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Chapter 2

Phenomenological theory of SHG from Si surfaces

2.1 Introduction

The incident beam at frequency @ creates a polarization at the harmonic
frequency 2w, which radiates second-harmonic (SH) light. Nonlinear susceptibility
tensors connect the fundamental field and the generated SH field. The tensor elements
that are allowed by both symmetry of the medium and geometry of the beams are
treated as sources of SH polarization. Using a phenomenological theory, we predict
the symmetry properties of rotational-anisotropy SHG (RA-SHG) in reflection from
either principal or vicinal Si(001) surfaces. We consider bulk and surface SH
contributions and SHG from the electric-field-induced SHG (EFISH) contribution if
present. We show that under certain circumstances bulk and surface SH contributions
can be separated; moreover, individual tensor elements can be uniquely determined

by combining polarization selection and RA-SHG.

2.2 The Model

Consider a laser beam, idealized as single incident plane wave at frequency @

and wave vector v;, incident from the ambient with dielectric constant £ =1 on the

medium with &(w)#1 of interest at an angle 6,, as shown in Fig. 2.1.
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Fig. 2.1. Geometry and unit vectors for the propagating fundamental and SH fields.

Note that the diagram assumes that the refractive index of the medium is real.
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We study the SH field £ in reflection geometry. The incident field
E (7,1) , the reflected field E .(r,t) , and the transmitted field E ,(7,t) are written in the
general form
E (rity=E """ +cc., 2.1)
where the subscript n can be replaced by i, r, or ¢ to represent the incident, the

reflected, or the transmitted field, respectively. Each of the amplitudes of the electric

fields can be expressed as a superposition of its p- and s-polarized components as

E, =E,p,+E,S. (2.2)
We take the normal to the surface to be the Zz direction and the wave-vector

component perpendicular to Z as i = J,[sin6,. In terms of these, the wave vectors

for these three fields are

P o=ik-—w 2. (2.3)

n

For all three fields, the components of the wave vector normal (w,) and parallel («)

to the medium surface are related by

w=(&"-x*)"*=-w, (2.42)

w, = (@ e(@)-x)"7, (2.4b)
where @ =w/c and g(w) is the dielectric constant of the medium. In Eq. (2.4), we
choose the root with Im(®w) >0, and if Im(w) =0, we take Re(w) >0.

The reflected and transmitted fields are obtained from the incident field as

E, =@rs+p,r,p)E, (2.5a)

4

E =@ts+pt,p)E, (2.5b)
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where r, and r, (¢, and ¢, ) are the usual Fresnel coefficients of reflection

(transmission) from the ambient into the medium for s- and p-polarized light,

respectively,
},.:Wi_wt r :wl.g(a))—wt.
Towtw, " owe(w)+w, 2.6)
2w, _ 2nw, '
wo+w, " we(@)+w,

while p, is the direction of polarization of p-polarized light in the medium given by

R Z + WK . R
b= ME _ rry R 2.7)
nw

where n = M is the complex refractive index of the medium, and f, and f. are
the Fresnel factors. Note that if n is real, f, and f, are simply the sine and cosine of
the angle of beam propagation in the medium, respectively.

We introduce the analogous equations to Egs. (2.4)-(2.7) for the SH fields,
viz.,

=2—w,K =2x,N =,eRw),
c

Q
W =[e2w) - K*1"2, W, = [0 — K],

P _Ker WK F:+FR, (2.8)
NQ

P=F:-F&,

r- W, 2NW,

Woaw' " WeQo)+ W
Again, if N is real, F, and F, are the sine and cosine of the angle of SH beam

propagation in the medium. ﬁ, and P are the directions of polarization of p-

polarized SH light in the medium and vacuum, respectively. 7, and 7, are the
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Fresnel transmission coefficients from the medium into the ambient for s- and p-
polarized SH light, respectively.

