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NONLINEAR ELECTROREFLECTANCE IN SILICON AND SILVER+

C. H. Lee, R. K. Chang, t and N. Bloembergen
Division of Engineering and Applied Physics, Harvard University, Cambridge, Massachusetts

(Received 1 December 1966)

The intensity of second harmonic light produced in reflection by a laser beam incident
on silver and silicon surfaces shows a significant variation when a dc electric field is
applied normal to the surface. Experimental data on the intensity, polarization, and dis-
persive properties of the induced surface harmonic polarization are presented and dis-
cussed.

Second-harmonic reflected light from silver'
and silicon' surfaces has been observed. It
is caused predominantly by a quadrupolar-type
nonlinearity from both bound and free electrons,
involving intra- and interband transitions.
It is well known that the second-harmonic pro-
duction in crystals with inversion symmetry,
such as calcite, can be enhanced by the appli-
cation of a dc electric field. &' It is also known
that the linear optical-reflection coefficient
of semiconductors can be changed by the appli-
cation of a dc electric field. This electrore-
flectance effect'&' is caused by a variation of
the joint density of states in the neighborhood
of the critical points, when an external param-
eter such as the applied electric field is mod-
ulated. Differential variations of the linear
reflected intensity of about 1 part in 10~ have
have been observed for several semiconductors'&
and for silver. ' A convenient technique to ap-
ply the large dc field is to immerse the sam-
ple in an electrolyte solution with a small bi-
as voltage between it and a platinum electrode.

Combination of these facts suggests that the
intensity of the harmonic reflected light may
be changed by the same technique. Experimen-
tal observation of this effect was briefly men-
tioned earlier. In this note we report on the
striking variations in the second-harmonic in-
tensity and its polarization characteristics as
a function of the dc bias voltage. A pulsed ru-
by-laser beam at 6940 A entered a cell contain-
ing a 0.1N KCl solution and hit the immersed
sample surface at an incident angle of 45'. The
reQected second-harmonic intensity was observed
in the usual manner, ' but now as a function of
the sample potential which was varied with re-
spect to a grounded reference electrode. The
experiments were carried out for samples of
n- and p-type silicon in different crystallograph-
ic orientations, and for evaporated silver sam-
ples, using different polarizations of both the
incident fundamental and the second-harmon-

ic light. The nature of the electrolyte solution
and the frequency of the incident light were al-
so varied by utilizing the stimulated Raman-
Stokes light from cyclohexane at 8658 A.

In Fig. 1 the results are shown for the (1, 0, 0)-
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FIG. 1. The second-harmonic intensity from silicon
polarized parallel to the plane of incidence for a funda-
mental wavelength ~ = 6943 A, as a function of the bias
voltage on the sample in a 0.1N KCl solution. Curve a:
The fundamental light is polarized parallel to the plane
of incidence on p-type bulk silicon (experimental points,
open circles). Curve b: Same conditions as a, but for
a n-type bulk sample (experimental points, solid circl-
es). Curve c: The fundamental light is polarized nor-
mal to the plane of incidence for n-type bulk silicon
{experimental points, triangles). The current-voltage
characteristic is shown for the n-type sample (solid
line) and for the p-type bulk sample (dashed line).
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cut surface of n-type silicon chemically etched
by CP4 solution with a bulk resistivity (100
0 cm. The current-voltage characteristic is
also shown. For negative bias of the sample
a barrier layer is formed. For positive bias
electrochemical reactions occur. The second-
harmonic beam was polarized in the plane of
incidence. The fundamental polarization at
6943 A was in the plane of incidence for curve
b and perpendicular to this plane for curve c.

Curve a is for a p-type bulk sample. The
variation of the Second-harmonic intensity with

Vapp is diff erent, especially for positive Vapp.
A qualitative explanation is that the p-type bulk
sample has an inversion layer, since the sur-
face of the samples is always n type. The cur-
rent-voltage characteristic for positive Vapp
is also different.

