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Combining aberration corrected high resolution transmission electron microscopy and density func-

tional theory calculations we propose an explanation of the antisurfactant effect of Si in GaN growth. We

identify the atomic structure of a Si delta-doped layer (commonly called SiNx mask) as a SiGaN3

monolayer that resembles a
ffiffiffi

3
p � ffiffiffi

3
p

R30� surface reconstruction containing one Si atom, one Ga atom,

and a Ga vacancy (VGa) in its unit cell. Our density functional theory calculations show that GaN growth

on top of this SiGaN3 layer is inhibited by forming an energetically unfavorable electrical dipole moment

that increases with layer thickness and that is caused by charge transfer between cation dangling bonds at

the surface to VGa bound at subsurface sites.

DOI: 10.1103/PhysRevLett.110.036103 PACS numbers: 68.37.Og, 71.15.Mb, 81.15.Aa, 81.15.Kk

The growth mode of a heteroepitaxial system is con-
trolled by thermodynamics and kinetics. In thermodynamic
equilibrium the balance of surface energy, interface energy,
and strain energy (induced by the lattice mismatch) of layer
and substrate governs the growth mode and results either in
Frank–van-der-Merwe growth, Vollmer-Weber growth, or
Stranski-Krastanov growth. Adatom kinetics, i.e., adatom
incorporation and diffusion at the surface, may prevent the
system from reaching its thermodynamic equilibrium.
Surfactants and antisurfactants are species, deposited prior
to growth on the substrate to overcome fundamental limi-
tations set by thermodynamics and adatom kinetics in a
particular heteroepitaxial system [1]. The effect of surfac-
tants has been studied in detail since early work by Copel
et al. [2] and is now well understood. A surfactant (i) wets
the surface of the growing film, (ii) is weakly bound to it,
and (iii) has a low incorporation rate and promotes two-
dimensional growth [1]. Essentially two scenarios can be
imagined: In the first one adatoms rapidly exchange sites
with the adsorbed surfactant atoms and then are incorpo-
rated into subsurface sites. In this case a layer-by-layer
growth occurs due to reduced adatom diffusion at the
growth surface, and island formation is suppressed [2–4].
In the second case, the adsorbed surfactant forms a kind of
liquid metallic film and adatoms diffuse within this layer:
adatom diffusion is enhanced and step-flow growth pro-
moted. A particular example for this mechanism is Ga
in the Ga-rich growth of GaN, which acts as self-
surfactant; i.e., a stable Ga bilayer forms and opens a
‘‘subsurface’’ channel for diffusion of N [5–7]. In contrast,
antisurfactants are species that promote three-dimensional
growth leading to rougher surfaces in systems that grow

two-dimensional under thermodynamic equilibrium con-
ditions [1]. A technologically important example of an
antisurfactant is Si in GaN growth. For a lower Si coverage
Munkholm et al. concluded from in situ x-ray investiga-
tions that Si changes the growth mode from step-flow to
layer-by-layer growth and suggested pinning of step mo-
tion by an impurity barrier as a possible explanation [8,9].
On the other hand, it has been observed that a high Si
coverage leads to a transition from two-dimensional to
three-dimensional growth [10–15]. Even quantum dots
can be grown with Si as an antisurfactant [10,13]. This
has been attributed to a partial ‘‘masking’’ of the GaN
growth surface by Si. While Tanaka et al. [10] considered
a submonolayer coverage by Si-N bonds to be responsible
for the masking, Rosa et al. [16] showed by ab initio
calculations that the GaN surface is thermodynamically
unstable against the formation of Si3N4 islands for Si-rich
and N-rich growth conditions. While this masking of GaN
surfaces by Si (generally termed the SiNx layer) is widely
used to promote three-dimensional growth and thereby to
reduce the dislocation density in epitaxial GaN layers
[11,17], there is no experimental proof either for the
SiNx model by Tanaka et al. [10] or for the Si3N4 model
by Rosa et al. [16]. Moreover, even an explanation on the
physical or chemical mechanism that prevents further GaN
growth on top of this mask is missing.
In this Letter we present a combined experimental and

theoretical study of the antisurfactant effect of Si in the
epitaxial growth of GaN. By applying negative spherical
aberration imaging (NCSI) [18] and exit wave reconstruc-
tion in aberration corrected transmission electron micros-
copy (TEM) we will show that Si treatment of GaN (0001)
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surfaces results in the spontaneous formation of a crystal-
line SiGaN3 monolayer. The new phase forming the mono-
layer consists of an ordered Ga vacancy (VGa) structure

with VGa, Si and Ga atoms arranged in the form of a
ffiffiffi

3
p �

ffiffiffi

3
p

R30� structure. Based on density functional theory
(DFT) calculations we identify the exact geometry and
chemical composition of this structure and show that an
electrical dipole moment between the SiGaN3 subsurface
layer and the growth surface prevents further growth.