The amplitude of the generated SH field in vacuum can be expressed as a

superposition of p- and s-polarized components as
-(2o) _ Qo) D 2w) 2
E =E P+ E’"s. (2.9)

If the dielectric constant of the medium and the wave-vector of the incident beam are
known, all of the Fresnel factors and coefficients should be readily calculated using

these equations.
23 Rotational-anisotropy SHG
2.3.1 Bulk and surface SH contributions

For a centrosymmetric medium, SHG due to the electric dipole response is
forbidden in the bulk because of inversion symmetry, but is allowed at the surface
because of broken symmetry. At the surface, in addition to the dipole response, a
discontinuity in the normal component of the electric field can produce SHG due to
the non-local response as well. Both effects have been discussed in details before [26]

and combined through the definition of an effective dipole response characterized by

a surface susceptibility tensor ;(l.(].,z{). In the bulk, although SHG due to the dipole

response is zero, higher-order terms of polarization, such as the electric quadrupole
response [12, 45] give a contribution to SHG, which could be quite significant in
comparison with the surface SH contribution. In the presence of an external dc

electric field in the medium and at the surface, SHG can have a contribution arising
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from dc electric-field-induced SH (EFISH) effect. The EFISH effect should be split
into a bulk and a surface contribution, because the symmetry at the surface is

different from that in the bulk.

For a centrosymmetric medium, second-order nonlinear polarization P** at
the SH frequency 2m is given by

PP = pSPCe) 4 ppoGe) | pEEGe) 4 pSECe) (2.10)
These four terms correspond to the surface dipole, bulk quadrupole, bulk EFISH, and
surface EFISH polarizations, respectively.

The bulk quadrupole response can be written in terms of an effective

polarization [24, 27], as

PPCO(E) =T E (T)V,E(F) 2.11)
where the gradient is determined with respect to the field coordinates and the
summation convention is used. E,(7) is the fundamental field inside the medium as a

function of position T . F[;,f,) is a 4th rank susceptibility tensor that connects the

fundamental field and the SH field.

For a crystal with bulk cubic symmetry, such as Si, when the crystal axes are
taken to be the standard cubic axes, all distinct elements for the tensor Fig,f,) are given
by [46]

T2 = 4,8, +a,(5,8, +6,8,)+a,5,6 (2.12a)

E

where @, are non-zero phenomenological constants. In summation of indices, &0y,

implies i, j # k, /. If such a restriction is eliminated, the tensor is written as
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L =(ay—2a,—a,)8,, +a,6,6, +a,6,6,, +a,6,5,. (2.12b)
Here, the relation a, # 2a, + a, holds for cubic symmetric media.
We consider the transformation characteristics of Fij(,,fl) under the symmetry

operation of rotating the crystal about its surface normal. The last three terms are all
isotropic, because each term keeps it own form under an arbitrary rotation with the

transformation matrix R, i.€.,

8,8, =R,R, R R,5,35,. (2.13)

o'\ jp 1r9opQqr
The first term of Eq. (2.12b) is anisotropic because such an arbitrary rotation
operation does not exist in general.
By using Eq. (2.12b), Eq. (2.11) can then be written in the form

PP = CENV E, + aE[V -El+a[E-V]E,+ )V (E-E), (2.14)

where E, = E(1) for simplicity and
1
{=a,—2a,—a,, and 7=5a2. (2.15)

Notice that Eq. (2.14) is similar to the previous usual form [27], but the
second-order nonlinear polarization of magnetic dipole origin is not included here.
However, adding of the magnetic dipole effect is equivalent to adjusting of the
phenomenological constants.

For excitation of a homogeneous medium by a single transverse plane wave,
the middle two terms of Eq. (2.14) are zero, thus, we recover the polarization to the

previous results [27]. The bulk susceptibility tensor is split into an isotropic piece,

(2)i _ ; ; : (2),a _
L =2y6,0,, and an anisotropic piece, I';;“ = £, .
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The isotropic nonlinear polarization is given by

P = W(E-E)=2iy(R—w2)(E} +E2 )™ (2.16)
where R=(x,y), 7 =R+zz,and w=w,.

