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Temperature-dependent second- and third-order optical nonlinear susceptibilities at the Si/SiO,
interface
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Using a two-color laser technique, we have measured the temperature dependence of the second- and
third-order optical nonlinear susceptibilities, x'?' and x®, at the Si/SiO, interface. A laser beam at 540 nm
directed normal to the surface was used to pump electrons from the silicon valence band to trap states on the
Si0, surface leaving the holes at or near the interface thus creating a capacitance electric field. A second beam
of wavelength 800 nm incident at 45° on the same spot resulted in a second-harmonic signal whose intensity
was related to the varying interfacial electric field. We find that the photoinduced electric field is temperature
independent since the charge distributions remain unchanged after pumping and both x'® and x® increase as

the temperature increases.
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I. INTRODUCTION

Second-harmonic (SH) generation (SHG) was shown to
be a sensitive probe of the electric field at buried semicon-
ductor interfaces.'”> 1In particular, electric-field-induced
second-harmonic (EFISH) generation arising from internal
photoemission has been used widely for fundamental studies
of charge-carrier dynamics in semiconductor or insulator
systems.%’ This class of measurements can provide informa-
tion about injection, transport, defect-dependent trapping, de-
trapping, and recombination processes in thin layers of semi-
conductor or insulator devices.®'2 In addition, wavelength-
dependent EFISH measurements can identify and measure
thresholds in multiphoton carrier injection processes from
which band offsets and defect trap levels can be obtained.'3
These results suggest that one may be able to use the SHG
technique, which is contactless and noninvasive, as an alter-
native to conventional electrical measurements for in situ
monitoring of the properties of thin dielectric layers. In this
paper we report the results of measurements of electric-field-
induced second-harmonic generation from the Si/SiO, sys-
tem as a function of temperature. The goal of this research is
to understand the physical processes associated with the cre-
ation of the photoinduced electric field and extend our
knowledge of the effect of temperature on the nonlinear op-
tical susceptibilities at the interface. The two-color EFISH
technique, used in this study, enables us to distinguish the
unique contributions of each of these physical processes. Un-
like single-beam experiments, the photoinduced electric-field
creation process in two-color experiments can be completely
decoupled from the probing technique, making it an ex-
tremely sensitive tool for monitoring the transport of carriers.

The two-color electric-field-induced second-harmonic
generation technique allows us to experimentally separate
optical second-harmonic generation and carrier injection pro-
cesses and to directly follow the dynamics of photoexcited
charge carriers. The experimental setup used in the present
study was similar to the one used by Marka et al.® We used
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PACS number(s): 42.65.An, 42.65.Ky, 31.70.Hq, 32.80.Wr

a 150 fs Ti:sapphire oscillator set to 800 nm (1.55 eV) as a
probe of the second-harmonic generation response. The in-
tensity of the beam was sufficiently low (the peak intensity
was around 3.3 GW/cm?) such that the probe laser beam did
not contribute significantly to carrier injection and therefore
to charge trapping. The second-harmonic signal (at 400 nm)
was optically separated from the fundamental beam by a
prism and measured by a photomultiplier tube. Both funda-
mental and second-harmonic beams were p polarized. A tun-
able optical parametric generator (OPG) was used as a pump
laser. The wavelength of the s-polarized OPG was set to 540
nm (2.3 eV), and its intensity was kept at a level that ensured
creation of the electric field by internal photoemission, with-
out significantly heating the sample. In our case, the pump-
laser peak intensity was about 40 GW/cm?. The measure-
ments were performed on thermally grown 4.2-nm-thick
Si0, deposited on Si(100). At this oxide thickness, the pho-
toinjected electrons can reach the surface with a high prob-
ability, giving rise to a large easily detectable time-dependent
EFISH signal resulting from changes in the electric field at
the interface. This oxide is also thick enough that electron
tunneling from the oxide surface back to the silicon (in the
absence of assistance from defects or impurities) is negli-
gible on the time scale of the measurements. The sample was
oriented such that the azimuthal angle of the plane of inci-
dence was along the (110) direction. The sample was kept in
a continuously flowing helium cryostat, which allowed us to
perform measurements at temperatures ranging from 4.3 to
296 K. Because the interfacial electric field sensed by EFISH
in these films arises from electron trapping by ambient phy-
sisorbed oxygen at the surface of the SiO,, its saturation
level may be oxygen pressure dependent. The saturation
level of photoinduced electric-field-induced second-
harmonic generation decreases with decreasing pressure and
vanishes around 1X107'% Torr.'* In our experiment the
pressure in the cryostat at room temperature was kept at
~2X 107 Torr to ensure that the oxygen coverage was
saturated which resulted in a constant surface trap density.
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FIG. 1. Time-dependent EFISH measurements from the
Si(100)/Si0,(4.2 nm) system at different temperatures.

