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Complex Geometric Structure of a Simple Solid-Liquid Interface: GaN(0001)-Ga
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The equilibrium atomic interface structure between Ga and GaN(0001) is shown to contain substrate
surface vacancies followed by substrate-induced layering and preferential lateral ordering in the liquid. The
uncovered presence of point defects, in the form of vacancies at both sides of the solid-liquid interface, is an
important structural feature which governs the local physical properties. Our x-ray diffraction study reveals
that the layering is very stable and persists up to a temperature of 1123 K and a nitrogen pressure of 32 bar.
The Ga layer spacing agrees remarkably well with the Friedel oscillation period for this system.
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Solid-liquid interfaces are omnipresent in everyday life
and are encountered in many industrial applications.
Although studied for quite some time, a lack of detailed
atomic-scale descriptions of these interfaces hampers the
level of understanding needed to predict and control such
processes as crystal growth from solution, soldering, and
friction. Metal-semiconductor interfaces have proven par-
ticularly useful model systems for experimental [1,2] and
theoretical [3] studies of solid-liquid interfaces. Compared
with, for example, water, monatomic metals with a low
melting temperature have a more simple theoretical
description and, in general, are easier to interpret exper-
imentally. Such systems are also relevant in semiconductor
applications.

Gallium nitride has become the most important semi-
conductor material after silicon. The GaN band gap of
about 3.4 eV enables a range of applications, most
prominently blue light-emitting diodes and power elec-
tronics [4,5]. Although vapor phase epitaxy [6] is the most
widespread GaN growth technique, the highest-quality
crystals are presently obtained by the ammonothermal
growth method [7], which takes place at a high ammonia
pressure (2 kbar) and temperature (1000 K). The growth
interface common to all GaN solution growth techniques is
that of liquid Ga in contact with solid GaN at a high
temperature (7 > 1000 K) and a high nitrogen or ammonia
pressure (P > 5 bar). They mostly differ in the way
nitrogen is introduced, because there is a large energy
barrier for the dissociation and dissolution of this species.
We present the temperature and nitrogen pressure depend-
ence of the GaN-Ga solid-liquid interface structure using
the Ga-terminated (0001) surface. The (P, T) range used in
this study brings the interface near equilibrium under
conditions where very slow crystal growth can take place
[8]. This allows one to obtain a detailed atomic-scale

0031-9007,/20/124(8)/086101(5)

086101-1

resolution picture of the structure by using high-energy
x-ray diffraction in a grazing-incidence-transmission geom-
etry, which is needed to reach the deeply buried solid-liquid
interface [9]. We use this scheme, together with a high-
pressure furnace [10], to obtain extensive surface crystallo-
graphic datasets containing crystal truncation rods (CTRs)
[11-13]. High-quality epiready ammonothermal GaN
(0001) substrates (Unipress, Poland), having a wurtzite
structure with cell parameters a = 3.190 and ¢ = 5.189 A,
were mechanochemically polished, resulting in a surface
roughness below 2 A. Our sample furnace was carefully
cleaned, and loading of the substrate and liquid Ga was
done inside a glove box to prevent exposure to water and
oxygen. The experiment was performed at beam line
ID15A of the European Synchrotron Radiation Facility
(ESRF). More experimental details can be found elsewhere
[8,10]. An empirically found recipe, consisting of heating
under a controlled nitrogen atmosphere, was used to
optimally contact the liquid gallium with the substrate
[8]. This procedure repairs the surface and cleans residual
impurities [14], resulting in a well-defined and atomically
smooth interface at near-equilibrium conditions at the
nitrogen pressures used.

The experiment was performed using an x-ray energy of
71 keV in combination with a hybrid pixel detector
equipped with a CdTe sensor [15]. The CTR intensities
were collected in the so-called stationary mode and
corrected for scattering geometry factors, such as trans-
mission through the chamber wall, Ga liquid, and its
container, to obtain structure factors [16].