The SH fields arising from the bulk isotropic source are identical for all
crystal faces and independent of the surface orientation. Following Sipe [27], the
generated isotropic fields at 2w outside of the medium for general linear polarized

light and for either s- or p-polarized harmonic light are

EPeCO — 0 (2.17)
EPOCON = AT Fy(E} +E}). (2.18)

Here 4, = 270/ NF, is a constant.

2.3.2 RA-SHG from vicinal Si faces

We first study a vicinal surface, which is disoriented by a small angle & from
the Si(001) face but still has a mirror plane of symmetry normal to the surface plane,
as shown in Fig. 2.2. The offset direction is from the [001] axis toward [110]. For
cubic centrosymmetric crystals, Liipke presented two ways of miscutting to form a
surface with symmetry of one mirror plane in the vicinal face [47]: the misorientation
from [001] toward [011] and the misorientation from [001] toward [110]. It is
important to note that for crystals with diamond structure, which preserve cubic
centrosymmetry, the first way of miscut does not produce a vicinal surface with one

mirror plane of symmetry.
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Fig. 2.2. Diagram of the beam frame and the vicinal surface with respect to the cubic

crystal axes.
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The angles o =0, arccos(l/\/g), and 7 /2 yield the low-index (001), (111),
and (110) crystal faces, respectively; therefore the results of RA-SHG from such a
general face is applicable to low-index crystal faces by adjusting the vicinal angle.

To study the transformation properties of anisotropic susceptibility tensors, we
establish three coordinate systems. The coordinates ( x,,J,,Z,) are chosen as the
natural crystallographic coordinate system corresponding to the [100], [010], and
[001] directions, respectively. The coordinates ( X,,»,,Z, ) are defined to be the
crystallographic directions corresponding to the [110], [110], and [001] directions,
respectively. The coordinates (X, y,Z) are defined to be a fixed beam frame with the

z axis to be the normal of the macroscopic vicinal surface, as shown in Fig. 2.2. By

virtue of these definitions, the azimuthal angle y is defined to between X and the

downward miscut direction.
The susceptibility tensor is transformed from the natural crystallographic

coordinates to the final beam coordinates following three steps. First, is the rotation

of coordinate counterclockwise about the Z, axis by an angle y,=45" from the

coordinates ( X,, J,,Z, ) to (X,, J,, Z; ) with the transformation matrix

cos(y,)  sin(y,) 0

R.(y,)=|—sin(y,) cos(y,) 0. (2.19)
0 0 1

Second, is the rotation counterclockwise about the y, axis by an angle o

from (x,, y,,2,) to (X, y,z) when w =0 following the transform matrix
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cos(¢) 0 —sin(a)
R (x)=| 0 1 0 ) (2.20)
sin(¢) 0 cos(a)

Third, is the rotation of coordinate counterclockwise about the Z axis for an

angle y from the coordinates (X, y,z) when =0 to the coordinates (x, y,Z) when
w >0. The transform matrix is R_(y), which has the same matrix form as R _(y,) but

with a different rotation angle. Thus, the final transformation matrix is the ordered
product of the three matrixes, written as
R=R ()R (2)R.(w,)- (2.21)

(2)a - : : . W(2),a -
The tensor I,/ in the crystallographic coordinate is transformed to I'";;;“ in

the beam coordinate according to the tensor transformation rule

[ =R, R, R, R [T, (2.22)

opqr

With respect to the final beam coordinates (X, y,z), we obtain the bulk
anisotropic nonlinear polarization

PeO4E)=T"Q E' (D)V' E', (F). (2.23)

Following Sipe [27, 48], the SH fields outside of the medium generated with a
half-space filled with air (or vacuum) are calculated. For simplicity, the polarizations
of both the fundamental and harmonic fields are limited to s and p. The notation (g, &)
is established to represent g polarized fundamental and / polarized harmonic

radiation, where g and 4=s or p.
BO .(2w)a . . : :
For the (g, p) cases, the SH fields £ g.p arising from bulk anisotropic

quadrupole source are
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g.p m,(g,p)

