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When GaAs is heated in vacuum, it decomposes into Ga and As as it evaporates. Real-time in situ

surface electron microscopy reveals striking bursts of ‘‘daughter’’ droplet nucleation and growth when

coalescence of large ‘‘parent’’ droplets exposes nonplanar surface regions. We analyze the behavior,

predicting a morphology-dependent congruent evaporation temperature. Based on this we propose a new

approach for the self-assembly and positioning of quantum structures via droplet epitaxy, which we

demonstrate at the proof-of-concept level.
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When GaAs is heated in vacuum, it evaporates by de-
composing into Ga and As. Such Langmuir evaporation
has been widely studied over the years, both for its funda-
mental scientific interest and for its technological impor-
tance in molecular beam epitaxy (MBE) growth and
surface processing [1–8]. Above the congruent evaporation
temperature Tc, the As evaporates preferentially, leaving
behind Ga-rich liquid droplets [4–7]. Recently, the devel-
opment of droplet epitaxy techniques has led to a resur-
gence of interest in such Ga droplets [9–13].

Here we apply real-time in situ surface electron micros-
copy to study the evaporation of GaAs (001). We find that
Ga droplet formation is quite different than expected.
Striking bursts of ‘‘daughter’’ droplet nucleation and
growth occur in response to the coalescence of large ‘‘par-
ent’’ droplets. We show that this unexpected behavior
results from a strong coupling between morphology and
evaporation. It is well known that evaporation can strongly
influence morphology [14,15]. Here we also find the con-
verse, that for GaAs the morphology dramatically affects
the evaporation process. We conclude that the evaporation
of As is controlled by step density, while evaporation of Ga
is not. This leads to distinctive morphology effects in
Langmuir evaporation of GaAs that have no analog in
single-component systems such as Si. Analysis of these
effects suggests a new approach for the self-assembly and
positioning of quantum structures via droplet epitaxy,
which we demonstrate at the proof-of-concept level. Our
analysis moreover predicts that the congruent evaporation
temperature Tc depends on morphology, consistent with
our observations.

We degassed an undoped GaAs (001) �0:1� epi-ready
wafer at 300 �C under ultrahigh vacuum for 24 h in a low
energy electron microscope (Elmitec LEEM III) system.
This was followed by high temperature flashing up to
600 �C and annealing at 580 �C for 2 h to remove the
surface oxide. Ga droplets were produced by annealing at
650 �C, well above Tc. The base pressure of the system is
below 2� 10�10 Torr and typical pressures observed dur-

ing imaging at annealing temperatures of 630 �C are in the
range 7� 10�9 Torr.
Figure 1 shows images from a photoemission electron

microscopy (PEEM) video of Langmuir evaporation at
630 �C (available in the supplementary material [16]).
Liquid Ga appears bright against dark GaAs due to relative
work functions [17,18]. A typical snapshot displays drop-
lets of very different size [Fig. 1(a)]. Past analyses [6] have

FIG. 1. PEEM images captured from a video (available in the
supplementary material [16]) of Ga droplet coalescence at
630 �C. Liquid Ga appears bright against dark GaAs.
(a) Droplets 1 and 2 are in close proximity at t ¼ 0. (b) At t ¼
3 s, droplet 1 translates across the substrate and coalesces with
droplet 2, leaving an exposed substrate arena which is associated
with a shallow etch pit. This exposed arena region, enclosed by
the frame in (b), is magnified in (c)–(f). Daughter droplet
formation (c), and growth (d) is sometimes associated with
surface ridges (R).
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compared such static images with theoretical models for
vapor deposition, assuming that Ga generation and droplet
nucleation occurs uniformly across the surface. However,
our in situ real-time videos of evaporation reveal a very
different behavior. In Fig. 1(b), droplet 1 of Fig. 1(a) has
been absorbed into droplet 2 (which remains stationary).
This coalescence event leaves behind a region (a shallow
etch pit [7]) which is framed in Fig. 1(b) and magnified in
Fig. 1(c). This region serves as the arena in which the sub-
sequent action takes place. Surprisingly, within 2 sec there
is a burst of Ga daughter droplet nucleation [Fig. 1(c)]
within this arena. The droplets grow rapidly in size
[Fig. 1(d)] until at t ¼ 51 s they begin to move [19] across
the surface [Figs. 1(e) and 1(f)]. The droplets eventually
move out of the arena. Such events occur continuously
across the surface; a wider view of another event is shown
in a separate video (available online [20]).

