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Second harmonic generatidBHG) spectra of the Ga- and N-terminated Gaf01) surfaces have been
studied by using the first-principles full potential linearized augmented plane-wave method. Equilibrium sur-
face geometries are determined through the total-energy minimization method. The calculated SHG spectra in
the low-energy spectral range are dominated by the two-photon resonances associated with the surface states,
while in the high energy range the SHG responses are contributed from the bulk states. Adsorption of Ga on the
N-terminated GakD001) surface results in a substantial evolution of the surface related SHG features.

DOI: 10.1103/PhysRevB.65.035405 PACS nunider78.66—w, 42.65.Ky, 73.20-r

[. INTRODUCTION SHG spectra were rather insensitive to the accuracy of the
structural optimization, but extremely sensitive to the quality
GaN is a promising material for various technological ap-of the near-surface eigenvectors and eigenstates, i.e., to the
plications, such as short-wavelength light emitting diodesfull convergence of self-consistent all-electron treatments.
semiconductor lasers, and optical detectors,&t&econd In the present paper we report results of SHG for the
harmonic generatiofSHG) (Refs. 3—10 as surface-specific  GaN0001 N- and Ga-terminated surfaces by using the first-
optical spectroscopy has been applied to differen@rinciples full potent_lal linearized augmente.d. plane—que
semiconductor-adatom systems. From a practical standpoirif; LAPW) method. This theory has better precision for optics
their noninvasive nature, high sensitivity to submonolayefthan the pseudopotential approaches in particular for materi-
adsorption, and strong dependence of the spectroscopic rals With first row elementglike N). The high accuracy of the
sponse on the adatom species have proven extremely usefthAPW method in predicting linear and nonlinear optical
for real time, in situ monitoring of surface dynamic pro- SPectra of group-Ill nitrides was demonstrated recen.tly in
cesses involving various adsorbefBeveral SHG studies of Ref. 16. Here we extend our FLAPW study to the nonlinear
GaN surfaces and interfaces are reported in Refs. 3, 9, arRPtics of their surfaces. The main goal of this work is to
10. On the GaKD00)) surfacé® interesting optical SHG predlct the surface specific features pf SHG spectra of wurtz-
structures were reported, which could not be explained bjt€ GaN crystals. Based on comparison of the SHG spectra
bulk contributions. calculated for GaN(0001)(21):N and GaN(0001)(1
Significant progress in quantitative theoretical explanation< 1):Gasurfaces, we predict changes of the SHG response
of surface-specific spectroscopic responses has also beB) adsorption of Ga. The paper is organized as follows. In
made in recent years. The semiempirical tight-binding modePec. Il we describe _the details of the numerical method. In
(SETBM) of surface optict has been used to explain SHG Sec. lll, the formulation of the dipolar nonlinear optical sus-
response from Si surfacéd’® The SETBM correctly pre- cept|bll|ty is given to elucidate the key points in the compu-
dicted tendencies in SHG behavior for different surfaces anéftional procedure of SHG. In this section we also discuss the
ambients, but it proved to be significantly less successful ifestrictions which may apply for reliable SHG predictions on
quantitatively explaining nonlinear surface spectra. The reathe surface. In Sec. IV we discuss our results for
son for this is due to the well pronounced surface/interfacé3aN(0001)(2<1):N andGaN(0001)(1<1):Gasurfaces in
localization of the SHG signal. Strong contribution of the comparison with experimental data.
surface/adsorbate specific electronic states to SHG requires
additional parametrization of interatomic interactions and Il. METHOD
optical matrix elements, which usually strongly depend on
the change in environment. The complex surface chemistry The electronic band structure and optical function compu-
is certainly difficult for the SETBM based only on a few tations are based on the film-FLAPW thedfy® In the
parameters. Recently we presentedafrinitio pseudopoten- FLAPW method no shape approximation is made for charge
tial approach for the SHG spectra of (@1)-adsorbate density, potential, and matrix elements in all the three re-
systems:*® which reproduced well all essential features of gions (vacuum, interstitial, and muffin ttt” FLAPW calcu-
the observed SHG spectra. Significantly, the strongly conlations have provided very accurate results of linear and non-
trasting effects of H and Ge adsorbéntand B surface linear optical functions for differentA!""'BY compound
doping* on the SHG spectrum were reproduced in quantitasemiconductorgsee, e.g., Ref. 16 and references therein
tive detail, thus testing the theory more stringently than for Equilibrium surface geometries are determined through
merely a single adsorbent. Equally important, the calculatotal-energy minimization guided by atomic forces. Calcula-
tions showed that the basic adsorbate-specific trends in th@®ns of electronic-structure and optical properties are based
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on the generalized gradient approxir_natK@GA)..19 Eigen- pO=1,(E)5; .
values and wave functions are obtained by direct diagonal-
ization of the Hamiltonian with the fully converged charge
density. We modeled the surface by a slab containing eight zero temperaturéwith f(Es/)=1 for the occupied«)
GaN monolayer$ML'’s). Test calculations with a thicker slab states and,(E¢)=0 for the empty(c) states, the first and
(up to 16 GaN ML? indicate that the results reported here second order solutions of Eq3) for harmonic radiation,
are reliable within 10—15%. V(t) =V.exp(-iwt) are given by