The experimental procedure was carried out in three
stages (Fig. 1). For the first 200 s only the probe laser was
on. That made it possible to record the SHG intensity due to
the second-order optical nonlinear susceptibility without any
significant charge accumulation on the SiO, surface. During
the second stage of the experiment (800 s), both pump and
probe lasers were on. The pump beam was responsible for
the creation of a photoinduced electric field, arising from
two-photon excitation of the electrons from the silicon va-
lence band to the conduction band of the SiO,, and then the
transport and subsequent trapping of the electrons at the sur-
face of the oxide. The probe laser detected the increase in the
electric field at the Si/SiO, interface as an increase in the
measured SHG intensity.

The pump photon energy of 2.3 eV makes the electron
injection from the Si valence band to the SiO, conduction
band a two-photon process. On the other hand, the hole in-
jection from the Si valence band to the SiO, valence band is
a three-photon process, which is a higher-order process.
Hence, the hole injection is much less probable than electron
injection. Also, the mobility of holes in SiO, is about 1
%1071 m?/V s much lower than electron mobility, which is
about 2 X 1073 m?/V s.!316 Therefore, most holes remain in
the vicinity of the Si/SiO, interface mostly in Si. This is in
contrast to the electrons that are free to move to the surface
of the SiO, and be trapped by the ambient oxygen.

During the third and last stages of the experiment, the
pump laser was turned off, leaving the probe laser to monitor
the electric field arising from the trapped electrons and holes.
In our case, no significant back tunneling of the electrons
through the oxide was observed at any of the temperatures
used in this experiment, indicating a relatively low density of
defects and impurities with energy levels within the SiO,
band gap.

It has been reported that heating effects due to the femto-
second laser pulses can affect the SHG response in some
cases.!” One can easily estimate if this affects the measure-
ments presented here. We first consider possible heating due
to the pump laser. As can be seen in Fig. 1, after the pump
beam is blocked, the EFISH saturation intensity remains at
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the same level. This is an indication that not only is electron
tunneling from the oxide surface back to the silicon negli-
gible but also that heating effects are negligible. A similar
test was performed with the probe laser. Blocking and un-
blocking the probe beam showed no variation in SHG re-
sponse due to possible heating or cooling of the sample.

II. TEMPERATURE DEPENDENCE OF EFISH
INTENSITY

The time-dependent EFISH signals from Si/SiO, at four
different temperatures are shown in Fig. 1. It is clear that the
SHG intensities, both initial and saturation values, increase
with temperature. Previous temperature-dependent studies
showed that the reflectivity differs by less than about 2% in
the temperature range between 10 and 300 K.'3!° This small
difference is negligible compared to the difference of SHG
intensities, which is greater than 40%. Thus, in this paper, we
attribute changes in SHG intensities solely to temperature
variations in the nonlinear susceptibilities.

The intensity of the electric-field-induced second-
harmonic generation can be expressed as
1890 = [x® + xVE@P(I P, M

where I®) and 1?)(¢) are the intensities of the fundamental
and the time-dependent SHG beams, respectively. Here x)
is the second-order susceptibility, E(¢) is a photoinduced
electric field present at the interface, and X(3) is the third-
order nonlinear susceptibility.

It should be pointed out that the probe laser is set at a
wavelength of 800 nm with a photon energy of 1.55 eV in
our experiment. Si is an indirect band-gap semiconductor
and the interband absorption spectrum shows that the absorp-
tion coefficient is very low at 1.55 eV.2 Also, SiO, has a
band gap of about 9 eV and it is transparent to a laser with
photon energy of 1.55 eV. Therefore, Si and SiO, are effec-
tively lossless media in our experiments and both ' and
X are real numbers.?!

For centrosymmetric systems, such as crystalline silicon,
the second-order nonlinear optical susceptibility vanishes un-
der the dipole approximation but at the interface the symme-
try is broken and second-order nonlinear processes are al-
lowed. The contribution from the quadrupole bulk
contribution is allowed. However, the bulk oxide third-order
susceptibility is about 1X 10* smaller than for bulk Si.??
Also, there is no electric field present in the bulk Si other
than the optical field. Thus, both x® and x represent only
the Si/SiO, interface.

