Simplified bond-hyperpolarizability model of second harmonic generation:
Application to Si-dielectric interfaces
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We show that the anisotropies of second-harmonic-gener@Bbi®) intensities of singular and
vicinal (111) and (001 Si—dielectric interfaces can be described accurately as dipole radiation
originating from the anharmonic motion of bond charges parallel to the bond directions. This
simplified bond-hyperpolarizability model not only provides a simpler and mathematically more
efficient representation of SHG, but also allows a direct physical interpretation at the bond level,
which was lacking in previous approaches. Application to oxidized and nitrided Sj-#&ti€faces
provides new insight into bonding that occurs at these interfaces as well as the origin of SHG.
© 2002 American Vacuum SocietyDOI: 10.1116/1.1493783

[. INTRODUCTION verts fields to intensities generates additional Fourier coeffi-

cients and obscures phases, further complicating analysis. In-
The development of the femtosecond laser has generatgdypretation on the basis of available first-principles

a s.lgnlflcant resurgence of interest in the use 'of non"”earéxpressions involves lengthy calculatidhand a significant
optical (NLO) phenomena as a means of studying bulk may,gg of physical insight. This situation has created a barrier to
terials, thin films, interfaces, and surfa¢ésNLO phenom- the more widespread use of SHG.

ena possess richer selection rules than their linear-optic 1 gain the information about the interface chemistry and
equivalent, and are therefore intrinsically more powerful asoonding on a microscopic scale that we needed, a better ap-

. . -3 . . .
d|a?nost|c tc;ol.sl.t lp add'F'OT’ the rtr1hlcro.:,rc]:otplcfst))/n|1|£netr¥ of Iproach was necessary. Because the region from which SHG
surtfaces and interfaces 1s fower than that ot bulk materia originates in the Si-dielectric system is localized, it seemed

which can provide an additional means of isolating contribu-,

. . . . hat a much more sensible method of analysis was to formu-
tions from these regions. For example, with the exception o . : : : .

Lo T : . _late SHG in terms of its basic physics, starting at the bond
the bulk quadrupole contribution, which is relatively small in

materials such as Si that possess inversion s mmetrrather than the band level and representing observed SHG

. hat pos . . y Yhtensities as far-field radiation from dipoles driven anhar-
second-harmonic generatié8HG) is forbidden in the bulk monically by the incident electric field. This approach em-
and also in amorphous materials such as,Si®erlayers y by : pp

where the bonds are oriented in essentially random direcr-)ons the nonlinear-optical equ.ivaler.lt of.tec-hniques that
tions. Thus SHG of oxidized or nitrided Si wafers originatesWere used by Ewald and Oseet? in their derivations of the

almost entirely from an interface region no more than severa‘?xtInCtlon theorem of linear optics. Using physically reason-

atomic layers thick, where there is a regular repeating geoma—1b|e approximations we found that we could indeed develop

etry of asymmetric bonds. As a result SHG has become g simple apprqach that p_ot only replaces the cataloging of
widely used probe for studying the interfaces of this technolPhenomenological quantities but also allows SHG data to be
logically important materials systef?:4~12 represented by a minimum number of parameters, each of
However, NLO spectra are difficult to acquire, so with Which has a direct physical interpretation at the bond 1&Vel.
few exception® SHG data have been limited to relatively FOr €xample, we show below that we not only can recognize

narrow spectral ranges and are typically obtained as anisotrg> /G _absorption from the anisotropy 0§,(¢#) but also
pies lsyd(#) of the second-harmonic intensity,c as a identify the responsible bonds. Because these parameters can

function of the sample azimuth angle Since the associated also'be calculated from first principles, our frameyvork also
nonlinear susceptibilityysye=x» is a third-rank tensor, provides a co_n\_/enlent interface between_ experlment and
anisotropies up to and includingdmay be analyzed by this theory. We a_nt|C|pate_ that our approach will stimulate a re-
approach. To organize these data the results are typicalfHrgence of interest in SHG. _
expressed either as the coefficients of the Fourier expansion SPecifically, we assume that the system consists of
of I s #) or as tensor coefficients, taking account of grOup_charges localized in bonds, then follow a three-step proce-
theoretical constraintd*5to eliminate all those that are not dure. First, we recognize that the applied field causes a dis-
allowed by crystal symmetry. Neither approach is satisfacPlacement of chargedipole) at each bond site, which varies
tory, since there is no obvious connection between the Foi@nharmonically with time under the action of the applied
rier or tensor coefficients and the properties of the individuafield and appropriate restoring and dissipation forces. We
bonds. Moreover, the absolute-squaring operation that corsummarize the linear and nonlinear parts of this motion in
terms of complex polarizabilities and hyperpolarizabilities,

