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We present a theoretical model of the formation of self-limited (Al)GaAs quantum wires within

V-grooves on GaAs(001) substrates during metalorganic vapor-phase epitaxy. We identify the facet-

dependent rates of the kinetic processes responsible for the formation of the self-limiting profile,

which is accompanied by Ga segregation along the axis perpendicular to the bottom of the original

template, and analyze their interplay with the facet geometry in the transient regime. A reduced

model is adopted for the evolution of the patterned profile, as determined by the angle between the

different crystallographic planes as a function of the growth conditions. Our results provide a

comprehensive phenomenological understanding of the self-ordering mechanism on patterned

surfaces which can be harnessed for designing the quantum optical properties of low-dimensional

systems. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4816415]

The epitaxial growth of low-dimensional nanostructures

on nonplanar substrates has led to the wide-ranging synthesis

of integrated optoelectronic and quantum optics building

blocks1–6 by exploiting the variations of the growth rates on

the exposed crystallographic planes. The actual material

composition can be modulated through growth conditions

mediated by kinetics, delivering spatially controllable con-

finement and, therefore, tuneable electro-optical properties.

V-groove quantum wires (QWRs) grown by metalor-

ganic vapor-phase epitaxy (MOVPE) on patterned

GaAs(001) have contributed significantly to the fabrication

of ordered and spectrally pure QWR-based lasers and their

integration with photonic nanocavities.7–9 The in situ forma-

tion of the confined system significantly reduces nonradia-

tive defects at interfaces, leading to increased quantum

efficiency when compared with techniques based on etching

and regrowth. Despite the broad interest V-groove QWRs

have engendered, detailed theoretical modelling at the

atomic level of epilayer growth kinetics remains scarce.

Analyses of the microscopic surface processes during epi-

taxial growth can lead to a more complete understanding of

facet-dependent thickness and composition, allowing for the

more reproducible, on-demand, design of low-dimensional

systems.

We have previously presented10 a phenomenological

model with accompanying experimental data for the interplay

between precursor decomposition, and the surface diffusion

and incorporation of adatoms during the formation of

(Al)GaAs V-groove QWRs on patterned GaAs(001) sub-

strates. The appearance of a self-limiting width along the bot-

tom of the groove, together with the segregation of the most

mobile adatom species along the vertical axis (perpendicular

to the bottom facet) of the recess, produces two-dimensional

lateral carrier confinement. Our model, which focusses exclu-

sively on kinetics, in contrast to previous studies,11,12

provides a complete explanation of the observed behavior

in V-groove recesses (e.g., modulation of the self-limiting

profile width and Ga segregation) based on (i) different rates

of precursor and adatom surface kinetics on each facet plane

and (ii) interfacet mass transport, which accounts for growth

rate anisotropy and capillarity.

Here, we use our model to analyze the time-dependence

of the self-limiting mechanism and Ga segregation during the

transient regime. Cross-sectional transmission electron mi-

croscopy (TEM)11 has demonstrated the presence of a tran-

sient regime during which the profile of the recess and the Ga

segregation evolve toward stationary values determined by

the growth conditions and alloy composition. We reproduce

the experimentally observed geometric and compositional

transients based on reaction-diffusion equations for each facet

of the V-groove template, and we explain our results in terms

of the surface kinetics established by the geometry and

growth conditions. Building on this, we propose a reduced

model to explain a poorly understood process in V-groove

templates: the evolution of the sidewall angles, which affects

lateral confinement and transport properties in QWRs.

Figure 1 shows a schematic illustration of a GaAs(001)

substrate patterned with V-grooves and the cross-section of

the template used for our theoretical model. The essence of

our model is as follows. We simplify the MOVPE process

into the following basic steps: the precursors [trimethylgal-

lium/aluminum (group-III) and arsine (group-V)] diffuse

through the boundary layer and arrive on the substrate, where,

after surface diffusion, they decompose preferentially at step

edges,13 releasing single atoms of the growing material. The

atoms then diffuse on the surface until they are incorporated

into the growth front. Under our growth conditions, we can

neglect kinetics associated with the group-V species,14 so we

include the group-III kinetics only. All precursor and adatom

kinetics have different rates on different facets.