The most extensive dataset was recorded at a temperature
of 473 K and 11 bar of nitrogen and consists of four unique
rods (see Fig. 1). These are reduced from a larger dataset by
averaging over symmetry equivalents (space group Pmm),
which resulted in a multiplicity of 2.2 and an agreement
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FIG. 1. Data and fit obtained at 473 K and 11 bar of N,
pressure. Data are represented as circles plus error bars, fit as red
curves, and bulk contribution as blue curves. The enlarged error
bars on the (2,1) rod around / = 3.5 are caused by the very weak
signal.

factor of 8.2%. The data differ considerably from those for
bulk-terminated GaN (blue curves), directly showing the
ordering of the interfacial Ga. Figure 2 shows the structural
model used to fit the data [17]. A wide range of models was
tested with different lateral positions and varying degrees of
lateral and perpendicular ordering (as modeled through
anisotropic Debye-Waller parameters [18]). The model
presented here is the simplest that accurately fits the data.
Four layers are found to be present with both lateral and
perpendicular order (Gal-Ga4), while subsequent layers
have only a rapidly decreasing perpendicular order (layer-
ing). Beyond layer Ga6 on, the so-called distorted crystal
model [19] is used, yielding a smooth transition to the bulk
liquid density of Ga. The model includes relaxations and
partial occupancies in the topmost GaN layer and liquid Ga
layers. The occupancies are expressed in monolayers (ML),
where 1 ML is one atom per surface unit cell.

The optimum fitting parameters are listed in Table I and
yield a y? value of 0.66. The most important distances
between Ga atoms as derived from our fit are shown in
Fig. 2. The Ga0-Gal distance of 2.24 A is somewhat
shorter than the sum of the atomic radii (2.45 A). The
formation of Ga dimers in liquid Ga has often been
discussed [20-22]. Here, the distance around 2.86 A of
Ga0-Ga3 and Gal-Ga4 is consistent with such dimers. We
find that the surface has no significant roughness, con-
firming the equilibrium conditions at the interface. A
striking feature is the presence of 20% vacancies in the
topmost Ga layer (Ga0) of the crystal. The next layer (Gal)
is a liquid with strong ordering properties and a location
above the hollow site (H3). Instead of the expected
occupancy around 1 ML, this layer has an occupancy of
only 0.35 ML. The remaining hollow sites are partly
occupied by a layer that is located at a larger distance

FIG. 2. A side view of the (0001) GaN-Ga interface with the
size of the atoms corresponding to the amount of disorder. Layers
Ga5 and Ga6 have no in-plane order, and the color of the atoms
Ga2, Ga3, and Ga4 is lighter to highlight their fractional
occupancies. Interatomic distances are given in angstroms.

(Ga2). Ga2 is part of a layer that contains also atoms
located at 71 (Ga4) and T4 (Ga5) sites and with a total
occupancy of 1.3 ML. This layer shows significant dis-
order, and, thus, the atoms are quite mobile and will diffuse
from site to site. The occupancies therefore correspond to
effective residence fractions per site. As drawn in Fig. 2, the
Ga3, Gad, and GaS5 atoms are very close together, but the
partial occupancy means there is enough room. Subsequent
layers are laterally disordered (B = oo). The complete
density profile is shown in Fig. 3. The analysis is most
sensitive to the first layers. For example, not having the
lowest liquid atom in the hollow site nearly doubles the y?
value, while fixing the occupancy of Ga0 to 1 gives a y?
of 1.05.

In addition to the data at 473 K and 11 bar, (00) and (10)
rods were measured at the following temperature-pressure
combinations: 293 K—11 bar, 873 K—13 bar, 873 K-27 bar,
and 1123 K-32 bar. We found that these more limited
datasets did not allow extraction of full structural details,
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FIG. 3. Projected electron density along the interface normal (z
direction) obtained from the best fit model. The blue curve is the
full density; the red one shows the (1,0) Fourier component, i.e.,
only the density with in-plane order.
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FIG. 4. (Left) Quasi-Bragg peaks due to Ga layering at different
temperatures and pressures. Shown are experimental data points
and Gaussian fits (lines). (Right) Average layer spacing and
correlation length (£) deduced from the peak positions and width
of the quasi-Bragg peaks as a function of the temperature.

and merely the quasi-Bragg peaks were analyzed. This
peak, which appears on the specular rod around [ = 2.7,
arises from constructive interference between layers of Ga
atoms. The corresponding d spacing of approximately
19 A represents the weighted average of interplanar
distances as probed by the x rays. Therefore, the appear-
ance of the quasi-Bragg peak is direct evidence for the
layering, and its position and width can be used to obtain a
picture of the layer spacing (d = c/I) and correlation
length (¢ = ¢/Al), respectively. The relevant data, together
with the extracted d spacing and correlation length, are
shown in Fig. 4.

