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Understanding Si adsorption on GaN(0001) surfaces using first-principles calculations
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We report in detail the results of our first-principles investigations of Si adsorption on GaN(0001) surfaces
which were briefly presented in an earlier publication [Appl. Phys. Lett. 80, 2008 (2002)]. We employ
density-functional theory within the local-density approximation to investigate Si adsorption on GaN(0001)
surfaces with (1 X 1), (2X2), and (y3 X y3)R30° reconstructions. We find that adsorption at subsurface sites is
energetically favorable compared to adsorption on the top layers. In particular, we find that under Ga-rich
conditions a Ga bilayer is formed on the top of a Ga-terminated surface with Si incorporated underneath. Under
such conditions Si does not affect the GaN surface morphology. Under both N-rich and Si-rich conditions, an
N-terminated structure with Si in the second layer is preferred, leading to rough surfaces.
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I. INTRODUCTION

The group-III nitrides (AIN, GaN, and InN) represent an
important class of semiconductors because of their direct
band gaps which span the range 0.7-6.2 eV, including the
visible and ultraviolet regions of the spectrum.? In particular,
GaN has a band gap of 3.4 eV at room temperature and has
been by far the most intensively studied material among the
group-III nitrides. The most common growth direction of
epitaxial hexagonal GaN is normal to the {0001} basal plane
(see, for example, Ref. 3 and references therein). It is impor-

tant to note that the (0001) (or Ga-polar) and (0001) (or
N-polar) directions are not equivalent and exhibit different
properties. The structural and electronic properties of GaN
surfaces depend sensitively on the orientation of the surface,
surface termination, and reconstruction.*=8

The GaN(0001) surfaces have been demonstrated to have
a better surface morphology and are therefore the relevant
surfaces for technological applications.”? Depending on the
growth conditions the GaN(0001) surface exhibits a large
variety of reconstructions, such as (1X 1), (2X2), (4X4),
(5%5), and (6x4).513

Intentionally n-type doping in GaN is usually achieved
using Si as dopant. Although incorporation of Si in GaN bulk
has been extensively investigated from both theoretical'®!
and experimental'®!” points of view, a clear understanding
on how Si affects GaN surfaces is still missing.

Metal-organic chemical vapor deposition (MOCVD) and
metal-organic vapor phase epitaxy (MOVPE) studies re-
ported that Si concentrations in the range of 10'*-10'" cm™
modify the GaN growth from a step-flow mode to three-
dimensional growth. At higher concentrations it might even
lead to formation of quantum dots (QD’s).'®

MOCVD growth has also shown that Si concentrations
above 1X10" cm™ induce roughness'® and crack
formation.?%2! At low-temperature MOCVD growth (around
1070 K), Si adsorption leads to smooth surfaces even for
high Si concentrations (3 X 10" cm™3).?? In the latter case,
the adsorption of Si appeared to change the surface mobility
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of the Ga species, resulting in a larger average terrace length.
Munkholm et al.?® have also reported that at concentrations
above 2 X 10" cm™ Si segregates to the surface and changes
the growth mode from step flow to layer by layer over a large
range of growth temperatures (890—1220 K).

On the other hand, Si doping on GaN surfaces by
molecular-beam epitaxy (MBE) has been shown to lead to
smooth surfaces. Depositing Si on a unreconstructed surface
(1X1) is found to have no discernable effect on the surface
reconstruction. In contrast, by depositing between 1/4 and
1/2 monolayers (ML) of Si on the (5X35) GaN(0001) sur-
faces, a (2 X2) reconstruction is observed. With increasing
substrate temperature the (2X2) disappears, implying that
the (2 X 2) structure is metastable. The (5 X 5) reconstruction
still covers some regions of the surface. With additional 41-1
ML, the (1 X 1) starts to cover the entire surface.'

We can see from the reported experimental results that
there is no clear understanding of the role of Si on GaN
surfaces. Therefore, in order to clarify how Si affects the
GaN morphology and explain why under certain conditions
Si does not change the surface morphology whereas under
other conditions it promotes rough surfaces, we have per-
formed density-functional theory calculations. Here we in-
clude a detailed description of our results briefly reported in
Ref. 1, including the atomic and thermodynamic properties
of various reconstructed and unreconstructed surfaces.

Our paper is organized as follows. In Sec. II we give a
description of the computational details. In Sec. III we dis-
cuss our results for Si incorporation in GaN bulk and on
GaN(0001) surfaces. Then in Sec. III D we discuss our re-
sults for Si adsorption on clean GaN(0001) surfaces. Finally,
in Sec. IV we conclude.

