PHYSICAL REVIEW B VOLUME 60, NUMBER 12 15 SEPTEMBER 1999-II

dc-electric-field-induced and low-frequency electromodulation second-harmonic
generation spectroscopy of $001)-SiO, interfaces

O. A. Aktsipetrovi A. A. Fedyanin, A. V. Melnikov, E. D. Mishina, and A. N. Rubtsov
Department of Physics, Moscow State University, Moscow 119899, Russia

M. H. Anderson, P. T. Wilson, M. ter Beek, X. F. Hu, J. |. Dada@nd M. C. Downer
Department of Physics, The University of Texas at Austin, Austin, TX 78712
(Received 7 May 1998; revised manuscript received 5 January) 1999

The mechanism of dc-electric-field-induced second-harm@kiSH) generation at weakly nonlinear bur-
ied Si(001)-SiQ interfaces is studied experimentally in planar Si(001)-S{ MOS structures by optical
second-harmonic generation spectroscopy with a tunable Ti:sapphire femtosecond laser. The spectral depen-
dence of the EFISH contribution near the direct two-phdEgriransition of silicon is extracted. A systematic
phenomenological model of the EFISH phenomenon, including a detailed description of the space-charge
region (SCR at the semiconductor-dielectric interface in accumulation, depletion, and inversion regimes, has
been developed. The influence of surface quantization effects, interface states, charge traps in the oxide layer,
doping concentration, and oxide thickness on nonlocal screening of the dc-electric field and on breaking of
inversion symmetry in the SCR is considered. The model describes EFISH generation in the SCR using a
Green’s-function formalism which takes into account all retardation and absorption effects of the fundamental
and second-harmoni&SH) waves, and multiple reflection interference in the Si@yer. The optical interfer-
ence between field-dependent and -independent contributions to the SH field is considerethtasnah
homodyneamplifier of the EFISH effects. Good agreement between the phenomenological model and our
EFISH spectroscopic results is demonstrated. Finally, low-frequency electromodulated EFISH is demonstrated
as a useful differential spectroscopic technique for studies of the Si-iBtérface in silicon-based metal-
oxide-semiconductor structurg$0163-182009)01836-9

[. INTRODUCTION in situ technique for characterizing interfacial imperfections
and charge defects at the Si(001)- gidterface. Moreover,
Optical second harmonic generati®HG) has been one the relative simplicity of the description of the SHG response
of the most intensively studied phenomena in surface anffom the S{001) face, originating from the small number of
interface optick™ for the last decade. The interest in SHG tensor components of the interface quadratic susceptibility
stems from its unique sensitivity to the structural and elecand the rotationally isotropic interfacial SHG response,
tronic properties of surfaces and interfaces of centrosymmetnakes the Si(001)-SiOnterface among the most important
ric media. This unusually high surface/interface sensitivityfor investigation of fundamental aspects of the EFISH phe-
comes about because, in the electric dipole approximatiomomenon.
SHG is forbidden in the bulk of materials with inversion — The 1967 discovery of EFISH generation by Leteal >
symmetry*® but allowed at interfaces, where inversion sym-at Si- and Ag-electrolyte interfaces in electrochemical cells
metry is broken by the discontinuity of crystalline structure.remained largely unnoticed for a number of years. The 1981
Related nonlinear sources of SHG are localized in a thirdiscovery of surface-enhanced SHG by Skeal. 3 rejuve-
(several nanometers thicksurface or interface layer. In nated interest in this effect. Surface-enhanced EFISH genera-
semiconductors, inversion symmetry is also broken by the dton at a silver-electrolyte interface was observed shortly
electric field (DCF) in the subsurface space-charge regionafterward®® Since 1984, EFISH has been systematically
(SCR), which is created by initial band bending and/or ex-studied at Sil11)-electrolyte interface$*°and to a lesser
ternal bias application. The lack of inversion symmetry inextent at other semiconductor-electrolyte interfaces:
the SCR results in dc-electric-field-induced second-harmoni€d;P,(111) 3° Cdin,S,(111), 3 GaN001),*? and Ti0,.*3
(EFISH) generation, which manifests itself through electro-These studies revealed that the strength of the dc electric
modulation of the SHG intensity. Thus, all important prop- field which could be applied electrochemically was limited
erties of surfaces, buried interfaces and subsurface layers-by interface electrochemical reactions, such as oxidation of a
their charge® electronic surface state density:? rough-  silicon surface at anodic potential. To circumvent this restric-
ness(morphology,™*** adsorption(adatom and admolecule tion, EFISH generation studies were extended to Si,SiO
surface density*>~*initial band bendind?~?etc.—can, in  MOS structures with bias applied by a ring métabr a
principle, be determined by means of the SHG probe. semitransparent QiRefs. 20 and 3bgate electrode, and to
The technological importance of Si(001)-Sitterfaces GaAs-based MOS structuré® This technique of the dc-
stems from their ubiquitous presence in metal-oxide-electric-field application in nonlinear-optical experiments
semiconductofMOS) structures and MOS field-effect tran- was extended recently to the studies of the dc-electric-field-
sistors. EFISH generation provides a promising noninvasiveinduced fourth- and third-harmonic generatibnand al-
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lowed the development of an interesting SHG inter- Il. THEORETICAL BACKGROUND
ferometry: ;‘requency—domam interferometric  EFISH A. Quadratic optical response of the Si-SiQ system
spectroscopy:

A simple phenomenological model of EFISH based on the N the presence of a DCF the nonlinear polarizatgn,t)
“interface field approximation”—which assumes a linear Of @ centrosymmetric semi-infinite ‘semiconductor at the
dependence of the dc-field-induced nonlinear polarization o§€c0ONd-harmoni¢SH) frequency 2o is given by
interface DCF strength, and yields a quadratic dependence of _n. oS B BD
EFISH intensity on bias voltage—was developed for the PYH(r 20) =PX(r,20) + PP(r, 20) + PP2(r, 20), (1)
Si-SiO,-electrolyte interface in Refs. 26 and 27. Since cleawhere w is the frequency of the fundamental radiations
deviations from a quadratic bias dependence werdhe radius vector of a nonlinear source location inside the
observed*® this model was improved by taking into ac- semiconductorP(r,2w) is the surface nonlinear polariza-
count the nonlinear interference of dc-field-induced andion, P®9(r,20) is the bulk quadruple contribution, and
field-independent contributions to the nonlinear quadratid®®°(r,2w) is the bulk dipole DCF-induced polarization. The
polarization as well as retardation and absorption effécts. last contribution is governed by the fourth-rank cubic sus-
Further improvement resulted from considering the spatia¢eptibility tensorx®, and can be written phenomenologi-
inhomogeneity of the DCF and the dc-eglgctric-ﬁeld-inducedca"y as
contribution to the nonlinear polarizatign.These effects ] )
were later analyzed with a Green-function formali&ti° At PBD(I’,Zw)=X(3)’BD(2w,w,w,O).E(r,w)E(r,w)Eo(r),(Z)
present, the most comprehensive description of the EFISH
phenomenon was presented in Ref. 40. However, this analyvhere E(r,w) is the amplitude of the fundamental optical
sis remains incomplete on three points. First, it is restrictedield inside the semiconductor, which isdependent due to
to the depletion regime of the SCR, whereas experimentallpptical absorption, anB(r) is the amplitude of the dc elec-
applied biases have included accumulation and inversion rdtic field in the semiconductor SCR whichrislependent due
gimes. Moreover, as we demonstrate in this paper, the trarf© screening of the dc electric field by free carriers. In €.
sition from depletion to inversion to accumulation drasticallyWe consider the local relationship betweB?"(r,20) and
changes the EFISH response. Second, surface quantizati&i! @) @ndEo(r). This approximation is valid for the bulk
effects originating from strong-field localization in inversion ©f the semiconductor, where nonlocality related to the spatial

and accumulation regimes, as well as the role of interfacéi'SperS'on for the fundamental field is small and the screen-

states, should be taken into account. Third, multiple reflecN9 length of the dc electric field is much larger than a lattice

tion interference in the SiQayer, which significantly affects parameter. For strong_accumulan_on and strong Inversion re-
the SHG intensity from Si-SiQ structure€ %3 was ne- gimes, as the screening length is of the order of a lattice

parameter, we consider nonlocal screening of the DCF which
glected. - ; ;
. . takes into account quantum size effects in a subsurface quan-
In this paper we present a comprehensive phenomenolo