The measured temperature dependence of the second-
order susceptibility increases with temperature as shown in
Fig. 2(a). This observation is consistent with previous results
obtained by Suzuki et al.** and Dadap et al.** for higher
temperatures. A broad peak of two-photon E; resonance in
the silicon second-harmonic spectrum red shifts and broad-
ens with increasing temperature. This thermally enhanced
SHG arising from results from a combination of (1) the dif-
ferential thermal expansion of the lattice at the interface re-
sulting in a change in the energy-band structure*> and (2)
the renormalization of band energies arising from the
electron-phonon interaction.?>-
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FIG. 2. Temperature dependence of: (a) the second-order non-
linear susceptibility; (b) the photoinduced EFISH saturation inten-
sity; and (c) the third-order nonlinear optical susceptibility.

The electric field in Eq. (1) arises from charge separation
due to multiphoton excitation of electrons in the valence
band of silicon above the conduction band of SiO,, the sub-
sequent transport of these electrons across the oxide, and
trapping at the surface of the oxide by ambient oxygen.'*?’
Van Driel and coworkers suggest that ambient oxygen cap-
tures the electrons at the surface of the SiO, because of the
high electron affinity of the oxygen. The electrons and oxy-
gen attract each other in a harpooning reaction in the vicinity
of the SiO, or ambient interface and then attach to or even
penetrate the positively charged solid.?® It also has been
shown that the saturation EFISH intensity varies with the
oxygen pressure because of the change in the number of
available electronic trap states for photoinjected electrons.
The combined measurements of photoemission currents and
the contact-potential difference confirm that photoinduced
gas-assisted charging gives rise to the observed second-
harmonic generation induced by internal photoemission in
thin Si/SiO, films.? For a 1.6 nm oxide the maximum near-
interface electric field in the oxide was estimated to be
~0.6 MV/cm, giving a surface charge density of 5
X 10" ¢cm™ (assuming an oxide dielectric constant of
~3.8).

The value of EFISH saturation intensity is determined not
only by the electric field present at the interface but also by
the second- and third-order optical nonlinear susceptibilities
as shown in Eq. (1). Photoinduced electric fields are a mea-
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sure of the surface electron density: E(t)=o(t)/ eg;, where the
surface electron density o(¢) is proportional to the number of
filled electronic trap states at the surface of the oxide. This
photoinduced electric field at the Si/SiO, interface is propor-
tional to the number of filled electronic trap states and can be
expressed by a rate equation.!* In the case of the system
where only electron dynamics contribute to the electric field,
this can be written as

% _ (nOe - ne) _ ne (2)
dt Tfrapping Tgetrapping

where n, is the initial number of the unfilled electronic trap
states and 1/7(,... is the trapping rate of states due to elec-
tron injection caused by the pump laser beam (as mentioned
above, electron injection due to the probe laser can be ne-
glected). The value of 1/ 7,0, i related to the lifetime of
surface electronic trap states. The last term in Eq. (2) can be
neglected because for the 4.2-nm-thick SiO,, the value of
Tlewrapping 1S Significantly greater than 7{,, ... In that case, the
number of filled electronic surface trap states can be de-

scribed by the simplified expression

ne(t) = nOe(1 - CXP[— t/Tterapping]) . (3)

By introducing Eq. (3) into Eq. (1), it can be shown that the
difference between the initial and saturation intensities of
photoinduced EFISH is a function of the second- and third-
order optical nonlinear susceptibilities and the number of
available electronic trap states,

AIR®) = [29)(c0) — [29)(0) = [ (¥ Jegi)? + 2x P I Jeg]
X(1°)2. )

From Eq. (3), it is clear that when the saturation of the
second-harmonic intensity is reached, the number of filled
electronic trap states n, is the same as the initial number of
available electronic trap states at the surface ng,. Thus, we
replace ng, with n, in Eq. (4).

Previous temperature-dependent studies showed that the
Si dielectric constant gg; differs by about 4% in the tempera-
ture range between 10 and 300 K.'®!° It can be treated as
temperature independent in our experiment. Our data clearly
show that x® changes with temperature. To explain the dif-
ferences in the EFISH saturation intensity values, the tem-
perature dependences of the third-order optical nonlinear
susceptibility ¥ and number of filled electronic trap states
must be investigated. The two-color EFISH technique allows
us to saturate surface electronic trap states at a given tem-
perature by the pump laser. Once the saturation of the EFISH
is reached, the pump laser can be blocked, and we can di-
rectly follow the change in saturation intensity as a function
of temperature using the probe laser only. This ensures that
no additional electric field is created when the temperature is
changed. Figure 2(b) shows values of EFISH saturation in-
tensities as a function of temperature. First, the EFISH satu-
ration was obtained at 296 K and pump laser was turned off
[Fig. 2(b), triangles]. Then the temperature was gradually
decreased down to 4.3 K while the second-harmonic inten-
sity was monitored by the probe laser. A similar measure-
ment was performed for the saturation obtained at 4.3 K
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followed by increasing temperature [Fig. 2(b), circles].
Those results were compared to the values obtained by filling
the surface electronic trap states at each temperature inde-
pendently [Fig. 2(b), squares]. All of these values are com-
parable within experimental error. We conclude that the
photoinduced electric field, which is related to the number of
filled surface electronic trap states, is independent of tem-
perature. This shows that the increase in EFISH saturation
intensity, as shown in Fig. 1, is due entirely to the
temperature-dependent variations in }? and x®, and not
due to changes in the value of the photoinduced electric field.