II. METHODOLOGY

In this work we employ density-functional theory?*?> in

the local-density approximation®® as parametrized by Perdew
and Zunger?’ to study Si adsorption on GaN(0001) surfaces.
We use norm-conserving, nonlocal pseudopotentials gener-
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ated within the Troullier-Martins scheme.?®?° For Ga we use
the configuration 3d'°4p?4p' and the cutoff radii r,
=2.08 bohrs, r,,:2.30 bohrs, and r;=2.08 bohrs, treating the
s as local component to avoid ghost states. For N we use the
configuration 25*2p?3d° with the following cutoff radii: r,
=1.5 bohr, r,=1.5 bohr, and r,=1.5 bohr and the s compo-
nent as the local component. Those pseudopotentials have
been successfully used to describe bulk properties GaN.3°
The electron wave functions are expanded in a plane-wave
basis set using a 70-Ry cutoff energy. The surfaces are
treated using periodically repeated slabs with nine layers of
GaN and 11 A of the vacuum region, where one side of the
slab is saturated with hydrogen atoms of fractional charge
0.75¢". Surface unit cells with (1X1), (y3X3), and (2
X 2) periodicity were employed, with Monkhorst-Pack?!
meshes of (4X4X1), (3X3X1), and (2X2X1) special k
points for the Brillouin zone integration, respectively. The
top three to five layers of the surface were allowed to relax
until the forces on the atoms were smaller than 10~* eV/A.
For GaN bulk, Si, Ga bulk, and 8-Si;Ny, 33, 10, 216, and
63 k points in the irreducible Brillouin zone were used, re-
spectively. For the calculation of the N, molecule and N
atom we use a cubic supercell with length L=10 A and 1 k
point.

We calculate Si incorporation in GaN bulk, where Si re-
places a Ga atom (Sig,). Configurations with Si at interstitial
positions or at the N site have been found to be energetically
unfavorable.'> This can be understood considering that Si has
an atomic radius (1.1 A) very similar to Ga (1.26 A). On the
other hand, Si on the N site or interstitially causes a large
strain, because Si has a much larger atomic radius than N
(0.75 A). The calculations were performed using a supercell
with 64 atoms containing one defect per cell. In thermody-
namic equilibrium the dopant concentration is given by

C = Ny 20787 = 4.4 X 102 cm™3 e 26767 (1)

where kg is the Boltzmann constant, 7 is the temperature,
and N, is the number of sites in the crystal where the
defect can be. AG, is the defect formation energy, and it is
given by

AG;=AE;~TAS;+ PAV;. (2)

AE/ is the change in the total energy, AS; is the change in the
vibrational entropy, and AV is the change in the volume
when the defect is introduced in the system. Here we will not
consider changes in the volume and entropy, since they are
considered to be small. The defects formation energies will
be defined with respect to external chemical potentials for
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the various species involved. The formation energy of a Si
substitutional in GaN will be then calculated as

AEf= EGaN bulk(SiGa) _ EGaN bulk _ s + MGas (3)

tot tot

where ECN PUk(Si, ) and EZN ™K are the total energy of
GaN bulk with and without defect, respectively. Assuming
thermodynamic equilibrium, the N and Ga chemical poten-
tials are not independent, but related by wg.n=MGat UNs
where g,y 1S the GaN chemical potential. Another condition
is that the chemical potential for each species must be
smaller than the chemical potential of the corresponding el-

ementary phase. Thus we have

MGa S MGa bulks  MN S AN, molecule- 4)
As the formation enthalpy AH, of GaN is given by
AH}":O — Et((‘y)zllN bulk _ Et((‘y)':l bulk _ Ei\;% molecule’ (5)

by combining Egs. (4) and (5) we obtain the range of ther-
modynamically allowed chemical potentials for N and Ga,

=0
AH? = MN— /-l’N2 molecule <0 (6)
and

AHp< pgy— MGa buk < 0. (7)

For Si in GaN bulk, the following phases can limit the
solubility: Si can form droplets on the surface or diffuse into
the bulk, forming silicon-nitrogen and/or silicon-gallium
compounds. We assume that the Si chemical potential is im-
posed to obey the lower bound

Msi = Msi bulk- (8)

Several silicon-nitrogen compounds are known, SizN, be-
ing a very stable one. We will consider it as the upper bound,
so that

3psi+4uN < MsiN, - ©)

Combining Egs. (8) and (9), we obtain that the limit under
N-rich conditions is

|
Msi = Msi bulk = gAH FE (10)
and under Ga-rich conditions

1 : 4
Msi = Msi bulk = EAH,SCBN“ - gAH?aN- (11)

TABLE I. Calculated and experimental structural and thermodynamic properties of a-GaN using the local
density approximation (LDA): equilibrium lattice constants aq, co/a ratio, internal parameter «, bulk modu-
lus By, cohesive energy E.y,, and formation enthalpy AH™"_ The cohesive energy was corrected by a
spin-polarization correction of 0.145 eV (taken from Ref. 36).