To compare with experiments, the quasiparti€) cor-
rections are usually invoked in most theoretical papers
through a scissorslike operator. The value of the energy shift ay _ Vs
Aqp was chosen to match the experimental gap en&rgy Pss = E—E.—to )
Due to the strong dependence ol qp (see, e.g., Ref. 20 s e
and references thergirhowever, this treatment does not im-
prove deviations between the calculated and measured opti- 1
cal functions in the high-energy spectral region. The reason pg’ZS),:— S (V") |V]s')
for this is that the scissorslike corrections do not improve the Es—Ey—fhow ¢
bandwidth of the conduction bandc (band. The GW
corrections??which are beyond the scope of this paper, are y 1 B 1
needed for a better quantitative comparison with experi- Ev—Ey—fho E—Eg—tiw/
ments. In addition, the scissorslike QP corrections do not
apply for cases with half filled metallic bands as found for
the GaN000) surfaces. Therefore no QP correction is B. Second-order nonlinear optical susceptibilities
adopted here.

©)

Equations(1), (2), and(5) can be used now to derive the
expression fory(?). To this end one should specify the per-
turbation term in Eq(3) which can be used in the form of

Calculations of optical functions are based on a singleV=—e/mcAp (velocity gaugg¢or V= —eEr (length gauge
electron picture without the excitonic and local-field correc-In a frequency range below near ultraviolet the light wave
tions. The polarizatiorP of a solid induced by an incident vector is vanishingly small, therefore both approaches
harmonic radiation at frequeney can be expanded up to the Yield the same resulté.In a series of papers, Levine and

IlI. NONLINEAR OPTICAL SUSCEPTIBILITY

second order in electric field of light as Allan® as well as Del Sole and Girlantfalemonstrated how
to use the length gauge for the determination of optical sus-

Pi(r, )= x{"E;(r, )+ x{VE;(r,0)E(r,0) ceptibilities. Equation$1)—(5) in the length gauge yield the

2 well-known formula fory(?) given in many books for non-

Qi Ej(r o) ViE(r,0), (D linear optics2’~?° To avoid the divergence, the diagonal (

=s') terms for the intraband transitions need to be excluded.
It has been shown for bulk SHG that these terms provide
insignificant contributions tq(?) and thus can be omitted in
most case$*3° According to our recent finding, however,

the intraband contributions become more important for the

where optical susceptibility functiong™ and y(?) stand for
the linear and nonlinear responses, respectivelyQiRtide-
scribes the quadruple contribution o

A. Microscopic formulation determination of surface SHG. Sipe and Ghahrafiau-
The ensemble average polarizatiéof the system is de- rived equations invoking explicitly both the inter- and intra-
termined through the density matrip): band contributions. Using the latest formalism in the length

gauge(atomic unit3, the x{(— 2w, w,®) is given by?
(P)=Tr(pP). )

