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Origin of optical anisotropies of nonpolar GaN surfaces
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We investigate the origin of optical anisotropies of the nonpolar GEN) and (10_I)) surfaces. Using
semiempirical tight-binding calculations, we analyze in detail the main optical signature of each surface. The
origin of the optical spectra is discussed in terms of the main surface electronic states and of the specific
surface atomic rearrangement. Results of the surface dielectric function, and reflectance anisotropy spectra, are
presented.

Nitride semiconductors are visible light emitters and de-cubic® phases. Once the electronic-level structure of each
tectors that have gained importance due to their real andlab is obtained, we calculate the average slab dielectric
potential applications. Actually, there exists a tremendousunction e, { ). We first obtain the imaginary part of the
research activity of nitride semiconductor compounds moti-average slab polarizability, in terms of the transition prob-
vated, of course, by expectations in the optoelectroniability between eigenstates induced by an external radiation
industry? This research covers topics from growth and char<ield. For each surface, we take an average over 4000
acterization to device processing. Among nitrides, GaN hagoints distributed homogeneously in the irreducible two-
been extensively studied due to its physical properties: @imensional Brillouin zoné2DBZ). The real part of the av-
wide-band gap, two crystalline equilibrium phasearrtzitt  erage polarizability is calculated using the Kramers-Kronig
and zinc blendeeach one with a direct electronic g&.2  (g|ations. The surface dielectric function is obtained by con-
and 3.5 eV, efficient electron-hole recombination coeffi- gjjering a surface thickness of about two atomic layers, and

cients, high thermal conductivities, and hardness. : : ; :
Although much theoretical work has been done to deter:[hen subtracting the bulk dielectric function égaf ). The

mine electronic and optical properties of both bulk phases ogetalls are fully explained in Rgf. L. . .
GaN? only a few attempts have been made to characterize 'We aIs.,o perf ormed calculations of the OP“C‘T"' prope.rtles
their surfaces:” Furthermore, most of these theoretical stud-->"9 & flrst-7pﬂnC|p!es method based on density-functional
ies did not provide a way of comparing with experiments, N€0rY (DFT)."*As is well known, the DFT does not accu-
and it is impossible to elucidate which atomic models ard@t€ly describe conduction states. In general, we found the
closer to reality. Until now, there is no consensus on thes@Me physical behavior of the DFT results and the calcula-
physical characteristics of the main GaN surfaces. Howevefions reported and discussed in this paper. However, the en-
the continuous development of nitride growth and nanostruce’dies at which the main optical transitions occur do not
ture technologies makes evident the need for a detailed th&orrespond to the real ones. In this regard, the tight-binding
oretical understanding of their surfaces. For example, th@ethod, used here, gives better results. o
study of optical properties of thin films has been stimulated 1he surfaces were modeled using a slab, yielding a free
by applications that cover a wide spectrum of systems anaelaxg_d surface on each face of the slab. Periodic boundary
tools, ranging from lasers to the characterization of filmconditions were employed parallel to the surface. The wurtz-
growth. Within this context, characterizations using opticalite (1010) relaxed surface has a slab of 16 atomic layers,
spectroscopies in semiconductor surfaces have become ewith 32 atoms in total. The zinc-blend&10) relaxed surface
tremely useful due to their nondestructive character iand has a slab of 12 atomic layers, with 24 atoms in total. In both
situ potentiality® Unfortunately, this tool has not been used cases, the thickness of the slab is large enough to decouple
to understand GaN surfaces. the surface states at the top and bottom of the slab.