It is seen that substantial variations in the
second-harmonic intensity occur for both po-
larizations. The intensity is a quadratic func-
tion of the applied voltage in the region where
the barrier layer is present. Data at 8658 A
show essentially the same behavior. This fact
and the magnitude of the variation show that
the origin of the nonlinear effect has nothing
to do with critical points near 3.4 eV in the band
structure. ' ' The convenient terminology "non-
linear electroreflectance" does not imply any
similarity with the characteristics of the lin-
ear electroreflectance. The electric fields near
the interface necessary to maintain equilibri-
um with the surface states and bias conditions
produce a sufficient distortion of the wave func-
tions of all electrons near the interface so that
the induced second-harmonic polarization de-
scribed by the last two terms in Eq. (1) is com-
parable with the first two terms. Essentially
the same results were obtained for a 111-cut
surface. The cubic symmetry of the lattice
is not revealed in the effect, which displayed
the same symmetry as an isotropic polycrystal-
line sample. Cha.nging the electrolyte to a 0.1N
KOH solution made no difference. For a 0.1N
HCl solution the experimental points start to
deviate from a parabola for lower negative bi-
as voltage, in qualitative agreement with the
variation in cur rent-voltage characteristic.

Similar data for a polycrystalline evaporat-
ed silver film are shown in Fig. 2. For posi-
tive bias of the sample electrochemical reac-
tions occur. For a negative bias the second-
harmonic intensity again changes quadratical-
ly with the applied voltage, until breakdown

of the barrier layer occurs, as indicated by
the current-voltage characteristic. The effect
in Ag displays a marked dispersion, a.s illus-
tra, ted by curves a and b, for ~ = 8658 A and
~ =6943 A, respectively. Curve c is for the
fundamental field at A. = 6943 A polarized per-
pendicular to the plane of incidence. It is evi-
dent how much the ratio for the second-harmon-
ic intensities for the parallel and perpendicu-
lar fundamental polarization depends on the
electric field in the surface layer. Such a field
may even exist in the unbiased samples in air.
This reconfirms our earlier statement' that
extreme care should be exercised in basing
conclusions on this experimental ratio.

The electric-field-induced nonlinear polar-
ization is of the sa,me order of magnitude as,
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FIG. 2. The second-harmonic intensity from silver,
polarized parallel to the plane of incidence, as a func-
tion of the bias voltage on the sample in a 0.1N KCl
solution. The current-voltage characteristic is shown.
Curve u: The fundamental light at A, = 8658 A is polar-
ized parallel to the plane of incidence. Curve b: The
fundamental light at A, = 6943 A is polari. zed parallel to
the plane of incidence. Curve c: The fundamental light
at A, = 6943 A is polarized normal to the plane of inci-
dence.
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and can interfere with, the electric-quadrupole
and magnetic-dipole terms considered previ-
ously. ' For an isotropic medium one has

P (2&v) =oE XH +BE (V E )

+yE (E E )+y'E (E E ). (1)

Z (2u)) =y'E ((u)E ((u)E ~sin2y.
.z g de

The field-induced harmonic intensity with this
polarization, proportional to Edc' sin'2y, ha, s
been observed experimentally.

(2)

The reflected field generated by the various
distributions of harmonic polarization can be
calculated by the general methods of Bloem-
bergen and Pershan. " For a nonabsorbing me-
dium, the fields due to the first two terms in Eq.
(1) are 90' out of phase with the field created
by the last two terms. The minimum intensi-
ty should therefore occur for Ede =0. This is
approximately true for experimental results
in calcite, but the origin of a well-established
small discrepancy has not yet received a sat-
isfactory explanation. ~ In absorbing media,
interference is possible because the polariza-
tions of the first-two and the last-two terms
in Eq. (1) need not be 90' out of phase. For
absorbing media, not only the linear suscep-
tibilities but also the nonlinear coefficients
are complex numbers. This may account qual-
itatively for the observed behavior in silver.
In this metal, however, Edc will vary so rap-
idly in the Fermi-Dirae screening length that
terms with &Edc/Bz cannot be ignored. Quan-
titative knowledge of surface-state wave func-
tions would be required to construct a theory
for comparison with the data in Fig. 2.

The results for silicon ean be described phe-
nomenologically by Eq. (1). Denote the direc-
tion normal to the surface by z and the normal
to the plane of incidence by y. Then Edc =Edc(z)z,
where Edc(z) is determined by a self-consis-
tent field calculation in the Helmholtz and the
space-charge layers, ' while b, Ef = Es/ zsz
is a 6 function at the surface. For EI in the
plane of incidence, one has contributions from
the last three terms of Eq. (1). For El in the

y direction, there are contributions only from
the first and the third term.