Ref. ag (A) col ag u B, (Mbar) Eop (eV) AH[™ (eV)
This work 3.196 1.631 0.375 1.87 -10.40 -1.25
33 (Expt.) 3.189 1.624 0.375 1.88 -9.06 -1.15
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TABLE II. Calculated structural and thermodynamic properties
of Si bulk using the LDA: equilibrium lattice constant a(, bulk
modulus By, and cohesive energy E.,,. The spin-polarization cor-
rection for the Si atom is 0.66 eV. This value was taken from Ref.
36.

Ref. ay (A) B, (MBar) E.op (eV)
This work 5.38 0.95 -5.18
34 (Expt.) 5.43 0.98 -4.63

The cohesive energies of the GaN bulk, Ga bulk, g
—Si3N, and N, molecule are calculated from the ground-
state total energies of the crystals, E*, and the free atoms,
Eatomiv as follows:

En=Ep = 2 Eii™. (12)
l

We should note that in order to calculate the total energy
of a free atom using periodic boundary conditions, some
technical aspects should be considered. A large cubic super-
cell is needed to prevent one atom from a certain unit cell
from interacting with an atom of a neighboring unit cell. In
the calculation of the cohesive energy we include the so-
called spin-polarization correction energy for the spin-
saturated spherical free (pseudo)atom by adding the differ-
ence of the total energies of the spin-polarized and saturated
all-electron atom.

II1. RESULTS
A. Bulk properties

Here we briefly decribe the bulk properties we calculated
for the GaN, Ga-bulk, SisN,, and N, molecule. A complete
description of these results along with a comparison with
other theoretical data is given in Ref. 32.

We have optimized the lattice parameters for GaN in
the wurtzite structure, which is the most stable phase of
GaN at low temperatures and pressure. Table I shows the
results for the calculated bulk properties: lattice constants
ag and cy/ag, bulk modulus B, cohesive energy E_.,, and
formation enthalpy AH?O. We find that the LDA underesti-
mates the experimental lattice parameters by around 1%.
The cohesive energy is overestimated with respect to the
experimental value by 17% and the formation enthalpy by
8% (~1.15eV).

TABLE III. Calculated and experimental equilibrium lattice
constants ag, ¢y/ag, cohesive energy E.,, and formation enthalpy
AH}ZO for the [3-SizN4 using the LDA. The spin-polarization cor-
rection for the Si atom is 0.79 eV and for the N atom is 3.03 eV.
These values were taken from Refs. 36 and 37.
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TABLE IV. Calculated and experimental bond length d, binding
energy Ey, and vibration frequency w for an N, molecule using the
LDA. The binding energy was corrected by a spin-polarization cor-
rection of 3.03 eV. This value was extracted from Ref. 36. The
zero-point vibration energy of the molecule (0.153 eV) has been
included.

Ref. d (A) Ey (eV) ® (cm™)
This work 1.09 -11.71 2363
40 (Expt.) 1.10 —9.82 2360

We have calculated Si in the diamond structure with two
Si atoms in the primitive unit cell. Our calculated properties
are shown in Table II, where we compare our results with
experimental values. As expected, the LDA predicts a
slightly smaller lattice constant (—1%) and a larger cohesive
energy (+10%) than the experimental value,

B—Si3N, has a structure with 14 atoms per unit cell (8 N
and 6 Si) and belongs to the point group P6;/m. Each Si
atom is tetrahedrally coordinated with one N atom. The N
atoms are nearly planarly threefold coordinated with Si. Re-
cent theoretical investigations have shown that this phase is
the most stable one at 7=0 and P=0. At P=42 atm and T
=1770 K, the 8 phase transforms into the « phase, which has
twice as many atoms per unit cell and a different stacking
along the {c} direction.> The optimized structure and the
cohesive properties are shown in Table III and compared
with the experimental and data available. Our results for the
lattice parameters show very good agreement with experi-
mental values for the structural properties and other theoret-
ical calculations.®

The results for the binding energy, bond length, and vi-
bration frequency for the N, molecule are shown in Table IV.
The vibration frequency is calculated from the total energy
versus N, bond length. The bond length was varied around
the experimental bond length (1.10 A) ranging from —9% to
9%. Our results are in good agreement with previous LDA
calculations using the pseudopotential approach.’® The bind-
ing energy is overestimated by 16% using the LDA. From
Table IV we can see that our results compare quite well with
experimental values.

Ga bulk has different bulk phases (Ga-II, Ga-IIL,*! a,*?
B3 34 5% and €'), depending on the pressure and tem-
perature. Several theoretical and experimental studies have
shown that @-Ga is the stable phase at room temperature and
low pressure (up to 16X 10° atm).*® The a phase has an

TABLE V. Calculated and experimental structural and thermo-
dynamic properties of Ga bulk in the « phase using the LDA:
equilibrium lattice constants a,, by/ay, cy/agy, u, and v and cohesive
energy E.,,. The cohesive energy was corrected by a spin-
polarization calculates of 0.145 eV. This value was extracted from
Ref. 36.