In this paper we present a detailed study of the optical For the (10D) surface, theX andY axes on the surface

properties of nonpolar GaN_ surfaces. The r_nain features Oﬁlane correspond to tF[EZTO] and[ 0007 crystalline direc-

the optical spectra we obtain are analyzed in terms of trangons  as shown in Fig. 1. The atomic coordinates of the
sitions between electronic states that are inherent to eaGRaxed surfaces were taken from those reported by Northrup
surface atomic rearrangement. This analysis allows us tgnq NeugebauérThe surface atomic rearrangement of the

'dhe nsti'galthfo sgrr{iaeze Ofelee;:(t:rhogllj:rfztcaetes and their role in the( 10?0) surface presents a bond rotation of the surface atoms
phy hrop : of aboutw=6°, and a length contraction of the bond be-

To calculate the optical properties of GaN surfaces, We[ween surface atoms afd— 6%, with respect to the bulk

performed calculations using a well, known tight-binding
proceduré. First, the electronic-level structure of a slab, cor- bond length. On the other hand, for (10 surface, theX

responding to each surface, is generated usingpis* ~ andYaxes on the surface plane correspond to ##] and
atomiclike basis that provides a good description of valencé001] crystalline directions, as shown in Fig. 1. An atomic
and conduction bands of semiconductors. The parameterglaxation similar to the (101) surface was found for the
used here for GaN were reported previously for wurtzited (110 surface. In this caséyd=5% andw = 14°, as reported
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FIG. 1. Side and top views df) (10?0), and(b) (110).

bandsC; (cation and Ag (anion within the projected bulk
band gap. These bands are surface states that belong to dan-
gling bonds located in the Ga and N atoms at the surfage.

is an empty surface band corresponding to the Ga atoms in
the first layer. The energy of theé; band is about 2.5 eV
from the top of the valence band, and it has a very small
dispersion along the 2DBZ, which gives rise to a large con-
tribution to the DOS within the projected bulk gap. It was
previously reportelithat the position of th€; band is quite
susceptible to the atomic position of the surface atoms. On
the other handAs is an occupied electronic band located in
the N atoms in the first layeAs also shows a small disper-
sion in the 2DBZ, that also gives rise to a large contribution
to the DOS. ThéAs band is located at an energy of about 1.5
eV below the top of the bulk valence band betweenXfaand

M points. When the band approaches theoint, this band
disappears inside the projected bulk valence band. In gen-
eral, we found good agreement of our results with those pre-
viously reported'

Northrup and Neugebaufeperformed DFT calculations,
where for the (100) surface they found an occupied elec-
tronic band due to the dangling bonds of the N atoms located
in the first layer. These authors found that this band is at an

by Filippetii et al® Similar atomic rearrangements have alsoenergy of about 0.1 eV below the top of the bulk valence
been reported by other groups, where the physical origin oband, and shows a very small dispersion when it approaches

the surface relaxation was fully explain&d-3

the M point. They also reported an empty surface band due

In Fig. 2, we show the calculated electronic band structureo the dangling bonds of the Ga atoms in the first layer. They
along high-symmetry directions in the irreducible 2DBZ. Onfound that the location of this band is inside the projected
the right-hand side panels, we show the total and projectegonduction band at th& point, shows a large dispersion
electronic density of state®OS) in the first, second, and from I to halfway toM, and then becomes almost flat at the
third layers. For the (100) case we observed two electronic M point. In our calculationC; is in the middle of the bulk

Band structure of GaN(1070) and DOS

Energy (eV)

Energy (eV)

gap. The differences in energy between our calculations and
their results, especially for the empty states, are expected,
since they used a different formalism than the one we em-
ployed here. Within DFT calculations, quasiparticle correc-
tions must be done to remedy its deficiency. It has been
found for bulk electronic states that these corrections should
consist of an almost rigid shift of energy of the unoccupied
electronic states. However, for unoccupied electronic states
inherent to the surface, this shift could not be of the same
magnitude of energy as in the bulk. For example, in the case
of the Si(111)-2 1 surface'’ the amount of energy shift for
the unoccupied surface states is 1/3 of the shift for the bulk
states. Therefore, it is difficult to compare our results directly
with those reported by Northrup and Neugeb&uehere no
corrections to the DFT calculations were made. Another
source of discrepancy may be the tight-binding parameters
used here, which were obtained for the bulk and then ex-
trapolated for the surface, using Harrison’s rule. Further-
more, due to effects of additional orbital confinement on the
surface, we should expect an extra modification in the sur-
face of these parametefsHowever, we have to take into
account that the simultaneous calculation of consistent
atomic positions and band-structure parameters in this kind
of tight-binding calculation, is quite a difficult task.

