionality [1-3]. In 
the case of ternary III-V compounds, most device applications require compositional control 
during the synthesis to obtain ensembles of heterostructured NWs with unique electronic and 
optical properties such as large-area p-n junctions in core-shell geometry and Bragg reflectors 
for the fabrication of nanosized sources of laser radiation.  

Molecular beam epitaxy (MBE) is one of the widely used highly controllable 
approaches to III-V NW synthesis via so-called vapor-liquid-solid (VLS) growth which 
implies the metallic nanodroplets to act as the growth catalysts. The catalyst droplets may be 
composed of either foreign metal (usually Au) or group three material [4]. The latter case, 
which is called the self-catalyzed growth, may be preferred for applications since it prevents 
any unintentional contamination of III-V structure with the foreign catalyst species. 

Despite the advantage of the higher purity of the self-catalyzed NWs, the problem of the 
control over the crystalline phase and the well-known effect of the polytypism becomes more 
prominent due to the inability to govern the shape of the droplet and concentration of each 
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growth specie separately. As the chemical composition of the NW can affect its phase purity, 
the development of the theoretical models of the alloyed NW growth becomes especially 
important. 

Among other III-Vs, phosphide NWs are known for larger bandgaps and low optical 
losses. Although GaP is one of the well-established semiconductor materials, its ternary alloys 
are not systematically studied. AlGaP typically possesses a zincblende crystal structure with 
an indirect bandgap in thin films or in bulk. In contrast, AlGaP NWs can be synthesized in the 
wurtzite crystal phase with a direct bandgap allowing for the development of light-emitting 
devices operating in the green color region [5,6].  

Despite active studies of ternary III-V NWs [7-9], up to now, there have been reported 
no growth modeling which allows calculation of AlGaP NW composition. In this work, we 
study theoretically the self-catalyzed growth of ternary AlGaP NWs to explore the effect of 
the growth parameters and develop the model for precise compositional control of AlGaP NW 
by tuning the atomic flux ratio.  

 
2. Model  
We consider the VLS MBE growth of ternary AlxGa1-xP NWs from the droplets of the ternary 
liquid alloy (Al-Ga-P). Figure 1 illustrates the complex transport of the growth species. We 
account for direct impingement to the droplet of Al and Ga atoms and P2 molecules (1), 
diffusion fluxes of Al, Ga from and to NW sidewalls (2 and 3), incorporation of Ga-P and Al-
P pairs into the NW (4), and P evaporation from the droplet.  
 

 
Fig. 1. Schematics of NW growth via VLS mechanism: (1) direct impingement of Ga, Al, and 
P from material flux, (2) diffusion of Ga and Al adatoms from NW sidewalls to the catalyst, 

(3) reverse Ga and Al adatom flux from droplet to the NW sidewalls, (4) incorporation of 
Ga-P and Al-P pairs into the step of an incomplete monolayer, (5) evaporation of P atoms 

from the droplet 
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To obtain analytically the growing NW composition x, we assume the layer-by-layer 
growth regime which is typical for the epitaxial formation of the NWs. In this case, the 
composition of a new monolayer (ML) of AlxGa1-xP is given by the ratio of incorporation 
rates corresponding to AlP (𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴) and the sum of GaP (𝑣𝑣𝐺𝐺𝐺𝐺𝐴𝐴) and AlP (𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴), according to 
[10,11]: 
𝑥𝑥 = 𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴

𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴+𝑣𝑣𝐺𝐺𝐺𝐺𝐴𝐴
. (1) 

As previously shown in [10], the incorporation rates can be found as functions of 
chemical activities, which, in turn, are defined by the difference in chemical potential of solid 
and liquid phases 𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴 and 𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴 as[12]: 
𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴 = 𝐺𝐺𝐴𝐴𝐴𝐴𝐴𝐴(𝑒𝑒𝑥𝑥𝑒𝑒(𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴) − 1), (2a) 
𝑣𝑣𝐺𝐺𝐺𝐺𝐴𝐴 = 𝐺𝐺𝐺𝐺𝐺𝐺𝐴𝐴(𝑒𝑒𝑥𝑥𝑒𝑒(𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴) − 1), (2b) 
where 𝐺𝐺𝐴𝐴𝐴𝐴𝐴𝐴 and 𝐺𝐺𝐺𝐺𝐺𝐺𝐴𝐴 are exponential prefactors for AlP and GaP respectively. The latter ones 
are primarily determined by the growth kinetics and thus are considered equal. Chemical 
potential differences 𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴 and 𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴 can be expressed as composition-dependent potential 
in the droplet 𝜇𝜇𝛼𝛼 (𝛼𝛼 = 𝐺𝐺𝐺𝐺,𝐴𝐴𝐴𝐴 or 𝑃𝑃) and independent 𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴0  𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴0  terms [12,13]: 
𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴 = −𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴0 + 𝜇𝜇𝐴𝐴𝐴𝐴 + 𝜇𝜇𝐴𝐴, (3a) 
𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴 = −𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴0 + 𝜇𝜇𝐺𝐺𝐺𝐺 + 𝜇𝜇𝐴𝐴. (3b) 