The time-dependent response of a system to the incident har- dk
monic radiation is determined by the equation of motion for )(-(-Zk)(—2w,w,w): f —[XHK(—Zw,w,w)
p, which at the thermal equilibrium is given By N 4773
w_1 Ly ; (= 20,0,0) +oil)(-2000)],
ot iatHetVeel, ® (6)

whereH, is the Hamiltonian of the unperturbed solid, avid

describes the interaction between the radiation and the mat- ijk(_zw 0,0)

ter. Equation(3) can be projected on the orthogonal Bloch Xli o

eigenfunctiongs) of H,, [(H,—Eg)|s)=0]. In the thermo- P el rky e 2f foo fin
dynamic equilibrium, the density matrix in the single- = — “ow + o + o)
electron picture is defined through the Fermi distribution nmi- @in ™ Oml } @mn ml In
function, f,(E) ={exf (Es—F)/kT]—-1} ", a$® 7)
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7K (= 20,0,0) for the N-terminated surface, where there is only one
z-oriented surface state per unit cell.
_2 Dk fr fim The local-field effect provides 10-30% contributions to
= Onmf et Fmilind | 5~ 5 — linear polarization functions of bulk semiconductét&ffect
nml wip(0p~ ) Oy (On—) . .
of electron screeningmore precisely the effect of electron
. . k H H k 1 1 1 I i -
fo AT K Y = i) _ fof JAL K 1 e_xchange_ an_d correlation interaction on the optical polariza
> — E - tion function is usually less pronounced and very often com-
O Omp—20) nm o (@mp— 20) pensates the local-field effe.The local-field corrections

(8 ©on nonlinear optical susceptibilities were found to be in a
range of—21—+30% in bulk semiconductor¥.It is reason-
ol (=20, 0,0) able to expect the same range for the surface corrections.
Electric-field effects in SHG, the EFISH, could provide
B fam Dk ik substantial contribution to the surface response. The corre-
—& m[‘”nlrlm{rmnrnl}_“’Imrnl{rlmrmn}] sponding term in polarization function is described by the
mntmn third-order optical susceptibilitfwhich is not presented in
fomAl 1l K Y Eq. (1)]. Experimental studi€é®® as well as theoretical
—iy o A (9)  estimate¥ for silicon surface suggested that EFISH could
nm o wn(0nn— o) even be comparable to the secdudipole) term in Eq.(1).
The latter three factors will be analyzed in our future
work. In this paper, we focus on the leading dipolar contri-
butions to SHG given in Eq6). The main features in the

C . N ST _
WhereAlnm= plnn_ plmmv {rﬁnlrln}z%(rjmlrln—'—rmlrljn)v Wpm IS
the energy difference between levelandm, andf,,=f,

—fm, with f; the Fermi occupation factor at Zero gheciral region associated to excitations of bulklike states
temperaturé? Matrix elementsr,,, are usually evaluated

: should be reliable. In the long-wave spectral region where
through momentum - matrix elemeniPnyn @S Tnm  the surface states play the key role, the calculated SHG
=Pnam/iM@npy. should be viewed only qualitatively.

In the present work, contributions [, only from atoms
C. Surface nonlinear optical response in the upper half of the slab'* are calculated. In other
The above formalism has been successfully applied re\z_vords, we consider only one surface for the SHG determina-

cently in the SHG studies for several bulk materf§i&33jt ~ tion.
is not a trivial task, however, to extend it for surface SHG
owing to the following reasons. D. SHG efficiency
(i) The Iowered. symmetry at surfa_ces induces localized | reql experiment, the SHG efficien&(w) is measured,
surface states which, in turn, re_sult in unusual features ofnich is defined &2
optical excitations not presented in the bulk.