The investigated samples were grown by metal-organic
chemical vapor deposition using standard growth condi-
tions. Detailed information is given elsewhere [19]. The
SiNx layer was grown at a temperature of 1030 �C by
exposing the GaN (0001) template surface for 2 min to a
silane flux of 400 nmol=minwhile theGa fluxwas stopped.
TEM investigations were performed with an aberration
corrected FEI Titan operating at 300 kV. For HRTEM
imaging we tuned the spherical aberration (Cs) to a small
negative value (Cs ¼ �11 �m) and corrected all other lens
aberrations to minimum by analysis of Zemlin tableaus
[20]. When applying a small negative Cs together with a
small positive defocus (�f), contrastmaxima correspond to
atomic column positions for sufficiently thin samples and
the image contrast of light element columns, i.e., O or N, is
strongly enhanced [18]. To obtain information on the
chemical composition of the SiNx layer at an atomic scale
we have reconstructed the phase of the electron wave at the
exit plane of the specimen from a HRTEM defocus series
(20 images, defocus step of 3 nm) [21]. The atomic structure
of the SiNx layer was determined by comparing experimen-
tal images with multislice image simulations of structure
models that were relaxed by DFT calculations. In order
(i) to account for relaxation of bonds and (ii) to investigate
and explain the antisurfactant effect we performed first
principles projected augmented wave calculations within
DFT for a variety of structural models using the Vienna
ab initio simulation package (VASP, Refs. [22,23]).
Exchange and correlation were described within the gener-
alized gradient approximation.

Figure 1(a) displays a typical cross sectional transmis-
sion electron micrograph of a nominally 10 nm thick GaN
layer grown on a Si treated GaN (0001) template. The layer
consists ofGaN islands bound by f1–101g facets with lateral
sizes of 200–300 nm having an aspect ratio width to height
of 3–4. The SiNx layer is visible as a line covering partially
the GaN template surface and being present at the interface
between island and GaN template in Fig. 1(c). Nucleation
and growth of thick GaN directly on top of the SiNx layer is
inhibited [Fig. 1(d)] and the GaN islands exclusively grow
out of a window not covered by the SiNx layer, e.g., at
surface steps in the template as in Fig. 1(b) or at holes in
the SiNx layer. This is fully consistent with observations by
other authors using Si as an antisurfactant (compare
Refs. [10,12,14,24,25]). In the following we will focus on
the atomic structure of the SiNx layer after coalescence of

the GaN islands. HRTEM images in the (a) h11–20i and
(b) h1–100i projection recorded under NCSI conditions as
well as the (c) phase of an exit wave reconstruction (EWR)
in the h1–100i projection of the SiNx layer are displayed in
Fig. 2. All images clearly show the SiNx layer to consist of a
single crystalline ML, coherently grown on the GaN tem-
plate. Let us start with the analysis in the h11–20i zone axis.
From comparison of the HRTEM pattern with image simu-
lations (Cs ¼ �11 �m,�f ¼ þ5 nm, specimen thickness
t ¼ 7:7 nm) we identify bright dots in the GaN matrix as N
atomic columns while dark lobes are Ga columns. The SiNx

layer shows only a slight change in image contrast that
corresponds (under assumed identical imaging condi-
tions—same Cs and �f) to a reduced effective atomic
number Z of the cation columns, either due to a substitution

FIG. 1. (a) TEM bright field image of a GaN island growing on
top of the SiNx layer. (b)–(d) show HRTEM images from the
areas marked in (a) and the arrows indicate the SiNx layer.
(b) Growth of GaN on top of the SiNx layer starts at openings
in the mask and (c) proceeds laterally. (d) Directly on the SiNx

layer no nucleation and growth of thick GaN occurs.

FIG. 2. Experimental HRTEM images in the (a) h11–20i and
(b) h1–100i projection as well as (c) the phase of the recon-
structed exit wave in the h1–100i projection of the SiNx layer
embedded in the GaN matrix. In the h11–20i projection (a) the
hcp stacking ( . . .A�B� . . . ) is indicated and is reproduced in
the SiNx layer. In the h1–100i projection an extra periodicity of
three f11–20g half-planes can be seen along the interface. A
reduced c-lattice spacing �1 ¼ 1=2 c0 � 0:26 �A is found above
the SiNx layer compared to that of the surrounding GaN matrix
c0 (solid line). Two of the SiNx layer’s atomic columns are
shifted by �2 ¼ 0:12 �A along the h0001i direction with respect
to each other (dashed line).
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ofGa atomswith lighter elements (Si instead ofGa) and/or a
lower density of atoms along the column direction (VGa).
However, the SiNx layer reproduces the hexagonal closed
package (hcp) stacking ( . . .A�B� . . . ) of the surrounding
wurtzite lattice as shown in Fig. 2(a). The situation is
completely different along the h1–100i projection [see
Figs. 2(b) and 2(c)]. The SiNx layer is characterized by an
in-plane periodicity of three f11–20gGaN half-planes. Two
main experimental findings should be highlighted here.
First, the three columns of the periodic unit in the SiNx

