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A photomodulation technique based on the nonlinear-optical process of second-harmonic generation (SHG) is developed for
characterizing Si/SiO2 interfaces and silicon-based metal-oxide-semiconductor (MOS) structures. The mechanisms of
photoinduced SHG are discussed and a quantitative model of the SHG response is formulated. A method of extracting
parameters of the Si/SiO2 interface from in situ-photomodulated-SHG measurements is proposed. The accuracy of the
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1.

Introduction

Because the Si/SiO2 system forms the basis of modern
microelectronics, techniques for characterizing it are well
developed on the industrial level. Traditionally, the industry
has relied most heavily on electrical measurements performed ex situ on fully fabricated Si/SiO2 -based devices (or
their prototypes). Recently, noncontact optical and X-ray
(including synchrotron radiation) techniques that allow in
situ control at early stages of fabrication have been gaining
importance. Photoreﬂectance spectroscopy is used for
measuring the surface potential1,2) and interface stress.3)
Fourier transform IR reﬂection spectroscopy is used for the
study of interface stress.4) Spectroscopic ellipsometry is used
for measuring the oxide thickness and its spatial distribution.5) Optical techniques are particularly useful because
they enable control of the uniformity of interface parameters
in current industry-standard 30 cm silicon wafers.
Optical second-harmonic generation (SHG) provides a
particularly sensitive tool for characterizing buried interfaces, such as the technologically important Si–SiO2 interface (see ref. 6 for a review). Two aspects of SHG
techniques deserve emphasis. First, like other optical
techniques, SHG can be adapted readily to a variety of
processing environments, and is useful both before and after
device fabrication. Second, numerous interface properties
usually inﬂuence the SHG signal and can therefore (in
principle) be measured. These include atomic-scale roughness,7,8) crystalline symmetry,9) doping type and concentration,10) interface charge6,11) and strain.12) In addition, when a
dc electric ﬁeld is applied across the Si/SiO2 interface, an
electric-ﬁeld-induced SH (EFISH) signal arises that is
sensitive to the properties of the space-charge region. EFISH
exists not only when an external voltage is applied (as in a
MOS structure), but also at the bare Si–SiO2 interface,
because of initial band bending.13) Complete theoretical
modeling and calculations of EFISH generation and its
relation to parameters of Si/SiO2 systems were presented in
ref. 14. However, practical application of EFISH generation
to quantitative characterization of Si/SiO2 space-charge

regions requires the development of reﬁned techniques that
isolate EFISH from competing contributions to the overall
SHG signal. Modulation SHG techniques enable this
isolation. Because of their derivative nature,15) modulation
techniques sharpen characteristic spectral features of the
sample that are related to the modulated quantity. As an
example, electromodulation (often called electroreﬂectance
in optical studies), in which an external electric ﬁeld is
modulated, has previously been combined with SHG, but its
application was restricted to characterizing fully fabricated
MOS structures.14) On the other hand, photo-modulation, in
which the space-charge regions (and possibly other surface
properties) are modulated by a chopped pump laser and
probed by a second beam of lower power density, can be
applied both to fabricated devices and bare Si–SiO2 systems.
Vardeny et al.16) developed the linear photomodulation
technique, so called because the probe beam measures the
modulated linear optical properties of the sample.
In this paper, we demonstrate a nonlinear photomodulation technique, in which the probe laser beam measures SHG
intensity from a region of the sample surface that is
modulated by a chopped pump laser beam. This technique
allows us to isolate the EFISH contribution of interest,
thereby allowing a direct measurement of ﬂat-band voltage
and related electrical properties of Si/SiO2 systems. We also
develop a method of extracting the parameters of the Si/
SiO2 interface from the characteristics of in situ-photomodulated SHG. In the next section, we use the results of
calculations in ref. 14 to develop a model of photomodulated EFISH generation.
2.

