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Abstract. Third harmonic (TH) and fourth harmonic (FH) surface nonlinear susceptibility®S prevented its observa-
generation is systematically studied at unbiased burietlon with fundamentallight below the damage threshold. Sub-
Si(111)-SiO, and Si(110)SiO; interfaces and DC-electric- damage-threshold observation of FHG was enabled by state-
field induced TH and FH generation is then observed irof-the-art regeneratively amplifie@i:sapphire femtosecond
Si(111)SiO,-Cr and Si(110)-SiO,-Cr MOS structures for laser systems. Further systematic studies of FHG and related
the first time. A systematic phenomenological analysis okffects may open up new nonlinear-optical probes which are
azimuthal anisotropy of TH and FH generation intensity ismore surface-specific and more sensitive to higher-order sur-
performed for (111) and (110) surfaces of ymmetric sin-  face structure symmetries than SHG.

gle crystals. A phenomenological model of electro-induced Another nonlinear optical probe of centrosymmetric ma-
effects in TH and FH generation is then developed and thterials, often neglected by researchers, is third harmonic gen-
surface specificity and sensitivity of TH and FH generatioreration (THG). THG is governed by a third order (more
are discussed. Optical interference of surface electro-inducegnerally, odd-order) dipole susceptibiliy®® which exists

and bulk bias-independent contributions to the effective thirdin the bulk of centrosymmetric media, and thus, generally
order nonlinear polarization is proposed as the mecharspeaking, is of limited usefulness as a diagnostic probe of in-
ism underlying surface sensitivity of electro-modulated THterfaces. But in principle, THG and related phenomena can

probe. acquire some surface sensitivity through interference with
surface-specific contributions modulated by external factors
PACS: 75.70.Ak; 75.70.Cn; 42.65 and because of the small escape depth of the THG radiation.

The influence of external factors on the SHG surface
probe was demonstrated recently by electro-modulated SHG
Surface and interface optics has been one of the most ispectroscopy usini-SiO,-Cr MOS structures with a bias
tensely studied fields in modern optics [1-3] for the lastapplied to a semitransparent metallic [7, 8] gate electrode. In
decade. Optical second harmonic generation (SHG) has coroentrosymmetric semiconductors, inversion symmetry is bro-
prised a major part of experimental and theoretical investiken by the DC-electric field in the subsurface space charge
gations in this field. Interest in SHG stems from its uniqueregion (SCR), which is created by initial band bending/amd
sensitivity to the structural and electronic properties of surapplication of an external bias. The lack of inversion symme-
faces and interfaces of centrosymmetric media. This unusury in the SCR results in DC-electric-field induced second-
ally high surfacginterface-sensitivity comes about becauseharmonic (EFISH) generation, which manifests itself through
the quadratic, and more generally all even-order, nonlineaglectromodulation of the SHG intensity. Thus, important
susceptibilities vanish in the bulk of centrosymmetric mateproperties of surfaces, buried interfaces and subsurface layers
rials [4,5]. However, they are allowed at interfaces where- their charge [9], adsorption (adatom and admolecule sur-
inversion symmetry is broken by the discontinuity of the crys{face density) [10, 11], initial band bending [12], etc. — can, in
talline structure. Relevant nonlinear sources of even-order oprinciple, be determined by means of the EFISH probe.
tical harmonics are often localized in a thin (several nanome- In this paper, THG and FHG are systematically studied
ters thick) surface or interface layer. Consequently SHG post buriedSi(111)-SiO, andSi(110)-SiO; interfaces, thus ex-
sesses extraordinary surface sensitivity compared to motnding recent FHG studies at t8€001)-SiO, interface [6].
optical probes. Moreover, DC-electric field induced effects are observed, for
Recently the next higher even-order nonlinear optical efthe first time, to our knowledge, in third and fourth harmonic
fect, fourth harmonic generation (FHG), has been observed igeneration fron&i-SiO,-Cr MOS structures, also with (111)
reflection from both noncentrosymmetric and centrosymmetand (110) surface orientation. Anisotropic THG and FHG in-
ric crystals [6]. Previously the weakness of the fourth-ordetensities and their bias dependences are studied.
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DC-induced effects are suppressed by photoexcited cawavelength o800 nmwith a pulse energy of approximately
riers, which partially screen the static electric field in the5uJ, a repetition rate oR50 kHz and a pulse duration of
semiconductor SCR [13]. Such photomodulation is especiall200 fs The fundamental beam was focused on the sample sur-
strong for FHG, whose observation demands a large funddace at a45° angle of incidence to a spot of abdb®pm
mental intensity. For this reason FH (and TH) studies wereliameter. The resulting fluence ef0.05 Jcn? (which cor-
assisted by EFISH monitoring of the residual DC-electricresponds to peak intensity 8f5 x 101 W/cn¥) is less than
field in the SCR to show that under a high level of optical ex-a half of the damage threshold [6]. Higher optical harmonic
citation (to achieve a detectable FH signal) in silicon-basedignals after dispersion in a Pellin—Broca prism were detected
MOS this screening is incomplete and observation of DCin three channels. TH or FH signals were additionally dis-
induced effects in FH generation is possible. The phenomenariminated spectroscopically by appropriate bandpass filters
logical model of DC-electric field induced effects developedand directed into a photon-counting system with background
in [14] for EFISH generation is extended to the description ohoise of less thath counys. SHG used as a reference was de-
electromodulation of higher harmonic intensity. Interferenceected simultaneously with the third or fourth harmonic by an
of surface DC-induced and bulk bias-independent contribuanalogous photon-counting system.
tions to the third-order nonlinear polarization is proposed as The anisotropic properties of higher optical harmonics are
the mechanism underlying the observed surface sensitivity atudied for nSi highly doped (111) and (110) wafers covered
DC-electric field induced TH generation. by native oxide. The azimuthal anisotropy of FH, TH and SH
intensity is studied by rotation of the samples with respect to
the wafer surface normal.