The d spacing decreases when heating from 293 to 473 K
and then does not change significantly anymore over the
investigated temperature-pressure range. At 293 K, which
is just below the Ga freezing temperature of 302.9 K, we
did not observe any Bragg reflections from its solid phase,
and we conclude that it was in a supercooled state.

TABLE L.

Interestingly, the drop in d spacing of about 1% is in line
with gallium’s density increase when melting. In the
temperature range 473-1223 K, the d spacing is found
to be constant and not increasing by the 5% as expected
from thermal expansion [24]. This value is way beyond the
determined error bar. It could be that the substrate-induced
lateral interaction, which correlates with the liquid layer
spacing, annihilates its increase due to Ga thermal expan-
sion [25]. The correlation length of the layering decreases
approximately linearly with temperature; see Fig. 4.
Thermal vibration can explain this, since its squared
amplitude scales linearly with the temperature to first order
in the harmonic approximation [26]. The correlation length
of approximately 20 A near room temperature has also been
found for other solid-liquid metal-semiconductor interfaces
[25,27,28]. The linear decrease of the correlation with an
increasing temperature has been observed for room-temper-
ature ionic liquids (RTILs) in contact with a hard wall as
well [29]. It is quite remarkable that here it persists to
temperatures above 1000 K. If the trend would continue, it
is expected that around a temperature of 1500 K, where the
value will drop below 5 A (about two atomic layers), the
layering will disappear. Both RTILs and gallium are known
for their broad liquidus range, and it seems that, by
extrapolation of the correlation lengths, the layering at a
hard wall could persist up to roughly halfway to their
boiling points. The pressures studied here are approxi-
mately 2 orders of magnitude lower than those for which
pressure effects are expected [30].

There are no directly comparable data on the interface we
investigated, but the structure of several MLs of Ga under
vacuum conditions on GaN(0001) has been studied
[31,32]. It was found that a dense Ga bilayer can form,
of which the layer in direct contact with the GaN has a
coverage of 1 and the second of 4/3 ML; hence, it was
coined the contracted bilayer. This particular model (and
ones like it) strongly disagrees with our data (and model)
for the conditions with a thick Ga layer. First of all, in a
vacuum the first layer was reported to have a coverage of
1 ML, a T1 position, and a distance of 2.5 A to the

Fit results. Optimum parameter values for the fit at 473 K and 11 bar N,. The parameters B, and B)

indicate the out-of-plane and in-plane, respectively, Debye-Waller factors of which the bulk values are taken from
Ref. [23]. Parameters that are nonrefined are listed without an error bar.