The composition-independent terms could be found as functions of growth temperature 
T expressed in K [14]: Δµ𝐺𝐺𝐺𝐺𝐴𝐴0 = −2.983 ln(T) − 8.56 ∗ 10−5T + 17.133 − 7913T−1 +
17622T−2 + ln (1 − 𝑥𝑥) and Δµ𝐴𝐴𝐴𝐴𝐴𝐴0 = 2.774 ln(T) − 1.724 ∗ 10−4T − 28.884 − 8212T−1 +
121713T−2 + ln (𝑥𝑥). The binary coefficient for GaP and AlP in the solid phase is 
negligible [15]. The composition-dependent terms can be found as the functions of elemental 
concentrations inside the droplet С𝛼𝛼 (𝛼𝛼 = 𝐺𝐺𝐺𝐺,𝐴𝐴𝐴𝐴 or 𝑃𝑃) [15]: 
𝜇𝜇𝛼𝛼 = 𝐴𝐴𝑙𝑙(𝐶𝐶𝛼𝛼) + 𝜔𝜔𝛼𝛼𝛼𝛼𝐶𝐶𝛼𝛼2 + 𝜔𝜔𝛼𝛼𝛾𝛾 𝐶𝐶𝛾𝛾2 + 𝐶𝐶𝛼𝛼𝐶𝐶𝛾𝛾�𝜔𝜔𝛼𝛼𝛼𝛼 + 𝜔𝜔𝛼𝛼𝛾𝛾 − 𝜔𝜔𝛼𝛼𝛾𝛾�, (4) 
with the temperature-dependent binary coefficients 𝜔𝜔𝐴𝐴𝐴𝐴𝐴𝐴 = −1.01 + 884/𝑇𝑇,  
𝜔𝜔𝐺𝐺𝐺𝐺𝐴𝐴 = −2.192 + 1622/𝑇𝑇, 𝜔𝜔𝐺𝐺𝐺𝐺𝐴𝐴𝐴𝐴 = 52.53/𝑇𝑇 [15], where 𝑇𝑇 is the substrate temperature 
during the growth, expressed in K. The concentrations of alternating group III elements Al 
and Ga (С𝐴𝐴𝐴𝐴 and С𝐺𝐺𝐺𝐺) may be calculated with the use of material balance equations in 
stationary P-limited growth regime [16,17]: 
𝐹𝐹𝐴𝐴𝐴𝐴 + 2 𝜆𝜆𝐴𝐴𝐴𝐴

𝑅𝑅
𝜒𝜒1𝐹𝐹𝐴𝐴𝐴𝐴 − 2 𝐷𝐷𝐴𝐴𝐴𝐴

𝑅𝑅𝜆𝜆𝐴𝐴𝐴𝐴
𝜒𝜒2𝐶𝐶𝐴𝐴𝐴𝐴 = 𝑥𝑥𝐹𝐹𝐴𝐴, (5a) 

𝐹𝐹𝐺𝐺𝐺𝐺 + 2 𝜆𝜆𝐺𝐺𝐺𝐺
𝑅𝑅
𝜒𝜒1𝐹𝐹𝐺𝐺𝐺𝐺 − 2 𝐷𝐷𝐺𝐺𝐺𝐺

𝑅𝑅𝜆𝜆𝐺𝐺𝐺𝐺
𝜒𝜒2𝐶𝐶𝐺𝐺𝐺𝐺 = (1 − x)𝐹𝐹𝐴𝐴.  (5b) 

Here 𝐹𝐹𝐴𝐴𝐴𝐴 and 𝐹𝐹𝐺𝐺𝐺𝐺 are the direct impingement flux rates of Al and Ga, respectively, 
expressed in ML/s, 𝐹𝐹𝑝𝑝 is the resultant phosphorus influx rate, R is the NW radius, 𝐷𝐷𝛼𝛼  and 𝜆𝜆𝛼𝛼 
are the adatom diffusion coefficients and diffusion lengths on NW sidewalls, 𝜒𝜒1 and 𝜒𝜒2 are 
geometry-dependent coefficients. The first term in the left-hand side of each equation 
corresponds to the direct impingement. The second term describes the diffusion from the 
sidewalls to the droplet. The third term describes the reverse concentration-dependent 
diffusion flux from the droplet. The right-hand side stands for the crystallization rate of binary 
compounds. We note that evaporation could be neglected [18] in accounting the group III 
adatom transport on the sidewalls at typical temperatures of (Al,Ga)P NWs growth  
(400 – 600°С) [6,19,20]. Therefore 𝜆𝜆𝐺𝐺𝐺𝐺 and 𝜆𝜆𝐴𝐴𝐴𝐴 are both limited by the adatom incorporation 
into the NW sidewalls governed by the step-flow radial growth and thus both have similar 
values [21,22].  

