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Spectroscopic theoretical study of the atomic reconstruction of GaN1010)
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We study the atomic reconstruction of the GaN Tmﬁ)]surface calculating electron-energy-la&EL)
spectra and optical properties. The unreconstructed and three different atomic reconstructions are considered.
We show that the optical properties are very sensitive to the atomic reconstruction. Results are presented and
discussed in terms of differential EEL spectra that will allow to compare with experiments. Experiments are
proposed to unambiguously determine the surface-atomic reconstruction of this important surface.
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The study of the optical and electronic properties of GaN Surface reconstruction has also been calculated by Fillip-
has gained importance due to its potential application irpetiet al,” using anab initio method that uses a plane-wave
near-ultraviolet optoelectronic devict$.GaN has a direct basis set and ultrasoft pseudopotentials. The cutoff energy
gap of 3.4 eV and at ambient conditions it crystallizes in thewas set at 25 Ry. The slab contained eight layers and relax-
wurtzite structure, or in some cases, like thin films of GaN,ation forces of up to 1 mRy/a.u. were allowed. Energy cal-
the zinc-blende structure is obtainédhe bulk-electronic ~culations were done using a grid &f points. The surface
and optical properties have been known for some time now.econstruction y'%|ded a bond contraction &f~6% like
Bloom et al* measured the reflectivity and calculated thePrevious paper? and a surface bond rotation 0B
band structure and reflectivity using an empirical pseudopo="11.5°. They also found that the first and second layer at-
tential method. It is important to characterize the propertie®MS have larger vertical displacements. _ _
of GaN-based materials, in particular the electronic and op- The three atomic reconstruction calculations described

tical properties of films. The precise structure of these GanN' ; , ) .
prop P observed that in all of these theoretical calculations obtained

films and their electronic properties are not known. One type imilar bond contractions of the surface atodrig~6%. On

of defect appears to be stacking mismatch boundary in whic : her hand ical disol h calculati
the local atomic structure could be similar to that expecte e other hand, vertical displacements on each calculation are
very different and lead to quite different bond rotatighs

on the (100) GaN surface. Although there are some theo-additionally, none of these theoretical studies provides a
retical studies, there is not a consensus of the QQ0GaN  way for comparing with experiments, and it is impossible to
atomic reconstruction. elucidate which of these is closer to reality. Not only is it
It was not until very recently that systematic studies of the
surface reconstruction of GaN have been dvrielaffe et

al.® studied the anomalous surface relaxation of GaN ()01
and (110, using an ab initio Hartree-Fock method
(CRYSTAL92. Total-energy calculations were done using lin-
ear combinations of Gaussian orbitals to construct a local-
ized atomic basis. These calculations were performed using a
six-layer slab. The total energy was minimized within ap-
proximately 1 meV/atom. They found a relaxation character-
ized mainly by a surface bond-length contraction A,
~7%, and very small surface bond rotations @f 1.45° Top View
(see Fig. L

Northrup and Neugebatfealso performedab initio cal-
culations within the local-density approximation. They em-
ployed the Perdew and Zunger exchange and correlation en-
ergy function® Forces and total energies were determined
using an optimized plane-wave code similar to that described
by Stumpf and Scheffle¥The plane-wave cutoff was 60 Ry
and fourk points were used to sample the two-dimensional
Brillouin zone. In this calculation, a slab of eight layers was
used. The bond contraction was ®F,~ 6% with respect to
that calculated for the bulk, and similar to that found by Jaffe -
et al® The vertical displacements were found to correspond FIG. 1. Side and top views of the GakL010) surface. The
to a bond rotation of3~6°. surface unit cell is shown in dashed line.
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TABLE I. Tight-binding interaction parameters for GaN. T T T

Ves -2.11 0}
Vep 3.54 Vps ~2.06
Von, 3.95 Vop_ ~1.54 3
Verp 1.08 Vs ~2.94 o

g 10 |

important to characterize theoretically the surface atomic re-
construction, but also to perform calculations that provide a
way to compare with experiments. Only in this way would it 0
be possible to elucidate the atomic reconstruction of this and
other important surfaces.