Ref. a(A) cylay By (MBar) Ey (eV) AH[™ (eV) Ref.  ay (A) bolag colag u v E.p (eV)
This work ~ 7.600 0.383  2.56 -97.91 -9.95 This work ~ 4.51  1.001 1.695 0.0785 0.1525 -3.29
38,39 (Expt.) 7.608 0.382 258 -82.96 -8.83 34 (Expt) 4511 1.001 1.695 0.0785 0.1525 -2.81
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FIG. 1. Si concentration as a function of the Si (ug;) and N (uy)
chemical potentials for typical temperatures of (a) MOCVD
(1300 K) and (b) MBE (900 K) growth. The solid lines represent
the Si concentration given in log;, cm™. The shaded region shows
the allowed region where the formation of SizN, is thermodynami-

cally stable.
(a)
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orthorhombic structure with eight atoms per unit cell. A pe-
culiar feature is that each atom has only one nearest neighbor
at a distance of 2.44 A. The second, third, and fourth shells
each contain two atoms and are 0.27, 0.30, and 0.39 A far-
ther away. We use the experimental lattice parameters taken
from Ref. 46.

The results for the calculated and experimental properties
are shown in Table V. The cohesive energy calculated is
overestimated by around 15% using the LDA.

B. Si in GaN bulk

In Fig. 1 we plot the Si concentration in GaN bulk as a
function of the Si (ug;) and N (uy) chemical potentials for
typical temperatures in MBE and MOCVD growth [Eq. (1)].
The concentration increases going from N-poor (Ga-rich) to
N-rich conditions if the Si chemical potential is kept con-
stant. The solubility is limited by the formation of SizN,. The
region where the system is unstable against SisN, is marked
by the gray area in Figs. 1(a) and 1(b). It is interesting to
note that the maximum solubility is achieved under N-poor

FIG. 2. Side view of the (a) clean Ga-terminated and (b) N-terminated (0001) GaN surfaces. (c) Top view of the (1 X 1) and (2 X 2) unit
cells of the clean GaN(0001) surface, indicating the highest symmetry adsorption sites fcc, hep, and on-top. (d) Side view of the Si on-top,
(e) Si fec, and (f) Si hep structures. The atoms in the first layer are Ga, but can be N as well. White spheres are Si, large grey spheres are

Ga and small grey spheres are N.
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conditions, because N-rich conditions promote the formation
of Si3N4.

The maximum Si concentration which can be incorpo-
rated in GaN increases with temperature. However, with in-
creasing temperature the Ga vacancy concentration increases
and approaches the Si concentration, as shown by Neuge-
bauer and Van de Walle.'> Since the Ga vacancy is an accep-
tor, it will partially compensate the Si donors, leading to a
saturation in the Si concentration.

C. Si at GaN surfaces
1. Si at clean N- and Ga-terminated surfaces

To study the adsorption of Si at GaN surfages, we re-
stricted our calculations to (1% 1), (2 X2) and (3 X 3) sur-
face unit cells. This is justified by noticing that the observed
Si-adsorbed structures show these reconstructions depending
on the Si concentration.! We first place Si adatoms (adsorbed
atoms) on the clean Ga- and N-terminated surfaces. The pro-
cedure is done as follows: Si atoms have been placed on the
fee, hep (hollow sites), and on-top positions on the Ga- and
N-terminated surfaces, as shown in Fig. 2(c). Considering a
(2X2) unit cell, the Si coverage Og; assume the values 1/4,
1/2, and 3/4 ML. For ®g=1 ML we use an (1 X 1) unit cell.

In order to determine the stability of the different configu-
rations we calculate the surface energy v, as a function of the
chemical potentials of the involved atomic species, Ga N,
and Si:

(13)

where ES2° is the total energy of the slab used to model the
surface and uy, tga and ug; are the N, Ga, and Si chemical
potentials, respectively. ny, ng,, and ng; are the number of N,
Ga, and Si atoms.

Since it is not possible to calculate the absolute surface
energy for the GaN(0001) surface due to a lack of inversion
symmetry, all calculated surface energies are given with re-

_ rslab
Ys=Ewr — UNIN — MGallGa — Msillsis
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FIG. 3. Relative surface energy for Si adsorbed on the clean Ga-
and N-terminated GaN(0001) surface for (a) Og=1/4, (b) Og;
=2/4, (c) Og=3/4, and (d) Og=1 ML. Si-rich conditions (ug;
=i puk) are assumed.

spect to a reference surface energy yilean(Ga ™ " which is the

surface energy of the clean Ga-terminated surface. Therefore
we write the equation above as

¥ _Eslab clean(Ga term)
o= .

ot — MNIIN ~ MGallGa — Msillsi — Vs (14)

In Fig. 3 we plot the relative surface energy as a function
of the N chemical potential. The Si chemical for the struc-
tures of Fig. 2 potential is set to Si-rich conditions (ug;
= Mgi puk)- We can see that all structures with Si on the clean
Ga-terminated surface have a higher surface energy than the
clean Ga-terminated surface. This is found for all Si cover-