In Fig. 2 we observe for th€l10) surface two electronic
bands also labele@5; and As. These bands are also due to
the dangling bonds located at the first layer Ga and N atoms,

FIG. 2. Electronic band structure and the total and projected@spectively. In this case, the empty balylis at the edge of
DOS in the first, second, and third atomic layers. Surface states af&ie bottom of the bulk conduction band, and shows a disper-

shown by black dots, and projected bulk states by gray dots.

sion of 1 eV in the 2DBZ, which does not contribute signifi-
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cantly to the DOS. The occupied surface basdocated 0.5

eV above the bulk valence band at thepoint, shows an
energy dispersion of 0.7 eV froin to the X point, and is flat
between the high-symmetry poinxsand M. This fact gives

rise to a large contribution to the DOS, showing tiAatis
totally located in the N atoms in the first layer. Again, we
have found a very good agreement of our results with those
reported by Grossnest al,'® where theC; and A5 surface
electronic bands of thél10 surface have also been found.
They reported that the physical origin of these bands arises
in the dangling bonds of the first-layer Ga and N atoms. In
this case, differences in energy between our calculations and
their results were also found. Since GrosseealX® also
performed DFT calculations, those discrepancies are ex-
pected for the same reasons discussed above. Furthermore, it
may be that additional orbital confinement effects of the
electrons belonging to surface become important for those
atoms with low atomic numbers, where valence electrons are
close to the nucleus, such as those electrons in N atoms. For
example, for the C(111)-21 surface, an additional orbital
confinement of about-2.3 eV was found for the orbital,
pointing out the surface of the C atoms at the first ldyén

the case of the GaNI10) surface this effect may be respon-
sible for the discrepancy in energy of 0.5 eV of the band
between our calculations and the DFT results found in Ref.

Components of the imaginary part of &(w)

13. However, the reported behavior and dispersion of the Energy (eV)
surface bands in Ref. 13 are in very good agreement with our
results. FIG. 3. Imaginary part of the surface dielectric function and the

We can conclude from the electronic band structure thagomponents ofeggfw), with a=X shown by the solid line, and
even when both surfaces show the same kinds of surfacg=Y shown by the dashed line.
states, those states have different physical behaviors. For ex-
ample, C; is a flat band for the (101) surface, while it
shows a large dispersion for tH&10 surface. Therefore,

First, we analyze the case of the (_Il)lsurface, where
electron transitions start below the bulk band gap at about

one can expect that these differences would also be evideﬁg5 eV, and these are mairllys transitions. We can see that

. . . . is b-s contribution involves occupied bulk electronic states
when other physical properties, such as their optical behav- X .
. L . _.around thel' point and the empty surface electronic states
ior, are measured or calculated. Taking into account the limis

X . - . labeled agC5. At low energies, from 2.5 to 3.0 eV, the spec-
te_ltlons Qf the tlght-blhdlng methoo_I us_ed hefe' the foIIovv_lngtrum is more intense foY polarization than folX. However,
discussion of the optical properties is valid only qualita-

