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Effects of MgO deposition on Si/ SiO2 system and charge carrier trapping and recombination in
Si/ SiO2 / MgO structures are studied using second-harmonic generation 共SHG兲. An ultrafast 800 nm
laser was used both for multi-photon induced electron injection through the SiO2 into a potential
well in the MgO, and for monitoring the time-dependent SHG signal, which is sensitive to the
electric field at the Si/ SiO2 interface. Our results indicate that the MgO deposition introduces new
trap states, and electrons trapped in the MgO transport more readily through the SiO2 than those in
traps on the surface of SiO2. We attribute this to differences in trap energy levels and/or differences
in process damage-induced defect densities in the SiO2. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2172008兴
As feature sizes continue to be reduced in silicon-based
technologies, conventional SiO2-based gate dielectrics in
metal-oxide-semiconductor 共MOS兲 transistors are rapidly approaching the fundamental limits of their scaling. The reduction of SiO2 gate dielectric thickness increases device tunneling current and dopant penetration. The quality of the
Si/ SiO2 interface plays an important role in MOS device
performance. Traditionally, characterization of Si/ SiO2 interfacial properties is accomplished with electrical methods
such as capacitance-voltage 共C-V兲 and current-voltage 共I-V兲
measurements.1,2 Recently, second-harmonic generation
共SHG兲 has been demonstrated as a powerful tool for contactless noninvasive in situ monitoring of the dc field across the
noncentrosymmetric Si/ SiO2 interface, resulting from
changes in local charge distributions.3,4 Incident ultrashort
laser pulses, by virtue of multi-photon absorption, cause
electron injection into the oxide and trapping on the SiO2
surface due to ambient oxygen.3,5,6 The time-dependent SHG
共TD-SHG兲 signal is a direct measure of the electric field
created by the charge separation at the Si-oxide interface.6
This time-dependent electric field induced second-harmonic
共EFISH兲 signal from Si/ SiO2 can be described in general by
I2共t兲 = 兩共2兲 + 共3兲E共t兲兩2共I兲2 ,

共1兲

where I共兲 is the intensity of the incident laser light, E共t兲 is
the varying time-dependent electric field at the interface, and
共2兲 and 共3兲 are the interfacial second- and third-order susceptibilities, respectively. EFISH measurements provide information about electronic structure, carrier dynamics, local
fields, symmetry, and quality of interfaces.4,7,8
Different approaches have been made in order to study
the Si/ SiO2 system and improve device performance. Bias
application and its effect on the SHG signal in Si/ SiO2 struca兲
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tures have been reported.9–12 It has been shown that the
deposition of an additional layer of Cr on native and thermally grown SiO2 drastically changes the SHG response of
the system.13 In this work we present TD-SHG measurements of Si/ SiO2 / MgO structures. The MgO material has
been a subject of research due to its wide band gap 共
⬃7.8 eV兲,14 its ionic bonding properties 共in contrast to the
covalent bonding in SiO2兲, and attractive dopant
properties.15–17 In our experiments, we demonstrate that the
deposition of a MgO layer on SiO2 creates a potential well
that leads to new electronic states that significantly change
the SHG response of the system, and may also lead to defect
formation in the SiO2, e.g., via chemical reactions between
the Mg and hydrogen-related species in the SiO2, or via soft
x-ray or ultraviolet photon interactions during the electron
beam deposition.18 Hence, measurements of TD-SHG can
provide insight into the electronic processes in the
SiO2 / MgO layers.
The TD-SHG experiments performed here used the following experimental configuration: 150 fs p-polarized pulses
共 = 800 nm兲 from a mode locked Ti:sapphire laser 共Coherent
Mira 900兲 were focused on the sample at a 45° angle of
incidence. The samples were mounted on an aluminum plate
to reduce heating effects. The diameter of the laser spot was
⬃50 m. The experiments were carried out at room temperature in air. Four sets of samples were used in the experiment: the first one was a 2.4 nm Si/ SiO2 sample 关thermally
grown oxide film on Si 共100兲兴. The second, third, and fourth
samples had thin MgO layers of 5, 10, and 15 nm deposited
on otherwise identical 2.4 nm Si/ SiO2. The MgO films were
deposited by electron-beam evaporation under a base
vacuum of ⬃5 ⫻ 10−7 Torr at an average deposition rate of
0.1 Å / s; the electron beam energy was 4 keV.
TD-SHG measurements for the Si/ SiO2 / MgO system at
low and high laser intensities are shown in Fig. 1. Each time
the laser was blocked for 100 s to monitor electron transport
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FIG. 1. Time-dependent SHG signals from
Si/ SiO2 / MgO structures at laser powers of 共a兲 620 mW
and 共b兲 240 mW. The insets show TD-SHG signals
from a Si/ SiO2 sample with a thickness of 2.4 nm.