Figure 1 shows the sets of azimuthal dependences of
higher harmonic intensity measured for ti(111) and
For SH, TH and FH generation the output of a regenerativeli(110) surfaces for various combinations of the fundamental
amplifiedTi:sapphire laser system was used at a fundamentahd higher optical harmonic wave polarizations.
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The MOS structures for studies of DC-induced effectsThus, the observation of DC-induced FH requires a compro-
were fabricated from highly doped®H10'” cm2 Sbdoped)  mise. The fundamental intensity must be high enough to gen-
(111) and (110) wafers covered bydnm thick SiO, film.  erate a detectable FH signal, but photoexcited carriers must
A 3-nmthick semitransparent chromium cap electrode and anot completely screen the DC-electric field in the SCR. Fig-
ohmic aluminum backside electrode were evaporated onto thee 4 shows the EFISH bias dependence measured at various
samples. The external bias voltage was applied between tfleences of fundamental radiation. The role of the photoex-
chromium and aluminum electrodes. SH, as well as TH andited free carriers is clear from comparison of EFISH bias de-
FH, signals from the chromium layer were verified to be neg-
ligible in comparison with signal from th®i-SiO, interface.

The bias dependences of the azimuthal anisotropy of Sk e oiotuem | T
TH and FH intensity were studied. Figure 2 (left panel) shows | o 110° Jiem? J
the set of azimuthal dependences of the harmonic intens |, ;16° e J
ties measured for 8i(110)-SiO,-Cr MOS structure at various :
biases. The left panels show the corresponding bias depeg 4¢ | // i

[
]