tively this situation changes from 3 eV to above 4.5 eV, where now

. . . . . the intensity is larger aloni. From 3.6 to 4.5 eV, we have
The imaginary part of the surface dielectric function of 't nds s contributions to the optical spectrum. These
the (1010) and(110 surfaces is presented in the top panelss g transitions are always more pronounced Yopolariza-
of Fig. 3. The surface dielectric function for light polarized tjon. If we look at the electronic band structure, we can see
along the main surface crystalline directioXsand Y_are that thes-s transitions have their physical origin in thfe
shown by solid and dotted lines, respectively. For the 01 occupied surface band and tkx empty band. Thess-s
surface we observe that electron transitions start at an energisansitions become more significant between ¥and M
of 2.5 eV, while for the(110 surface they start at slightly points in the electronic band structure, where those surface
higher energies. In both surfaces, at those energies, the trapands are almost flat. This fact gives rise to a large contri-
sitions for light polarized along th¥ axis are more intense bution to the DOS, and therefore to the intensity of the cor-
than those transitions fof polarization. On the other hand, responding electron transitions. We can also see sHat
at higher energies the transitions aloxgre always the most transitions do not contribute to the surface dielectric func-
intense, except at some energies where both signals are cofibns at energies below 5.5 eV. Also, contributions frbrb
parable. Now let us analyze the surface dielectric function inransitions dominate the spectrum at energies above 4 eV.
detail using Fig. 3, where electron transitions «ffa @) Clearly, we can see that the optical response of the surface is
have been decomposed in transitions from surface to surfa@nisotropic. We have explained this anisotropy as a conse-
electronic statessts), from surface to bulk¢-b), from bulk  quence of the physical behavior of the electronic states. Re-
to surface b-s), and from bulk to bulk -b). Note that the call that the discussion about the main optical properties is
discussion of the optical spectra can be done only qualitagualitative, and the energies at which electron transitions oc-
tively, due to the limitations of the tight-binding method. cur can be different from the real transitions.
These limitations were discussed above. For the (110 surface the physical origin of the optical
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anisotropy is completely different. While for the (1@JLsur-

face thes-b contributions are negligible, for thel10) sur- _ c

face these are very pronounced. T&é electronic transi- g 257 ) 1
tions start at 2.6 eV and finish at about 5.5 eV. Thib g{ ?=\ /\
contribution is due to transitions among the occupdgdsur- < 0 ) "

face band to bulk empty states. Tlseb contribution be- 15 AN . ,
comes important at an energy of 4.5 eV, which corresponds L Ener;y o) 5 6

to the fact where thé\; surface band is almost flat between

the X andM points in the 2DBZ. This physical effect in the FIG. 4. RAS of GaN110).

DOS explains why the intensity of the optical response is

larger forY polarization at low energies than farpolariza- ~ crystals where the optical response of the bulk is isotropic,
tion. Also for this(110) surface, thes-s contribution is sig- @nd, for this reason, we present RAS results for (th&0)
nificant at energies below or equal to the bulk gap. These surface only. Note that other spectroscopies, such as
transitions, from 3 to 5.5 eV, involve surface states that be€/€ctron-energy loss spectroscofELS), can also be em-
long toAs andC. From 3 to 4.6 eV, the intensity of tres ployed to obtain mfo_rmatlon in the same range of energies as
transitions is largest for light polarized along Again, this optical spectroscopies, and in the case of EELS, this is not

fact is due to the small dispersion of the band between the limited to handle isotropic optical media onfy.Results of

X andM points. At about 4.8 eV the situation changes, andEELS foéﬁ nonpolar GaN surfaces have been reported
now the intensity aloni is the largest. This originates in the eIseWh.er : its of ¢ ;
region of the 2DBZ where th€; band is flat enough to give In Fig. 4, we present RAS results o tl(ﬂa_lO) surtace for
rise to a large contribution to the DOS. This situation corre-19Nt at normal incidence. RAS are given bXR/R,
sponds to the region betwedhandX, close to theX point. L AR/Rolx—[AR/Ro]y, whereR, is the reflectivity calcu-
The b-s contributions start almost at 4 eV, and extend up tol21€d by the Fresnel formula, antR=R—R, is the differ-