4
EBQ5(20’)’“ = AOTpé/F[bOl(;)Q,(g,p) + Z bBQ q)m (a) COS( m W)][E;w)]z )
m=0

(2.24a)

and for the (g, s) cases, the SH fields are

8,5 m,(g,s)

4
EXCO = 4 TLT[Y. b2 @, (a)sin( my)[EL] . (2.24b)
m=1

Here, T =nQy/ 82w, +W,) . @, () are the angular functions for the specific
misorientation as shown in Fig. 2.2, which are listed in Table 2.1 in the same form as

that from Liipke [47]. The coefficients b(ﬁf(g,h) and b,ffg’h) are the combinations of

Fresnel factors specific to each Fourier coefficient, as listed in Table 2.2. These
results are from a complete and systematic calculation rather than a repeat of previous

report [47].

Table 2.1. Angular functions @, («)

Dy (a) 3%[25 +4cos(2a) + 3cos(4a)]

©\(a) %[2 sin(2a) +3sin(4e)]
D,(@) %[1 — 4cos(2a) + 3cos(4a)]
Os(@)  _ %[14 sin(2a) — 3sin(4a)]
D, (a)

- %[7 + 28 cos(2a) —3cos(4a)]
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Table 2.2. by’ o and b2 . as functions of Fresnel factors

m,(g,h)

(s, 8) (v s) (s, p) (. p)
by 0 0 41.F AF S (210 + [+ F LS =300
bl 0 0 Ff,=AfE FfQLL =410 =4F f.(f7 =410

b9 3f. f(fE-6fD)  —fE-fF ELQ0f2-3f)+F f(4f7 -11f2)]
b? f, f.GfI-210) —2/.F, 2F f.(f2 =32 +2F f.(f7 —21)]
b —f. f(f2-210) LF.+[F SA=fIF,+2F, [ — f.f.F)]

b -1, —FJ IOFS,

We apply the formalism of the bulk anisotropic SHG to calculate the
analogous equations for bulk EFISH in reflection with emphasis on dependence of the
EFISH field on crystal symmetry. To our knowledge, a theoretical expression for the
EFISH effect in the bulk of a medium has not been developed. The bulk dc field
induced dipole polarization can be written phenomenologically as,

PECO) = O EAE, (2.25)

where E“ is the dc electric field, which is a function of normal position measured
from the surface and directed along the surface normal, written as E¢(z) = 2E“(z).
For a cubic centrosymmetric medium, when the coordinate axes are taken to

: 3) : ©)
be the standard cubic axes, y,;, preserves the same symmetry properties as I/, and

it is written as,

;(;2 =(by —2b, = b,)0,, +b,(6,6,, + 6,6 ;) +b,6,6 . (2.26)
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Equation (2.25) can be written in the form
PP = UE E'E. +n'E, (E* - E)+y'E'(E-E),(2.27)

where
¢! =by—2b—~b,,n" =2b,,and y* =%b2. (2.28)

Notice that there is a difference between the bulk quadrupole and the bulk
EFISH polarizations. The middle term of the latter is non-zero in general, even for
excitation of a homogeneous medium by a single transverse plane wave. The SH

polarization arising from the middle term is isotropic, written as
prECON =y E(EC - E)= E‘(Z)f n'E E . (2.29)

The generated fields at 2@ from this source outside of the medium for either

s- or p-polarized harmonic light are

EfE,(Za))ﬂ,i — AOTVSFdendEpES , (2.303)

EPECO = 4T T f Fp'E2. (2.30b)

Here, I’ = Jlo E‘(z)exp[—i(2w, + W,)z]dz and the integration is over the half infinite

medium.