Equations (5a) and (5b) can be combined to express the 𝐶𝐶𝐺𝐺𝐺𝐺/𝐶𝐶𝐴𝐴𝐴𝐴 ratio as the  
function of effective flux ratios 𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺 = 𝐹𝐹𝐴𝐴𝐴𝐴/𝐹𝐹𝐺𝐺𝐺𝐺 and 
𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 = [FGa(1 + 2𝜒𝜒1 𝜆𝜆𝐺𝐺𝐺𝐺 𝑅𝑅⁄ ) + FAl(1 + 2𝜒𝜒1 𝜆𝜆𝐴𝐴𝐴𝐴 𝑅𝑅⁄ )] FP⁄  as 
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𝐶𝐶𝐺𝐺𝐺𝐺
𝐶𝐶𝐴𝐴𝐴𝐴

 = 𝐷𝐷𝐴𝐴𝐴𝐴
𝐷𝐷𝐺𝐺𝐺𝐺

𝜆𝜆𝐺𝐺𝐺𝐺
𝜆𝜆𝐴𝐴𝐴𝐴

𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉−(1−x)�1+𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺�
𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉−𝑥𝑥�1+𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺�

. (6) 

Here the coefficient (1 + 2𝜒𝜒1 𝜆𝜆𝛼𝛼 𝑅𝑅⁄ ) characterizes the effective flux of group III 
adatoms to the NW top, which includes both direct impingements to the droplet and the 
sidewall diffusion. 
 
3. Results and discussion 
The system of Equations (1) – (6) can be used to calculate the NW composition 𝑥𝑥 as the 
function of flux ratios 𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺 and 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 with the two parameters: 𝐶𝐶𝑝𝑝 and 𝜏𝜏 = 𝐷𝐷𝐴𝐴𝐴𝐴

𝐷𝐷𝐺𝐺𝐺𝐺

𝜆𝜆𝐺𝐺𝐺𝐺
𝜆𝜆𝐴𝐴𝐴𝐴

. 
However, as we show further, in the case of AlGaP material system, the composition should 
be independent of both parameters, and thus, the system of Eqns. (1) - (6) can be solved self-
consistently without any fitting. In our calculations, we first assume 𝜏𝜏 = 1 which is equivalent 
to the growth conditions at which the values of 𝐷𝐷𝐴𝐴𝐴𝐴 and 𝐷𝐷𝐺𝐺𝐺𝐺 are close [21,23]. And further, we 
discuss the role of 𝜏𝜏 separately. 

Solving the system of equations numerically we obtain the dependence of the 
composition x on the flux ratio 𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺 (Fig. 2) for a given temperature and 𝐶𝐶𝐴𝐴. Figure 2 shows 
that if 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 = 4 and the growth temperature 𝑇𝑇 = 450°C Al concentration increases up to 
almost 1 at 𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺 below 0.4. Low Ga incorporation can be explained by higher Gibbs free 
energy of formation of the compound for AlP (𝛥𝛥𝜇𝜇𝐴𝐴𝐴𝐴𝐴𝐴0 ≈ −22) in comparison with the value 
for GaP (𝛥𝛥𝜇𝜇𝐺𝐺𝐺𝐺𝐴𝐴0 ≈ −13) [14]. Thus, the difference in chemical potentials of solid and liquid 
phases for Ga-P pair is much smaller than for Al-P pair for similar Ga and Al concentrations. 
Therefore, the incorporation rate according to Eq. (2) for Al atoms would be greater than for 
Ga atoms.  

Interestingly, the saturation value of 𝑓𝑓𝐴𝐴𝐴𝐴/𝐺𝐺𝐺𝐺 corresponding to pure AlP shifts right at 
lower 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 and left at higher 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 as illustrated in Fig. 2. 

 

 
Fig. 2. Calculated composition of AlxGa1-xP NWs as the function of the Al/Ga flux ratio at 

different 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉, the growth temperature of 450ºC and 𝐶𝐶𝐴𝐴 = 0.01 
 

Next, we study the influence of the phosphorus concentration in the droplet. The latter 
value can be considered as an unknown parameter and typically is the subject of speculation. 
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As illustrated in Fig. 3 the results of calculations are found to be independent of the exact 
value of phosphorus concentration thus making the results of the modeling trustworthy.  