6 eV. These transitions are always more intense<fpolar- ~ €Nce betweeRR, and the actual reflection coefﬁment. In Fig.
ization than forY polarization. At 4 eV, the empty surface % the labelsA. and B, correspond to peaks which are lo-
states involved in thé-s transitions are those associated ¢@ted at 3.0 and 3.5 eV, respectively. The third lall,

with the C5 band, while for energies about 6 eV, the surfacecorresponds to the peak at 4.2 eV and to the structure from

states involved are those located at 5.8 eV atlthpoint. 4.5 to 5.5 eV. Peald. is due tos-b transitions. It also has

These empty surface states are due to back bonds betwegff contributions that start at 3 eV, and it is more intense

Ga and N atoms in the surface. Finalbgb contributions to along theY direction up to energies about 4.5 eV. For both

the optical spectrum start at 4 eV, and dominate at higheff@nsitions, the intensity for polarization is larger than fok
energies. We conclude that the optical response of the cubfePlarization, and this fact gives rise to the negative value of
nonpolar surface is also anisotropic. A.. PeakB. comes from a stronf-b contribution, which is

The physical origin of the optical anisotropy of tt&10) more signifi_cant forX poIarjzation _than fory polarization.
surface is very different from that found for the (_mlsur— The latter gives a change in the sing of the spectrum, where

X o : r]fow the structures have positive values. Finally, the struc-
face. In both cases we have identified the physical cause Wires labeled biC, are related td-s transitions, which are

such anisotropy, and we have found that it is completely Iso more intense for light polarized along tKedirection

different for each surface. For example, let us suppose that_ . . o
the bonds of N atoms at the surface can be saturated Wit%artlng at 4 eV. Also, at these energies kb contribution

hydrogen without change in any other electronic property. In e<|:omes very substinUaI. ted a detailed mi .
this case, one would expect that the band of both surfaces N summary, .we ave p.resen ed a detaned_microscopic
would reduce its energy considerably. Now the optical specStudy of the optical properties of nonpolar GaN(09land

tra for each surface will change in a different way. For ex-(110 surfaces. We have found that both optical spectra are

— o anisotropic, and we have identified their physical origin. We
ample, for the (10Q) surface theb-s contributions to the conclude that even though the atomic relaxations of both

optical response will not be modified, and we should not urfaces are quite similar, their optical responses are very

gcpeg; Ctﬂinc?tisertohg:]ed Ofrgslai%e;téug;?gbﬁ; rr?sletso ?ELOW ifferent. We have explained the main features of each spec-
: . tra in terms of their corresponding surface electronic struc-

gﬁgfailezpt?eclg\?vnl g{/thrﬁj({)]d(i)f)yisnurf;l’]CeeOW;:LglereS:pc?r:(sazsler?c%tn:[ure' We presented our results of the surface dielectric re-
9 ’ 9 P P ) sponse in each case, and for tfEl0Q) surface we also

féus'gr?’emoaf‘ ggfcer:ent r\?z;iye V\éee Coeurl]%rmanmpmite g:ﬁeoft'ceal gfesented reflectance anisotropy spe¢RAS). In conclu-
spons sy P N9 S YP€ Zon, we have described RAS in terms of the main features of

atomic mo@ﬁcauon. . the optical response of the surface, and we have studied the
Now, using the above results, let us briefly present calcu-

. . physical origin of the spectrum. We believe that RAS and
lsaljlr?:c?eotl'LeS%(Zasnngur};?;Lc;pzaipsgﬁesgﬂf;/) ::grfp(;rleoé Witr(l)ther spectroscopies yet to be will be very helpful to better
experimental measurements. We believe that the theoreticgpderStand the physical properties of this promising material.
results presented here could motivate one to perform future This work was supported in part by Grant Nos.
RAS measurements. Optical techniques calculations of lik€ONACyT-27646E, and UNAM-DGAPA-IN104297. We
RAS, have been widely used to explore the rearrangementsiso acknowledge the financial support from the “Ricardo J.

of the surface atoms. However, RAS are useful for cubiczevada” Foundation.
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