After the droplets move out of the arena, there is no
subsequent nucleation, which indicates that the initial burst
of nucleation is not simply due to the absence of nearby
droplets acting as Ga sinks. Thus some previously unan-
ticipated mechanism must be at work. To search for the
mechanism we turn to mirror electron microscopy (MEM)
[19,21]. This imaging mode provides information on sur-
face morphology, which proves key to understanding the
droplet behavior. Figure 2 shows MEM images from a
video (available in the supplementary material [22]) of a
coalescence event and the subsequent evolution. At t ¼
0 s, droplet 1 is absorbed into droplet 2; the concave etch
pit from droplet 1 is clearly visible in Fig. 2(b). In Fig. 2(c),
daughter droplets appear and move within this ‘‘arena’’ as
in the PEEM video [Figs. 1(e) and 1(f)]. With time, the
etch pit planarizes, and only then do the daughter droplets
move away from the region as shown in Fig. 2(d). Thus the
initial rapid planarization of the depression coincides with
the initial formation of daughter droplets, while no fur-
ther nucleation occurs after the surface is planarized.
Moreover, the duration of rapid daughter droplet growth
appears to correspond to the time needed for appreciable
planarization.

Planarization during crystal evaporation is a well-
studied phenomenon with important applications [14].
Typically, in a closed system (Knudsen evaporation) there
is some equilibrium population of adatoms (or other mo-
bile species) on the surface. In vacuum, though, the surface
loses adatoms by evaporation, and the adatom population is
replenished by atoms detaching from atomic steps on the
surface [14,15]. The steps therefore recede with time, and
for Si (001) under ideal conditions large areas can be swept
free of steps and made atomically flat [14].

However, this alone would not explain our burst of
nucleation and growth. To understand the novel behavior
we construct a simple model for Langmuir evaporation of
GaAs. Past work suggests that Ga adatoms persist on the
surface long enough to maintain approximate equilibrium

between terrace and steps [23], as in Si. However, As
evaporates readily, so that in MBE growth a constant
excess flux of As is required to prevent decomposition.
We therefore assume that, in vacuum at these temperatures,
any mobile As surface species evaporates too rapidly to
maintain a significant population across the terrace. Then
the rate of Ga evaporation is approximately independent of
step density, while the rate of As evaporation is approxi-
mately proportional to step density. Assuming a standard
transition rate model for Ga and As evaporation, the evapo-
ration rates per unit area are

FGa ¼ rGa exp

�
�Ga � EGa

kT

�
; (1)

FAs ¼ rAs;sL
�1
s exp

�
Nð�GaAs ��GaÞ � EAsN

kT

�
: (2)

Here the chemical potentials of Ga and As on the surface
are �Ga and �As; the transition state for As evaporation
involves N atoms (e.g., N ¼ 2 for As dimers), and we have
used �Ga þ�As ¼ �GaAs, where �GaAs is the bulk crystal
free energy per atom pair. EGa and EAsN are the respective
transition state energies for Ga and As evaporation. The
rate constants rGa (per unit area) and rAs;s (per unit step

length) include the transition state entropy or degeneracy,
e.g., density of sites for evaporation. For small deviations

FIG. 2. MEM images captured from a video (in the supple-
mentary material [22]) of Ga droplet coalescence at 650 �C. In
this imaging mode, concave surface features such as etch de-
pressions appear bright relative to planar regions and convex
droplets appear as dark circles surrounded by a bright concentric
ring [19]. (a) At t ¼ 0 s, droplet 1 translates across the substrate
and coalesces with droplet 2, leaving an exposed bright, circular
etch depression region in (b). Note that droplet sizes are ex-
aggerated in MEM and the true size of droplet 1, for example,
closely approximates the shallow etch pit in (b). (c) Daughter
droplets nucleate in the etch depression and appear as dark
circles. (d) Eventually the etch pit planarizes.
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from the (001) orientation, the step density L�1
s varies with

miscut angle � roughly as L�1
s � ðL�2

0 þ h�2
s �2Þ1=2, where

hs is the atomic step height, and L�1
0 is the step density

present even on the facet due to kinetic roughening [24].
Congruent evaporation (equal Ga and As) occurs be-

cause the chemical potential self-adjusts. High T favors As
evaporation, causing Ga to accumulate on the surface. As a
result, �Ga rises until FGa ¼ FAs is restored. However, if
the Ga chemical potential rises above the liquidus value
�Ga;0, Ga droplets can nucleate. Their presence tends to pin

the chemical potential at �Ga ¼ �Ga;0. Therefore congru-

ent evaporation breaks down above the congruent evapo-
ration temperature

kTc ¼ ðN þ 1Þ�Ga;0 � N�GaAs � EGa þ EAsN

lnðrAs;s=LsrGaÞ : (3)

If droplets pin �Ga at �Ga;0, then Eqs. (1) and (2) show

that above Tc As evaporates more quickly than Ga, releas-
ing Ga and causing droplets to grow. Below Tc, droplets
will shrink and disappear, at which point �Ga is free to
adjust and congruent evaporation is restored.