; . um well .1ID.
cal model OT EFISH generation supporteq by expenmentau Theebl(J?keZuadzupole contribution in the plane-wave ap-
spectroscopic studies gb- and n-type Si(001)-SiQ-Cr proximation is given by
MOS structures. The key features of our model étea
detailed electrophysical model of the SCR in the accumula-  pBQ(y 2¢)) = ¥ B2 w,w):E(r, 0)ik, E(r,w), (3)
tion and inversion regimes, which takes into account inter-
face states and oxide charge traps and their effect on thahere x(28Q is a fourth-rank tensor which represents the
spatial DCF distribution in the SCR2) a rigorous nonlinear quadrupole contribution to the quadratic nonlinear suscepti-
optical model of EFISH in the SCR, based on a Green’sbility from spatial dispersion, anll,, is the wave vector of
function formalism, which takes into account all retardationthe fundamental radiation in the semiconductg®)? has
effects, absorption of the fundamental and SH radiationfhe same symmetry properties gS)-BP.
multiple reflection interference of both the fundamental and For the surface contribution 8"" the multipole expan-
SH waves in the oxide and optical interference betweersion is hardly expected to be valid, and we supposéthat
field- and field-independent contributions to the SH field.
The latter interference effect, considered here as an internal P3(r20)=x%%(20;0,0):E(0,2=0,)E(w,2=0,)
homodyne amplifier of the EFISH contribution to the total teurs
SHG response, was considered in Refs. 44 and 45 for an :5(0+)J surX(z)(Z')E(Z',w)E(Z,,a))dZ,,
external reference. The key feature of our experiments is 0
comprehensive observation of the dependence of SHG on (4)
numerous parameters, including applied bias, azimuthal
sample rotation, wavelength near the direct two-phdign  where x(3;°, a third-rank tensor, is an effective quadratic
transition, doping concentration, and oxide thickness. Thesesusceptibility of the surface layer resulting from the integra-
combined dependences allow us to deconvolve the EFISHon of the right-hand side of Eq4), which includes an
contribution fully from field-independent contributions. The inhomogeneous susceptibility(?S(z’) of a subsurface
nonquadratic bias dependence of the EFISH intensity prdayer with thicknesgs,,s, andz=0, denotes a position near
dicted in Refs. 33 and 40, and its variation with doping con-the interface just inside the semiconductor. The integral in
centration, oxide thickness, interfacial state density, andEq. (4) consists of a local part from the breaking of the
wavelength, is observed and analyzed in detail. inversion symmetry at the surface, and a nonlocal part from
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the discontinuity of the normal electric-field component atconsider the screening of this DCF within the framework of
the surface. The thicknegs,,; of the subsurface layer, from Fermi carrier statistic®>2 The spatial distribution of the
which PS(r,2w) originates, is determined by the region electrostatic potentiak(z) in the planar semiconductor-
where either electron motion remains sensitive to the brealdielectric system can be found as a solution of the one-
down of inversion symmetry or where the normal electric-dimensional Poisson equation

field component changes from its vacugoxide) magnitude

to that in the silicon bulk. An estimation af,; is approxi- d d
mately 2—3 atomic layers, based on the experiments by E(GE‘P)
Heinz et al!® on SHG from reconstructed Si surfaces. They

showed that the surface contribution to the SHG respons@heree=es () is the static dielectric constant of the semi-
arises almost entirely from the reconstructed surface layefonductor(dielectrig andn=n(z) is the space-charge den-
with a thickness that, as proven by scanning tunneling misity. The boundary conditions for E¢r) are

croscopy, does not exceed 2—3 topmost atomic layers. The

=—47n, (7

structure ofy(?)S and y(?)(z) depends on the particular crys- p(+=)=wu,

talline face under consideration. Hereafter we use xyme 8
coordinate frame, with they plane coinciding with the in- ¢(=D)=n+U,

terface and the positive axis directed toward the semicon-

where . is the chemical potential of the semiconductor and
ductor bulk. _ _ D is the thickness of the oxide film. The first of E®) is a

The SH electromagnetic field E(R1Y)  statement of charge neutrality in the bulk of the semiconduc-
=E(R, 2w)expi(2wt—ky,R), whereE(R, 2w) is the ampli- o1 The second equation takes into account the application
tude of the SH field at the point of observati&) can be  of external bias voltagel to the metal electrode with respect
found by solving the inhomogeneous wave equation fOkg the semiconductor. We divide the charge density into
propagation of the SH wave witA"" as a source terff:*®  fio|q.independent and -dependent terms
The solution can be written formally in terms of the tensorial
Green functionG(R,r’,2w), which is defined to be the so- n=ng+N¢yq, 9)
lution of the wave equation with a point sourcerat Ex-

pressions for the componentséf are calculated in Refs. 43
and 44. The SH fiel&(2w) in the point of detectiorR is
given by

wherens; includes the density of the ionized dondtg and
acceptoraN,, and a fixed charga,, trapped in the oxide
layer near the semiconductor-dielectric interface:

_ ~ ’ NL/ .7 2
E(R’z“’)_f G(R,I",20)P7H(r", 20)dr’, (5 wherez=0_is a position near the interface just inside the

dielectric.
where integration is taken over the bulk of the semiconduc- The spatial distributiom4(z) is, in principle, a nonlinear
tor. Since translational symmetry in the interface plane isunctional of the potentiap at all points inside the semicon-
assumed, the DCF-induced part of the SH field is given by quctor. However, if the potential dependence on the coordi-
nate is slow enough, which is true for all except very high