The spatio-temporal dependence of the adatom concen-

tration on the ith facet (i ¼ b; 3; s for the (001), (311)A bot-

tom facets and sidewalls, respectively) is given by the

reaction-diffusion equation
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@ni

@t
¼ Dir2ni þ Fi �

ni

si
; (1)

where Di is the diffusion constant, Fi the effective atom

flux,10 and si the adatom lifetime to incorporation. Di and si

have Arrhenius forms: Di ¼ D0 expð�bED
i Þ, where ED

i is the

barrier for surface diffusion, b ¼ 1=kBT, kB is Boltzmann’s

constant, and T the absolute temperature, and s�1
i

¼ �i expð�bEs
i Þ,

15 where Es
i is the effective barrier for

incorporation. All kinetic parameters are listed in Table I.

The solution to Eq. (1) enables the growth rates to be calcu-

lated as

RiðxÞ ¼
dzi

dt
¼ X0

si
niðxÞ ; (2)

where zi is the thickness measured along the z axis, X0 is the

atomic volume, and x is the spatial coordinate along the facet

[Fig. 1(b)]. Continuity of the growth rate at the boundaries

between the lateral and bottom facets requires that

R
ðAlGaAsÞ
b

���
x¼1

2
Lb

¼ R
ðAlGaAsÞ
3

���
x¼1

2
Lb

(3)

¼ RðAlGaAsÞ
s

���
x¼1

2
LbþL3

; (4)

which, in the stationary regime, yields the self-limiting width

L�b ¼ Lb þ L3. Note that the self-limited profile L�b can be

simplified by assuming that its width is given by the width of

the evolving (001) and (311) A facets.10,17

Equations (3) and (4) determine the evolution of L�b dur-

ing growth, as shown schematically in Fig. 1(b), though their

solution requires time-dependent concentrations from Eq.

(1). To side-step the direct solution of Eq. (1), we use a

method based on the incremental stationary solutions of Eqs.

(1) and (2), combined with differential equations for the

time-dependence of the width of the (001) (Lb) and (311)A

(L3) bottom facets

dLb

dt
¼ 2 Rb �

R?3
cos a

� �
cot a (5)

and

dL3

dt
¼

R?3
cos a

� Rb

sin a
þ cos u

sinðu� aÞ
R?3

cos a
� R?s

cos u

 !
; (6)

where all the perpendicular growth rates are functions of Lb

and L3. The dependence of the profile on time is then given

by LbðtÞ ¼ LbðtÞ þ L3ðtÞ [Fig. 1(b)].

Using stationary solutions necessitates choosing an inte-

gration time step Dt which allows for the full relaxation of

adatom concentrations on each facet.16 Our choice of kinetic

parameters (Table I) implies that (i) the concentrations on the

side facet relax in a time given by the adatom lifetime

(Ls � ks, with ks ¼
ffiffiffiffiffiffiffiffiffi
Dsss

p
being the surface diffusion length

on the sidewalls) and (ii) incorporation and diffusional relax-

ation on the bottom facet occur over comparable time scales

(Lb;3 � kb;3, with kb;3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Db;3sb;3

p
being the surface diffu-

sion lengths on the (001) and (311)A facets). For the adatom

concentrations to relax on each facet, Dt must be comparable

to the longer adatom lifetime. From Table I, we calculate

smax ¼ sGa
s ¼ 1:45 s at T ¼ 973 K, so we choose Dt ¼ 2 s,

though shorter time steps Dt � 0:9 s can also be used. This is

comparable to the longer adatom lifetime on the (001) facet

and highlights the dominance of the kinetics at the bottom of

the recess. The stationary solutions of Eq. (1) are used in

Eq. (2) to calculate the growth rates which, when cyclically

substituted in Eqs. (5) and (6), yield the incremental changes

of Lb and L3. This procedure enables both the geometry and

composition of the epitaxial layers to be tracked during

growth. The kinetic parameters in Table I (and experimental

parameters from Ref. 10) were used for our calculations.