TABLE VI. Bond lengths d between Si adatoms and substrate atoms (N or Ga) and interlayer spacing
between the first and second planes Azj,. Si coverages in the range 1/4 <@g, <1 ML were considered. As a

matter of comparison the Si-N and Si-Ga dimer bond lengths are 1.58 and 2.3 A, respectively.

dsin (A) Az, (/o\)

Og; (ML) hep fee on-top hep fce on-top
1/4 1.68 1.68 1.60 0.29 0.30 1.60
2/4 1.70 1.77 1.65 0.30 0.35 1.65
3/4 1.76 1.75 1.64 0.53 0.51 1.64
4/4 2.01 2.02 1.64 0.81 0.83 1.64

dsi.Ga (A) Az, (A)

Og (ML) hep fec on-top hep fee on-top
1/4 2.40 2.48 2.30 1.51 1.52 2.30
2/4 2.46 2.46 2.31 1.51 1.51 2.31
3/4 2.52 2.52 2.35 1.69 1.69 2.35
4/4 2.82 2.82 247 2.14 2.14 247
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FIG. 4. Adsorption energy calculated according to Eq. (16) of Si
on the (a) Ga-terminated and (b) N-terminated GaN(0001) surface
for 1/4=<0®g;=<1 ML for the fcc, hcp, and on-top sites. The zero of
energy is set to the cohesive energy of Si bulk.

ages, regardless of the adsorption site. The only exception is
the hollow site for small coverage (®g;=1/4), which is en-
ergetically more favorable than the clean Ga-terminated sur-
face.

For the N-terminated surface we found that adsorption on
the on-top site is energetically unfavorable, regardless of the
Si coverage. The hollow hcp and fcc sites are degenerate in
energy within the estimated accuracy and become more fa-
vorable as the Si coverage increases.

We can therefore conclude that Si strongly prefers the
adsorption on N-terminated surfaces rather than on the Ga-
terminated surface. Besides, Si prefers to maximize the for-
mation of Si-N bonds. This can be seen noticing that the
threefold-coordinated hollow site is preferred rather than the
singly coordinated on-top site.

In order to understand why adsorbing Si on the Ga-
terminated surface destabilizes the surface while adsorption
of Si on the N-terminated surface stabilizes it for high Si
coverages, we analyze the bond lengths of Si-N and Si-Ga as
a function of the Si coverage for all adsorption sites fcc, hep,
and on-top. As a matter of comparison, we model the
strength of single Si-Ga and Si-N bonds by calculating a
Si-N dimer and a “fictitious” Si-Ga dimer. The dimers calcu-
lations have been performed using a large cubic supercell of
10 A to avoid interaction between dimers of neighboring
cells.
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(a) esl=1/4 (e) 95i=1/4
(b) 88i=2/4 ® =2/4
I Y R L
5
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M ) \) w
T T T T T
-20 -15 -10 5 0 -80 -15 -1 0 -5 0 5
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FIG. 5. Total density of states for Si adsorbed on the hcp site of
a (a)-(d) Ga-terminated GaN(0001) surface and (e)—(h)

N-terminated GaN(0001) surface. Silicon coverages in the range
1/4<0g<1 ML were considered. The dashed vertical line indi-
cates the Fermi level. The zero of energy is set to the top the
valence band of GaN bulk.

The optimized bond lengths of these dimers are shown in
Table VI. That there is no significant difference between the
bond length of a Si-Ga dimer (2.3 A) and the bond lengths of
a Si-Ga with Si is adsorbed on the on-top site of the Ga-
terminated surface. For the fcc and hcp sites, the difference
between the dimer bond length and the Si-Ga bond length on
the surface lies in the range 0.1-0.3 A. The general tendency
is that the Si-Ga bond lengths tend to increase as ®g; cover-
age increases.

For the adsorption on the N-terminated surface, we found
that there is no significant difference between the Si-N dimer
bond length and the Si-N bond lengths on the surface the
on-top position (less than 0.1 A) for 1/4<0Og=3/4 ML.
However, for ®g=1 ML the difference is slightly larger
(0.3 A). For the hollow sites, the tendency is that the bond
length increases as the coverage increases. In particular, for a
fully adsorbed monolayer, the bond length is 0.4 A larger
than the bond length of the dimer.

Moreover, as the coordination of Si with the N atoms in
the first layer increases, the bond length tends to the bond
length of a Si-N bond in SisN, bulk (1.74 A) for Og=3/4
ML. We can understand it by noting that in Si;N, bulk Si is
tetrahedrally coordinated with N. Thus all three Si atoms at
the surface are arranged in a similar tetrahedral configuration
as in SisN, bulk, except that on the surface the Si atoms are
only three fold coordinated. For Og=1 ML, however, the
Si-N bond length is slightly larger (0.3 A for the hollow sites
and 0.5 A for the on-top site).