aAuthor to whom correspondence should be addressed; electronic mail€SPectively, WhiCh_ can be O_btainEd_in principle by solving
aspnes@unity.ncsu.edu the standard equation of motion as discussed by $haxt,
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we make the simplifying assumption that for any bond the F=0;E-bje ' ky(X—Xo) — Ka(X—Xo)?— ydx/dt
only relevant anharmonic motion is that along the bond axis.
In the SHG context this is equivalent to assuming that the ~— =mad*x/dt?, (1)

bonds are cylindrically symmetric. Finally, we calculate thewherex is the position of the charge in a local coordinate

far-field intensity as the square of the superposition of fieldsSystem that lies along tHBaJ direction,x, is the equilibrium
radiated by these charges in the dipole approximation, as osition, x; and x, are the harmoniqHooke's law and

suming that the relevant bond directions are those of th® h ; . tant tivel & a fri
underlying bulk crystalline material. This simplified bond- an alrmor}:(c_: spring constan S’I respecAlve Y, an ﬂ;a ”g'
hyperpolarizability mode(SBHM) leads to an excellent de- t|o_na coefficient representing losses. Assuming nbe
scription of SHG signals froni111) and(001) Si—dielectric written

interfaces, and in addition provides new physical insight at x=x,+Ax;e ™ “'+ Ax,e~ 2!, 2
the microscopic level not only about these interfaces but als
about the physics of SHG itself.

The new aspect with respect to EwHlénd Oseelf be-

yond the application to a nonlinear process, and with respe

R follows that to lowest order the linegry; and first-order
nonlinearp,; parts of the induced dipolp;=q;Ax; corre-
Cstponding to thgth charge are given in a general coordinate

to early NLO bond calculations of the dc susceptibiffty?? system by

is our assumption that for SHG purposes we need to consider R ]_25. 6]. R o

bond polarization only along bond directions. This also dis- P1j=0;AX.0j=————F———Dbj=a,;b;(b;-E), (3a)
. . Ki— Mo —lyw

tinguishes the present approach from more recent bond-

orbital treatments of SHG in covalent materi@l$? includ- . 0 KoAX2 . o

ing that of Wijerset al. where SHG was also formulated in ~ P2j=d;AXzb;= K1 — dmw’— 2l yo b= ay,;b;(b;-E)*,
terms of radiating bonds. Cluster calculations for As- (3b)

terminated Si and Ge surfaces showed that the assumption of ) o )
cylindrical symmetry for individual bonds is not necessarily Where a1j and a; are the microscopic first-ordefinea

a good approximatio?ﬁ but we justify its use because we polar!zab!l!ty and sec_ond-ordeéhr_st-order nonlinearhyper-
find that our model accurately represents SHG data with aRolarizability, respectively, of thgth bond. o
absolute minimum number of parameters, thereby implyin Tht_Js, to within a scaling factor, the total polarization can
either simplifications or outright cancellations in what is ba-P€ Written

sically an effective-bond representation. A bond- 1 1 A

hyperpolarizability model similar to ours, including the as- P= vz pj= VZ (a1jbjb))-E

sumption of cylindrical symmetry for the individual bonds, ! '

was recently presented by Mendoza and co-workfs. 1 o

However, Mendozat al. represented SHG as a product of + sz: (azjbjbjby) - -EE (48)
linear polarizabilities for which the transverse polarizability

cannot be ignored, and hence overlooked the essential sim- =x1-E+ x5 -EE, (4b)

plification that results from the assumption of cylindrical . .
X . . .~ whereV is the volume andy; and y, are the first- and
symmetry. Since this assumption cannot be made for linear . :
. : second-order susceptibility tensors, respectively, of the sys-
optics, we conclude that in at least some aspects SHG is . . )
! : ! tem. Using the assumption that the bond charges radiate as