dences of harmonic intensities measured at the maximum (5
rotational anisotropy. Figure 3 shows an analogous set of e:5
perimental data for &i(111)SiO,-Cr MOS structure. The
top panels in Figs. 2 and 3 show a pronounced bias depe
dence of FH intensity for botBi(110)-SiO, andSi(111)-SiO,
interfaces. The middle panels in Figs. 2 and 3 show the@ 12
DC-electric field effects in TH generation are very small at®
Si(111) and are not see3i(110) MOS structures. 1.0
The bottom panels in Figs. 2 and 3 demonstrate EFISH
generation which was recently studied in detailS§001)- I T T SRR
SiO; interface. In our experiments EFISH generation serve 4 % 2 1 0 1 2 3 4
as indicator of the presence of a DC-electric field in the SCF bias (V)
of silicon. Note that in contrast to SH and TH generationig. 4. EFISH dependences measured at various fluences of fundamental
FH generation demands a much higher fundamental intensitsadiation
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>
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pendence aF =2 x 1074 J/cn? andF =7 x 103 J/cn? in where GEP () is the Green function for the nonlinear
Fig. 4. Larger fluences suppress the bias dependence through wave equation with the appropriate boundary conditions,
screening of the interface field. However, the SH intensity  F, is the Fresnel factor at the fundamental wavelength,
measured at a fundamental fluenceFot= 7 x 1073 J/cn? Fn is the Fresnel factor at theh harmonic wavelength,
shows a noticeable bias dependence which indicates the ex- 1% is the effective thickness of the silicon subsurface
istence of a residual DC-electric field in the semiconduc- layer that contributes to thath harmonic intensityp is

tor SCR despite significant photoexcited carrier screening. the unit polarization vector ang ., is thez-component
On the other hand, a fluence Bf= 7 x 10~ J/cn? allows of thenth harmonic wavevector;

the detection of FH generation without fully screening the(ii) for the bulk quadrupole terms:

interface field.

o0
EP% Q) = / PPk Qnw) GRR(Z) dz (5)
2 Discussion 0
Kz.o
Two main sources of approximately the same order of mag- = pFo, Fox ™0k Q ﬁ (E)"
nitude, surface dipole and bulk quadrupole, contribute to the N0+ Kz no
even-order nonlinear polarizatid?{nw) of the Si/SiO, inter- (iii) for the surface dipole term:
face which is given by
oo
(i) for SH: ESU.D () = f PSC(n) G (2)8(2) dz
R (20) = i " OEPEREN + e MUEVER. (1) 0
= PFnoFlxe (E9)" 6
wherey 2 Qs the second-order bulk quadrupole sus- PP FoXourt (£ ©)

I
CEDthI|Iiy, xie " P is the second-order surface dipole  where the effective surface susceptibilit’; is deter-

susceptlblllty, Ej’ is the amplitudej-component of the mined following [15].
fundamental Wave angy is thek-component of the fun-

damental wavevector: Integration in (4)—(6) formally should be done over semi-

(ii) for FH: infinite bulk of the semiconductor; however, in a reflec-
' tion geometry the main part of the integral comes from
P (4o) = (4)surf DEwEwEwEw the area that is restricted by effective thickné¥s Fig-
' Kijdm ure 5 shows the propagation functions for tita harmonic
+X.(,ﬁfrﬁﬁ'k QE‘”E‘”EI EmEr, (2) waves. For the fundamental wavelength used in our ex-
periments the effective thickness for SH radiation is deter-
where Xl(]f(1|) ns]uff'D and leﬁfrﬁﬁ'k@ are the fourth-order mmed mostly by the real part of the wavevectérs and
surface dipole and bulk quadrupole suscept|b|I|t|esk2w 5" = hu/2(N(w) +n(20)) = 40 nm wheren(w), n(2w)

are the refractive indices at the fundamental and SH wave-
lengths. This effective thickness is analogous to the co-
herence length in the case of transmission geometry. For
TH and FH generation the effective thickness is determined

respectively.

For the odd-order optical harmonics the main dipole con
tribution comes from the bulk, therefore, the third-order
polarization is given by:

(iii) for TH: mostly by the imaginary part of the wavevectkss andky,:
P (Bw) = xiy ™ PECELE? ®)
3) bulk,D . .
where yjy is the third-order bulk dipole suscep-
tibility.

Various nonlinear sources in the semiconductor corre
sponding to the various terms in (1)—(3) possess dlfferer‘_
(surface or bulk) location, so propagation functions are dif-£
ferent for harmonic waves excited by these different sourcew-
Analytically this can be taken into account by a convolution, o '
of the nonlinear polarization with the appropriate Green func §,

tion. The amplitude of electric field of theh harmonic wave 8
is given by b
(i) forthe bulk dipole terms:
00 Ak i
bulk, D _ bulk, D BD / N RN B R R Y
E (Nw) = / P (Nw) Gy~ () dz (4) 0 25 50 75 100 125 150
0 i z (nm)
= pFho ng(n), bukD (Ew)n s Fig. 5. Propagation functions for SH, TH and FH waves in silico8@® nm

Nkz o + Kz ne fundamental wavelength
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18" 2= 1 /Ky n, = An, /27K (Nw) (Wherex(nw) is the imaginary (i) for SH:
part of the refractive index at th@h harmonic wavelength).

