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We have employed electric-field-induced second-harmonic �EFISH� generation to determine the
flat-band voltage �VFB� of Cr /ALD-Al2O3 /MBE-HfO2 /n-Si �001� MOS structure. Due to the phase
sensitivity of EFISH signal to the electric field in the space charge region, the VFB of
−1.20�0.07 V was determined by analyzing the relative phase change in the EFISH signal as a
function of the applied gate voltage. The obtained value is in good agreement with that estimated by
the capacitance-voltage measurement. This study demonstrated an all-optical technique to directly
determine the flat-band voltage for the high � oxide/Si heterointerfaces. © 2011 American Institute
of Physics. �doi:10.1063/1.3583463�

As the scaling of the SiO2 /Si-based metal-oxide-
semiconductor field-effect transistor �MOSFET� approaches
its fundamental limit due to the quantum tunneling effect, the
use of innovative high-� oxide has been imperative. How-
ever, this replacement may introduce a significant amount
of traps inside the high-� oxide layer and in the oxide-
semiconductor heterointerface.1 These undesirable traps
could be charged due to the gate voltage and contribute to
the surface band bending in the oxide-semiconductor hetero-
interface. An external voltage, so-called the flat-band voltage
VFB, is therefore required to flat the initial band bending.
In the fundamental physics of MOSFET, flat-band voltage
is one of the most important electric parameters to char-
acterize and evaluate the performance of MOSFET devices.2

For example, the flat-band condition of MOSFET device
governs the threshold voltage, which indicates the formation
of an inversion layer or conduction channel in the oxide-
semiconductor heterointerface. Consequently, the determina-
tion of the flat-band voltage is vital for developing innova-
tive MOSFET devices.

Several techniques have been developed to extract the
value of flat-band voltage by either electric transport or op-
tical method.2–5 The most extensively used one is the
capacitance- voltage �C-V� method by comparing the mea-
sured C-V curve with the ideal curve �without traps and
metal work function�.2 On the other hand, for centrosymmet-
ric crystal such as silicon, it has been proposed that SHG
technique provides an all-optical method to explore the elec-
tric property of the buried heterointerface of silicon MOS
structures.6–8 Due to the inversion symmetry breaking at the
crystal surface, the surface electric dipole induced nonlinear
susceptibility �s

�2� becomes compatible to that ��q,bulk
�3� � of the

bulk electric quadrupole. Furthermore, the crystal inversion
symmetry is broken in the space charge region �SCR� due to
the built-in electric field. This field induced nonlinear sus-

ceptibility �bulk
�3� ·Edc can also contribute to the second-

harmonic generation �SHG�.8

Up to now, several gate voltage dependent azimuthal
SHG experiments have been conducted on Si MOS struc-
tures to reveal the electric-field-induced second-harmonic
�EFISH� contribution.9–12 However the isotropic background
minimum in the azimuthal SHG curve was mistakenly as-
signed to the flat-band condition.9,11,12 In fact, this minimum
is mainly due to the interference of the isotropic and aniso-
tropic SH contributions.10 It therefore is essential to treat this
interference effect correctly and properly if the EFISH signal
is used to characterize the band-bending in the SCR and
determine the flat-band voltage of Si MOS structure. In Table
I we summarize all the possible SHG origins and their con-
tributions to the azimuthal SHG measurement for Si �001�
MOS structure. This table guides us to analyze the azimuthal
SHG curves correctly. In this Letter, we have demonstrated
that the EFISH signal indeed is distinguished from the other
SH origins and has led to the determination of the flat-band
condition of Si �001� MOS structure.