simpler than linear optics. ; ) e
dipoles, we can now express the far-field radiation figjd

as

ikr
Eff:kze (E pj—lz[lz-g ij (53

r

[I. THEORY

A. Formulation —K2

(1—kk)- > pj, (5b)
We outline only basic aspects since a more complete de- !
scription has been published elsewhEreConsistent with wherel is the unit tensor and=kk is the wave vector

our assumption that only motion along the bond axis need bgointing in the direction of the observer. By combining Egs.
considered, we examine a one-dimensional force model ag) and(5b) it is clear that in this model the different orders
discussed by ShehLet the direction of thgth bond in a unit  of susceptibilities can be defined in intrinsic terms as sums of
cell or other appropriate set of bonds be defined by the unidlyadic, triadic, etc. products of the bonds, with the descrip-
vectorBj . We suppose an applied fieEe~'“!, noting that  tion of the observed radiation and the action of the applied
the field E; at the jth bond site may be different frote  fields both represented as external operators. Extensions to
owing to contributions from other induced dipoles in the areahigher orders are obvious.

(local-field effecj. However, for simplicity we assume that  We consider here analytic expressions for SHG signals
E;=E. Then the motion of the chargg can be described by only from singular(111) interfaces;(001) interfaces can be

the equation of motion: treated similarly. Here, we have one “up” bond and three
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equivalent “back” bonds, although for vicinal surfaces one
of the three back bonds becomes an inequivalent step bonc
Choosing a coordinate system where one axis is perpendict
lar to the interface and another parallel to the step, thest
bonds can be written: upb,;=2 step: b,=(8)/3X
—(1/3)2; back: b 4= — (v2)/3%= (\/6)/3)— (1/3)2.

We suppose that all bonds point away from the Si atom in~

4

SCALED RECONSTRUCTION
—— MODEL CALCULATICN
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0;, the incomings- and p-polarized beams argé;=E.y and
Ep=Ep(—Xcosé+2sin @), respectively. If the observation
angle is 6,, the k vector of the outgoing wave ik

= —Xsinf,+2cosb,. In this case the far fieldg;; observed
in the four possible combinations of polarization are given
for the p-p case:

INTENSITY (ARB

Ef=[X cosf,+ 2sin b, ][ a, Sir? 6; siné, o

120
AZIMUTH ANGLE (DEG)

240
+ ay(cos Bsir? 6 sind,

Fic. 1. Comparison between the reconstrugigdlSHG data of Lpkeet al.
for a 5° vicinal (111)Si-Si@ interface (points, Ref. 8 and the variation
obtained with the SBHM using the best-fit parameters git@siid line).

+ 2sinp sin 2B(cog 6; sin §,— sin 26; cosé,,)

+ 43-1Sin3 B cog 0; cosé, cos 3p)], (69 These are essentially indistinguishable on the scale of the figure. Also shown
is the best-fit result obtained if SHG absorption is assumed to be zero.
for the p-s case:
E¢ =9 2 aysin® B cos 6, sin 3¢, (6b)

shapes alone. The wavelengthwas 765 nm, the nominal
miscut angle 5° toward thigl12] direction, and the nominal
angles of incidence and observation 45°. Setting aside the
normalization coefficients, the data are presented as a table
of seven real and two complex Fourier coefficiefTiable VI

for the s-p case:

Ef=[X cosf,+2sinf,](2 ay(—sin’ B cosb, cos 3p

+sinBsin28sind,)), 6C ; . .
A A o)) (69 of Ref. 8, which are also given apart from normalization as
for the s-scase: seven complex coefficients of, (Table VII). Using their
Ei= —9 2 agsin® Bsin 34, 60) Fourier coefficients we have reconstructed their data as in-

tensities, normalizing them in our case to the @efficients.

where 8=109.47¢° is the angle between bonds afis the
azimuth angle measured from the plane. To calculate the
intensity we take the absolute square of these fields.