E®P(R,20)=F,F2 xeril b Xplikz,R) biases, the screening can be treated locally. In this way we
o find expressions fon¢y(z) and Ey(z) within the model of
xf Eo(z)exdi(Ky, ,+ 2k, ,)Z']dZ’, local screening of the DCF in a Fermi electron-hole gas, in
0 : :

which n¢y(z) depends on the potentigd at pointz i.e.,
(6) Niq(¢) =n¢4l ¢(2)]. The case of nonlocal screening is con-

sidered in Sec. Il C. The field-dependent part of the charge
wherek,,, is the SH wave vector, the scalar facxﬁﬁ isa density consists of the density of holes,, the density of
linear combination of components gf3)BP which depends electronsn,, and interface traps;,, which depend on the
on the experimental geometfy,|, is the intensity of the interface potential:
fundamental radiation, an#l, , and k;, , are the normal
wave-vector components of the fundamental and SHG radia- Ntg(2) =npl@(2) ]+ Nl ¢(2) ]
tion, respectively, in the semiconductor. The unit vegtor _
defines the polarization of the EFISH field, aRg andF,,, +o(0 )i ¢(z=0,)],  2=0. (1)

are the transmissiqn factors WhiCh incIugie Fresnel (,:Qefﬁ' Since we assume that the SHG response comes from the
cients and a correction for multiple reflections in the siliconggniconductor or semiconductor-dielectric interface, we treat
oxide at bothw and 2. Equation(6) properly takes into  .narues in the oxide layer as an effective fixed trapped
account retardation, the penetration depth of the fu.ndamentgpargenox_ Since atz>0 the variablez does not enter into
wave, the escape Iength'of th_e SH wave, and multiple reﬂecEqs.(lO) and (11) explicitly, and the charge density, de-

tion interference effects in oxide layer. pends on the coordinate via(z), the Poisson equatiof¥)

has the first integral
B. dc-electric-field spatial distribution

. S 8 (nm
T(_) pe_rform the integration in Eq6) one must knovy the E2(¢)= _J n(e')de’. (12)
spatial distributiorEy(z) across the SCR. In this section we € Jo
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Coefficientsg® andg? reflect the ground-state degeneracy

semiconductor for completely ionized donors and acceptorsf the acceptor and donor levels. For silicon, due to the

yields

ND+NA:n0+p0, (13)

wheren, and py are the densities of electrons and holes in
conduction and valence bands, respectively, in the absence

of the external field. Then

ST RRES

Np+Np= eNCq>( ) (14

double degeneracy of valence bands in the center of Bril-
louin zone>? we takeg®=4 andg®=2. The specific form of
L2d(¢) depends on the preparation of the semiconductor-
dielectric system. In the calculations we model this distribu-
tion as a set of Lorentz functions.

Spatial DCF and potential distributions can be found from
the first integralEy(¢) [EqQ. (12)] of the Poisson equation
by integratingz=[{""“[Eq(¢')] tde’, With ¢in=¢(2
=0,)— u. Figure 1 shows the distributions(z) andEy(z)
across the SCR gf-doped silicon. In the depletion regime,

where Ny and N are the effective densities of states in where the Schottky approximation is valig(z) is close to a

valence and conduction bands, respectively,and - are

parabolic function. For larger applied biases corresponding

the energies of the upper level of the valence band and thi® inversion, the SCR divides into a thin subsurface region of

lower level of the conduction band, respectivekyjs the

rapidly changing potential, and a long tail of gradually de-

Boltzmann constant, and is the temperature. Effective creasing potential. The transition degthbetween these two

densities of states Ny=2(27m,kTh 2)%? and N¢

=2M¢(27mkTh 2)%2 where Mc is the number of

regions is several nanometers. In the accumulation regime,
¢(2z) drops mostly withinzy. Due to the large gradient af

equivalent minima in the conduction band, depend on thén this subsurface region, the relationship betweeand E,

effective mass of electronsm, or holes m,, and
temperaturé® For siliconM <=6, and following Sz&? we
takeNy=1.04x 10'° cm 2 andN:=2.8x 10" cm 3. ®(7)
is the Fermi-Dirac integral

_2 (" -t
O(1)= \/;jo YX[1+expx—7)]" Ldx. (15)

Equations(10) and (11) have the form

Nigl p(2) |=eNyP v (P) thb((P;T +68(0,)n;,
(16)

eNCd)( ;Ts) N\,(D( +8(0 )ngy.
17

becomes nonlocal, and the first integral of the Poisson equa-
tion (12) is no longer valid. To find the DCF spatial distri-
bution in this region, the self-consistent screening of the ex-
ternal dc electric field in subsurface quantum well should be
considered.

C. Role of surface quantization effects
in the subsurface region

The quantum effects in the screening of a DCF can be
taken into account via self-consistent calculatishsising
the Hartree-FockHF) approach to describe the electron ex-
change interaction. In the following we consider the screen-
ing of a “positive” (in the above notatigrexternal potential
in the subsurface region by electrons, with a negligible con-
tribution from holes. The opposite case of a “negative” po-
tential is treated similarly.

The HF equation for the single-electron wave function

#i(r) is given by

Interface traps are charged midgap states at the

semiconductor-dielectric interface resulting from interrup-  p2
tion of the semiconductor lattice structure or interface imper- = #i(r)+€2>, (4 (r')|(elr=r']) " (r")) (1)
fections. As the interface electrostatic potential changes, the 1=
trap levels move up or down while the Fermi level remains
fixed. The interface trap density; is defined in terms of the
energy distribution.9(¢) of trap levels across the semicon-
ductor band gap and the density of traps perNey :

ST DTG ) ()

TVo(r) i(r)=Eigi(r), (21)

whereVy(z) = — Egexz+ S N5 (r')(e|r—r’|) " 1d%’, and the
sum in the exchangghird) term is over states with parallel
spins with brackets denoting an average over the stationary
state;Eqx; IS the strength of théexterna) dc electric field
inside the surface quantum well, and is a constant across the
well.

Because of translation symmetry in tkg/ plane, we put
-1 #i(r)=i(2)€'P'll. We consider the case in which only one

, (19 energy state for the subsurface electronic motion is respon-
sible for most of the screening. The rest part of the screening
occurs in the relatively thick layer, and can therefore be
treated classically. This is confirmed by the numerical re-

sults. We also assume that(z) = ¢(z) is independent op; .

nnw)=ef8°[Nde<<p—e>Fd<so—s>
ey

—NaL%e—e)F3p—eg)]de, (18

where superscripta and d denote acceptor or donor traps,

X

-1
1+g exr{ kTT) } . (20

F&(r)=

Fd(r)=
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FIG. 1. Top panels(a) The diagram of band
bending near the surface pfdoped silicon for
the depletion regime. The Fermi level the en-
ergies of the upper level of the valence bangd
and the energies of the lower level of the conduc-
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tion bandec in the silicon bulk are shown(b)
Schematic of the experimental geometry. Middle
panels: sketches of the spatial distribution of the
SCR potentialpsc2) = ¢(z) — u [panel(c)] and
DCF strengthE, [panel (d)] across the MOS
structure. Interface trap charges, and oxide
charges,,, are shown. The interface DOE;,; ,
interface potentiaky;,;, and applied biad) are
depicted. The flatband voltadg;, due to inter-
face and oxide charges is shown. Bottom panels:
(e) SCR potential and(f) DCF distributions

(e)

e
&
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g
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across the SCR gb-doped silicon(doping con-
centration of 1.5 10'° cm™3) for three values of
the interface potential:p;,;=+0.95 V (inver-
sion) thin line, ¢;,;= + 0.6 V (depletion) dashed
line, and ¢;,;=—0.33 V (accumulation thick
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line. The characteristic length, of DCF screen-
ing in inversion and accumulation is marked.

(wa/A ¢ 01) Yp3uang pIdg

400 0 2

0 200 Z(nm)

Then Eq.(21) may be written in the form of a Schdger
equation with self-consistent potentidl¢(z),

- h? 9% . -
590(2):—%ESD(Z)_UseH(Z)QD(Z), (22
where
n(r")C(r,r')+ng(r’")
Uself(z):_EOeth"'f E|I’—I”| ! dsr’,
(23
n<r>:<ﬁ<r>>:e; s(PROF(EY, (29

where n(r) is the density operator, f(E,)=1/(1
+ e(Bk=#/kT) is the Fermi occupation factor, and

e2

ST o)

X % f(E;))f(E)€e PP (25
j#i,||spins

9(0)=0, ¢(z9)=0. (26)

Here we introduce the formal thicknezs of the subsurface
region. At z>z, the screening is to be treated classically,
whereas the quantum description is necessar<at,. The
result of calculations appears to be almost independent on
the particular value of, for the range ofzy: 2—4 nm.