In this paper, we present a realistic microscopic theoreti-
cal study of the optical properties of the three different re-

ported atomic reconstructions’ discussed above. For each st
reconstruction, as well as for the unreconstructed surface, the 2
surface dielectric response is calculated. Then, the electron- R
energy-loss(EEL) spectra are calculated using a recent £

theory for anisotropic systen8 Results are analyzed using
a differential technique that shows the sensitivity of the op-
tical properties to different bond rotatior®. The results
presented here will allow to make a detailed comparison with 0
future EEL and optical experiments. Energy (eV)

The GaN (10D) surfaces were modeled using a slab of FIG. 2. xx andyy components of imaginary part of the calcu-

eight bilayers with 32 atoms in total, yielding a free- . . . .
reconstructed surface on each face of the slab. The thicknels"j‘sted surface-dielectric tensor as a function of energy in eV.

of the slab is large enough to decouple the surface states ghrameters to those of the tight-binding Hamiltonian were
the top and bottom surfaces of the slab. Periodic boundarjjeeded in order to reproduce the bulk dielectric function.
conditions were employed parallel to the surface of the slalgpege parameters are the so-called intra-atapiands* p

to effectively model a two-dimensional crystal system. Xhe dipoles, with best-fitted values of 0.0634 and 0.565 A, re-
axis on the surface plane corresponds to[th210] crystal-  spectively. Then, the real part is calculated using the
line direction, since the axis corresponds tp0001], as is  Kramers-Kronig transforms. As a test, we first calculated the
shown in Fig. 1. We performed the calculations for four dif- electronic and optical properties of bulk GaN. The results
ferent sets of atomic coordinates, corresponding)tthose  were reported and discussed elsewH&ta.general, the bulk

of the free-reconstructed surface with no bond rotation andlielectric function shows that electron transitions start at
no bond-length contraction, and the atomic coordinates ofbout 3.5 eV, and the anisotropy of the dielectric response is
the reconstructed surfaces reported (ly Jaffe et al.® (iii) seen at energies above 4.2 eV. These results were in agree-
Northrup and Neugebauland (iv) Fillipetii et al’ ment with experiments and previous calculatibhs.

To calculate the optical properties of the system, we gen- For each set of coordinates, we calculated the imaginary
erate the electronic-level structure of the slab using a welpart of the average slab polarizability. For this particular sur-
known parametrized tight-binding approachThis method face, we employed 4900 points distributed homogeneously
employs asp’s* atomiclike basis that provides a good de- on the irreducible surface Brillouin zone. The imaginary part
scription of the conduction band of semiconductors. The paef the surface dielectric function is obtained considering a
rameters for the GaN crystal with a wurtzite unit cell werethickness of the surface layer of about 4.5 A, and subtracting
fitted to reproduce the bulk band structure reportecthe bulk dielectric function to the slab dielectric function.
previously*'413 The prodedure to fit the parameters wasThe details of the calculation are fully explained in Ref. 15.
similar to that employed by Volg, Hjalmarson, and D&w. In Fig. 2 we show thexx and yy components of the
The values of the orbital energies for N are; imaginary part of the calculated surface dielectric function
=—10.7806 eV,e,=0.8970 eV, andex=11.5150 eV, Ime.(w). The solid line corresponds to the unreconstructed
and for Ga arees=—0.5494 eV, €,=5.6018 eV, andes»  surface, whergg=0° andAl,=0, and the the dotted, dashed
=9.1850 eV. The parameters of tight-binding interactionsand dot-dashed lines correspond to the reconstructed models
are listed in Table I. For the surface, we interpolated theof Refs. 5, 6, and 7, respectively. For all the spectra, we
parameters using Harrison’s rule oti#/ whered is the bond  observe that electron transitions start at 2.8 eV for light po-
length of any two first-neighbor atoms. larized along thex direction, while fory they start at 2.7 eV.

The optical properties of the system are determined by itThe large sensitivity of the dielectric properties of this sur-
dielectric functione' (w), where the superscriptglenote the  face to small differences of the atomic reconstruction is evi-
diagonal components of the dielectric tensor. We calculatelent from the figure. In general, we observe that the dielec-
the imaginary part of the average polarizability, which istric response along is more intense than along for all
related to the transition probability between eigenstates inenergies. The latter means that the surface response is aniso-
duced by an external radiation field. Only two additionaltropic for energies below the bulk gap. Thus, any anisotropy
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observed experimentally at energies below 4.2 eV are asso-
ciated to the surface.

From our calculations, we observed that the structure be-
low the bulk gap is mainly due to transitions from bulk to
surface states. These surface states are in the bulk gap at an
energy of 2.7 eV, from the top of the bulk valence band, and
show small dispersion along the irreducible surface Brillouin
zone. These surface states are due to the dangling bonds and
backbonds of the Ga atoms in the first layer of the surface.
The structure of Inay (w) from 3.7 to 4.5 eV has also con-
tributions from surface to surface electronic-state transitions,
being most intense for the reconstruction with the smallest
bond rotatior?®. It is important to notice that let*(w) shows
two peaks at 3.7 and 4.1 eV, for the reconstruction with the
largest bond rotatio=11°.” There is also a peak at 3.7 for
Imel’(w), for the same reconstruction3E 11°). These
peaks are not observed in the spectra associated to the recon-
structions with smaller bond rotationg8€0°, B8=1.5°,
and 8=6°). The particular optical signature associated to
each reconstruction is possible to observe experimentally. In
the following, we will show results of the calculated EEL
spectra for each reconstruction. We will discuss the sensitiv-
ity of the spectra to small structural differences.