Figures 2(a) and 2(b) show the results for Al0.5Ga0.3As

grown on GaAs(001). The widths Lb and L3 [Fig. 2(a)] show

different relaxation times, with L3 taking longer than Lb to

reach the steady state. This behavior is due to the lower

incorporation rate of the adatoms on the (311)A than on the

(001) facet, resulting in slower surface kinetics and, there-

fore, a longer transient. Experimental evidence17 qualita-

tively confirms this behavior and further validates the

phenomenology of our model. The density plot in Fig. 2(b)

shows the relative Ga growth rate and Ga segregation along

the vertical axis of the template. We clearly observe the Ga

enrichment in the middle of the (001) bottom facet.

However, the analogous effect, observed on the (311)A fac-

ets,17 does not appear in our model, which instead shows a

uniform distribution of Ga-enrichment along the entire width

FIG. 1. (a) V-groove array on a GaAs(001) substrate and (b) cross-section of

a single V-groove, bounded by (001) bottom, (311)A intermediate, and

(111)A sidewall facets. The evolution toward the effective self-limiting pro-

file, L�b ¼ Lb þ L3, is represented by dashed lines. Rb, R3, and Rs denote the

growth rates on the (001), the (311)A, and (111)A facets, respectively, along

the vertical direction z (R?i are the corresponding components perpendicular

to each facet).

TABLE I. Kinetic parameters for Ga and Al adatoms used in Eqs. (5) and

(6). These parameters are optimized in relation with those used previously10

to correct for the new geometry with the basal angles a and u [see

Fig. 1(b)].

Parameter Al Ga

D0 7.34� 10�7 m2/s 7.34� 10�7 m2/s

�i 4.59� 10�6 s�1 4.59� 10�6 s�1

ED
b 2.10 eV 1.80 eV

ED
ð311ÞA 1.65 eV 1.40 eV

ED
s 1.60 eV 1.35 eV

Es
b 0.040 eV 0.114 eV

Es
ð311ÞA 0.098 eV 0.128 eV

Es
s 0.126 eV 0.159 eV

042103-2 Dimastrodonato et al. Appl. Phys. Lett. 103, 042103 (2013)



of the (311)A base. Additional theoretical studies are being

carried out to understand this effect.

The change of angle between the facets determining the

profile is typical of many epitaxial systems characterized by

facet evolution during growth (and/or annealing).

Micrographs (atomic force microscopy and TEM) of V-

groove structures17 reveal a clear increase of the angle #
between the (001) bottom facet and the (111)A sidewalls

with both growth temperature and alloy composition, sug-

gesting a strong relationship between surface kinetics and

facet geometry. Previous attempts to explain this behavior

postulated a link between the facet step density and the ki-

netic parameters. We show here that this is not necessary to

reach the steady state.

Figure 3(a) illustrates the geometry of our calculation

of #. For simplicity, and since we are interested in obtaining

the dependence of # on the temperature and composition in

the steady state, we employ the stationary solution of the

adatom concentrations and growth rates for each facet. The

basal angle is defined between the (001) and (111)A facets,

so we neglect the intermediate (311)A planes and solve

Eqs. (1) and (2) in the stationary regime for only the bottom

and lateral facets. Additionally, Eq. (3) will be replaced by

R
ðAlGaAsÞ
b

���
x¼1

2
Lb

¼ RðAlGaAsÞ
s

���
x¼1

2
Lb

; (7)

which describes the continuity of the growth rates at the

boundaries. The kinetic parameters used for the solution of

Eq. (7) are compiled in Table II.

For a complete description of the phenomenology

behind the evolution of the profile and the change of #, we

must consider the effect of the growth rate anisotropy, which

requires that Rt < R?s .10 We define Rts � Rt=R?s , which

allows us to determine the length L0s of the side facet after

growth [Fig. 3(a)], which itself depends on #. Therefore, for

each temperature and composition, Rts corresponds to a spe-

cific evolution of the length and slope of the sidewalls. The

dependence of L0s on Rts and # is determined by simple ge-

ometry [Fig. 3(a)]