Similarly, the polarization arising from the last term is

PEEC2 N = B E) = p  EYER + E2?)e™ 7 (231)
and the generated fields at 2w from this source outside of the medium for either s- or
p-polarized harmonic light are

EfE,(zm,y",i -0, (2.32a)

EﬁE,(Zw),yd’i _ AOTprdFS]/d (Esz n E;) ‘ (2.32b)
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For the anisotropic term and with the polarization of the fundamental and

harmonic fields limited to s and p states, the calculation proceeds the same way as

bulk quadrupole SH source. For the (g, p) cases, the SH fields E b ( @) arising

from anisotropic EFISH source are

E;i’(z‘”)’“ AT, T OO(“)+me(gp)q>m(a)cos(ma//)][Eg’>]2

b

(2.33a)

and for the (g, s) cases, the SH fields are

EP 20 = AT T Zb,,,<gs)<1>,,,(a)sin(mvx)][Eg”f

m=1

(2.33b)

Here, by, o and b!

m(ey are the combinations of Fresnel factors specific to each

Fourier coefficient, as listed in Table 2.3.

Table 2.3. b, 00.(¢.my and bm( . as functions of Fresnel factors

s @9 (s.p) (v. p)
bt 0 0 4F, A(2F.f.f, + 2F, - f]F.)
by 0 0 —4F,  —A(2F.f.f,+ [2F,-2f]F)
bl 3 fI-4f) -F ~3f7F, +4F f] -8/ /.F,
by 0 af.f, 2R 2f.(2F f,+ [.F,)

b A £, - f'F,
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Symmetry properties of the bulk SH contribution are predicted from the above
calculation. Now we consider the surface SH contribution. The SH polarization

arising from the surface dipole response is given by

SD (2w 5,2
PP = y VB E, (2.34)
For a surface with one mirror plane of symmetry, with the y axis

perpendicular to the plane of symmetry, Eq. (2.34) can be rewritten in the usual

piezoelectric contracted notation as [49, 50]

E>
E?
Px(zw) 0, 0, 05 0 05 0 Eyz
Py(zw) =1 0 0 0 0, 0 0y|x 2EZE , (2.35)
pPe 0, 0, 0O 0 0 0 v
p 31 32 33 35 2E E.
2ExEy

where 0,

n

are independent tensor elements of )(;,;(2) . Note that the X axis should also

be specified to relate the surface to the bulk susceptibilities. For the vicinal Si surface,

the x axis is toward the downward miscut direction when y =0, as shown in Fig. 2.2.
For the ideal low-index (001) surface under perfect flatcut condition, the 0,
simplify considerably to only the nonzero elements, 0,,,0,,,0,5,0,,, and 0,,. For a

practical Si(001) surface, to a good approximation it is macroscopic fourfold
symmetric; therefore, these nonzero elements can be simplified again to
0,, =04,,0,5 =0,,, and 0,, [27].

With the fundamental and SH beams limited to s- or p-polarized states, the SH

fields £ gf)h’(zw) for the (g, p) cases are
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3
B0 = AT, 83 cos(my)ILE, T, (2.36)

m=0

and for the (g, s) cases are

3
EXCO = AT s3, ., sin(my)|[E, 1. (2.37)

m=1
Here, s, ,, are the combinations of Fresnel factors and independent tensor elements,

as listed in Table 2.4. In the table, the following expressions have been introduced for

notational convenience [47]:

1

6511) = 2(3811 + a12 + 2826)3
1

6?2) = Z(an + 3812 - 2626)’ (2.38)
1

aﬁ) = Z(all - 812 - 2826)'

Table 2.4. s, ,, as combinations of Fresnel factors and tensor elements

(s, s) @, ) (s, p) (v p)

55" 0 0

1 1
55(2(0)175 (05, +03)  &Ro)F, [fszan + Efcz (0

+ 632 )] - Fcfcfs (615 + a24)

s0 oW Sl + 0y L 26Q0)F, 11,05
—F[f70+ 20

D _
%2 0 ACERERY - %5(20))Fs (03, —03,) %5(25‘))&]22 (03, —03,)
- FLfog (815 - 824)

SD 3) 21(3) 3) 2 3)
53 -0 S0y F.0 - [.F.0)
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If there is a dc electric field at the surface (or interface), SHG has a

contribution from the surface EFISH polarization P****) given by

pECo) - Z;k}(s)EjE: E,. (2.39a)

At the surface or interface, the symmetry is different from in the bulk. The dc
field here is limited to the surface normal direction. Considering the small size of the
interfacial region, we treat the EFISH polarization as a surface effect by integrating

the z-dependent variables across the interfacial layer, written as

PO = [ VB () E B = MPEE, - (239)

ik

S,(3) . . . S.(2) .
If Ziik}( ) is a mathematical tensor, the new variable M y.k’( ) is not a tensor,

strictly speaking; however, it possesses the same symmetry properties as ¥ ;,;(2)

when the symmetry operation is limited to rotation about the surface normal.