From the equations above one can show that the potential
Usei(2) obeys the following equation for the two-
dimensional system under consideration:

duse” 2 , , ,
4z —Egextt+ Tf dz'[n(z")F(z—2")
+n4i(z')sgriz—z")], (27)
where
sgn(z)C(p|z
F(Z):f gr(z)C(p|z|) o 28
(1+p2)3/2
The electrostatic potential(z) obeys the equation
d(P 27T ! ! ! !
4, = Eoextt ff dz/[n(z')+ng(2)]sgriz—2"),
&
(29)

C(r—r') can be interpreted physically as a correlation func-which can be derived from the Poisson equation. The right-
tion for the in-plane motion of electrons. Boundary condi- hand side of this equation is the actual dc electric field in the

tions for the wave function are given by

subsurface quantum well.
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Zo=3 nm. The wave functio(z) of the first energy staté
is also sketched. With quantum correctiap) varies more
sharply, and the subsurface well becomes deeper.
. s Summarizing this section, we have obtained a set of equa-
-------- A \ tions (22), (24), and (25 for the self-consistent potential
“Avptied Bias(v) L applicd Biss¥) Useif(2), the electron wave functiow;(r), and charge the
. densityn(z). These equations describe the screening in the
Y subsurface regioiz<z,. This approach takes into account
\ quantum effects in the electronic liquid via the fackiz),
N Si0, | Si(o0) \ v,
> 1% :
B

bt
=
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which is related to the in-plane correlation functi@fr
—r|’|). These effects become important for a large bias volt-
age. In this case the dc field drops quickly within a very thin
. Zosical layer near the surface, and the semiclassical picture of an
- \ ) electron gas with the local density depending on the local
- ’ % potential is invalid. Quantum calculations describe nonlocal

S S : : screening in this situation.
-20 -10 0 -10 0 10
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D. Model calculations
FIG. 2. The bias dependences of the igeft pane) and imagi-

nary (right pane) parts of the EFISH fieldEBP for three doping . L . - . L
levels of ann-Si wafer covered by a 19-nm-thick oxided, intensity is found by numerical integration of the first inte-

=10" cm™3 (thin curve, Np=10" cm™3 (thick curve, and Ny gral of the Poisson equation and the wave equation. First, the
=5x 10'® cm™3 (dashed curve The flatband voltage is assumed to dependence of the EFISH intensity on the doping of the

be zero. The top insets show these bias dependences in the vicinfigmiconductor is modeled. Then the influence of the param-
of the zero-point bias. Bottom inset: schematic of potential distri-€ters of the semiconductor-insulator interface on the ampli-

bution in the subsurface region calculated fer,=—0.33Vv  tude of the EFISH wave is considered. A planar structure
within classical (thin line) and Hartree-Fock(thick line) DCF  consisting of a silicon wafer covered by an oxide film is

screenings. The wave functiGp(z) of the first energy stat€ is ~ considered as a test object. _
depicted. To find the EFISH fieldEBP for every value of the inter-

face potentialg;,; , the spatial distribution of the DCE(z)

Equations(27) and (29) differ one from one another by across the silicon SCR is calculated numerically by solving
the factor F(z) in Eq. (27). It can be shown that since the firstintegral of the Poisson equati6f with the charge
C(r)—1 atr—=, F(z)—1 atz—». Therefore, the self- densities given by Eqs(16) and (17). Then, substituting
consistent potentialg.{(2z) is closely related tog(z). Eo(2) into Eq.(6), the integral
Moreover, remote charge layers contribute equally to N
Usei(2) and ¢(z). Nevertheless, the electrostatic and self- _ A :
consistent potentials are distinguished by the role of quantum V)=l +ilo= fo Eo(z)exili(k,, z + 2K, 2)2]1dZ,
effects in the electron plasma. The electrostatic potential de- (30)
scribes interactions of a charged probe particle with other ) ) )
charges only via the electromagnetic field. The self-iS humerically evaluated. The corresponding value of applied
consistent potentidl ;¢ (2) also includes the electron’s ten- biasU is related to the interface fielfljn,.=Eq(z=0.) and
dency to “wedge” itself into other electrons and repulse the interface potentiap;,, by
them via the exchange interaction, and therefore differs fun- .
damentally fromp(z). This is reflected by the appearance of U= €sc€q Eint(®int) D+ @int - (32)
the correlation functiori(z). On the other hand, the EFISH
bias dependence is expressed in terms of the classical poten- The EFISH fieldE®P is a product of the integra(U) and
tial ¢(z), because the major contribution to the semiconducthe complex factonwFf,XEfo= F exp(¢g), which is a bias-
tor optical response comes frobound electrons, whereas independent constant for a given fundamental wavelength.
screening in the semiconductor is causedfi®e carriers.  This allows us to consider bias dependentgdJ) and
There are no correlation effects between these two differenit,(U) as bias dependences of R and ImEBP in units of
types of particles. F shifted in the complex frame by an angle @f. This

For every value of,; using Eqs.(22), (24), and(25) notation is used in the numerical experiment shown in Figs.
the density of the screening charge in the quantum well i€, 4, and 5. Figure 2 shows REP and ImEBP as functions
calculated, and then, using E@9), the spatial distribution of the bias applied to a MOS structure consisting of an
of the electrostatic potential(z) for 0<z=<z, is found. For n-type silicon wafer with dopant concentrationhly
7=7,, ¢(2) is evaluated within a classical approach with =10 cm™2 (thick line), Np=10 cm 2 (thin line) and
¢(zo) as a parameter. The boundary conditiozatelivers  Np
the coincidence of(z,) calculated within the HF approach =5x10' cm™2 (dashed ling covered by a silicon oxide
with a classical potential. The inset in Fig. 2 shows the spafilm 19 nm thick. The fundamental radiation wavelength is
tial distribution of an electrostatic potentialz) within the  set at 730 nm. The optical constants of silicon have been
classical and HF approaches fopdype silicon wafer with  taken from Ref. 55.

In this section the model bias dependence of the EFISH
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FIG. 3. The absolute value of the depletion biisvs the dop- FIG. 4. The real(open circles and imaginary(filled circles

ing concentratioNp of the n-Si wafer .for Si-SiQ-metal MOS 15 of EBP for the depletion biat), vs the doping concentration
structures with different Sipthicknesses: 1 nrifilled squares 8.7\ of the silicon wafer with a 19-nm-thick oxide film. Solid curves

nm (open squargs 19 nmfilled circles, and 50 nm(open circles 416 guides to the eye. Inset: the doping dependence of the ratio of
Solid curves are guides to the eye. Inset: dependenfig bion Ny Im(E®P)/Re (EBD).

for MOS structure with 1-nm-thick oxide on a linear scale.