and electron-hole recombination processes. For high average
laser intensity 关Fig. 1共a兲兴, the SHG signal increased with increasing MgO layer thickness. After the laser was unblocked,
we observed a rapid rise of the TD-SHG signals, beginning
at a level lower than the level at the time of blocking. In
comparison, the inset of Fig. 1共a兲 shows the data taken from
a Si/ SiO2 sample without the MgO. This structure did not
show any decrease in SHG signal after the laser was unblocked, consistent with previous work.19,20 It is clear that
the additional MgO layer significantly changes the TD-SHG.
Next, we performed similar TD-SHG experiments on the
same Si/ SiO2 / MgO structure but at a much lower average
laser power of 240 mW 关Fig. 1共b兲兴. In this case we observed
an initial decrease in the SHG signal, followed by saturation.
This decrease was greater for increasing MgO thickness. In
addition, the Si/ SiO2 structure without MgO did not show
any time dependence at this intensity 关see the inset in Fig.
1共b兲兴.
To understand the results of Fig. 1, please consider the
diagrams of the two structures used in this work shown in
Fig. 2. For the structures with MgO overlayers, electron
potential-well states become available in or near the MgO
conduction band, which are at a lower energy than the SiO2
conduction band. This provides a higher density of states
than is otherwise available for the SiO2 structures with no
overlayers. The data of Fig. 1 suggest that the electron-trap
states on the surface of SiO2 have a higher potential barrier
for transport than the available electronic states in the MgO,
and/or that defects have been introduced into the SiO2 during
the electron-beam stimulated MgO deposition.18 These defects can facilitate trap-assisted tunneling of the electrons
across the SiO2, leading to a decrease in the TD-SHG.21 One
FIG.to2.theSchematic
diagrams of 共a兲 Si/ SiO2 / MgO and Downloaded
共b兲 Si/ SiO2 to IP:
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photon processes lead to electron injection that first
annihilates the trapped holes, and then leads to excess electron trapping. For 2.4 nm SiO2, electron traps are relatively
stable. In contrast, electrons trapped in MgO overlayers can
quickly transport through the SiO2 when the injection processes are interrupted. This is attributed to differences in energy levels of the trapped electrons and/or process induced
damage 共e.g., associated with hydrogen complexes兲 in the
SiO2. We conclude that SHG offers significant advantages
for studying charge carrier dynamics in thin oxides and
multi-interface semiconductor structures.
FIG. 3. Time-dependent SHG signal from the Si/ SiO2 / MgO structure at
laser power of 300 mW.

the hydrogen bridge.22 The inset of Fig. 1共a兲 indicates that
there is no electron transport through the thin SiO2 with no
MgO overlayer. The electrons remain trapped on the surface
of the oxide even after substantial dark time 共⬎100 s兲.
Electron injection from the silicon into the MgO and/or
the surface of the SiO2 is a three-photon process.3 When the
laser intensity is low 关Fig. 1共b兲兴, the probability of threephoton processes is greatly reduced over its probability when
the intensity is increased. Hence, at low intensity, no significant electron injection is observed. The inset in Fig. 1共b兲
shows the SHG signal from the Si/ SiO2 system. At low intensity the SHG signal from the Si/ SiO2 system is time independent, and due mostly to bulk and interface 共2兲 contributions. For MgO coated samples, at low laser intensity, a
slight decrease in SHG signal is observed, which we attribute
to hole trapping in the SiO2.23 “Hot” holes are generated
during the SHG measurements via one- and/or two-photon
processes. These holes can be trapped in discrete levels,
which are most likely associated with O vacancies, distributed in space and energy in the near-interfacial SiO2, below
the Si valence band.24 After ⬃100 s of laser irradiation, the
hole trapping saturates, as evidenced by the SHG.
Next, we increased the laser power to 300 mW 共Fig. 3兲.
In this case the initial decrease of the TD-SHG signal was
followed by a rapid rise. The initial drop is once again due to
hole injection into near interfacial oxide 共border兲 traps in
SiO2. The onset of electron injection first annihilates the
trapped holes,25 and then leads to the net buildup of trapped
electrons, as observed in Fig. 1共a兲. This causes an initial
decrease in SHG magnitude, followed by an increase, observed in Fig. 3. The minimum magnitude of the SHG signal
corresponds to reversal of the electric field. These results are
similar to those commonly observed in high-field stressing
experiments,25,26 but in this case the trapping responses are
observed in a contactless and noninvasive manner—one that
is suitable for in situ diagnostics, and requiring no gate metallization. Moreover, the localized nature of the charge injection during the SHG does not lead to permanent damage of
the insulating layers, as one often observes during high-field
stress.
In summary, we have shown that thin MgO layers deposited onto Si/ SiO2 provide new insight into charge carrier
injection and trapping in thin oxide films. At low laser intensity, hole injection into the interfacial SiO2 appears to dominate the trapping response. At higher laser intensities, three-
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