Model Calculation

The SH ﬁeld generated at a biased Si/SiO2 interface
consists of two parts, one independent of, and the other
0
DC
dependent on, the DC ﬁeld (E2!
and E2!
, respectively). The
0,BQ
former is a superposition of a bulk quadrupole ﬁeld E2!
,
generated throughout the absorption depth, and an interface
0,SD
dipole ﬁeld E2!
generated locally at the Si/SiO2 interface.
The latter is generated in the space-charge region (SCR) of
the semiconductor. Thus, the total SHG intensity at the Si/
SiO2 -based MOS structure can be written as
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ð1Þ

Since the relative magnitude of the three contributions in eq.
(1) depends on doping concentration, preparation condition
and probing wavelength, it is not in general possible to
neglect any one of them. Moreover, the ﬁelds are complex.
The electric-ﬁeld-induced component can be found by
integrating the product of a DC ﬁeld E0 ðzÞ and the wave
propagation factor over the SCR as
DC
E2!

/

ð3Þ;BD
eff

þ
Z1

E0 ðzÞ expðizÞdz;

ð2Þ

0
ð3Þ;BD
where eff
is the third-order bulk-dipole nonlinear
susceptibility (which, unlike its second-order counterpart,
is non-zero in centrosymmetric media), the z-axis is normal
to the surface, and  ¼ ðk2!;z þ 2k!;z Þ, with k!;z and k2!;z the
z-components of the fundamental and SH wave vectors.
The spatial distribution of E0 ðzÞ across the silicon SCR is
calculated by solving the ﬁrst integral of the Poisson
equation, yielding, within the Boltzmann approximation,
the well-known expression,17)

8kp0
ðe’ðzÞ þ ’ðzÞ  1Þ
"sc
!
n0 ’ðzÞ
ðe
 ’ðzÞ  1Þ
þ
p0


8kp0 2
n0
¼
F ’ðzÞ;
;
"sc
p0

E02 ðzÞ ¼

ð3Þ

where p0 ¼ NA , n0 ¼ Ni2 =NA , Ni and NA are respectively
intrinsic carrier and doping concentrations (donor for p-type
semiconductor), k is the Boltzmann constant, "sc is the static
dielectric constant of silicon,  ¼ e=kT, e is the electron
charge, T is the temperature, and ’ðzÞ is the potential within
the SCR. Hereafter, all equations are written for a p-type
semiconductor. For n-type semiconductors, the polarity of
the voltage should be reversed.
For an illuminated surface, a quasi-Fermi-level approximation can be used that gives a modiﬁed expression for the
DC electric ﬁeld inside the SCR as18)


8kp0
n0
E02 ðzÞ ¼
F 2 ’ ðzÞ;
"sc
p0
!
ð4Þ
n0


þ
n ðe’ ðzÞ þ e’ ðzÞ  2Þ ;
p0
where n ¼ @n=n0 and @n is the minority carrier excess due
to illumination. The carrier excess is inhomogeneous and
can be written, following ref. 19, as @nðzÞ ¼ J expð zÞ,
where J is the eﬀective photon ﬂux (equal to the incident
photon ﬂux multiplied by the surface optical transmission
and the sample quantum eﬃciency) and is the absorption
coeﬃcient.
For samples illuminated with a conventional femtosecond
oscillator, the pulse repetition rate is about 80 MHz
(corresponding to a 13 ns interval between pulses) and the
excitation time is about 100 fs, whereas the time scale for
carrier recombination is 3 ms. It was ﬁrst shown in ref. 11
that, with such illumination, cumulative pulse-to-pulse

eﬀects determine the carrier excess n in the SCR, and eq.
(4) should be used for the steady state. The photoinduced
density of carriers saturates in approximately 10 ms. Therefore with a recording time of 1 s, the saturation value should
be considered for the carrier excess.
From eqs. (1)–(3) SHG intensity can be related to the
interface potential ’int ¼ ’ðz ¼ 0Þ. In order to relate SHG
intensity to the total voltage drop U across the MOS
structure (a measured quantity), we use the boundary
conditions at the Si/SiO2 interface. These give
DC
ð’int Þ  4QÞ 
U ¼ ð"sc Eint