Therefore, the surface EFISH effect can be combined into the surface SH without the

dc field by defining a new set of field-dependent tensor elements ¢ and adding

mn

written as 8, +0% . The

mn

them one by one to the field-independent tensor 0

symmetry properties of the rotational-anisotropy SHG should be the same with or

without the EFISH effect.

The total SH field £ é(,zh‘” ) arising from both the bulk and surface for the (g, p)

cases are
2 - 2
EZY =[D.C,omcos(my)IE, T, (2.402)

m=0

and for the (g, s) cases are
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EZ? = C, onysin(my)E,T. (2.40b)

m=

The fourfold Fourier coefficient C, is unique in that it originates from only

anisotropic bulk quadrupole contribution. The SH intensity />’ is proportional to

the magnitude squared of the SH field, written as 7 *“) oc| E @) |*.

2.3.3 RA-SHG from the Si(001) face

In calculating SHG from vicinal Si surfaces, the polarizations of both the
fundamental and the SH fields are limited to either s or p in order to simplify the
expressions of the SH fields for a complicated surface susceptibility tensor. In
contrast, for the Si(001) surface, the surface susceptibility tensor is much simpler than
that of vicinal surfaces; therefore, we consider a general linear polarization
configuration for both the fundamental and the SH fields. The notation (Aa,Af) is

introduced to represent a specific linear polarization configuration, as shown in Fig.

2.3, where Aar represents the polarization direction of the incident field £,(Acr) that
is an angle Aa counterclockwise from its s-polarization, and Af represents the
polarization of the SH field E°” (Af) that is an angle Af counterclockwise from its

s-polarization. Here, counterclockwise is with respect to the forward beam

propagation direction.
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Eq(Aa)

E®lap)

(a) (b)

Fig. 2.3. Definition of the linear polarization configuration with the incident

fundamental beam (a) and the reflected SH beam (b).
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Under the excitation of a Aa polarized fundamental beam, the generated s-

polarized SH field due to the bulk anisotropic source is

EG™ = AT A= £, sin(2Aa) + Yol
[z‘s2 cosz(Aoc)—fcztp2 sin’(Aa)]sin(4¢) + ft,t, sin(2Aa) cos(4¢)},[E0]2’ (2:412)

P

and the generated p-polarized SH field is

Aa,p

f.Ftt,sin(2Aa)sin(4¢) — F.[t.” cos’(Aa) - £’ sin*(Aa)]cos(44)} [E, I’

(2.41b)

Here, ¢ is the azimuthal angle between the [100] crystal axis and the incident plane.
For the (Aa,Af) polarization, the total SH field arising from bulk anisotropic

source is

E Qi — pCoOat oo5(AR) + ECO sin(Af) . (2.42)

Aa,AB Aa,s Aa,p
The isotropic SH field arising from both bulk and surface sources is written

together as

B0 = (4,0, /1,1, sin2Aa) cos(Af) + A4,T, {[e2w)d,, + 7IF.[1,” cos* (Aa)

Aa,ApB
+1,”sin’ (AQ)]+[£Q0)(0, —05)F, £, =20,/ F. [ 11, sin® (Aa)}sin(AB))[E, I
. (2.43)

Thus, the total SH field under the (Ao, Af) polarization is

EGo)  — Qo | pQo)iso . (2.44)