This effective thickness is the escape depth of the correspond- P, (2w, Eo,) = Xi(ji’)zb”'k' DEJF" EXEnz(2) , @)
ing electromagnetic wave and is approximaté&ynm for
both TH and FH. wherey, ™" P is the third-order bulk dipole susceptibil-

It was shown in [6] that for th€&5aA4001) surface the ity, Eoz(2) is the strength of the DC-electric field;
separation of surface and bulk contributions to SH and Fl-éii) for FH:

generationis possible due to the different rotational azimutha
symmetry of these contributions. However, due to the higher _ ,BbukDrwrwroEo
szmmetrz of silicon, the only excluded contribution is ?he A1 e, Boo) = Xijamz 5" BB EmEox(2) ®)
ol uscupoe e for SH o e (10) (52 Ta0 ). e 2901 ol el uscpt
muthal dependences of the equations in Table 1. The am- Y- The bulk dipole character of these terms make them
plitudes of all Fourier components obtained from these data  ©f the same order of magnitude as the bulk quadrupole
are shown in Table 2. The perfect fit of the experimental ~ and surface dipole terms. o _
data for FHG proves that the much higher fundamental in- FOr SH and FH generation, the main dipole bias-
tensity necessary for FHG observation in comparison with ~ dependent contribution comes from the bulk. The bulk
fundamental intensity in SHG and THG experiments does third-order dipole DC-induced polarization equals zero
not influence the structure of the subsurface layer, allow- @S It is described by the fourth-order nonlinear suscep-
ing a true probing of the higher-order symmetry of the solid ~ tPility, which vanishes in a centrosymmetric media.
surface. Therefore, no DC-electric-field TH is expected from the
In the presence of a strong DC-electric-field at the  Pulk in the dipole approximation. The next third-order

Si/SiO, interface additional DC-induced contributions ap- ~ Nonlinear polarization in the centrosymmetric material is
pear in the expression for nonlinear polarizations. For even-__ the surface DC-induced contribution which is given by
order harmonics they originate from the space charge regioW') for TH:

nd ar ri in the dipol roximation h -
grge? n%r?l%secarbs?udscept)tigiIﬁypoe approximation by the odd P (30) = i, Ef ECEP Eax(2) (9)

Table 1. Azimuthal dependence of polarizations at the FH, TH and SH wavelengths excited by surface dipole, bulk dipole and bulk quadrupole (field-
independent) nonlinear sources

(111) (110)
FHG p-p Pfgp = az?) pt bi% pCOS(3Y) + ci?) p COS(6Y) Pfgp = az?) pt bi% pCOS2¥) + ci?) pCO4Y) + diQp p COS(6Y)
PSD, = a§h + b5 cos(3¥) Pipp = & pp+ b2, co82%) + 30 cos4w)
p-s PEQ, = bEQ_sin(3w) + &2, sin(6w) Py = b3 3aSIN2W) +C; 3 Sin(Aw) +dj 3 sin(6%)
PSP, = B30, sin(3) PaDs = bhssinw) + 2D sin(4w)
sp PEQ — B9 +bP2 cos3w) + 52, cos6w) Phoy = 8 s+ Dy o, COS2) + i 3, COSAW) + df 3, cos(6Y)
PSD = a$D + b5 cos3w) Phsp = @3opT b9 COS2Y) + ¢33, cOS4P)
ss PEQ = b3 sin(3¥) + 2L sin(6w) Py = b2 sin(2w) + ¢} % sin(w) + dy % sin(6¥)
Pro, = b32sin3¥)
THG p-p PED = a0 +bBD cos(3¥) PSop = a5, + D30 ,cos2¥) + 50 cos4w)
p-s PED. = bED sin(3¥) PPRs = B85 sin(2w) + 5 sin(4w)
sp PED. = b32, sin(3) PSD, = b2, sin¥) + c§2, sin(4¥)
ss PED — 280, PED. = aBD +bEQ, cog2w) + BB cos4w)
SHG p-p PEO, = 850, + b5 cos3w) PPSp = &g, +05% cos2w) + 53 costaw)
P30 = a3 5p D35, COS3Y) PP = a35p+ D35, co829)
p-s PES, = b5 sin(3w) PP, = b5 sin2W) + 5 3, sin(4w)
PSB, = b0 sin(3) P3Ds = b3Dssin2w)
sp PES, = a2, + b5, cos3¥) PIe, = 850yt D53, COS2Y) + C5 2 cos4)
PSD. = aS%, +b52, cos3v) P35 = 8555+ b5, cos2¥)
55 pggs = b?,gs sin(3w) PZBES = bggs sin(2y) + cggs sin(4v)