If Ei makes an angle y with the plane of in-
cidence, the field-induced harmonic polariza-
tion will have a component normal to the plane
of incidence'.

In semiconductors one should distinguish be-
tween the case where the dc-field penetration
depth is less than the optical-absorption depth,
or greater. The last situation applies probably
in Gahs, which has a Schottky depletion layer'
of 10 ' to 10 cm from the surface. In this
case the electric field in the optical-absorption
depth is rather weak. No variation of harmon-
ic intensity with applied voltage was observed
in a GaAs sample, oriented in such a manner
that El is parallel to 1, 0, 0 axis, to eliminate
the large volume harmonic polarization of the
piezoelectric crystal.

Because of the nature of the silicon surface
states, the dc electric field is perhaps confined
to a region smaller than the optical absorption
depth d at the harmonic frequency. In this case
one may integrate the volume polarization of
the last two terms in Eq. (1) to yield an effec-
tive surface term proportional to

f E dz=V +y
d

de app s

The parabolic behavior of the intensity in Fig. 1,
with a minimum close to Vapp =0, suggests
that the internal surface potential '

q+ is small,
and that the last two terms are nearly 90 out
of pha. se with the first two terms. It is also
possible that the contribution from the inter-
nal self-consistent potential yz is compensat-
ed by the nonlinearity of a surface layer with
optical properties different from the bulk. This
layer may consist of silicon surface states or
absorbed layers of a different chemical consti-
tution. If the normal to the surface is denot-
ed by z, this would lead to the following addi-
tional terms, where the superscript (s) denotes
a surface layer'.

(s) (s) 2 (s) 2 2

~ (s)(2 )
(s)E E

x xxz x z'

(»)=X E E .(s) (s)
xxz y z

It will be difficult to determine which value
of Ez should be taken in the surface layer.
The nonlinearity of SiO, or AgO is very small
compared with the nonlinearity of Si and Ag,
in agreement with Miller's rule that the non-
linearity is a strong function of the linear di-
electric constant. " For this reason the non-
linear dipole moment of adsorbed layers is prob-
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ably negligible. This is in agreement with the
experimental fact that a change in ambient does
not change the harmonic-light production, ex-
cept insofar as it changes the electric field in-
side the sample. Clearly, further experimen-
tation with better defined and controlled sur-
faces would be desirable.

The second-harmonic generation of light may
provide a new tool for the investigation of sur-
face phenomena. In particular, the nonlinear
electroreflectance may prove useful to the study
of semiconductor-electrolyte and metal-elec-
trolyte interface properties.
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Calculations based on a band model and interaction appropriate to crystalline Xe are
reported which explicitly exhibit narrow peaks interpreted as resonances derived from
saddle-point edges, as mell as bound states in the energy gap. The results strongly sup-
port Phillips's explanation of resonant structure in the optical spectrum of Xe.

Two models have been proposed for the res-
onant structure frequently observed in the op-
tical spectra of insulators above the direct ab-
sorption threshold. The first model~& attrib-
utes the resonances to localized ("molecular" )
electron-hole excitations, and discusses the .

positions and multiplicities of the resonances
by reference to atomic energy levels and the
crystal point group (the group of k = I'= 0).
Phillips3&4 has proposed a second model which
regards the resonances primarily as kinemat-
ic rather than atomic in origin and stresses
their Wannier wave-packet character, which
is strongly dependent on the crystalline ener-
gy bands. He suggests that resonances may
be generated not only by thresholds but also
by saddle-point edges in the electron-hole joint
density of states; such edges usually arise from
points k on Brillouin zone faces rather than
at k=0.

Duke and Segall' and Velicky and Sak have
studied an effective-mass model of saddle-point
edges which does not contain such hyperbolic
excitons. The former authors conclude that
the essential physics of resonances associat-
ed with M, edges is best described in terms
of localized excitations. We remark that the
dispersion relation used by the above authors
is characterized by energy surfaces e(k) = const
that are hyperboloids of revolution about the
negative mass axis (we assume m, = m, )0).
Consequently, any two energy surfaces S(E),
S(E+6) enclose an infinite volume of momen-
tum space, for arbitrarily small ~ (contrast
the parabolic effective-mass model, which does
not contain this divergence). In this model a
"bare" resonance Cp can be defined with ener-
gy E&0(EO, the saddle-point energy, by con-
structing a wave packet of band states having
e(k) )Eo and minimizing the total energy How-.
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