Aa,Af Aa,Ap Aa,AB
In case that there is an EFISH effect, we treat it as an additional SH

contribution. The surface EFISH field is easily treated by replacing 0, , 0;,, and 0,

with 0, + 085, 05, +05,, and 8,, + 0%, respectively.
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For the (Aa,Af) polarization, the bulk EFISH field is calculated following
Green’s function formalism [48, 51], written as

Exy” = ATy fiut,
+1,”sin’(A)]+ (20" f,+ £,°¢ e, sin® (Aa)ysin(AB))[E, T

sin(2Aa)cos(AB) + A, T, T/ F,{y"[t,” cos’ (Aar)

(2.45)
24 Separation of bulk and surface SH contributions

Using SHG as a surface-specific probe for centrosymmetric materials is based
on the fact that SHG is forbidden under the dipole approximation in the bulk but
allowed at the surface. The involvement of a bulk SH contribution complicates the
interpretation of SHG data. Separation of bulk and surface contributions is a problem
of fundamental importance if one intends to use SHG as a strict surface probe. Great
effort has been put on the bulk-surface discrimination [26, 52, 53], but it has been
shown that it is fundamentally difficult under certain circumstances, even for static
medium properties [28]. If there exists any time-dependence of SHG or EFISH effect,
discrimination of different SH contributions would be considerably complicated. The
theoretical predictions also show that there is no advantage in using vicinal Si
surfaces to distinguish different SH contributions because the surface susceptibility
tensor for vicinal surfaces is much complicated.

For simplicity, we consider SHG from a flatcut Si(001) face without any time-

dependent effect of SHG and EFISH effect. If all of the five independent tensor

elements ¢, ¥, 0,5, 05, and 0,; are known, SH response from the Si(001) surface

would be fully determined, and then different SH contributions would be neatly
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separated. We consider here the possibilities of separation of these elements by

combining polarization selection and RA-SHG. From our theoretical predictions, the

h-polarized SH fields Eiz,f’ ) are related to the g-polarized incident fundamental fields

E, by the following equations,

EC? =a, . sin(4g)e™ E. (2.46)
Eé?l{;)) = [a(),(g,p) + a4,(g,p) COS(4¢)]eié‘g.p E; ) (2.47)

where the polarization (g or /) of both fields is limited to be s or p. On the other hand,

for a special polarization (g, ), this relation takes the form,

EY =[ay, 0+ @4 . SIN(EP) + ) cos(4¢)le"” E;. (2.48)

0.5
Here, the letter g (-g) represents the linear polarization that is 45° counterclockwise
(clockwise) from s when facing in the propagation direction.

The Fourier coefficients in Eqgs. (2.46)-(2.48) are functions of susceptibility
tensor elements and linear optical preparation factors, as shown in Egs. (2.41)-(2.43).

We choose the anisotropic coefficient a, be positive and real (with its phase included

in &, ,), then the isotropic term a, is complex in general and can be split into real and
imaginary parts, written as a, =a,, +ia,, . Because all of the a,’s for different

polarizations are a function of the bulk anisotropic tensor element ¢ , they are related

by linear optical coefficients. The SH intensity is proportional to the magnitude

square of the SH field. For cubic centrosymmetric media, £ is usually nonzero, so is
a,. From Eq. (2.46), the (p, s) or (s, s) RA-SHG intensity should show eightfold

symmetry. From Egs. (2.47) and (2.48), the (p, p), or (s, p), or (¢, s) RA-SHG
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intensity may show either eightfold or fourfold symmetry, depending on whether a,

is zero or not. For the (p, p) polarization, if the RA-SHG intensity shows fourfold

symmetry, the peak locations of RA-SHG discerns the sign of a,, i.e., if a peak
appears at ¢=0°, a,, >0, and if a peak appears at $=45°, a,, <0.