L0s ¼ Ls �
Dt

sin#
ðRs � RtÞ ; (8)

where Ls is the initial (as-etched) length of the sidewalls and

DtRs=t the thickness of the layer grown during time Dt on the

lateral/top facet (indicated in Fig. 3(a) by S/ T). Equation (8)

allows us to extract all the growth dynamics related to the

bottom, lateral, and top facets. Aside from the explicit de-

pendence of L0s on the angle and, therefore, on the bottom

profile, the dependence of L0s on Rs and Rt embodies the rela-

tion between the surface kinetics on the top and lateral facets

and those on the bottom facet. Rs (and Rt ¼ R?s Rts) is indeed

a function of Lb [Eq. (7)]. Therefore, despite our simplified

treatment, we are able to reproduce the complete phenome-

nological scenario during deposition. The solution for # is

obtained by requiring that the growth rates of the sidewall at

the boundary with the bottom (1
2

Lb) and with the top facets

(1
2

Lb þ L0s) are the same

RðAlGaAsÞ
s

���
x¼1

2
Lb

¼ RðAlGaAsÞ
s

���
x¼1

2
LbþL0s

; (9)

where L0s introduces the unknown # [Eq. (8)] and, through

Rts, stipulates that the evolution of the lateral facet is deter-

mined by growth rate anisotropy. Previous work10 revealed

that Rts follows the Arrhenius form Rts ¼ Ctsexpð�bEtsÞ,
with Ets ¼ E001 � Eð111ÞA being the difference between the

decomposition barrier on the top (001) facet and the (111)A

sidewalls. The optimized values of Cts and Ets used here are

compiled in Table III.

We now consider the time step Dt. Figure 1 suggests a

transient time for Al0.5Ga0.5As of �1500 s (�400 nm), while,

for higher Ga content, longer transient regimes of �6000 s

(�1500 nm) are expected (due to the slower incorporation

rate). Starting at Dt ¼ 3000 s, we have optimized the time

FIG. 2. (a) Widths of the (001) (Lb) and (311)A (L3) facets and the bottom

profile ðL�b ¼ Lb þ L3Þ as a function of layer thickness (z) for Al0.5Ga0.5As

grown on GaAs(001). (b) Density plot of the corresponding relative Ga

growth rate. Segregation of Ga appears along the vertical axis of the tem-

plate (yellow) and the (311)A facets (green). The color bar refers to the cal-

culated relative Ga content. The boundaries are darker because of the

discontinuity of the kinetic parameters between adjacent facets.

FIG. 3. (a) Schematic representation of the template employed for calculat-

ing the angle # between the bottom and lateral facets in the steady state,

when the growth rate anisotropy is taken into account (the growth rate Rt on

the ridge lower than growth rate Rs on the sidewalls). (b) Experimental

data17 (symbols) and calculated values [Eq. (9)] (solid traces) of # as a func-

tion of the growth temperature for the three Al concentrations indicated in

the legend.

TABLE II. Kinetic parameters for Ga and Al adatoms used in Eq. (7) for the

simplified model without the (311)A facets. We use the same values of D0

and �i as in Table I.

Parameter Al (eV) Ga (eV)

ED
b 2.15 1.90

ED
s 1.40 1.00

Es
b 0.098 0.146

Es
s 0.128 0.175

042103-3 Dimastrodonato et al. Appl. Phys. Lett. 103, 042103 (2013)



step based on the best fit to the experimental temperature-

dependence of #.

The calculated results are shown in Fig. 3(b) for differ-

ent Al contents and compared with experimental data.

Despite the spread values of the experimental data, the

increasing trend of # with temperature can be clearly

observed. Our results qualitatively confirm this behavior and

reproduce the increase of the steepness of the sidewalls for

higher Al contents. For a given alloy composition (T), as T
(Ga content) increases, the surface-diffusion-induced capil-

larity effect causes a higher growth rate along the bottom of

the template, leading to a widening of the profile and a flat-

tening of the sidewalls with respect to the initial profile.

In conclusion, we have discussed the time-dependent

behavior of the self-limiting mechanism and Ga segregation

along the bottom of a V-groove template during MOVPE

and reproduced the experimentally observed evolution of the

cross-sectional profile, determined by the angle between

the (001) bottom and (111)A lateral facets, as functions of

the growth temperature and composition. The competition

between the facet-dependent kinetic processes, e.g., precur-

sor decomposition, adatom migration, and incorporation, has

been analyzed in relation to the geometry of the bounding

facets during both the transient and stationary regimes. This

scenario represents the foundation for predicting the

morphological evolution of the template for a set of growth

conditions, allowing for the more reproducible design of

nanostructures with specific quantum optical properties.
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