The adsorption energy of an atom, E 4, on a clean surface
is written as

Esurf+adatom

1 rf
ad E.J Nadatom u Ec ean sul Eadatom

tot adatom’™~tot ’ (15 )
where E{ut+adiom io the total energy of the surface with the
adsorbed atoms, ES S jg the total energy of the surface

without the adatom (clean surface), and EX™ is the total
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FIG. 6. Top view of the mixed (2X2) surfaces. The starting point to obtain the mixed (2 X2) structures is the clean Ga-terminated
surface. In (a)—(d) atoms on the first layer are systematically replaced by Si atoms, which leads to surfaces with coverages 1 Si+3 Ga (a),
2 Ga+2 Si (b), 3 Si+1 Ga (c¢), and 4 Si+0 Ga (d) in the first layer. In (e)—(h) structures with adatoms on the mixed surfaces are shown. (e)
Ga adatom on 3 Si+1 Ga, (f) Ga adatom on 3 Ga+1 Si, (g) Si adatom on 3 Ga+1 Si, and (h) Si adatom on 3 Si+1 Ga. White spheres are
Si, large grey spheres are Ga, and small grey spheres are N. The surface unit cell is also shown.

energy of the adatom—i.e., of the free atom. For ease of
viewing, Eq. (15) is referred with respect to the cohesive
energy of Si bulk per atom, E5 ™ Therefore Eq. (15) is
written as

ref _ rsurf+adatom lean surf adatom
Ead /N, adatom = Etot - Etcol - adatomEtot
Si bulk
-E coh > ( 1 6)

In Fig. 4 we plot the adsorption energy of Si on the Ga-
and N-terminated surfaces as a function of Si the coverage.
Here we set the zero of energy to the cohesive energy of the
bulk phase of Si. If the adsorption energy lies above this
zero, adsorption on a specific site is favored. As we can see
from Fig. 4(b), the adsorption energy of Si on the
N-terminated surface is very large. This can be understood
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FIG. 7. (Color online) Relative surface energy of the (2X2)
mixed surfaces shown in Fig. 6. Si-rich conditions are assumed. The
energy zero was set to the clean Ga-terminated surface (dotted line).

noticing that the experimental binding energy of a Si-N mol-
ecule is rather large (—4.8 eV).*? As the clean N-terminated
surface has three dangling bonds, once one Si atom is ad-
sorbed on this surface, it will form bonds with the N atoms
on the surface, leading to a gain of energy of approximately
4.8 eV per bond.

However, clean N-terminated GaN (0001) surfaces are
found to be thermodynamically unstable'® and it might be
difficult to prepare a N-terminated surface in order to adsorb
Si on it. Adsorption on the hollow (fcc, hep) site is preferred
instead of adsorption on the on-top site. We note that the
adsorption energy for the on-top site is approximately the
same for all coverages, while adsorption on the hollow site
decreases with increasing Si coverage.

Adsorption of Si on the Ga-terminated surfaces leads to a
relatively small energy gain compared to the energy gain of
Si on the N-terminated surfaces and is favored only for @g;
=1/4 ML at the hollow site.

The total density of states of Si adsorbed on the hollow
site of the clean Ga- and N-terminated surfaces is shown in
Figs. 5(a)-5(e) and 5(h), respectively. Si coverages in the
range 1/4<0®g =<1 ML were considered. In the case of Si
adsorbed on Ga-terminated surfaces, we can see that the
Fermi level changes slightly with the coverage and all sur-
faces have metallic character.

On the other hand, for Si adsorbed on the N-terminated
surfaces the surface changes from a metallic behavior, with
states inside the band gap, for ®g;=1/4 ML [Fig. 5(e)] to an
almost semiconducting character for ®¢=1 ML [Fig. 5(h)].
The Fermi level for @g=1 ML in Fig. 5(h) is pinned at the
top of the valence band.

2. Si on mixed Ga- and Si-terminated surfaces

As mentioned above, during Si deposition on GaN sur-
faces, a (2 X 2) reconstruction is observed in a narrow range
of temperature.! To identify a possible candidate for this sur-
face, we have built up surfaces containing Si and Ga atoms
with (2X2) periodicity. The question is how to select sur-
faces with low formation energy among so many possibili-
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FIG. 8. Change in the energetics of the surfaces depending on
the position of the Si atoms for. (a) Si adatom on a surface with 3
Ga and 1 Si atoms in the first layer, (b) Ga adatom on a surface with
3 Ga and 1 Si atoms+1 Si subsurface (third layer), (c) Ga-bilayer
structure, and (d) Ga-bilayer structure with Si subsurface (third
layer). The energy difference per unit cell between the structures is
also indicated.

ties. The electron-counting rule (ECR) states that the sur-
faces of polar III-V semiconductors should reconstruct such
that all the dangling bonds on the electropositive surface
atoms (IT) are unoccupied and all those on the electronega-
tive atoms (V) are doubly occupied, with the resulting sur-
face band gap similar to that of the bulk. The most prominent
application of the electron-counting rule has been to narrow
the possible structural models for the many reconstructions
observed. It has been shown that it works well for conven-
tional III-V materials, but it is insufficient to explain surface
stability in the case of clean GaN surfaces (see, for example,
Ref. 47). Tt is worth noting, however, that Si and Ga atoms
have very similar electronegativity. Therefore, the ECR
should be used with caution to narrow down the number of
possible configurations.