Pino=2[;—KTIN(NpNG")], £=2meNpes. (32)
Two important trends in these curves are noteworthy.
First, InEBP depends strongly on the bias only in the region Applied biasU, according to Eq(31) consists of voltage
of negative biases betweed V and a saturation bias we drops esceq ‘Eo(@ino)D across the oxide film, an@in
denote adJ,. Outside of this interval InEBP saturates. This across the silicon SCR. Therefore, for high doping levels the
strongly contradicts the previous phenomenological assum@pplied bias mostly drops across the oxide layer and
tion that the amplitude of the EFISH field depends linearlyUy(Np) e E;n:o(Np) o yNp In(NDNgI). For low doping lev-
(and the EFISH intensity quadraticallgn the applied bias. els the interface potential dominates, andy(Np)
The saturation of the imaginary part of the EFISH field am-« ¢, ,,(Np) = |n(NDNEl)- For thinner oxide layers, less of
plitude for U<U, and U>0 is attributed to the inversion the applied voltage drops across the oxide, and the transition
and accumulation regimes of external bias screening in thigom a logarithmic to a square root doping dependendg pf
SCR(see the inset in Flg)]smce the DCF is mostly local- gccurs at a h|gher dopmg level.
ized inside a thin subsurface layer of nm-scale thickness. Figure 4 shows the EFISH amplitudes for applied tigs
Since the imaginary part of the Green’s function is equal togs functions of donor concentratioNy . Over a wide range
zero exactly at the interface, IEP® becomes practically in-  of concentrations REEP and ImEBP are proportional to the
sensitive to the DCF inside the inversion and aCCUmulatio%quare root OND . The latter can be exp|ained by integrating
layers. ThusU=U, andU=0 define end points of a bias gq. (6) with a linear DCFEy(z)=E; 0 —2&z across the
region which corresponds to the depletion regime; the intersCR, as in the Schottky model. This integration yields the
face potentiak, for external biad, is equal to 2¢;— 1),  following expressions for the EFISH field:
whereg; is the midgap energy’
Second, the decrease of the dopant concentration leads to Ai_Ag
a decrease of the absolute valueld§ and EBP. Figure 3 ReEPPxEjnpld,+2¢———, (33
shows the dependence|tfy| on the dopant concentration of Aj+A43
the n-type silicon wafer for variouslé)xidegthicknesses. For oA
dopant concentrations larger than*10m™~, the absolute BD 182
value of U, scales approximately as the square rooNgf, ImE “EimoAl_"’fAerAz’ (34
while for smaller doping level$U,| scales as INp, as is v
clearly shown in the inset of Fig. 3. Within the Schottky where A;=Re (X, +k;,) and A,=Im(2k,+k,,). Since
approximation for the SCR the interface potentiab;,,,  the interface fieldE;,o=2£W depends linearly on the width
and interface fieldg;,;y, corresponding to applied bids,, of the SCR, the restriction&/A ;>1 andWA,>1 lead to the
are given by following expression for the complex EFISH fieldEBP
*Eino(Ap+iA7) %Ny IN(NpNGD).  Thus  ReEBP  and
Im EBP scale approximately as the square rooNgf. Fur-
Einto=2V£®into, thermore, INEBP/ReEBP=A,A, !, i.e., the ratio of R&BP
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FIG. 5. The bias dependences
of the real(left pane) and imagi-
nary (right panel parts of the
EFISH field EBP for different pa-
rameters of acceptor interface
states calculated forp-silicon
covered by an 8.7-nm-thick oxide
film. The dotted curves are
presented for comparison to the
same dependences without traps.
The energy spectrum of the inter-
face states is simulated by a
Lorentzian function with density
N,=2x10" traps cm? eV !,
width 6,= 2kT, and different cen-
tral positionse g, = w (thin curveg
--0.1 and go,— u=26kT (dashed
curves as depicted on the inset.
X . The filled area in the inset shows
0.2 the energy interval with charged

T —T acceptor traps.
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to IMEBP, is the ratio of the characteristic length scale of€ntz functions simulate the continuous energy distribution of

absorption,A, !, to that of retardationA; !, for the SH  traps. By settingdy ;—0, one can account for discrete lev-
waves. Since the energy of the 365-nm SH photon used ils.

our calculations is close to th, critical point of silicon, Figure 5 shows the bias dependence ofERE and
A;=(1/5.7) nm* and A,=(1/21.5) nm ! are sufficiently Im EBP for the MOS structure used in our experiment which
large to satisfy the condition&/A ;>1 andWA,>1 for dop- is comprised ofp-type Si with a donor concentration of
ant concentrations up to ¥ocm ™23 (Fig. 4). As shown inthe  1.5x 10™ cm 2 and a 8.7-nm-thick thermal SiQayer. In-
inset of Fig. 4, the ratio InE®P/ReE®P is close to the value terface traps are presumed to be acceptors with

of A;A,*=3.89. =2x10%trapscm? eV~! and 8,=2kT. For illustration
two different central positions are consideregd,= w (thin
E. Role of interface states in the EFISH phenomenon lines) ande o, — u=26KT (dashed lings The distribution of

A sheet of charged interface states changes the relatioﬁ—ucr; Fra'gs a5c r<1)_shs tgettagcl_on band dapis ?kgtfched at th‘?
ship between the potential drop across silicon and the applie'@se N F1g. 5. 1he dotled lines are presented for comparison

bias due to the boundary condition for normal components of° the same EFISH field components in the absence of traps.
For negative biases in the accumulation regime, bands are

the electric displacement vectbr. To demonstrate the role k -
of interface traps in the EFISH phenomenon, we consider thBeNt in such a way that all the trap levels are above the Fermi

distribution of trap levels across the silicon band gap as a s&nergy, acceptor traps are empty, and the bias dependence of
of Lorentz functions. The charge density of interface trapghe SH field components is unaffected by the presence of

n,, as a function of the interface electrostatic potential, isthese uncharged traps. As the magnitude of the negative bias
given by Eq.(18): is decreased, the bands are bent less, and trap levels begin to

fall below the Fermi energy; first the traps with low-energy
ec levels, then those with higher energy. Consequently, the bias
nit[¢(2=0+)]=ef de >, sgnnf)FM(p—e) dependences of RE*P and ImEBP start to deviate from the
v M dependence foN,=0, demonstrating the saturationlike fea-
ture. This is attributed to the pinning of the Fermi level. As

X > Ny jlmj(e—e), (35  the level of the neutral traps crosses the Fermi energy, the

J charge density of the interface traps changes, and application

with of a smaller bias leads to a decrease in the voltage drop
across the oxide film while the interface potential and the
L j(e)= 5§/|,j[5f/|,j+(8_som,j)2]_l- (36)  DCF spatial distribution remain fixed until the trap level is

completely filled. For the flatband condition some of the in-
Herej numerates Lorentz functions of the energy distributionterface traps appear to be charged. The bias dependences of
of the trap levelsM =a,d. Ny ;, 0y j, andegy j denote the ReEPP and ImE®P for N,#0 pass through the EFISH in-
effective density of traps per eV and the width and centratensity zero-point for a flatband voltag,,, which depends
positions of thejth Lorentz peak, respectively. These Lor- linearly on the interface charge,. In the case of donor
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FIG. 6. p-in, p-out SHG signal from am-Si(001) MOS structure at several biases fqf=725 nm (2 w=3.43 eV) vs sample
azimuthal angle. Solid curves are fits to data by the zeroth, fourth, and eighth Fourier components.

interface traps the same effects are obtained, but the bidsa/een the chromium and aluminum electrodes. The SHG re-

dependences of RE?P and ImEBP for N,=0 andN,#0  sponse from the chromium layer was verified to be negligible
differ in the accumulation regime. in comparison with the SHG signal from the buried

Si(001)-SiQ interface.