We determine thécomplex bond hyperpolarizabilities by
least-squares fitting the azimuthal variation of the SHG in-
tensity for thep-p configuration. The result, shown in Fig. 1,

For (001 interfaces the situation is complicated by theis an essentially exact representation of the reconstructed
fact that real on-axis interfaces are not singular but consist aflata. The least-squares values obtained are 29.5° for the
statistically equal areas of two inequivalent domains that arangles of incidence and observation, 1.12° for the vicinal
rotated by 90° with respect to each other. Thus except for thangle, and 1.78i0.17, 2.76+i1.43, 2.19-i0.00, and 2.19
dc component the terrace contributions vanish, leaving thafor the hyperpolarizabilities of the up, step, and two back
from the steps. In a full least-squares analysis for either oribonds, respectively. The imaginary part of the hyperpolariz-
entation we do not rely on analytic expressions but ratheability of the last back bond is arbitrarily set equal to zero,
evaluate Egsi4a) and(5b) numerically, with all bonds tilted since the absolute phase cannot be determined in an intensity
appropriately in the case of vicinal surfaces. measurement. The values for the back bonds are equivalent,

as expected. We find therefore that, again apart from normal-

o ) . . ization, we can essentially represent fi line shape with
Eﬁ(;/ilcl)%it)logi. Analysis of oxidized vicinal three parameters, one less than the number of Fourier coef-
ficients needed to describe the same data in Ref. 8. Thus the

We assess the validity of the model by applying it to theSBHM not only has the mathematical breadth necessary to
data of Lipke, Bottomley, and van Driel on an oxidized vici- represent SHG anisotropies, but also does it in a more effi-
nal (111 Si wafer reported in Ref. 8. These data are appro<ient and physically more meaningful manner.
priate because all four combinations of polarizations are The existence of SHG absorption can be demonstrated
given. However, the amplitudes of the measured SHGQunequivocally by repeating the least-squares fit with the
anisotropies are normalized to theb 3~ourier component, imaginary parts of the hyperpolarizabilities of the first two
which means that the information that in principle is avail- bonds set equal to zero. The result is the dashed line in Fig.
able from the relative amplitudes of the four configurations isl, which is obtained with the least-squares values 1.743,
lost, and that comparisons must be done on the basis of lin@ 158, 2.230, and 2.230. More to the point, in the absence of

(111)
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LUEPKE ET AL. RECONSTRUCTED DATA | ... SCALED RECONSTRUCTION
(111)Si, VICINAL 5° TOWARD (11-2) ——— MODEL CALCULATION

4 4
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Fic. 2. Comparisons among all reconstructed SHG data pkeet al. (points, Ref. 8 using the parameters determined for g configuration in Fig. 1,
which is reproduced in the upper left quadrant. Scaling factors of 1.40, 1.93, and 2.26 were usefarsh®e ands-sdependencies.

SHG absorption the SHG intensity reaches zero at the locahree parameters determined for thep configuration, in
minima near 80°, 155°, 205°, and 280°. Thus, SHG absorpeontrast to the seven additional Fourier coefficients and 14
tion is relatively easy to recognize from these data. overall tensor coefficients needed in Ref. 8.

Taking the best-fip-p parameters we now calculate the  For the oxidized vicinak001) Si interface similar good
expected intensity anisotropies for thes s-p ands-scon-  agreement is obtained, as shown by our data in Fig. 3. This
figurations. The reconstructed data and least-squares fits asample was prepared by thermally growing a 10 nm sacrifi-
shown in Fig. 2. As can be seen, the SBHM provides a verygial oxide at 900 °C, stripping the oxide with HF, then ther-
good representation of these data, provided that the predictedally regrowirg a 3 nmoxide at 750 °C by annealing at
line shapes are scaled by the least-squares-determined vall830 °C. The angles of incidence and observation were 45°
1.40, 1.93, and 2.26, respectively. The need for, and physicand the wavelength was 830 nm. Thes data were multi-
meaning of, these scaling factors can be understood by noplied by a factor of 4 to compensate for reflectance effects
ing that the data shown in Fig. 2 were scaled to thi 6 and different pulse durations and intensities that resulted as a
Fourier component. From Eq&®%) we see that if the angle of consequence from the need to use different experimental
incidence 6; equals the angle of observatiofy, the 6  conditions with respect to thg-incident configuration. The
anisotropies of the four configurations differ only in that theleast-squares fitting parameters were determined to be 12°
p-s s-p, and s-s coefficients are multiplied by 1/c88, for the angles of incidence and observation, 7.28° for the
1/cod(6), and 1/co¥#), respectively, whered=6,=6,. vicinal angle, and 105130, 19755, 133+i0, and 131 for
From the scaling factors determined above we finehlues  the hyperpolarizabilities of the four bonds, again in arbitrary
of 32.5°, 32.0°, and 29.2° for the-s s-p, ands-sconfigura-  units and with the phase of the hyperpolarizability of the last
tions, respectively, essentially equal to expected values. Weond arbitrarily set equal to zero. The “step” bond again
also note that the least-squares-determined value of 29.5° fehows the highest polarizability and absorption, although the
0= 6;= 6, is in excellent agreement with the values of 29.1°essentially threefold pattern of Fig. 2 shows that most of the
and 28.7° calculated for refraction at the air—giBterface  signal is coming from the vicinity of the steps. Thes an-
using the refractive indices of 1.454 and 1.472 for S# isotropy is found to be particularly sensitive to the angles of
765 and 382.5 nm, respectively. From this we can also conincidence and observation, and we estimate that the 12°
clude that for this oxidized111)Si interface the SHG signal value is determined to within 3°. This angle is consistent
originates essentially from the SjGside of the interface. with Snell's Law for a refractive index of 3.4, which indi-
Since we can account for the scaling parameters, the SBHMates that the SHG signal here is originating predominantly
reconstructs th@-s s-p, ands-sanisotropies with the same from the Si side of the interface.