N-type Si �001� wafer was pre-cleaned and then trans-
ferred to a multichamber MBE/ALD/analysis system for
surface reconstruction, where ALD and MBE stand for
atomic layer deposition and molecular beam epitaxy,
respectively.13,14 MBE-grown high � HfO2 layer �1 nm� was
first deposited for subsequent ALD-Al2O3 capping layer,
which was in situ deposited at 300 °C with a thickness of
10 nm.14,15 Then the sample was annealed at 300 °C for
10 min in nitrogen environment. Finally, a 1.3�1.3 mm2,
4.5-nm-thick semitransparent Cr front gate electrode and a
Ti/Au back electrode were deposited at �2.0�10−8 Torr.
Note that the Cr metal layer contributes an independent SH
background, but shows no influence to the azimuthal SH
curve analysis.16

In the experiment, as the schematics shown in Fig. 1�a�
15 fs, 82 MHz, 800 nm, Ti-sapphire oscillator was used as
the light source. The laser beam was modulated by a me-
chanical chopper and focused on the gate electrode at a 45°
incident angle. The focused spot size was estimated to be
10 �m and the laser power was set to 70 mW. The reflected

a�Authors to whom the correspondence should be addressed: Electronic ad-
dresses: raynien@phys.nthu.edu.tw and ymchang@ccms.ntu.edu.tw.
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SH signal generated from the sample was then measured by
a TE-cooled photomultiplier and lock-in technique. The
sample was rotated along the surface normal direction �i.e.,
Si �001� crystal axis� and the SH signal was measured as a
function of the azimuthal angle � between the incident plane
and the Si �100� crystal axis.8

Figure 2 shows the azimuthal SH signal I2���� at several
gate voltages �Vg� in the pin-pout configuration. One can iden-
tify the superposition of a fourfold anisotropic SH signal and
an isotropic SH background and the influence of the applied
gate voltage on the azimuthal SH curves. Note that there is a
phase reversal when the gate voltage sweeps from +3 to 	3
V and the azimuthal SH curve becomes featureless in the
range of 	2 V to 0 V. Since the SHG is governed by the
effective ��2� tensor elements shown in Table I, the azimuthal
SH curves can be fitted with an empirical function:8 I2����
= �a+b cos 4��2, where the isotropic coefficient a and aniso-
tropic coefficient b are governed by the effective ��2� tensor
elements shown in Table I. In order to understand the phase
reversal behavior, the above equation can be further simpli-
fied by treating the complex coefficients a and b as a
=a0ei
a and b=b0ei
b, and becomes

I2���� = �a0 + b0ei
ab cos 4��2, �1�

where a0 and b0 are the isotropic and anisotropic amplitudes,
respectively and 
ab�=
b-
a� defines the relative phase be-
tween the isotropic and the anisotropic coefficients. This em-
pirical function was used to curve-fit all the azimuthal SH
curves with three fitting parameters: a0, b0, and 
ab. The
fitting results are shown as a function of the gate voltage in
Fig. 3. The fitting analysis reveals that the isotropic ampli-

tude a0 shown in Fig. 3�a� increases monotonously with the
gate voltage but reaches saturation in the high gate voltage
regime. According to Table I, we tentatively attribute the
change in the isotropic SH signal �i.e., �a0=a0�Vg�-a0�VFB��
to the EFISH contribution since the gate voltage directly
modifies the strength of the built-in electric field in the SCR,
where the depletion width is about 600 nm in our sample,
which is much larger than the probing depth of the reflected
SH signal ��few tens of nanometer�. The saturation behavior
in the high gate voltage regime is ascribed to the strong
electron accumulation layer �Vg�0� or hole inversion layer
�Vg0�, where the electric field is fully screened by the free
carriers accumulated in the oxide-Si heterointerface.10 In
contrast, Fig. 3�b� indicates that the anisotropic component
b0 originated from �q,bulk

�3� , is totally insensitive of the applied
gate voltage. This fitting result suggests that the bulk quad-
rupole SH contribution shall be field-independent. Note that
the value of b0 is one order less than that of a0, suggesting
that the fourfold anisotropic feature observed in the azi-
muthal SH curves must be ascribed to the interference be-
tween the isotropic and anisotropic SH fields.