The bias dependence of the rotational azimuthal anisot-

lil. RESULTS AND DISCUSSION ropy of the EFISH intensity was measured over a wide range

of the bias voltages at various fundamental wavelengths

, .. from 710 to 800 nm. Figure 6 shows the azimuthal depen-

_ For th_e EFISH experiments the output of an unamplifiedyence of the EFISH intensity measured for @rSi(001)
Ti:sapphire laser ranging from 710 to 800 nm was used. Th&10S structure. The pronounced fourfold-symmetric anisot-
Ti-sapphire laser generates 120-fs pulses with an averaggpy of the EFISH intensity riding on a significant isotropic
power of 200—300 mW at a repetition rate of 76 MHz, which (independent of the azimuthal angleackground was ob-
is well below the damage threshold of the semiconductorserved at most biases. Variations in the applied voltage
The p-polarized beam was focused onto the sample at a 45&hange the amplitude of both the fourfold-symmetric and
angle of incidence. A reflecteptpolarized SHG signal was isotropic contributions, both of which increase with increas-
selected by the use of appropriate filters, and directed into &g the absolute value of the bias. At the center of the applied
photon-counting system. High-intensity, high-repetition-rate pias region near-2.75 V (upper pane| the azimuthal de-
short pulses provided a good signal-to-noise ratio in our expendence possesses a significant eightfold-symmetric com-
periments while avoiding significant sample heating. A smallPonent, which appears to be comparable with isotropic and
split off portion of the fundamental beam was focussedfourfold components for the same bias. As the applied volt-
through az-cut quartz crystal that provided a reference SHGage passes through this value the azimuthal dependences
signal. shift by «/4. Similar features of the field-induced rotational

The MOS structures were fabricated from two types ofanisotropy were observed throughout the studied spectral
Si(001) wafers: a heavily dopedi-type (13%cm 3, Sb  range. Figure 7 shows the azimuthal dependence f»iSa
doped wafer covered by a 19-nm-thick SjCfilm, and a MOS structure which demonstrates similar behavior, except
lightly dopedp-type (1.5 10'° cm™3, B doped wafer with ~ that the eightfold-symmetric component is observed at
a 8.7-nm-thick Si@ film. A 3-nm semitransparent chromium —1.2 'V, and the isotropic component was much larger than
cap layer, and an Ohmic aluminum backside electrode, werée fourfold component.
evaporated onto the samples. Single-wavelength ellipsom-
etry was used to measure the Sithicknesses. As an inde-
pendent calibration of the flatband voltage, spatially resolved
surface photovoltage measurements were performed on the The azimuthal angular dependence of the SHG intensity
same samples. The external bias voltage was applied b&om the Si(001)-SiQ interface in the presence of the DCF

A. Experimental

B. EFISH at Si(00))-SiO, interface:
role of the spatial DCF distribution
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FIG. 7. p-in, p-out SHG signal from g-Si(001) MOS structure at several biases Xg/=730 nm (Zw=3.41 eV) as a function of
sample azimuthal angle. Solid curves are fits to data by the zeroth, fourth, and eighth Fourier components.

can be described phenomenologically as optical interferenceigure 8 shows the bias dependence of the isotropic Fourier
of dc-field-dependent, isotropic, and dc-field-independentcomponent of the EFISH intensititeft pane) and of the

fourfold-symmetric, components of the SH fiéfd: normalized fourfold Fourier componeoj(2+2cg) ~* (right
) pane), which is exactly thea’ component of the EFISH
l20(, V) =[a(V)+b cod 4(y— )] field, extracted from azimuthal dependencesrfe®i MOS
= (V) +ca(V) oS 4( t— structure in Fig. 6. The error bars are the averaged ampli-
o V) +Ca(V)CORA(y = o) tudes of Fourier components and c;3(2+/2cg) "1, respec-
+cgcog8(¢— )], (37 tively. Although the eightfold-symmetric componeagy is

whereyy is the azimuthal angle of a maximum of rotational significantly smaller than the fourfold term, it is quite distin-

anisotropy, anda and b are the amplitudes of the isotropic

and anisotropic components of the SH field, respectively.
The surfacePS, and the bulk DCF-induced?®®, compo- 051 04
nents of the nonlinear polarizatid®'" contribute to the iso-
tropic componena while the fourfold-symmetric component 0.5 -0.2
b originates from the bulk quadruple polarizatiBR?2.*’ For
the sake of simplicity we take the amplitude of the go.‘,_ 00 &
fourfold-symmetric anisotropic component as a real quantity, § ™
and define the phase of the isotropic componarta’ f 03 ;’-
+ia” with respect tob. As a result the dependence of the = = --o.zs
EFISH intensity on the azimuthal anglég, is given by a & &
Fourier expansiofiEq. (37)] with zeroth, fourth, and eighth 0.2 L 04
Fourier components:
0.1 ;
co=a'?+a"?+1ib% c,=2a'b, cg=1ib% (38 Un a0 g\ [
| o o weo || |7
The fourth Fourier componermt,, which is an interfero- 6 a4 =2 0 6 4 2 0

metric cross-term between surface and DCF-induced SHG Applied Bias (V)
contributions, can be considered as a homodyne detection of
a DCF-induced SH field using internédurface field inde- FIG. 8. Bias dependences of isotropig and normalized four-

pendenk reference signdf’ In this way, thec, Fourier com-  fold a’=c,(2y2cg) * SHG Fourier amplitudes fon-Si(001)
ponent of the EFISHntensityis linear proportional to the MOS structure fol , =725 nm (Zw=3.43 eV). Solid curves are
electric field 2P and, therefore, sensitive to the signEt®.  fits to data using the model presented.
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FIG. 9. The isotropic SHG component frompaSi(001) MOS -EM
structure forn , =730 nm (Zw=3.41 eV) as a function of applied 2 DU TN TR SO S
bias. Curves are fits to data using the model of the DCF screening T T — v T T T
within the classical approach withNy=1.5x10"cm™2 (thin -8 -4 0 4 8 12
curve, within the quasiequilibration approximation with,=&c AppliedBias (V)
—0.22 eV andup=¢ey+0.19 eV (thick curve, and with surface ) ]
quantization correction@lashed curvje The inset shows a diagram FIG. 10. Th_el normalized fourfold-symmetric SHG component
of the Fermi-level splitting due to two-photon absorption and gen-2’ =C4(2y2Cg) = for a p-Si(001) MOS structure for,,
eration ofe-h pairs. =730 nm (Zzw=3.41 eV) as a function of applied bias. Curves

are fits to data using the model of the DCF screening within the
lassical approach withNy=1.5x 10" cm~2 (thin curve, within

guishable for all biases and at least an order of magnitud e quasiequilibration approximation With,=e.— 0.22 eV and