 

 
Fig. 3. Calculated chemical composition of AlxGa1-xP NWs as the function of the Al/Ga flux 

ratio at different phosphorus concentrations in the liquid phase, the growth temperature of  
450ºC and 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 = 4 

 
From a mathematical point of view, we can explain the obtained results by considering 

Eqns. (3), which could be expressed in the form 𝛥𝛥𝜇𝜇𝛼𝛼𝛼𝛼 = −𝛥𝛥𝜇𝜇𝛼𝛼𝛼𝛼
0 + 𝐴𝐴𝑙𝑙(𝐶𝐶𝛼𝛼) + 𝐴𝐴𝑙𝑙�𝐶𝐶𝛼𝛼� +

𝑃𝑃�𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛾𝛾�, where 𝑃𝑃�𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛾𝛾� is a homogeneous quadratic polynomial. We note that 
𝑃𝑃�𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛾𝛾� is considerably smaller than the concentration-independent term −𝛥𝛥𝜇𝜇𝛼𝛼𝛼𝛼

0 . 
Neglecting the 𝑃𝑃�𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛾𝛾� brings proportionality of both incorporation rates 𝑣𝑣𝐺𝐺𝐺𝐺𝐴𝐴 and 𝑣𝑣𝐴𝐴𝐴𝐴𝐴𝐴 
to 𝐶𝐶𝐴𝐴 according to Eq. (2). The insertion of the incorporation rates into denominator and 
numerator of the right-hand side of Eq. (1) leads to almost no dependence of the NW 
composition 𝑥𝑥 on 𝐶𝐶𝐴𝐴.  

From a physical point of view, small 𝑃𝑃�𝐶𝐶𝛼𝛼,𝐶𝐶𝛼𝛼 ,𝐶𝐶𝛾𝛾� values correspond to weak 
interactions inside the ternary alloy and therefore weak impact of phosphorus on the 
composition of AlxGa1-xP NWs. We should also note that the considered type of chemical 
potentials can be found in other fields of condensed matter physics such as thin film growth 
[24,25] or processes of spinodal decomposition [26,27]. 

Figure 4 shows that this effect has almost no temperature dependence due to weak 
logarithmic dependence of the chemical potential difference on temperature.  

So far, we assumed 𝜏𝜏 = 1.  In the more general case, the value of 𝜏𝜏 is affected by 
diffusion coefficients for group III adatoms on the NW sidewalls, which depend on many 
parameters such as the growth temperature, facet orientation, roughness, and so on. However, 
as we show in Fig. 5, even ten times the variation in 𝜏𝜏 leads only to a slight change in 𝑥𝑥 below 
a few percent.  

 

10-4 10-3 10-2 10-1 100 101 102
0.0

0.2

0.4

0.6

0.8

1.0

x,
 A

l xG
a 1

-x
P

fAl/Ga flux ratio

 CP = 0.05
 CP = 0.01
 CP = 0.002

T = 450 °C
fIII/V = 4

320 Nickolay V. Sibirev, Vladimir Fedorov, Igor V. Shtrom, Alexey D. Bolshakov, Yury Berdnikov



 
Fig. 4. Calculated composition of AlxGa1-xP NWs as the function of the Al/Ga flux ratio at 

different growth temperatures, 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼 𝑉𝑉⁄ = 4 and 𝐶𝐶𝐴𝐴 = 0.01 
 

 
Fig. 5. Calculated composition of AlxGa1-xP NWs as the function of the Al/Ga flux ratio at 

different 𝜏𝜏, the growth temperature of 450ºC, 𝑓𝑓𝐼𝐼𝐼𝐼𝐼𝐼/𝑉𝑉 = 4 and 𝐶𝐶𝐴𝐴 = 0.01 
 
6. Conclusions 
Summing up, we conclude that within our approach we obtain the self-consistent model of the 
self-catalyzed AlGaP NWs stationary formation in MBE process. Our modeling explains the 
ways to control the NW composition by variation of the growth fluxes. The model results 
demonstrate the anticipated tendency to preferential incorporation of Al to Ga. Interestingly, 
the model predicts an increase of the Al molar fraction with the total group III flux at a fixed 
Al/Ga flux ratio. We show that the chemical composition of the NWs does not depend on 
phosphorus concentration, the kinetics of the growth species on the NW sidewalls, and 
temperature within the wide parameter ranges making the control over the composition 
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technologically feasible. Our model does not require any fitting parameter and thus allows 
direct interpretation of experimental data.  
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