From one scan of either (s, s) or (p, s) RA-SHG signal, the absolute value of
¢ can be determined by fitting the RA-SHG to Eq. (2.46). We note that it also
possible to avoid the ' SH contribution by combining polarization and RA-SHG, for
example, by measuring the (s, p) polarized SH signal at a fixed azimuthal angle ¢=0°.
The relative phase between the SH field and fundamental field is unknown from only

intensity measurement. The surface tensor element 0, is determined from the (g, s)
RA-SHG signal with the known ¢ . For the (g, s) polarized RA-SHG, bulk and

surface SH contributions can be strictly separated in theory. As shown in Eq. (2.43),

0,, and y are always together, thus thorough separation of 0,,, y, and 0,; is
impossible from this theory. However, if the y contribution is negligible, 0, is
determined from (s, p) RA-SHG, and then 0., is determined from (p, p) RA-SHG.
The anisotropic coefficient a, , , can be obtained from fitting the measured
(p, s) RA-SHG signal to Eq. (2.46), the remaining a, , , of other polarizations and
a, ., are derived using optics coefficients that take into account linear propagation
and beam geometry. Both the real part (a,, ) and the imaginary part (q,,) of @, can

be extracted from the measured RA-SHG signals using Eqgs. (2.47) and (2.48);

however, the value of @, can not be uniquely determined by only one scan of RA-
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SHG. For example, both a,, tia,, give the same RA-SHG intensity as shown from
Eq. (2.47), i.e.,

Lw) 12 _| . 22
\Eg’;” I”=| [ao,r’(g,p) iy, o T Ao COS(4¢)]Eg | (2.49)

We present a theoretical method to solve the ambiguity in fit coefficients by
combining two scans of differently polarized RA-SHG signals. By subtracting the (-g,
s) RA-SHG signal from the (¢, s) RA-SHG signal, as shown from Eqs (2.41)-(2.44),
we obtain the difference between these two scans of RA-SHG signal, which is

proportional to

2 2 2 2 K .
|E;,;”) - Equ‘;) "=14la,, ) T Qs cOS(EP)]ay, , ,, Sin(49) 2.50)
, . ) )
444, 40010 COSAP} E, |

This is a linear function of the fit coefficients q,, ,, and a,, ., ; therefore, 0,5 can

be uniquely determined. To determine 0,, uniquely, which is impossible from only

one scan of the (s, p) RA-SHG, we need combine a differently polarized scan of RA-
SHG. A convenient example is subtracting the (s, -¢g) polarized RA-SHG signal from
the (s, ¢) polarized RA-SHG signal, then we obtain a similar linear fit equation as Eq.

(2.50). Similarly, by combining appropriate RA-SHG scans 0,, can be determined

uniquely.
2.5  Summary

We have used a phenomenological theory of SHG to predict the symmetry
properties of RA-SHG from Si surfaces. Four SH sources (surface dipole, bulk
quadrupole, surface EFISH, and bulk EFISH) have been systematically calculated.

For vicinal Si(001) surfaces, the polarizations of both the fundamental and harmonic
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fields were limited to s or p in the calculation. For the Si(001) surface, we considered
configurations of mixed linear polarization.

Both the surface dipole and surface EFISH contributions can be combined
into an effective surface dipole response, which is isotropic for the Si(001) surface

but anisotropic for vicinal Si(001) surfaces. The bulk EFISH effect, which is

d

characterized by ¢¢, n¢, and y“, can not be combined into the bulk quadrupole

response, which is characterized by { and y. The { contribution is anisotropic for

both major and vicinal Si(001) surfaces, but the £ contribution is anisotropic for
vicinal Si(001) surfaces but isotropic for the Si(001) surface. The remaining tensor
elements ¢, 7, and y are all isotropic.

For the Si(001) surface, we showed that bulk and surface SH contributions
can be separated exactly both in theory and in experiment by combining polarization
selection and RA-SHG. In addition, we presented methods of uniquely determining
both the amplitude and the phase of individual susceptibility tensor elements from
RA-SHG scans.

Compared with other crystalline Si surfaces, the Si(001) surface is
characterized by the simplest surface susceptibility tensor. Furthermore, for the
Si(001) surface, it is possible to separate out or eliminate the bulk anisotropic SH
contribution, which is independent of surface conditions and can be used as a reliable
reference signal for surface SHG. Both properties are significant advantages of using

the Si(001) surface for SHG studies.