Iarger.than nelghborlng noise; andc, Fourier components. un=ey+0.19 eV(thick curvg, and with surface quantization cor-
The nghtfold-symmetrlc SHG componecy appeafs to be rections(dashed curve Top inset: voltage dependences near the
field independent throughout the range of applied biases,e, hoint of the bias. The bottom insets show the model bias de-
consistently with model assumptiofi§gs. (37) and (38)].  pendences of the EFISH field complex amplitude fqs-8i MOS
The componenty(U) is almost a quadratic function of ap- structure with a 8.7-nm-thick oxide film arfd,=1.5x 10'5 cm 3
plied biasU with a minimum at—3.1 V. Thea’ component  calculated within the classical approach to the DCF screetirig
also passes through a zero point at approximate8/1 V, lines), and using the model of the Fermi-level splitting.
and depends on bias almost linearly with pronounced devia-
tions from linearity at the edges of the bias range. The biaghin lines in Figs. 9 and 10 show the fit to the experimental
dependencesy(U) anda’(U) are simultaneously fitted by data. The model bias dependentgdU) andl,(U), calcu-
the model curvé(U), which has been calculated by integrat- |ated for a dopant concentration of X80 cm 2, are de-
ing Eq. (30) for a dopant concentration of>610'¥ cm™3,  picted in the insets in Fig. 10 by thin lines. The approxima-
and is shown in Fig. 2 by a dashed line. Adjustable fit pation shows a clear steplike feature near the center bias which
rameters are the field-independent partapfthe flatband corresponds to the depletion regime of the SCRpditype
voltageUy,,, and the phaseb:. The solid curves in Fig. 8 silicon. However, such a peculiarity has not been observed
show the results of an approximation with,=0.7 V which  experimentally. This discrepancy between the model and ex-
agree well with the experimental data. The obtained value operiment occurs for calculations including surface quantiza-
the flatband voltage significantly differs from either the mini- tion as well (Sec. 11Q, because at these small biases the
mum of co(U) or the bias for whicha’=0. This difference  surface-quantization effects are negligible.
is attributed to the optical interference of the DCF-dependent One possible explanation for the experimentally measured
(bulk) and DCF-independeifsurfacg contributions tca. For  bias dependences is the effect of photoexcited carriers on
this highly doped MOS structure the entire 8-V range ofEFISH. The absorption of femtosecond laser pulses leads to
applied biases corresponds to the depletion regime, and sue excitation of electron-holee(h) pairs in the SCR. The
face quantization effects are not important. DCF in the SCR separates these photoexcited carriers, and
For ap-Si MOS structure the eightfold component is ob- the density of the charge injected into the SCR for a pulse
servable only for the bias region around..2 V, wherey, in -~ duration ofr~ 120 fs and a fluence of fundamental radiation
Eq. (37) shifts by #/4. However, based on its bias indepen- of about 10°° J/cm 2 can be up to 18 cm™3.° A systematic
dence, the mean value of was used for normalization @f,  description of the influence of photoexcited carriers on the
term. Figures 9 and 10 show the bias dependencg @ind DCF screening requires a model that rigorously accounts for
a’ for the p-Si MOS structure extracted from azimuthal de- the kinetics of electron-hole recombination in the subsurface
pendences presented in Fig. 7. The quasiquadratic behavitatyer. As thee-h thermalization timerg is much smaller
of co(U) with a minimum at—1.25V, and the approxi- than carrier recombination timeg and r,, carrier injection
mately linear dependence af (U) with deviations at the can be described using a quasiequilibrium approximation.
limits, are similar to the trends of the-Si MOS structure. The total density of carriers, including photoexciteeh
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pairs, is given by equilibrium expressior{d6) replacing
Fermi level u with quasi-Fermi levelsu, and w,, for elec-
trons and holes, respective(gee the inset of Fig.)9 Split-

ting the initial Fermi levelw into we and uy, can be effec-
tively taken into account as a presence of compensated donor
and acceptor dopants with densitiNg=Nx such thatu,
=ec—KTIN[Ng(NE) 1] and wp= ey + KT IN[Ny(Na+N5) 2.

For an approximation of bias dependencgdJ) anda’(U),

the concentration of compensated dopant was varied in the
interval of 13*-10" cm 3. The best agreement of the
model with experimental data is achieved fdt;,=
—0.55 V andN¥ =N%=5x 10 cm™3, that corresponds to
ec— me=0.22 eV andu,— ey=0.19 eV. The corresponding
fitting curves are presented in Figs. 9 and 10 by thick lines. S S S

Thick lines at the insets in Fig. 10 show the model bias Applied Bias (V)

dependences REPP and ImEBP used for this fit. The thin

lines are presented for comparison to the same EFISH field FIG. 11. The bias dependences of the fourfold-symmetric aniso-
components in the absence of compensated dopants. Carrfegpic SHG component,(U) for five wavelengths of the funda-
injection leads to drastic changes for the bias interval corremental radiation, and their fits presented by solid lines.

sponding to the depletion regime of DCF screening, while in

the inversion regime bias dependences of EFISH field com-

ponents are insensitive to this effect. In depletion the exter- |E§r?is(g)| =]
nal dc field is screened by ionized dopants. In the case of the
photogeneration of carriers in the SCR with a density com-
parable to the dopant concentratidd,, the dc field is
mostly screened by minority carriers as in inversion regime.

Therefore, due to photoinjection efh pairs, the depletion We denotd x(?B(Q))| as the magnitude of a combina-

regime can disie\ppear ﬁompletely. hich pdion of x?BQ tensor components responsible for the
For biases larger than 4 V, which corresponds to thq (to1q_symmetric part oPB2. 1, is the fundamental inten-

strong inversion regime, clear deviations of the model fromsity. Figure 12 shows the spectrum of the magnitude of the

experimental data are observed. This is attributed to th%ffective quadrupole susceptibiliﬂy((z)'BQ(Q)L The filled

strong localization of the DCF inside a very thin subsun‘acesymbolS in Fig. 12 show the spectral dependence of the ef-

layer whdere ttr)le bulllédesgription rc])f tr|1§ DEF scrfeening IS NOkg tive cubic susceptibility (®)'BP extracted from the set of
expected to be valid, and one should take surface quantiza- v Th f (2)BQ(()

tion effects into account. The dashed curve shows the a&las dependencas(V,1). The spectra of botfy ()]
proximation of the data by the model with quantum correc-

tions (Sec. I1Q which demonstrates better agreement with

¢, (arb. units)

)
¢ ka,Z(Q) + 2kw,Z(Q)‘

X|F2(Q)F2,(Q)||xPBQ)[. (39

. . . . R . 15 @ pp=3.384 eV
experimental data points in this bias region. . Vo pO
2 L5
1.6 E_ o |x(2),BQI)6
C. EFISH spectroscopy: Bulk origin z
of the dc field-induced contribution *E
Tuning the fundamental wavelength in the vicinity of the R — Y
direct two-photonE; transition allows measurement of the 0.6 Tro-Proton Energy (ev)®
spectrum of the EFISH intensity and deconvolution of the ) .

bulk and surface contributions to the SHG sighl®>°
Figure 11 shows the bias dependercgU) for various
wavelengths of the fundamental radiatian,. Tuning of\ ,

from 800 nm to the two-photon resonance near 3.4 BY (
=730 nm) produces a stronger bias dependence for both
c4(U) andcy(V). Further decrease of,, results in a reduc-

0.4 1

0.2

|X(3),BD l bc(z)’BQI (arb. units)

® pg3.382 eV

tion of this bias dependence. The bulk quadrupole compo- 0.0 — T
nent of the SH fieldb=ES%,, contributes to both the iso- 31 3.2 3.3 3.4 3.5
tropic, c,, and fourfold-symmetricc,, Fourier components. Two-Photon Energy (eV)

To extract the spectral dependence of the EFISH fEﬁP” FIG. 12. The spectral dependence of the cubic dipole and qua-

one must find the spectrum tEgrgs| The latter is obtained dratic quadrupole susceptibilities in the vicinity of the direct two-
from the spectrum of the eighth Fourier compon@gf,av-  photonE, transition extracted from the spectra of the EFISH azi-
eraged over the entire bias region. Integration of the produGhythal dependences. Solid lines are fits to data by the Lorentz
of the Green’s function and the bulk quadrupole polarizationsunction with a real background. Inset: the spectral dependence of
according to Eq(5), gives the spectral behavior [EE2] in  the efficiency of modulated EFISH foAU=0.6V and Q

the form =100 Hz in ap-Si(001) MOS structure.
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TABLE |. Spectral parameters of|[y®BQ)| and Applied Bias (V)
Ix®)BP(Q). 2 -1 0 1 2
a, rel.un. B, rel.un. S, eV wy, eV 54 . (12;+12;D)/2
BQ —0.005 0.006 0.054 3.382 o L
BD —-1.216 0.378 0.053 3.384

and | y(®BP(Q)| peak at approximately 3.4 eV, and have
been fitted by a single Lorentz function with a real constant
background

EFISH Intensity (arb. units)
w

B
M = -_—
X =t g 15" 40
with M=BQ,BD. The solid curves in Fig. 12 show the 2.0+

spectral fits of| x(?B9(Q)| and |x¥EP(Q)| by Eq. (40)

with the parameters presented in Table I. The values of reso-
nance positions obtained are shown to be close to 3.38 eV.
This is consistent with the energy of the bullq critical
point as known from linear spectroscopy, and fully indicates
a bulk origin of the EFISH response.