Since the temperature dependence of the second-order
nonlinear susceptibility has been determined in our experi-
ments, and the number of filled electronic trap states and
thereby the electric field was shown to be constant, it is
possible to find the temperature dependence of the third-
order nonlinear susceptibility using Eq. (4). The third-order
nonlinear susceptibility was found to exhibit a nearly linear
behavior as shown in Fig. 2(c). One can represent the ob-
served SHG intensities as far-field radiation from dipoles
driven in a nonharmonic fashion by the incident electric
field.>® The photoinduced electric field created at the inter-
face will change this potential giving rise to an additional SH
signal. The third-order nonlinear susceptibility represents the
coupling between the electric field produced by the incident
light and the photoinduced electric field present at the inter-
face.

III. TRANSPORT OF PHOTOEXCITED ELECTRONS
ACROSS THE OXIDE

In addition to the thermally dependent EFISH intensity,
the rise time of the photoinduced electric field is a function
of temperature. This rise time reflects the combined effects
of temperature on charge-carrier excitation in silicon, injec-
tion of electrons at the Si/SiO, interface, transport through
the oxide, and trapping of electrons at the surface of the
Si0,. Figure 3 shows the temperature dependence of the

trapping rate (1/7(,,,,). It peaks around 7=120 K with
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nonsymmetric behavior. It should be pointed out that our
previous analysis of the pump-power-dependent measure-
ments have shown that at a pump photon energy of 2.3 eV,
electron excitation from the silicon valence band to above
the conduction band of SiO, is a two-photon process at all
temperatures. This is an indication that although the band
gap of the Si increases at low temperatures [the band gap is
1.17 eV at 4.3 K and 1.12 eV at 300 K (Ref. 15)], the band
offset at the Si/SiO, interface remains less than 4.6 eV.

At higher temperatures above the peak temperature
~120 K, electron-phonon scattering is likely to be respon-
sible for the decrease in the transport rate as a function of
increasing temperature.’! This is because the density of
phonons in solids increases with temperature. Thus, the scat-
tering time due to this mechanism will decrease with tem-
perature as will the transport rate across the oxide.

Note that the observed trapping rate, 1/ 7, .., increases
as a function of temperature at temperatures below ~120 K.
We attribute this behavior to a combination of two effects.
First, the absorption coefficient of Si is known to increase as
the temperature increases'” due primarily to electron-hole
pair creation. This results in an increased electron-hole pair-
production rate with temperature, which subsequently in-
creases the injection of electrons into the SiO, conduction
band. Second, the SiO, relative dielectric constant increases
with temperature,?! which makes the net electric field inside
Si0, decrease with increased temperature. Therefore, higher
temperature assists the electron transport inside the oxide.
These two effects together result in the observation that
1/7 increases with increasing temperature at tempera-

rapping
tures below 120 K. The nonsymmetric behavior of 1/7(, ..
at low and high temperatures results from a competition be-

tween these effects and electron-phonon scattering.

IV. SUMMARY

In summary, the temperature dependence of electric-field-
induced second-harmonic generation in the Si/SiO, system
was studied to gain better understanding of the physical pro-
cesses associated with the creation of a photoinduced electric
field. The intensity of time-dependent EFISH is a function of
the second- and third-order optical nonlinear susceptibilities
and the densities of occupied surface electron traps. The re-
sults reveal that the second-order nonlinear optical suscepti-
bility increases with temperature. This may be qualitatively
related to the thermal expansion of the lattice. Our measure-
ments also show that the changes in the EFISH saturation
intensity are due to temperature-dependent variations in both
the second-order nonlinear susceptibility x'* and the third-
order nonlinear susceptibility x'*. Under our experimental
conditions, the number of filled electronic trap states at the
surface of the oxide, related to the ambient oxygen, is tem-
perature independent. Consequently, the photoinduced elec-
tric field does not change over our temperature range. In
addition, our measurements show that the temperature de-
pendence of the trapping rate 1/7{, ;. is a combination ef-
fect of electron-phonon scattering and of the temperature de-
pendence of the Si absorption coefficient and the SiO,
dielectric constant. These studies provide insight into the dy-
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namics of excited carriers in the Si/SiO, system.
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