Lox
þ ’int ;
"ox

ð5Þ

DC
is the interface DC ﬁeld, "ox and Lox are the
where Eint
dielectric constant and thickness of the oxide layer,
respectively, and Q is the interface charge (which includes
chargeable interface traps as well as charge localized in the
oxide layer). Using eqs. (1)–(5), we relate SHG intensity to
applied voltage in a parametric form. This relationship
includes the following basic parameters of the MOS
structure: doping concentration (and carrier excess in case
of illumination), oxide thickness, interface and oxide charge.
Additionally, it includes the SHG ﬁeld-independent term
0,BQ
0,SD
0
E2!
¼ E2!
þ E2!
.
The presence of this last term in the SHG ﬁeld prevents a
direct measurement of the interface potential (and other
related parameters such as ﬂat-band potential and interface
charge) because the minimum of the SHG intensity-voltage
dependence is shifted from the ﬂat-band voltage by a value
0
DC
0
that depends on the ratio E2!
=E2!
. Thus E2!
must be
extracted by ﬁtting the SHG intensity–voltage dependence,
using a numerical solution of the Poisson equation and
numerical integration of eq. (2). This highly indirect
procedure compromises the reliability of the SHG probe.
Photomodulated SHG helps to solve this problem. Specifically, ﬂat band voltage Ufb is easily identiﬁed as the voltage
U at which the SHG intensity vs U curve with illumination
light
(hereafter the ‘‘light’’ or ‘‘on’’ curve I2!
(U)) crosses the
corresponding curve without illumination (hereafter the
dark
DC
‘‘dark’’ or ‘‘oﬀ’’ curve I2!
(U)). Since E2!
¼ 0 at this
0
point, SHG intensity at this voltage immediately yields E2!
.
We deﬁne SHG photomodulation eﬃciency ðUÞ ¼
off
on
off
I2! =I2! ¼ ðI2!
 I2!
Þ=I2!
, analogously to linear photomodulation. Thus ¼ 0 for U ¼ Ufb .
Figure 1 shows examples of calculations based on the
model presented above. Two types of silicon-based MOS
structures are considered: highly doped (NA ¼ 1018 cm3 ,
left panels) and mediumdoped (NA ¼ 1016 cm3 , right
panels). The carrier excesses for both structures correspond
to approximately the same illumination power densities. The
diﬀerence in of n originates from the diﬀerence in the
initial concentrations of minority carriers. Figures 1(a) and
1(b) show the real and imaginary parts of the SHG ﬁeld
without (n ¼ 0) and with illumination (n 6¼ 0). For both
structures, illumination changes the real part of the SHG
ﬁeld more than the imaginary part. This can be understood
by considering the spatial distribution of the integrand of eq.
(2) [Figs. 1(c) and 1(d)]. Illumination preferentially modulates the DC ﬁeld E0 ðzÞ in the immediate subsurface region
(i.e., near z ¼ 0), with a fast decay inside the SCR (screening
eﬀect20)). Thus the product of E0 ðzÞ and the real (cos z) part
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Fig. 1. Calculations of photomodulated SHG intensity for highly doped
(NA ¼ 1018 cm3 , left panels) and medium-doped (NA ¼ 1016 cm3 , right
panels) silicon. Panels (a) and (b) show real and imaginary parts of the
SHG ﬁeld as a function of interface potential with (carrier excess n 6¼ 0)
and without (n ¼ 0) illumination; panels (c) and (d) show spatial
distribution of the real and imaginary parts of the integrand of eq. (2);
panels (e) and (f) show SHG intensity as function of external voltage;
oxide state density Nox ¼ 2 1012 cm2 . Arrows indicate cross points
corresponding to ﬂat-band voltage Ufb .

3.