The energy loss by an electron, within the single-
scattering semiclassical theory, can be expressed as

W= f:dwfdzqhw P(q,w), 1)

where P(q,w) is the electron-scattering probability that an
electron loses a quantum of enerfjy and transfers a mo-
mentum#q in the direction of the surface plane. This prob-
ability can be written as the product of a functiédq, w)
which depends on the lost energy and the transferred mo-
mentum of the electron, and the imaginary part of the
surface-response functiog(q,w). The surface-response
function of an anisotropic surface on an anisotropic substrate
has been recently reported in Ref. 10, where details can be
found.

To perform a systematic study of the surface, we propose
to analyze EEL spectra experiments using a differential spec-
troscopic technique. This technique consists of comparing
the scattering probability for electron beams impinging at the
surface at a fixed angle and different angle® with the
scattering probability of an electron beam impinging at the
same anglep but at #=0° (see Fig. 1 This isAP(q,w)
=[Po+(q,@) = Py(q, ) 1/ Po-(q, w).
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[Py(q,)~P(q,00))/P,(q,0)

[Py(q,0)-Py(q.0) /P (g.0)

[P°(4,0)-P (4,0))/P,"(q.00)

P24, 0)=P(q.0) /P (q.0)
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In Fig. 3 we showAP(q,w) for electrons impinging at  FiG. 3. AP, as a function of the energy loss, between electrons
an angle ofp=45°, respective to the surface normal. We impinging at an angle of 45° respective to the surface plane. Dif-
Only consider the specular case. We show the differentiaferences betweed=0° and three different angleg=30°, 60°,
spectra for three different plane polarizations§ and 90°, are plotted. The spectra correspondaig3=0°, (b) 8
=30°, 60°, and 90°. As is expected P, increases when =1.5° (c) 8=6°, and(d) g=11°.
the contribution ofy component also increases, showing a
clear anisotropic behavior of the system at all energies. The
spectra correspond t¢e) unreconstructed surface witB  change of sign of the spectra up to about 3.7 eV. At this later
=0°, reconstructed surface with) 8=1.5°° (c) 8=6°,°  energy, contributions from the substrate or bulk are ex-
and(d) g=11°" pected. From 2.7 to 3.7 eV, Fig(8 shows an intense peak

In general, we observe that all the spectra show a peak at about 3.2 eV, while for the reconstruction wigv 1.5°
about 2.7 eV, where electronic transitions start and belong tbFig. 3(b)] this peak is redshifted. Also, for this reconstruc-
the surface reconstruction. This peak is accompanied with #on a structure at about 4.5 eV is observed that comes from
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the intense peak at the same energy shown e f(w). with the largest bond rotation, where an additional negative
Notice that this structure is on|y observed for this particu|arSthCture at 5.5 eV is observed. This structure is related to the
reconstruction. peak in ImeYY(w) at the same energy.

On the other handAP, for the reconstruction with3 In this paper we demonstrated the sensitivity of optical
=6° (Ref. 6 [Fig. 3(c)] shows a similar behavior as the and EEL spectra to small differences of the atomic recon-

ideal spectra. However, for the reconstruction with the greatsiryction of the GaN (100) surface. We did a systematic

. _ o 7 e
est bond rotatiogg=11°," additional structures are found. In spdy for three different atomic reconstructions and for the
Fig. 3(d), we observe that the structure between 2.7 and 3%

: ﬁg probability or differential EEL spectroscopy. It is shown
peak at 3.8 eV are associated to the structure found about t}fﬁat this later enhances the surface and anisotropy effects.

. i
same energy in tha andy components of I (w). As The results are discussed for each reconstruction, in terms of

r_nentloned before,_ this structure was found only for this Palslectron transitions involving surface and bulk electronic
ticular reconstruction. In the same way, the peak at 4.1 eV in

XX . ) L states.
Imes"(w) gives rise to the positive structure at the same

energy in Fig. &). From 4.5 eV the spectra for all the re- This work has been supported in part by Grants No.
constructions show a similar behavior, except for Figl)3 CONACyT-3035PE and No. UNAM-DGAPA-IN104297.
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