Above Tc, if droplet coalescence suddenly exposes a
region of much higher local miscut, then from Eq. (2),
that region will experience much faster As evaporation and
Ga release than the surroundings, explaining the burst of
nucleation and growth of daughter droplets. This rapid Ga
release will continue until the evaporation drives local
planarization.

Equation (3) explicitly predicts a dependence of Tc on
the morphology, with larger local miscut giving a lower
local Tc. This in turn suggests novel possibilities for con-
trolled nanostructure formation on patterned substrates.
Evaporation should occur preferentially on sloped regions.
Annealing of the surface would allow the spontaneous
generation of droplets at predetermined locations. These
droplets could then be converted to semiconductor quan-
tum structures under an overpressure of As or other group-
V vapor, as in standard droplet epitaxy techniques [9–13],
offering a new route to nanostructure fabrication.
Annealing at a temperature above the Tc of the sloped
regions but below the Tc of the flat regions would give
especially robust Ga placement, important for uniformity
and reproducibility in technological applications—Ga is
released only in the intended high-slope regions, while in
the flat regions (where T is below the local Tc) any excess
Ga tends to evaporate.

We demonstrate such positioning at a proof-of-concept
level in Fig. 3. We first heated a GaAs (001) sample above
Tc to form a number of well-separated Ga droplets. The
sample was then cooled below Tc so that the Ga droplets
shrink [Fig. 3(a)] and eventually disappear [Fig. 3(b)] [19].
This leaves a surface patterned with nanoscale depressions
(the droplet etch pits). In Fig. 3(a), droplet 1 is the largest
droplet and therefore the last to disappear, leaving the
greatest depression. When we slowly increase the tempera-

ture to 620 �C, a new droplet is generated at precisely the
same position in Fig. 3(c). No other droplets appear on the
planar surface or in the other depressions. We can control
the stability of the single droplet over a significant time
period (many minutes) and temperature range (�5 �C)
[Fig. 3(d)]. Increasing the temperature to 635 �C, we see
in Fig. 3(e) that an additional droplet appears at the etch pit
left by droplet 2 in Fig. 3(a), as expected. Even after 1 min.
[Fig. 3(f)], �90% of the new droplets reappearing corre-
spond to previous etch pit positions. This demonstrates that
position-controlled droplets can be readily generated from
‘‘patterned’’ surface features.
We expect that capillary effects may also play a role in

our observations. Concave regions are energetically favor-
able for the liquid droplets, providing an extra force acting
to position the droplets on a patterned substrate. Indeed,
many of the droplets initially appear in strings in Fig. 1(d),

FIG. 3. PEEM images of Ga droplet shrinkage and formation.
(a) The sample is cooled below Tc so that Ga droplets gradually
shrink until they all eventually disappear in (b). Circled droplet 1
in (a) is the largest droplet and the last to disappear. On slowly
heating the sample to 620 �C, a new droplet is generated in the
original position of droplet 1 (c). (d) This droplet was observed
to be stable in the temperature range of 620–625 �C for several
minutes with no other droplets appearing. (e) Increasing the
temperature to 635 �C results an additional droplet appearing
at the original position of droplet 2 in (a). (f) After a further
minute at 635 �C, �90% of the new droplets reappearing cor-
respond to previous droplet positions in (a) (circled droplets).
The droplet enclose by a triangle has appeared at a new position.
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associated with ridges within the etch pit, which might
reflect capillary effects. However, we do not observe drop-
let formation on preexisting surface features such as ridges
located away from coalescing parent drops, indicating that
enhanced Ga release is an important contribution to droplet
formation. We therefore expect both capillarity and en-
hanced Ga release contribute to the formation and position-
ing of droplets in Fig. 3.

Different GaAs surfaces such as ð111ÞA and B have
different atomic structures for the terrace and steps.
Therefore the kinetic parameters in Eq. (3) will be different
for each surface. Equation (3) then predicts that each
surface will have a different Tc [3] as well as a different
dependence on miscut.

In conclusion, we have shown that evaporation and
surface morphology are mutually connected during
Langmuir evaporation of GaAs (001). A simple model of
GaAs evaporation, in which the rate of As evaporation
depends on the step density, explains the striking bursts
of daughter droplet nucleation. Most significantly, the
model predicts a morphology dependent congruent evapo-
ration temperature, which is consistent with our in situ
surface electron microscopy studies of droplet regenera-
tion at etch pits. This basic concept and proof-of-principle
demonstration have important technological implications
for the self-assembly and positioning of quantum struc-
tures on surfaces by combining lithography with droplet
epitaxy.
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