J. Vac. Sci. Technol. B, Vol. 20, No. 4, Jul /Aug 2002
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0 60 120 180 240 300 360 FiG. 4. Comparison of SHG anisotropies before and after an oxidized) (112

sample has undergone rapid thermal annealing. The corresponding hyperpo-

AZIMUTH ANGLE (DEG) larizabilities for this and other Si-dielectric interfaces are listed in Table I.

Fic. 3. Result of least-squares fitting for a 9° vicinal Si—gi6terface.

qualitative interpretation given above, in that the SHG ab-
[ll. APPLICATION TO PLASMA-DEPOSITED sorption, here associated primarily with the up bond, is de-
AND RAPID-THERMAL-ANNEALED INTERFACES creased significantly by RTA. This is consistent with the con-

We have performed a number of measurements on inteMersion of the interface suboxide to Si and $j@ known

faces formed or{111) Si surfaces by plasma oxidation and consequence of rapid thermal annealing. The hyperpolariz-
nitridation followed by rapid thermal annealif&TA). The ability of the step bond has also increased, further indicating

data shown in Fig. 4 are for an oxidized surface cut 5° offmproved bonding. The hyperpolarizabilities of the two back

(111) toward (11—3. The incident wavelength was 830 nm, bonds, which as expected are essentially identical, are basi-
o i . cally unchanged by RTA.
and measurements were madesitu, that is, without expos-

ing the sample to air. Data fotl_Q.Z) and nitrided samples are | Thﬁ r%sponse oLthe nitrlidgd (bl_?.lmt_erface_ Is very simi-
similar. The anisotropy follows the typical pattern shown in ar. The dominant hyperpolarizability Is again seen to occur

Fig. 1, with a basic threefold waveform superimposed on or the up bond, and the major fraction of SHG absorption
pceurs for this bond as well. As with the oxidized interface,

dc background, which when squared gives rise in a Fourie i ;
g q g RTA reduces the SHG absorption for the up bonds and in-

expansion primarily to dc, @, and & components. Qualita- e o
tively RTA processing reduces SHG absorption and increases ©2>¢S the hyperpo_larlzablhty for the step bonds. Both indi-
cate improved bonding as a result of RTA.

the magnitude of the hyperpolarizability of the up bond rela-
tive to the other three.

The complex hyperpolarizabilities obtained from a least-
squares fit of the SBHM to these data, and those obtained fdreLe I. Hyperpolarizabilities obtained for plasma-processed vicitil)
related surfaces, are summarized in Table |. We show thesg samples before and after rapid thermal annealing.
data in polaramplitude, anglerather than rectanguldreal,
imaginary form because the polar format better illustrates