(i) Structural relaxations and reconstructions cause | (20)
changes of electron band structure related to the excitations R(w)= r2 ,
of bulklike atomic orbitals in the near-the-surface region. I (w)

(i) The normal component of the light electric field de-
cays rapidly in the surface regiddiscontinuity in the clas-
sical picture.

(iv) The local-field effect and electron screening, which at
surface could be different from those in bulk.

(v) The dc electric field established in the surface barrie
causes electric-field induced second harmdiEISH) re-
sponse through the third-order nonlinear contribution.

The first two points are treated well in most of modern ) . 4
first-principles approaches. As found in our previous calcu-p'OUt) light geometries, respectively. .
lations, the surface states induce pronounced different fea- 1n€ local symmetry of the GaN(0001)XL) surface is
tures below the threshold in the bulk SHG spectra. Theys» Which is a subgroup of th€s, spatial group of bulk
provide additional means to monitor the surface chemistry®aN wurtzite crystals. Based on generallrd‘féme values
The surface structure relaxation and reconstruction can bgf Rpp andRg,, for the C5, symmetry are given by
determined with a high accuracy in total-energy and force .
optimizations. Our calculations show that the strain effect on R. =C I—T (20)T2()(SiMOx,2,

SHG is negligible for Ge/$001) systems-= S P P

The discontinuity of thez component of the light electric 2
field gives rise to a large field gradient that can generate a +n2wnwF2(w)szx—ZF(w)F(Zw)Xx# , (10
sizable contribution from the quadruple termisee Eq.

(1)].3*%5 The error associated to this effect will be enhanced )
if the surface states orient along thelirection. This occurs Rsp=C|Tp(20) To( @) X250, (11

where indexes andi denote reflected and incident intensi-
ties of the second harmonic fields, respectively. The function
of R is a combination of differentallowed by symmetry
components ofy{;)(w) and it is usually very difficult to
Isingle out these components experimentédige, e.g., Ref.
10). Here we calculate the SHG efficiencigg, andRg,, for
both p-polarized incoming, p-polarized outgoing g-in/
p-out), ands-polarized incomingp-polarized outgoingg-in/
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® FIG. 2. The calculated spectra of the second-order optical sus-

ceptibility componeny {2 — 2w, w, ) of the N-terminateda) and
FIG. 1. The calculated electron band structure of&J-and Ga-  Ga-terminatedb) GaN(001)(1x 1) surfacegbold solid line3. The

(b) terminated GaN(0001)(21) surface. real and imaginary parts are shown by dashed and solid lines, re-
spectively. The rescaledby factor 1/40 spectra are shown in panel
327262 (@) by the thin lines.
= — - w’tarty, (12) _ _ _ _
m<c cent dangling bonds is responsible for the metallic character
of this surface. The electronic structure of this surface has
2./scosf 1 well pronounced low dispersive metallic surface state in the
T,= — 13 gap[see Fig. 18)].
" & cosf+ Ve —siPg The Ga-terminated GaN(0001)K11) surface is charac-
terized by three surface statdabeled ass,, G,, andG; in
T 2 cosé (14) Fig. 1(b)], which disperse strongly in the Brillouin zone, in-
s™ T dicating the strong interaction between the neighboring sur-
CoSO+ e — i g face atoms. Our FLAPW band structure of the G001
whereF (o) = 1—sirtls(w). (1X1):Ga surface confirms the previous results obtained

from empirical calculations based on the extendedkél

5 . ege .
V. RESULTS AND DISCUSSION gsg@gg and also most recerab initio pseudopotentials