TABLE I. The effective ��2� tensor elements are tabulated in four SHG polarization configurations, where the
effective ��2� are classified according to surface, bulk, and field-induced SHG response for Si �001� crystalline
�Refs. 6–8�.

SHG Isotropic term Anisotropic term

Effective ��2� Surfacea �s
�2� EFISHb �bulk

�3� ·Edc Bulkc �q,bulk
�3� Bulkc �q,bulk

�3�

pin-pout �s,zzz
�2� , �s,zxx

�2� , �s,xzx
�2� �15

ef f, �31
ef f, �33

ef f �, � �

pin-sout None None None �

sin-pout �s,zxx
�2� �31

ef f �, � �

sin-sout None None None �

aThe index follows the Si �001� crystal axes: x= �100�, y= �010�, and z= �001� �Ref. 7�.
b�15

ef f =3�xxzz
�3� Ez

dc, �31
ef f =3�zxxz

�3� Ez
dc, and �33

ef f =3�zzzz
�3� Ez

dc where Ez
dc denotes the built-in electric field in the SCR of Si

�001� �Ref. 8�.
cNote that � and � denote the phenomenological nonlinear susceptibility contributed from the bulk electric
quadruple �Refs. 6 and 7�.

FIG. 1. �Color online� A schematic illumination of the azimuthal SHG mea-
surement setup.

FIG. 2. �Color online� Gate voltage dependent azimuthal SH measurement
for a Cr /ALD-Al2O3 /MBE-HfO2 /n-Si �001� MOS structure. The azimuthal
SH curves are measured in pin-pout polarization configuration. The phase
reversal behavior of the azimuthal SH curves is identified when the gate
voltage sweeps from positive to negative value.
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In the following we will present that this interference
behavior is governed by the relative phase relation between
these two SH fields and is only sensitive to the EFISH
field through the applied gate voltage. Figure 3�c� plots the
obtained 
ab as a function of the applied gate voltage. The
relative phase shows an abrupt change in the range of 	2 V
to 0 V. Here we utilize an error function 
ab�V�=�erf���V
−VFB��+
0 to describe this abrupt phase change and define
the location of the flat-band voltage VFB, where �, �, and 
0
denote the phase shift strength, scaling factor, and the phase
offset, respectively. The solid line shown in Fig. 3�c� indi-
cates that the abrupt phase change occurring at
−1.20�0.07 V can be assigned as the VFB. Note that this
VFB value is the gate voltage causing the phase reversal in
the azimuthal SH curves. It means that the interference term
�2a0b0 cos 
ab cos 4�� according to Eq. �1� has an opposite
sign �cos 
ab�0, or cos 
ab�0� when the gate voltage is
tuned across this VFB value. This argument confirms our ex-
perimental observation and suggests that this VFB value is a
direct measurement of the flat-band condition since the
built-in electric field will flip its direction when the gate
voltage is tuned across it.

We furthermore performed the comparative C-V mea-
surement on the same sample to estimate the flat-band volt-
age. The experimental C-V curves measured at various ac
frequencies �1 kHz to 1 MHz� are shown as symbols in Fig.
3�d�. The solid line presents an ideal C-V curve without con-
sidering metal-semiconductor work function difference, in-

terface, and oxide trapped charges. The ideal C-V curve was
calculated by taking the substrate doping concentration �2.1
�1015 cm−3�, oxide capacitance �0.58 �F /cm2�, and mea-
surement temperature �298 K� into account.2 The flat-band
voltage was estimated to be −1.0�0.1 V by comparing the
experimental C-V curves with the ideal one. This value is in
good agreement with the VFB value determined by the EFISH
experiment.

In conclusion, we have demonstrated that a thorough
analysis of the gate voltage dependent azimuthal SHG curves
can lead to the determination of the flat-band voltage of the
n-Si �001� MOS structure. SHG technique is not only a
qualitative tool to characterize the oxide traps and interfacial
traps but also a quantitative method to determine the flat
band condition of Si-based MOS devices with high � dielec-
trics.
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