Orientation and procedure Up Step Back

the fact that the amplitudes of the hyperpolarizabilities ap{112) oxidation, pre-RTA 1.09/55° 0.79/-4° 0.66
pear to be generally unaffected by RTA while the absorptior{112) oxidation, post-RTA 1.12/38° 0.92/-6° 0.67
decreases. The phases are defined according to our previoidé? nitridation, pre-RTA 1.16/49° 0.75/-6° 0.72
convention, i.e., that the phase of one of the back bonds i€12) nitridation, post-RTA 1.17135° 0.85/-6° 0.72
arbitrarily set equal to zero. The fact that some of the stept112) oxidation, pre-RTA L1e/56° - 0.57 0.68
bond phases are now slightly negative indicates that this adi2) oxidation, post-RTA 1.23/46° 0.49 0.64
sumption is not strictly valid in all cases. The hyperpolariz-(l—lz) nitridation, pre-RTA 1.15/56 0.55 0.60

(112) nitridation, post-RTA 1.52/45° 0.62 0.76

abilities of the oxidized (1T)Zsample are seen to support the

JVST B - Microelectronics and  Nanometer Structures
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Fic. 5. Wavelength dependencies of the various hy-
perpolarizabilities obtained for singula111)
samples for two oxidations and a nitridation.
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The situation is different for the sample cut 5° ¢ff11) outside experimental uncertainty. The absorption associated
toward (112). While the SHG absorption decreases withwith the up bond appears to be generally less than that ob-
RTA for both oxidized and nitrided samples, the real part ofserved in oxidation.
the hyperpolarizability increases dramatically with RTA for ~ The wavelength dependencies of the real parts of the non-
the nitrided sample. The hyperpolarizability for this orienta-zero contributions all follow essentially the same trend, de-
tion is substantially less for the step bond, and the valuesreasing monotonically with increasing wavelength. We con-
move in opposite directions following RTA for the oxidized sider first the back bonds, for which analysis is in principle
and nitrided interfaces, decreasing, and increasing, respeeasier. The decrease in the real part indicates the existence of
tively. While we believe that RTA is increasing the perfection absorption at wavelengths shorter than those accessible with
of the step in both cases, it is clear that the detailed bondingur current apparatus. On the other hand, and given our
geometry must be taken into account before an increase hase reference, the imaginary part of the hyperpolarizability
automatically considered to be the sign of improved bondingof the up bond appears to be approximately constant or even
As with the other orientation, the hyperpolarizabilities of theincreasing slightly with decreasing wavelength as the real
back bonds remain constant for the oxidized surface whilgart crosses zero, indicating that its absorption may be reach-
those for the nitrided surface increase. ing a maximum near or within the present spectral region.

We conclude with an indication of the type of information Given the limited wavelength range of these data these re-
that may be available when spectral SHG data become availnarks are essentially speculation, but these data do indicate
able. Figure 5 shows SHG anisotropies of the up and bacthat considerable information should be available when SHG
bonds for three different singul&t11) samples measuréd  anisotropy measurements such as these are made and inter-
situ after plasma processing. We chose this orientation bepreted in the SBHM over an extended spectral range. Con-
cause the three back bonds are equivalent, which means thgitlering in addition that we can identify the hyperpolarizabil-
only two classes of parameters need be considered. Datty of step bonds when dealing with vicinal surfaces, we
were obtained every 15 nm from 800 to 890 nm for twoshould be able to form a rather complete picture of the ab-
different oxidations and one nitridation run. The two oxida- sorption processes of these bonds at these interfaces. Similar
tion runs are nominal duplicates of each other, allowing us tanvestigation of dielectrics other than silicon oxides and ni-
investigate reproducibility. It is clear from the heavy tracestrides should also be fruitful.
that the real parts of the hyperpolarizabilities and «,
= a3= a, Of the two oxidation experiments are nearly equal.
However, the SHG absorption for the up boag shows a IV. CONCLUSION
significant difference between the two oxidation runs, indi- We have shown that a simplified bond-hyperpolarizability
cating that this feature is apparently rather sensitive to thenodel (SBHM) provides a straightforward and mathemati-
details of specific plasma-processing runs. cally complete and efficient way of representing SHG anisot-

Regarding nitridation, the real parts of all hyperpolariz-ropy data in terms of parameters that have direct physical
abilities are consistently larger for the nitrided sample tharmeaning on the microscopic scale. The SBHM allows us to
for the oxidized samples. This is in contrast to the data giverextract some of the previously inaccessible physics of SHG
in Table | for the vicinal samples, but is an effect clearly at interfaces, specifically providing direct evidence of SHG
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