At a first step, we studied structures that contain Ga and
Si atoms in the first layer (we call them mixed surfaces). We
replace the Ga atoms in the outermost layer by Si atoms in
the (2X2) unit cell, as shown in Figs. 6(a)-6(d). By doing
so, we obtain surfaces with Ga coverage 0<0®g, <1 ML and
Si coverage 0=<0@g;<1 ML. In addition, we study structures
with Ga and Si adatoms on the mixed structures containing
3 Si+1 Ga and 3 Ga+1 Si in the first layer, as shown in
Figs. 6(e) and 6(h). By doing so, we have 1/4<0g<1 ML.

In Fig. 7 we plot the relative surface energy vy, for the
structures discussed above. At N-rich conditions a structure
with 4 Si and no Ga atoms in the first layer is more stable
(the red line in the graph). This structure is shown in Fig.
6(d). Going towards more Ga-rich conditions a structure with
a Si adatom on a surface with 3 Si+1Ga in the top layer is
more stable (cyan line in the graph). This surface is sketched
in Fig. 6(h). At extreme Ga-rich conditions a structure rich in
Ga is energetically favorable in a narrow range of the chemi-
cal potential [orange line in the graph and Fig. 6(f)]. From
these results we conclude that under N-rich conditions struc-
tures rich in Si are preferred, while under Ga-rich conditions
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structures with little Si and rich in Ga are preferred.

3. Si at subsurface sites

We will now relax the condition of Si staying at the sur-
face layers and allow incorporation at subsurface sites. As a
first set of structures we considered a Si adatom on a Ga-
terminated surface where 0 or 1 of the Ga atoms in the Ga
surface layer have been replaced by Si atoms. The top view
of these structures is the same as shown in Figs. 6(a)-6(d).
The only difference is that the structures contain additionaly
Si atoms in the third layer.

Under intermediate Ga-rich conditions, we find that the
structure with the lowest energy consists of a Si atom in the
first layer and a Si atom in the third layer, both replacing Ga
atoms. This surface is shown in Fig. 8(b) and is
1.25eV/(2X2) lower in energy than the original (2X2)
adatom structure shown Fig. 8(a). However, this structure is
unstable against other structures with a Si subsurface we will
discuss next. This might explain why the (2 X 2) reconstruc-
tion experimentally observed is metastable and disappears
under anealling.'

PHYSICAL REVIEW B 73, 205314 (2006)

We have additionally studied Ga-bilayers on the top of
Ga-terminated surfaces with Si at subsurface sites. This
study is motivated considering that Auger experiments*
have shown that this (1 X 1) structure contains 2-3 ML of Ga
atoms on the top layers and that Si might be buried under-
neath. From a topological point of view, this structure is
equivalent to the clean (1 X 1) Ga-bilayer surface observed
under Ga-rich conditions.®!"#® We have used a (\3X3)
unit cell to model this structure,®® and it contains between
1/3 and 1 ML of Si at subsurface sites.

Indeed we find a stable structure consisting of a double
layer of Ga on a Ga-terminated surface with @g=1/3 ML
[see Fig. 8(d)]. This structure is 1.15 eV/(y3 X V3) cell
lower in energy than the clean contracted Ga bilayer shown
in Fig. 8(c). This result suggests that the Ga bilayer observed
in the STM images under Ga-rich and Si-rich conditions has
Si atoms below the surface.

D. Surface phase diagram and consequences for growth

Among all possible configurations we have investigated,
the most stable ones are shown in Fig. 9. In Fig. 10 we show

FIG. 9. Atomic geometries of the thermodynamically stable structures. (a) N-terminated surface with Si in the second layer, (b)
contracted Ga bilayer, (c) contracted Ga bilayer with Si at subsurface site in the third layer, (d) Ga adatom at the hcp site on the clean
Ga-terminated surface, (¢) N adatom at the fcc site on the Ga-terminated surface, and (f) 1 ML of Si on the N-terminated surface with 1 ML
of Si in the third layer. White spheres are Si, big grey spheres are Ga, and small grey spheres are N.
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FIG. 10. (Color online) Relative surface energy of the thermo-
dynamically stable structures. (a) N-rich conditions are assumed
and (b) Ga-rich conditions are assumed. (¢) Growth phase diagram
as a function of both Si (ug;) and N (uy) chemical potentials. The
shaded area shows the region where all structures are unstable
against the formation of SisN,. The atomic geometry of these struc-
tures is shown in Fig. 9.

the relative surface energy as a function of ug;. In Figs. 10(a)
N-rich conditions are assumed and 10(b), where Ga-rich con-
ditions are assumed.