Experiment

For the SH photomodulation experiments, the output of a
120 fs unampliﬁed Ti-sapphire laser tunable from 710 to
800 nm was used. The fundamental beam was split into two
parts: the SH generating probe with an average power of 10–
20 mW and a pump with an average power of up to 300 mW.
The p-polarized probe beam was focused onto the sample at
a 45 angle of incidence with a spot diameter of approximately 50 mm. The reﬂected p-polarized SHG signal was
selected by a polarization analyzer and color ﬁlters and
directed into a photomultiplier tube and photon-counting
system. The pump beam was modulated by a mechanical
chopper and focused at normal incidence to a spot of
approximately 200 mm diameter. The frequency of the
chopper could be varied over the range of 100–4000 Hz. A
small split-oﬀ portion of the fundamental beam was focused
through a z-cut quartz crystal that provided a reference SHG
signal. SHG intensities with (‘‘light’’) and without (‘‘dark’’)
pump illumination were measured by the photon-counting
system working in a gate mode. A computer then calculated
the photomodulation eﬃciency as experimental parameters
varied.
MOS structures were fabricated from two types of Si(001)
wafers: (I)-a highly doped n-type (0.05 %cm, Sb doped)
wafer covered by a 19-nm-thick SiO2 ﬁlm, and (II)-a lightly
doped p-type (15 %cm, B doped) wafer with a 8.7-nm-thick
SiO2 ﬁlm. A 3 nm semitransparent chromium cap layer, and
an ohmic aluminum backside electrode were evaporated
onto the samples. External bias was applied between the
chromium and aluminum electrodes. The SHG response
from the chromium layer was veriﬁed to be negligible in
comparison with the SHG signal from the buried Si(001)–
SiO2 interface. Capacitance-voltage dependences were
measured using an impedance analyzer in the frequency
range of 0.1–50 kHz. In the Mott-Schottky plot C 2 ðUÞ the
voltage where the line of linear extrapolation intersects the
voltage axes yields the value of Ufb .21)
4.

of the propagation factor changes more strongly than the
product of E0 ðzÞ and the imaginary (sin z) part. In addition
to the surface value, the whole spatial distribution of the
integrand changes as well, giving rise to a change in SHG
intensity. For highly doped Si, ‘‘light’’ and ‘‘dark’’ SHG
curves cross each other at a single point [Fig. 1(e)]. For
lightly doped Si they may touch or cross twice [Fig. 1(f)]. In
the latter case, the crossing voltage of smaller absolute value
is Ufb .
The spatial distribution of the integrand shows the
possibility for depth proﬁling within the SCR, because often
the probing depth of SHG is comparable to the SCR depth.
In fact for ultraviolet SH wavelengths, the former is often
smaller because strong adsorption limits escape depth of SH
# In either case, illumination of the Si/
light to 100–200 A.
SiO2 interface changes the actual eﬀective thickness within
which the SHG wave is generated. Thus by changing the
illumination power, the probing depth can be modiﬁed.

6733

Results and Discussion

4.1 Voltage dependence of the SHG intensity
Figure 2 shows the experimental dependences of the SHG
intensity on the applied voltage in the ‘‘dark’’ and ‘‘light’’
phases. For the highly doped Si/SiO2 -MOS structure [Fig.
2(a)] the ‘‘light’’ curve is shifted left and upward from the
‘‘dark’’ curve. A single cross point is observed at Ucross ¼
1:8 0:1 V, in good agreement with the Mott–Shottky plot
[Fig. 2(a), inset] which gives Ufb ¼ 1:7 0:1 V. The cross
point is shifted signiﬁcantly (approximately 1 V) from the
minimum of the intensity–voltage dependence, as discussed
in §2.
For the lightly doped structure [Fig. 2(b)] the diﬀerence
between the ‘‘dark’’ and ‘‘light’’ dependences is smaller. The
cross point of the two curves is shifted from the minimum by
0.25 V, and occurs at Ucross ¼ 1:75 0:15 V, again in
good agreement with the Mott–Shottky plot [Fig. 2(b), inset]
which gives Ufb ¼ 1:6 0:1 V. A deviation from a smooth
quasi-parabolic behavior is observed in agreement with the
calculated dependences (see circular inset for details). Thin
lines are results of model calculations with the parameters of
the real MOS structure.
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Fig. 2. Voltage dependences of photomodulated SHG intensity in ‘‘dark’’
(open circles) and ‘‘light’’ (ﬁlled circles) phases; (a) n-Si, 0.01 %cm,
dox ¼ 19 nm; (b) p-Si, 15 %cm, dox ¼ 10 nm (circular inset shows a
zoomed view of the potential range 2–1:5 V). Excitation and probing
wavelength is 732 nm, pump power 100 mW. Thin lines are model
calculations with the parameters of the real MOS structure, and
Nox ¼ 1:3 1012 cm2 , n ¼ 8 1015 cm3 for (a) and Nox ¼ 2
1012 cm2 , n ¼ 5 1012 cm3 for (b). Rectangular insets: dependences
of the reversed square capacitance on the applied voltage (Mott–Schottky
plot) measured at diﬀerent frequencies ( —1 kHz, —5 kHz, and —
10 kHz).