layer exhibit different intensities in the phase of the EWR in
Fig. 2(c). Since the phase of the EWR peaks at the atom
positions and intensities are proportional to the projected
potential of the column and to their atomic number Z
(higherZ shifts the phase stronger), this suggests that differ-
ent elements or densities of atoms are present in the three
columns. Second, the three columns in the SiNx layer are
shifted along the [0001] directionwith respect to each other.
The pair formed of the two columns that appear bright in the
phase of the EWR forms a buckled configuration with the

columns vertically shifted by �2 ¼ 0:12 �A with respect to
each other [26]. Additionally, we reveal a reduction of the

c-lattice spacing above the SiNx layer by 0.26 Å (�1 ¼
1=2 c0 � 0:26 �A) compared to the c-lattice parameter c0 of
the surrounding GaN matrix. The aforementioned observa-
tions were confirmed by the complementary high angle
annular dark field technique in scanning mode (STEM-
HAADF),whose image contrast is known to be less affected
by experimental conditions [27,28] (see Fig. 2 in the
Supplemental Material [29]) but have an essentially poorer
signal to noise ratio than the phase image from the EWR.
Summarizing our TEM results, the most striking observa-
tions are (i) the different appearance of the SiNx layer in the
two projections; i.e., a wurtzite stacking in the h11–20i
projection and periodicity of three f11–20g half-planes in
the h1–100i projection, and (ii) the differences in the effec-
tive atomic number Z of the three cation columns in the
SiNx layer in the h1–100i projection. These observations

can be intuitivelymost easily explained by a
ffiffiffi

3
p � ffiffiffi

3
p

R30�
reconstruction in the GaN (0001) plane where the three
cation positions in the unit cell (cation position 1, 2, and 3
in Fig. 3) are occupied by either SiGa, VGa or Ga. We thus
obtain five possible structures for the SiNx layer, which
contain Si. The atomic geometry of all fivemodel structures
was relaxed by DFT calculations [30] (the relaxed struc-
tures are listed and shown in the Supplemental Material
[29]). Figure 4 shows a comparison between experimental
images and image simulations based on these models. An
excellent match is obtained for the Si-Ga-VGa structure in
that it reproduces the three different intensities in the col-
umns as well as the relaxation of atomic positions leading to

the buckling �DFT
2 ¼ 0:06 �A (0.12 Å in experiment) and

the shrinking of the c-lattice parameter �DFT
1 ¼ 1=2c0 �

0:14 �A (shrinking of 0.26 Å in experiment). For all other
structures only a poor, or even no, agreement is found. Thus

we conclude that for the applied growth conditions the SiNx

layer consists of three N, one Si, one Ga atom as well as one

Ga vacancy arranged within a
ffiffiffi

3
p � ffiffiffi

3
p

R30� unit cell on
the (0001) growth surface (see inset, Fig. 5). This structure
corresponds to a SiGaN3 stoichiometry. Indeed, Semond

et al. observed a
ffiffiffi

3
p � ffiffiffi

3
p

R30� surface reconstruction by
in situ reflection high energy electron diffraction (RHEED)
measurements for GaN (0001) under a Si flow in molecular
beam epitaxy (MBE). Interestingly, a similar surface recon-
struction was also found for Si treated GaN (0001) tem-
plates grown by metal-organic chemical vapor deposition
and transferred to the MBE reactor [31–33].
Having identified the atomic geometry of the SiNx layer

as SiGaN3 wewill use this information and shed some light
onto the blocking behavior of this layer during growth.

Extensive first principles calculations on n
ffiffiffi

3
p �m

ffiffiffi

3
p

R30�
(n, m¼1, 2) as well as orthogonal n�m (n, m ¼ 2, 4) Si
covered GaN (0001) surface reconstructions have been
performed. The effect of temperature and partial pressures
on the hydrogen chemical potential has been fully taken
into account. The calculations revealed that the energeti-
cally most favorable surface reconstructions for a wide
range of Si chemical potentials (from N rich to moderate