Derivative (units)
s %

S
h
1

D. Low-frequency electromodulation SHG spectroscopy
of the Si(001)-SiO, interface

Modulation techniques are widely used in optical } " ' " 1 " J
spectroscopy because of their sensitivity. Microwave fre- Applied Bias (V)
guency and pulse-voltage modulation of the SHG response
in Si-based MOS structures were studied in Refs. 40 and 34, FIG. 13. Static (open circles and electromodulatedfilled
respectively. Low-frequency electromodulation SHG from acircles bias dependences of the EFISH intensitigsand| 1:°% (top
GaN surface in an electrochemical cell was studied in Refpane) and of the EFISH intensity increment ,,, (bottom panel
32. The upper panel of Fig. 13 shows the schematic of th&he solid and dashed lines show the results of the best fit of the
low-frequency electromodulation of the SHG signal from theexperimental data for electromodulation and static bias applications,
Si-Si0, interface in a MOS structure by the application of respectively. The top panel shows the schematic of the low-
the superposition of a dc biasand a low-frequency square- frequency electromodulation of the SHG signal by the application
wave modulation voltag&U () with amplitude AU and of the sgperposition of dc bigﬁl, and _Iow-frequency sgquare-wave
frequency(). The efficiency of the modulated SHG signal at modulation voltageA U (Q), with amplitudeAU and frequency).

a certain dc biadJ is a relative increment of the EFISH

intensity Al,,(U)=15,—1,, with 13, =1,,(U+AU) and  wherel,,(U) andIJ°YU) cross, and for positive biasés
l,,=12,(U—AU) while applying the modulation voltage >1.5, wherel Enjd(U) starts to saturate. For the central bias
AU(Q). Al,, is a measure of the derivative of the EFISH region these dependences are nearly parallel. Note that the
intensity dl,,/dU, and appears to be a differential charac-minimum of I,,(U) is reached at-1.7 V, while I’Z"a?d(U)
teristic of the EFISH phenomenon which is complementarydoes not reach a minimum within the bias region used.

to the static EFISH dependentg,(U). These differences in bias dependences of static and modu-

The lower panel of Fig. 13 shows the experimental biadated EFISH intensities can be explained by the influence of
dependence of the EFISH incremeht,, measured at a traps(interface stateslocated at or near the Si-SjOnter-
p-Si(001) MOS structure foAU=0.6 V, =100 Hz, and face, with a charge dependent on the interface potential. For
A, =730 nm at an azimuthal angle=0 that minimizes the static EFISH all traps participate in DCF screening, while for
anisotropic EFISH intensity. The EFISH incremeit,, as  electromodulated EFISH intensiti¢g, and |,,,, interface
a function of bias demonstrates, especially for positive bi-states with a characteristic trap charging timg>Q ! re-
ases, clear deviations from linear behavior which can be exmain neutral and do not change the DCF spatial distribution
pected in the case of a parabolic dependencépfvs U.  in the SCR.l,,(U) and 15°AU) and their derivatives
Note that these deviations are much more pronounced thafi, /dU and Al,,(U), are fitted simultaneously in the
nonquadratic features of the bias dependenc&,@f) (Fig.  framework of the phenomenological model presented in
9), which indicates the increased sensitivity of EFISH modu-Secs. Il A and 11 D. For static bias application we assume that
lation. The static EFISH intensity bias dependengg(U)  energy levels of traps are spread over the whole band gap,
and the corresponding half-sum of modulated EFISH intenand interface traps change only the flatband voltage value. At
sitiesl?jdz 1/2( ;ﬂ,+I2‘w) are presented in the upper panel the same time, the levels of slow interface traps are assumed
of Fig. 13, and show pronounced differences. The most sigto be localized in a specific region of the band gap. For pulse
nificant differences are seen for negative biases—0.5, voltage application the neutrality of slow traps is simulated

S
>
2
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as a presence of extra traps of the opposite type, with &i(001)-SiQ interface due to the initial band bending has
Lorentzian distribution across the band gap. The charge dembeen observed. This initial band bending contribution should
sity of interface trapsy;;, as a function of interface potential be taken into account in the further interpretation of the spec-
is given by Eq«(35), with Nyq), a), andega(gy @s adjust-  troscopic SHG measurements at Si(001)-Si@erfaces>8
able parameters. The results of the best fit are presented in A general phenomenological model of the EFISH phe-
Fig. 13 by solid and dashed lines for pulsed and static biagomenon has been developed. This includes a comprehen-
applications, respectively. The fit has been done for a comsive analysis of the generation and the propagation of the
pensated dopant concentration Mf=Nx=5x10"cm 3  EFISH wave in the silicon space-charge region, taking into
and a silicon oxide thickness of 8.7 nm. Fobr,(U) the consideration the retardation and absorption effects, optical
flatband voltage appears to be0.55 V. The best fit for interference of multiple reflections in the oxide layer, and
Im°9(U) is achieved for arbsenceof donor interface traps interference of the dc-field-dependent and dc-field-
with densityNg=2x 10" traps cm? eV, §,=2kT, and independent contributions to the SH waves. The latter inter-
£04= Me- ference effect is considered as imternal homodynempli-

The inset in Fig. 12 shows the spectral dependence of thiéer of the EFISH contribution to the total SHG response.
modulation efficiencyszlz,ullg‘uf’d in the tuning region of ~ The spatial distribution of the dc-field-induced bulk dipole
the Ti:sapphire laser. A peak in the spectraif\ ) is ob- nonlinear polarization has been modeled using a rigorously
served at the two-photon energfi@=3.41 eV, with a half-  calculated DCF distribution across the SCR, taking surface
width #A »=0.023 eV. The spectral position of this peak is quantizqtion effects .into account. The influences of the silli-
close to the bulkE; resonance. This confirms once again thecon doping level, oxide thickness, interface states, and oxide
bulk origin of the DCF-induced term of the nonlinear polar- charge traps on the screening of the external DCF in the SCR
ization in Egs.(1) and (2). The spectral half-width of the have been studied. We have demonstrated th(_a sensitivity of
resonance in the differential respons@\,,) is smaller then the EFISH probe to the charge characteristics of the
the half-width of the resonances of the electrostaB€F-  Si(001)-SiQ interface, which makes this technique promis-
induced EFISH terms in Fig. 12. ing as a noninvasive sensor for the mapping of interface

Finally, the observed features of electromodulated EFISHharge distributions in MOS devices.
response can qualitatively be explained by the influence of
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