For both structures, optical data agree within the error bar
with the results of conventional electrical data, thus
validating the interpretation of the cross point of the ‘‘light’’
and ‘‘dark’’ curves as the ﬂat band voltage: Ucross ¼ Ufb .
Figures 3(a) and 3(b) show the dependence of the
photomodulation eﬃciency on applied voltage for highly
and lightly doped silicon structures, respectively. A sharp
minimum (maximum absolute value) corresponding to the
minimum of I2! ðUÞ in the dark phase is evident. Figure 3(b)
shows ðUÞ at low (open circles) and high (ﬁlled circles)
pump powers. The magnitude of ðUÞ increases with
illumination power, but the position of the cross point does
not change. The thin lines in Fig. 3 are a result of
calculations of ðUÞ using the experimental sample and
illumination parameters. The value of the ﬁeld-independent
term was taken as the square root of the SHG intensity at the
cross point.
The experimental data agree well with the model. Our
model calculations assumed, as is standard in modeling
photoreﬂection,17) that the pump modulates SHG solely by
generating electron-hole pairs in the SCR. We caution that
femtosecond pump pulses of higher ﬂuence than those used
here can also change SHG by irreversibly charging the oxide
via internal photoemission of electrons from Si to SiO2 .14)

-3

-2

-1

0

1

2

Applied voltage (V)
Fig. 3. The voltage dependence of the eﬃciency of the SHG photomodulation: (a) n-Si, average illuminating power 100 mW; (b) p-Si,
average illuminating power 100 mW (ﬁlled circles) and 60 mW (open
circles) Lines: model calculations. Experimental and model parameters
are the same as in Fig. 2.

The latter eﬀect is cumulative, builds up over 60 s and
becomes stronger with thinner oxides. We avoided such
surface charging in our experiments by using relatively low
pump power (order of magnitude lower than that in ref. 14)
and relatively thick oxides (>9 nm). If this eﬀect were
present in our experiments, the cross point (ﬂat-band
voltage) would have shifted with changing laser ﬂuence
and the voltage dependence of the SHG intensity would
become irreversible. Neither eﬀect was observed.
4.2 Spectral dependence of the SHG intensity
In linear photoreﬂectance, analysis of the semiconductor
surface is based on Franz–Keldysh oscillations which allow
the band gap of the semiconductor and the interface states
spectrum to be calculated (for silicon, see ref. 3). Compared
with unmodulated linear reﬂectance, the structure of the
photomodulated spectrum is much sharper, since the latter is
described by the third derivative of the reﬂectivity. In the
linear reﬂectivity, only E1 and E0 resonances are well
resolved within the spectral range of 2–4 eV, without any
ﬁne structure.
Figure 4(a) shows unmodulated SHG spectra of our pdoped MOS structure. For bias U ¼ þ3 V (ﬁlled circles), the
spectrum is similar to the linear reﬂection spectrum, with a
broad E1 resonance at 3.4 eV. For ﬂat-band bias (open
circles), this feature is slightly redshifted. This diﬀerence
results from a change with bias of the relative importance of
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the three contributions in eq. (1), as discussed further below
and elsewhere.10,12) For comparison, we measured the
photomodulated spectra of the same Si/SiO2 MOS structure
in the range of 3.2–3.5 eV [see Fig. 4(b)]. The bulk
resonance at 3.4 eV was observed with a sharper peak than
for unmodulated SHG. These measurements show that
maximum SHG photomodulation eﬃciency is achieved with
a resonance wavelength of 732 nm (SHG photon energy
3.42 eV) for the fundamental wave. No ﬁne structure was
observed in the portion of the photomodulated SHG
spectrum measured [see Fig. 4(b)].
For the ﬂat-band voltage, the bulk electric dipole
0,BQ
DC
contribution E2!
equals zero. Bulk quadrupole E2!
and
0,SD
surface dipole E2!
contributions in this case can be
observed without interference with the bulk electric dipole
contribution. Figure 4(a) (open circles) shows the SHG
spectrum measured for the ﬂat-band voltage. Filled circles in
the same panel show the spectrum measured at a positive
voltage. These spectra reveal maxima at 3.35 and 3.43 eV,
respectively. The latter is consistent with the E1 resonance of
bulk Si, as expected for the bulk-dominated EFISH
spectrum. The redshift in the former spectrum reﬂects
unique interfacial properties. For oxidized silicon, the
interface stress is most probably the reason for the redshift
of the E1 peak. This opens the way for measuring the surface
dipole contribution and properties of the surface related to
this contribution. The stress resulting from the mismatching