Si rich conditions) consist of a single Si atom per
ffiffiffi

3
p �

ffiffiffi

3
p

R30� surface cell which have the same stoichiometry
and local geometry as the SiGaN3 layer (a detailed dis-
cussion of these surface reconstructions and a surface
phase diagram goes beyond the scope of the present
Letter and will be presented in a separate paper [34]). In
order to understand how the SiGaN3 layer blocks growth we
calculate the change in surface energy when depositing
additional GaN layers on top of this surface. The corre-
sponding energies are shown in Fig. 5. Looking at the energy
configurations we find that the thermodynamic minimum is
for a single GaN ML on the SiGaN3 terminated surface.
Adding a further GaNMLs steeply and linearly increases the
energy, making the additional MLs and thus the growth of a

FIG. 3 (color online). (a) Schematic top view along the h0001i
direction and side view along the (b) h11–20i and (c) h1–100i
projection of the SiNx layer surface reconstruction. Ga atoms are
displayed in green, N in blue and the three periodically arranged
cations of the SiNx layer (partly substitution of Ga by Si and/or
VGa) in different gray levels. In the top view image the unit cell
of the

ffiffiffi

3
p � ffiffiffi

3
p

R30� reconstruction is indicated by a solid black
frame, the projected GaN unit cell by a dashed frame. The side
view illustrates that the

ffiffiffi

3
p � ffiffiffi

3
p

R30� reconstruction causes a
periodicity of three columns in the SiNx layer along the interface
in the h1–100i projection, while all columns are identical in the
h11–20i projection.
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thick GaN film thermodynamically highly unfavorable.
Interestingly, the blocking mask does not contain Si in the
top surface layer as conventionally assumed, but terminates
in a single GaN layer.

In order to understand the driving forces underlying this
anti-surfactant effect we performed a detailed analysis of
these surface structures. We find that there is a strong
competition between chemistry and charge compensation
by the Ga vacancies: The growth of 1 ML of GaN on top
will result in charge transfer from the surface cation
dangling bonds (dbs) to the Ga vacancy that leads to
formation of an electrical dipole between the SiGaN3 layer
and the surface (see schematic representation in Fig. 5).
However, owing to the large cohesive energy of bulk Si3N4

(74:3 eV=cell, Ref. [35]), the energy increase due to the
built in dipole moment is overcompensated by the passi-
vation of all the Si dbs by N. Depositing additional MLs of
GaN further increases the dipole moment and results in an
energetically highly unfavorable surface that prevents
further growth of GaN on top of this layer. Thus, growth
of GaN on top of the SiGaN3 layer will only proceed via
epitaxial lateral overgrowth from Si-free windows that
statistically occur in the mask.

In conclusion, by combining aberration corrected trans-
mission electron microscopy, ab initio calculations, and
image simulation we have identified the mechanism that is
behind the antisurfactant effect of Si in the growth of GaN
(0001) for high Si coverage. The mechanism is based on

FIG. 5 (color online). Surface energies versus number of GaN
overlayers. The energies are referenced with respect to the
SiGaN3 terminated surface. The dashed red line is a guide for
the eye. Insets: Schematic ball and stick representation of no
(left) and the 2 GaN overlayers (right) configurations. Green,
blue, red, and white balls indicate Ga, N, Si atoms and Ga
vacancies, respectively. In the case of no GaN overlayer the
dangling bonds are schematically shown. In the case of 2 GaN
overlayers the charge transfer and the build in electrical dipole
moment are indicated. Dashed black arrows denote the charge
transfer from the Si atoms and the surface cations to the
vacancies. Plus (þ ) and minus (� ) symbols schematically
represent the charge distribution after the charge transfer and the
solid arrow indicates the direction of the dipole moment.

FIG. 4. Comparison of experimental images with simulations of five relaxed possible structures for the phase of the exit wave
reconstruction in the h1–100i projection (upper row) and HRTEM along the h1–100i (middle row) and h11–20i projection (lower row).
The simulations were performed with Cs ¼ �11 �m, specimen thickness t ¼ 7:7 nm and in the case of the HRTEM images with an
overfocus �f ¼ þ5 nm (NCSI condition).
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the formation of a single ML of SiGaN3 buried in the
subsurface. The presence of this buried and electrically
active layer shifts the chemical potential at the GaN surface
and thus inhibits further growth. This shift of the chemical
potential originates from the dipole moment caused by
charge transfer between the surface cation dangling bonds
and the acceptor states (Ga vacancies) in the electrically
active buried monolayer. Growth of GaN thus occurs
exclusively at locations where the SiGaN3 layer is not
present and proceeds then by lateral overgrowth. In con-
trast to surfactants that mainly modify the growth mode by
influencing adatom kinetics, antisurfactants modify the
thermodynamic equilibrium at the growth surface by a
change of the chemical potential. While in this Letter we
discussed the special case of high Si coverage in growth of
GaN we expect the same mechanism to be operable in
other compound semiconductors, provided that the anti-
surfactant forms a thermodynamically stable and electri-
cally active two-dimensional layer underneath the surface.
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