A. Atomic and electronic structure

Atomic geometries of the GaR00J1) surface are opti- B. Nonlinear optical susceptibilities

mized through calculations of atomic forces which contain The wurtzite GaN crystals are polar; the dipole second-
both the Hellmann-Feynman and the Pulay correctiororder optical response is thus allowed in volume.anini-
terms*' Here we consider two atomic configurations: tio study of SHG in bulk GaN, using the FLAPW local-
N-terminated (2X1) structure, and Ga-terminated X1.) density approximatiolLDA) theory, has been performed by
surface where additional adatoms of Ga are placed directlidugh, Wang, and Sipe iRef. 33. SHG spectra of all inde-
over the surface nitrogen atoms. In agreement with previoupendent bulk components af?) in GaN are given in our
finding*>*® the Ga-terminated geometry is preferred enerrecent study® To understand the contributions §¢% from
getically. Our value of 2.08 A for the atomic bond length the surface states, it is instructive to compare results of two
between adsorbed and host atoms of Ga-on-top geometry, ssirfaces with substantially different electronic structures: the
in a good agreement with the recent finding of 2.08%A. Ga- and N-terminated GaN(0001)X1l) surfaces.

The calculated surface band structures of the Ga- and In this study we mostly concentrate on the SHG efficien-
N-terminated GaN(000)(X1) surfaces are presented in cies rather than each individual component. In order to illus-
Fig. 1. Significant differences are obvious between the twdrate the typical behavior, the spectra of real and imaginary
cases. The N-terminated GaN(0001)(1) surface has one parts ofx{2),are shown in Fig. 2. The absolute values of the
dangling bond per unit cell. The interaction between adja- all three independent components yd#) calculated in this
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work are presented in Figs. 3—5. The SHG efficiencies foclear what should be used fai,p at surface, it is reasonable
p-in/p-out (R, ) ands-in/p-out (Rsp,) configurations are pre- to assign the peak in the calculated spectra at 1.5-1.6 eV as
sented in Fig. 6. the correspondent for the observation. A much stronger sig-

Compared to the bulk functions in Ref. 18ee the thin nal should be detected in the infrared-red spectrum region for
lines in Figs. 3—p the SHG spectra can be separated intathe N-terminated Ga{0001) surface.
two spectral regions: region 1 €k w=<5.0 eV) and region
2 (hw>5.0 eV). In region 2 the SHG functions for both
surfaces are obviously determined by the bulk respofsses
Figs. 3-5. The R,, and R, of both surfacegsee Fig. & The atomic geometries, electronic band structures, and
converge to each other Aw>5.0 eV. The differences still nonlinear optical functions of GgR002) surface are studied
seen in Fig. 6 are caused by the restrictions of the model. Fdyy using theab initio FLAPW method. The Ga-terminated
thicker slab (with 16 MLs and more¢ the values of GaN(0001)(1x1) geometry is found to be more favorable
Rpp (Rsp) atZw>5.0 eV of both surfaces become quanti- energetically than the N-terminated surface. The surface spe-
tatively the same. In region 1, the calculated SHG functiongific features in the SHG nonlinear optical spectra are much
appear to be dominated by contributions from the surfacestronger than the bulk responses. Nitrogen termination
states. strongly enhances the surface contribution to SHG spectra of

Note that highly intensive peaks are predicted in thethe GaN000J) surface in the low-energy spectrum region,
low-energy region for the N-terminated GaN(0001}(1) whereas adsorption of a Ga monolayer reduces it in relation
surface. Although the predicted peak intensities should b&o nitrogen. This result can be used as a highly sensitive
viewed cautiously as discussed in in Sec. Illc, such strongitu tool to monitor the changes in chemical composition and
peaks(rescaled in Figs. 2-)6promise a possibility to iden- geometry during the growth processes.
tify surface chemical compositions and atomic arrangements
with an extremely high sensitivity.

Experimental SHG spectra of G&D00)) surface are re-
ported in Refs. 10 and 46. A surface-induced SHG peak near W. E. Angerer is acknowledged for providing his Ph.D.
2.8 eV was observetf.As discussed in Sec. IIl, for compari- thesis. Work supported by the Division of Chemical Science,
son with experiment the calculated SHG data should be comffice of Basic Energy Science, U.S. Department of Energy
rected byAqp. The best value ol op is 1.4 eV to match the  (Grant No. DE-FG03-99ER14948&nd by a computing grant
measured gap of the bulk wurtzite GaN. Although it is notat NERSC.

V. CONCLUSIONS
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