PS5O, = b33 sin(3¥)
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Table 2. Fourier amplitudes of FH, TH and SH polarization excited by surface dipole, bulk dipole and bulk quadrupole nonlinear sources

(111) (110)
FHG ai%p +a30, =24+ 1e L, ai%p+ agD =354+ 06e 034011,
by, + 050, =14+ 161, G0 =943 by, + D50, = 16416274011,
G+ 5D, =111
p-s bi?)s-i- b3Ps=57+05€", b2%5+ b§0, = 4.1+08 664011,
Copp= 07403 Ryt s, =62+06
s-p a8 1a3D — 3.1:0.1H85£009) B2 4850 = 4.4:0.1 0505,
by o, +b52, = 35625031, 3% =08+03 by oy +b52, = 1.8+£03€*3+051,
Ch,+C52, = 0.4:£0.4€54051 ¢P2 — 0,604
s by o+ b0, = 4440224031, 0
b3, =06+03
THG p-p a9, =305:3e7031 B0 — 25412 aBD =147+3&34011 B0 — 244 46054031,
30 p=12+3
p-s b3S =137+05 bED, =4.4+£03&071 B0 —88+04
s bSg,=4+4 b80, = 543661, B2 =72
ss agg, = 15020 280 = 4941 @5+011
bED, = 942 74021, B0 = 4+1
SHG p-p a0, +a5h = 162525003 a9 +agh = 12042541,
b33, + bS5, = 2086 b33, + bS50, = 364 €909,
$3,=7+3
p-s b5+ b5 = 14843 b3S+ 050 = 3726 1461 S =349
sp a2 tasl, = 8l 432005 259 oS0 634364091
b5o,+ b5, = 984 b5 o, + b5, = 1743 24061,
oop=342
ss b5 + b5, = 79+ 4 0

2,58 2,58

The amplitude of the electric field of the DC-induced SHshow that at300 nmthe thickness of the subsurface layers
or FH wave at the detector can be written as: contributing to DC-inducedth harmonic signal i4d0 nmfor
00 SH and10 nmfor FH.
If the DC-induced harmonic wave is predominant, the de-
bulk, D _ bulk, D Y ~BD (o A/ )
E> (o, Eo) = / P2 (nw, Eo(2)) G, (2) dz pendence of the harmonic intensity should be parabolic with

0 the minimum at a zero surface potential. Two factors influ-

>~ pF, F£X<n+1> (E®)" ence the shape of the experimental dependence of the higher
f.Eq harmonic intensities on the applied bias. The first factor is
In connected with electrophysical property of the interface. The

% / Eo(Z)e (Mo tken)Z g7/ (10) DC-field in the semiconductor satisfies the boundary condi-
tions, taking into account a bias drop across semiconductor

and at the interface statdd:= esisgxl Eo(¢s)Lox + ¢s, where
wherelﬁﬁ’ %o is the effective thickness of the silicon subsur-es;i, eox are the permittivity of the silicon and silicon oxide,
face layer for DC-inducedth harmonic generation. respectively;Eo(gs) is the surface DC-electric field arid,x