Let us first discuss Fig. 10(a), where N-rich conditions are
assumed. We can see that under Si-rich conditions, a (1
X 1) N-terminated structure with Si in the second layer is
found to be thermodynamically stable. This structure is
shown in Fig. 9(a). Under Si-rich and N-rich conditions, a

PHYSICAL REVIEW B 73, 205314 (2006)

structure consisting of a full monolayer of Si on a
N-terminated surface and 1 ML of Si in the third layer is
found to be energetically stable. This structure is shown in
Fig. 9(f). Thus, surfaces which form a large number of Si-N
bonds are preferred. Going towards less Si-rich conditions,
structures with no Si are energetically favorable, as expected.
This results are in agreement with Ref. 50, where a N adatom
adsorbed at the fcc site of a clean Ga-terminated surface is
the most stable surface [see Fig. 9(e)].

Under Ga-rich and Si-rich conditions, as shown in Fig.
10(b), a contracted Ga bilayer containing 1/3 ML of Si re-
siding in the third layer is found to be favored. This structure
is sketched in Fig. 9(c). Under less Si-rich conditions, we
identify the Ga-bilayer structure as the most stable one. So
we can conclude that adsorption at subsurface sites is pre-
ferred rather than in the top layers under Ga-rich and Si-rich
and N-rich and Si-rich conditions.

The results we have shown in two-dimensional plots in
Figs. 10(a) and 10(b) can be put together by building up a
three-dimensional surface diagram vy,(uy, us;).! For ease of
viewing, we build up a two-dimensional picture, where the
relative surface energy is projected on a plane whose axes
are the uy and ug; which is shown in Fig. 10(c). The shaded
area shows the region where the structures are unstable
against the formation of SizN,.

Based on these results the different behaviors observed in
MOCVD and MBE growth modes can be explained. If Si
adsorbs on the bare GaN surface, it kicks out surface Ga
atoms and induces a (2 X2) reconstruction. The excess Ga
atoms cluster into islands and form a Ga bilayer with a
pseudo (12X 1) structure stabilized by Si atoms in the third
layer. With increasing Si coverage more and more excess Ga
atoms are created and the area covered by the Ga bilayer will
increase until it eventually covers the entire surface. There-
fore, from the topological point of view, no change in the
growth mode occurs and the surface shows the same surface
termination as the clean contracted bilayer surface observed
under Ga-rich conditions. Thus, we suggest that Ga-rich con-
ditions are the optimum regime to incorporate Si in GaN, as
observed in MBE growth.

Under more N-rich and Si-rich conditions the activation
barrier to form Si;N, is expected to be rather low. Thus
Si3N, islands and precipitates may be formed on the surface,
since SizN, is well known to chemically passivate GaN sur-
faces and blocking growth.>! Although all the structures we
found are unstable against the formation of SizN,, they might
be considered as precursor states for Si;N, formation. Thus,
the presence of Si precipitates leads to three-dimensional
growth, as observed in MOCVD growth.

From the phase diagram we can deduce further trends for
the incorporation of Si on GaN surfaces. As we can see from
Figs. 1(a) and 1(b), assuming thermodynamical equilibrium,
the Si concentration in GaN is restricted to 10" cm™ for
MOCVD and to 10'' cm™ for MBE growth. However, we
have shown that under more N-rich conditions surfaces
much higher Si coverage are found. Therefore, the Si con-
centration at the surface may be significantly larger than in
GaN bulk due to surface segregation perhaps.
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IV. CONCLUSIONS

In summary, we have investigated adsorption of Si on
GaN(0001) surfaces using density-functional theory. We
have found that for adsorption on the outermost layer, Si
adsorption on the N-terminated surface is preferred rather
than on Ga-terminated surfaces. Besides, Si prefers to form
the maximum number of bonds with N atoms.

Relaxing the condition that Si stay on the surface, we
have found that adsorption at subsurface sites is energetically
favorable compared to adsorption on the top layers. In par-

PHYSICAL REVIEW B 73, 205314 (2006)

ticular, under Ga-rich conditions a Ga bilayer is formed on
the top of a Ga-terminated surface with Si incorporated un-
derneath and thus Si does not affect the GaN surface mor-
phology. Under both N-rich and Si-rich conditions, a
N-terminated structure with Si in the second layer is pre-
ferred. Under such conditions Si adsorption leads to rough
surfaces. Our calculations are in agreement with both
MOCVD and MBE growth modes and can explain the vari-
ety of effects observed in GaN surfaces exposed to Si
adsorption.
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