Atom Location z (A) Occupancy (ML) B (A% B, (A%
Ga Layered 11.1 £ 0.1

Gab 9.1£0.2 0.3£0.1 00 20+5
Ga5 8.1 +0.1 0.74+0.2 00 19+4
Gad T4 6.1 +0.1 0.54+0.1 25+5 542
Ga3 T1 5.6 +0.1 0.35+0.1 40 £+ 20 4+2
Ga2 H 5.47 +£0.02 0.50 +0.05 5+1 7+2
Gal H 3.97 £0.02 0.36 +0.03 3.0+£0.3 5+2
Ga0 2.69 +0.01 (A = 0.09) 0.77 +£0.03 1.3£0.2 14+03
N 1.96 +0.02 (A = —0.03) 1 1.2+0.3
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substrate, while we find (for Gal) 0.36 ML, a hollow site,
and 1.3 A, respectively. The spacing to the second layer
was found to be 2.4 A in a vacuum, while we obtain 1.8 A.
Nevertheless, the general structural features of the two
models are similar, namely, that of a first layer in registry
with the underlying substrate and a second layer with
~4/3 ML density and variations in the lateral registry. We
thus find a much smaller layer spacing of the first two
layers compared to the few-ML vacuum case. A theoretical
study of the Ga-thickness-dependent (electronic) structure
of the Ga-GaN(0001) interface indicates that there is a
transition around 5 ML towards a true metal-semiconductor
contact, at which point electron transfer takes place [33]. It
has been hypothesized that such an electron transfer
mechanism may be responsible for a rather exotic quasi-
liquid structure which manifests itself in enhanced local
density and shortened bond lengths [27]. Note that, in
contrast to our finding, the theoretical study assumed
adsorption on the 7’1 location and gave a spacing to the
topmost Ga layer of 1.75 A. At the very interface, i.e., the
last crystal layer (Ga0) and the first quasiliquid transition
layer (Gal), we find an appreciable number of atomic
vacancies, which lead to a density deficit compared to a
bulk terminated situation. Indications of atomic vacancies
in the two layers adjacent to the solid-liquid interface have
been observed before [18,25,34], but the quality of the
interface and/or x-ray scattering power of the systems in
those studies did not allow for any solid conclusions to be
drawn. In the present case, the high quality of the system
gives a high confidence in the presence of these defects.
Atomic vacancies in the transition layer have been dis-
cussed to arise due to the negligible chemical potential
difference between the liquid and this layer; the energy for
vacancy formation depends on an interfacial dipole, which
is created by electron transfer [35]. In the case of the
Ga-GaN interface, the interfacial dipole is influenced by the
solid’s polar (0001) surface [36], which complicates a
simple description, but may play a role in the formation of
vacancies in the last layer of the crystal. Alternatively, the
vacancies could indicate a surface reconstruction, but this is
unlikely in view of the earlier results on the thin layers in a
vacuum [31,32].

The crystallographic description of the geometric structure
presented above gives a detailed picture of the atomic
positions. From a continuum, electronic point of view, the
layering and its period can be described through so-called
Friedel oscillations [37,38]. An oscillatory term cos(2kyr),
with kr the Fermi wave vector and r a distance, leads to
density oscillations with periodicity Ay, = 7/ky. Damping of
this potential depends on the dimensionality and resulting
Fermi surface shape [39], and bulk liquid Ga can be described
using an additional 1/7> term [40]. The fact that the observed
layering persists up to several nanometers from the interface
suggests that the damping of the 2D quasiliquid falls off less
rapidly than in the bulk, like 1/r9, with d <3 [39].

TABLE II. Comparison between experimentally obtained layer
spacings and Friedel oscillation periods for different metals [41].
Metal dexp (A) Ag (A)
Ga 1.9 (this study) 1.9
In 2.2 [25] 2.1
AUO'6In0_4 2.3 [45] 2.42

A weighted average of the two pure metals is taken.

Interestingly, the values of Ap for different metals are
determined only by the occupation of the energy levels,
and these have been tabulated [41]. Table II lists these values
together with experimental spacings obtained from x-ray
diffraction experiments that showed a clear quasi-Bragg peak,
like the study presented here. We find a very good agreement
between the experiment and theory, unlike the liquid Ga
spacing obtained from another experimental study, where no
strong quasi-Bragg peak was observed [42]. Finally, the
values obtained for the liquid layer spacing at solid liquid
interfaces are considerably smaller than those found at the free
surfaces of liquid Ga and In of 2.5 [43] and 2.7 A [44],
respectively. This may point to a different electronic structure
between the buried and free interfaces. It is unclear where
these discrepancies and differences may come from and
invites theorists to develop a sophisticated model.

In conclusion, the preparation of an equilibrated Ga-GaN
(0001) interface allows its reliable and detailed structure
determination. The overall structure is simple, going
smoothly from a partly ordered layer to a bulk Ga liquid.
Surprising, however, are the high density of Ga vacancies in
the topmost GaN layer, the low density in the first Ga layer,
and the high density of the second Ga layer. Also
unexpected is the persistence of the layering up to a
temperature of 1123 K and a nitrogen pressure of
32 bar. The experimental results differ considerably from
those obtained on the same interface but with only a few Ga
layers and in a vacuum. The layering distance found here
compares well with the expected Ga Friedel oscillation
period, which arises due to screening effects and may be a
general feature. Such electronic effects and the presence of
point defects at solid-liquid interfaces are important in view
of a full understanding of electron and ion transport at
solid-liquid interfaces.
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