To obtain the DC-electric field spatial distribution the is the thickness of the oxide layer. This yields a complicated
Poisson equation with the appropriate boundary conditionbias dependence of the surface potential. In turn, this leads
must be solved [14]. Numerical calculations of the Poissorto the deviation of bias dependences of higher harmonic in-
equation give the spatial behavior of the integrand of (10)tensities from parabolic while the voltage of the minimum
Figure 6 shows the results of such numerical calculations foof these bias dependences remains at the zero value of the
DC-induced SH, FH waves for several values of the surfaceurface potential, the flat band voltage. The second factor
potential, determined ags = — fo°° Eo(Z)dZ. These results changing the shape of the experimental bias dependence of

0
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bias (V
harmonic intensity is connected with the nonlinear opticar ' '( ) 6o . D . 8D
properties of the interface. The total electric field detectedid. 7-Bias dependences of Fourier componeiis- ay™ +a;" + 2" (Eo)

by the PMT results from the interference of DC-induced andleft-hand scall by = bi° +b3° 4 bEP(Eg), and ¢y (right-hand scalg
obtained from experimental azimuthal anisotropic dependences fotopH (

blas-lndepenc_ient_ waves of theh harmo_mc_' A Iarge_ampll- pane) and SH pottom panél intensities from (110) surfac&inesare fits
tude of the bias-independent harmonic field relative to the data by the model discussed in the text

DC-dependent harmonic field alters the bias dependence of
harmonic intensities from parabolic; the minimum shifts far
away from the flat band voltage, or may even disappear. Thisomponents with the Fresnel factors at the fundamental and
type of bias dependence of higher harmonic fields is observdthrmonic wavelengths. Therefore, it is not surprising that, for
in our experiments and shown in Figs. 3 and 7. instance for (110) surface, bias-independent and DC-induced

Azimuthal angular dependences of DC-induced termgarts ofa, for SH have the same sign, while bias-independent
in higher harmonic nonlinear polarizations are presented iand DC-dependent parts af for FH have opposite signs.
Table 3. Although for fixed bias it is not possible to separateThis leads to a different bias dependence of the tatahda,
bulk quadrupole, surface dipole and DC-induced bulk dipolésee Fig. 7)a, increases whiley decreases with increasing
terms from anisotropic dependences, the bias dependent phaias. Figure 7 shows that the amplitude of FH electromod-
of Fourier components allows estimation of the relative valuellation, a4, is even larger thara, for EFISH generation:
of field-induced and bias-independent terms. Figure 7 show&as/as = 0.2, Aay/a, =0.1.
the experimental bias dependences and fits in the frame The fractional amplitude of bias modulation of the TH
of the above electro-physical model of Fourier componentgitensity is approximately).04. Thus the DC-induced TH

BD | ~SD . -BD BD | wSD | WBD field is a only a small fraction of the more intense bulk bias-

ang 3" a8y a5 (Bo), bn=1Dy" +b7" 4 by"(Eo) .and independent TH field. However, this latter bias-independent
Cn ~ for SH and FH from the (110) surface. Each Fourier com-contribution serves as an amplifier for the DC-induced con-
ponent is the combination of nonlinear susceptibilitiy tensotribution because of a cross-term in the TH intensity resulting

Table 3. Azimuthal dependence of the DC-electric-field dependent polarizations at FH, TH and Sh wavelengttp @fotarization combination)

(111) (110)
FHG PED(Eq) = a§P(Eq) + b§P (Eq) co3¥) PED(Eq) = a§P(Eo) + b§P (Eo) cos2®) + c§P (Eq) cog4y)
THG P$P(Eg) = a5P(Eo) + b3P(Eo) cos(3w) P$P(Eo) = a5P(Eo) + b3P(Eo) cos2w)

SHG PED (Eq) = aBP(Eq) + bEP (Eq) cos3¥) PED (Eq) = aBP + bEP(Eo) cos2w)
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from interference of these two TH fields: results from optical interference between bias-dependent sur-
) 5 face and bias-independent bulk contributions to the third-
1(8w) = (E™*P(3w))” + (ES'"P(3w, Eo)) order nonlinear polarization. The cross-term in the TH inten-
+ 2B D (34, Eg) EPUKD(30) COSAD) | (11) sity explains both the bias dependence of the TH signal and

its surface sensitivity.

whereA® is the phase difference between bulk and surface
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