Fig. 5. (a) For diﬀerent positions of the laser spot on unbiased n-Si sample
(U ¼ 0) experimental SHG photomodulation eﬃciency (ﬁlled circles, left
scale) and calculated Nox (open circles, right scale). (b) Calibration of
photomodulated SHG intensity vs the oxide trap density for n-type MOS
structure (external voltage U ¼ 0) with the use of ðUÞ dependence
plotted in Fig. 3(a).

of the lattice constants of silicon and silicon oxide may reach
several kbar22) or in other words approximately 1% of a
volume change.23)
4.3 Measurements of Si/SiO2 system parameters
Based on the developed technique, we show an example
of the mapping of the Si/SiO2 structure. For qualitative
characterization, we scanned the laser beam along the silicon
surface while measuring the photomodulation eﬃciency.
The distribution of the modulation eﬃciency around the
average value [see Fig. 5(a), left scale] reﬂects the
distribution of the MOS structure parameters. The main
advantage of such mapping is that inhomogeneity of the
surface states can be obtained directly on a silicon wafer
during an intermediate stage of MOS structure fabrication,
prior to the gate electrode deposition.
For quantitative characterization, the SHG photomodulation eﬃciency must be calibrated against density of interface
states. This can be carried out only on a test MOS structure
subjected to the same treatment as the monitored silicon
wafer. For this MOS structure, the complete procedure
described in the previous section should be implemented to
obtain the ratio between photomodulation eﬃciency and
applied voltage [as in Fig. 3(a)]. This calibration curve can
be used for characterizing the Si/SiO2 interface of the same
doping and oxide thickness. Then the photomodulation
eﬃciency as a function of the density of the interface states
should be calculated using the described model [Fig. 5(b)].
The map can then be transferred to the Nox units [Fig. 5(a),
right scale, where Nox =Nox is the relative deviation of the
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density of the interface states from its average value].
The sensitivity of the suggested technique for measuring
the absolute values of the interface states density is
determined by the accuracy of the calibration, which, in
turn, is determined by ﬁtting of the SHG intensity/voltage
dependence. Spatial resolution of these measurements is
determined by the probe laser spot, which is 50 mm in our
experiments, but can be reduced to 1 mm.
For the ﬂat-band condition, the value of the surface SHG
ﬁeld can be measured which indicates qualitatively the value
of the interface stress. However for quantitative measurement of the interface stress, the microscopic modeling of the
nonlinear optical response for the strained interface should
be developed analogously to linear photoreﬂectance.3)
5.

Conclusions

We have developed a noncontact photomodulation technique based on optical SHG and demonstrated its usefulness
for characterizing the electrical properties of the Si–SiO2
interface and the underlying SCR. The technique is equally
applicable to MOS devices and to unprocessed wafers. We
have demonstrated direct, accurate measurement of the ﬂatband potential in good agreement with standard electrical
data, as well as quantitative probing of potential, charge and
density of states at the Si/SiO2 interface both at a ﬁxed
position and as a function of position on the wafer.
Variations of photomodulation eﬃciency with applied bias
and illumination intensity have been measured, quantitatively modeled and related to Si–SiO2 system parameters.
The presence of sharper features in photomodulated SHG
spectra than in unmodulated spectra has been demonstrated.
There are no technical restrictions for improving the
technique to enable measurement of variations in interface
defect density across a wafer with 1 mm spatial resolution,
and of the depth proﬁle of the SCR.
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