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We report a new and surprising enhancement of the electric field at the SiySiO2 interface following
the cessation of intense pulsed near-infrared radiation. The phenomenon, measured by optical s
harmonic generation, occurs only for photon energies and oxide film thickness that exceed resp
thresholds. We attribute the new effect to multiphoton hole injection into the oxide and to an asymm
in electron and hole dynamics, in particular to distinctly different trapping and detrapping proces
[S0031-9007(98)07589-9]
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In this Letter, we present the first measurements of
pronounced electric field enhancement at the SiySiO2 in-
terface, which develops unexpectedly after multiphoto
excitation with ultrashort laser pulses is switched off, i.e
dark conditions. We attribute this increase in the inte
face electric field, in the absence of external radiation,
distinctly different dynamical behavior of holes and elec
trons at and near the interface. Previous second harmo
generation (SHG) studies by van Driel’s group [1–3] o
photoexcitation at SiySiO2 interfaces have elucidated the
unique contribution of electrons in the development of in
terface electric fields.

The present work establishes for the first time the im
portant role of holes in the dynamical processes leading
charge separation and subsequent quasistatic electric fi
enhancement both during multiphoton excitation and al
under nonperturbative conditions. Wavelength-depende
studies of this new effect show that hole injection occu
for photon energies above 1.52 eV. The subsequent fi
enhancement is readily observable for oxides that exce
a critical threshold thickness (approximately30 to 40 Å).
For thinner oxides hole dynamics is more complicated d
to detrapping of electrons. We propose that the effe
is mediated by four-photon excitation of holes across th
valence-band offset, charge trapping and detrapping, a
subsequent relaxation at the interface. This work bea
directly on fundamental physics issues involving carrie
dynamics at semiconductor interfaces, charge breakdo
mechanisms, and hot carrier injection. In addition, the d
pendence of the new phenomenon on oxide thickness m
have significant consequences on device physics as g
oxide thickness shrinks below40 Å.
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a

n
.,
r-
to
-
nic
n

-

-
to
eld

so
nt

rs
eld
ed

ue
ct
e
nd
rs
r

wn
e-
ay
ate

For our studies, we used the optical second-harmon
generation technique, which has proved to be a sensit
probe of semiconductor interfaces [1–11]. The exper
mental setup is standard for surface SHG measuremen
Briefly, a Ti:sapphire laser provides 150 fs pulses, a wav
length range tunable from7100 to 9100 Å, and an av-
erage power of 300 mW at a repetition rate of 80 MHz
The beam is focused to approximately 10mm in diame-
ter on the sample, and the reflected SHG signal is me
sured with 0.5 s temporal resolution by a photomultiplie
and photon counter. The new phenomenon was observ
systematically in a variety of different oxides. A ma-
trix of samples was prepared from lightly boron-dope
s1015 cm23d Sis001d wafers covered with thermal oxides
of different thicknesses, 40, 50, and65 Å. Some of these
samples were annealed in hydrogen or deuterium conta
ing atmospheres. Thinner oxides were prepared by etc
ing back the oxide in a dilute HF solution to a thickness o
about10 Å.

For all thermal oxide samples studied, a rapid increa
in the SHG signal was observed for the first few hundre
seconds of irradiation (Fig. 1). It then gradually reached
saturation level defined asD1. The time-dependent SHG
(TDSHG) from the SiySiO2 interface can be described in
general byI2vstd  jx s2d 1 x s3dE stdj2sIvd2, where Iv

andI2vstd are the intensities of the fundamental beam an
the TDSHG signal,x s3d is the third-order nonlinear sus-
ceptibility of silicon,x s2d is the effective SHG susceptibil-
ity from all other sources, andE std is a quasistatic electric
field in the silicon space charge region at the SiySiO2 in-
terface. E std arises from the charge separation at the in
terface causing a field perpendicular to the surface. Th
© 1998 The American Physical Society



VOLUME 81, NUMBER 19 P H Y S I C A L R E V I E W L E T T E R S 9 NOVEMBER 1998

-
a

m

e

at
ld
a

nt
u-
e.
s
-
t
al

fs

ro-
er-
ar

c-

d

t
at
d

e

the TDSHG technique is a direct contactless method
probing electric fields at the SiySiO2 interface.

The initial rise in the TDSHG signal observed in Fig.
is similar to results obtained by other groups [1–3,12
In the work done in van Driel’s group [1–3], it was
shown that the TDSHG signal increases rapidly when t
SiySiO2 interface is irradiated by a fundamental bea
(l  7700 Å, 110 fs pulses,1 GWycm2 peak intensity,
and 76 MHz repetition rate), and then it gradually sat
rates. van Driel and co-workers attributed this phenom
non to multiphoton excitation of electrons into the SiO2
conduction band and the subsequent electron transfer
trapping at the oxide/ambient interface [1,2]. This inte
pretation is consistent with our results. When electro
are excited from the silicon valence band into the oxid
conduction band and eventually become trapped prim
ily on the oxide outer surface, a charge separation occu
This charge separation altersE std at the interface, which
in turn leads to changes in the TDSHG signal [2].

Our results show a new and scientifically revealing ph
nomenon for all oxides with thicknesses exceeding40 Å,
i.e., a pronounced increase in the TDSHG signal after t
excitation beam (l  7900 Å, 10 GWycm2 peak inten-
sity) has been blocked for several seconds and then
blocked, as shown in Fig. 1. The magnitude of this da
field enhancement is referred to asD2. After 600 sec of ir-
radiation the excitation beam was blocked. Then 100 s
later the fundamental beam was again switched on. S
prisingly, the initial reading of the TDSHG signal wa
observed to be much higher than before the beam w
blocked. The enhanced signal was seen to decrease
matter of a few tens of seconds to the former saturati

FIG. 1. Time-dependent SHG signal from a40 Å thermal
oxide grown on ap-type Si(001) substrate.D1 represents the
beam-on saturated SHG signal whileD2 represents the dark
field enhanced SHG signal. The inset shows the TDSHG sig
from the same wafer after the oxide has been etched down
10 Å thickness.
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level and followed that saturation trend thereafter. In con
trast, the inset of Fig. 1 shows the TDSHG response for
thinner oxides,10 Åd which does not show the dark re-
lated field enhancement,D2. In fact, in this case the field is
drastically lowered. van Driel’s group monitored the time
dependence of the SHG signal after the excitation bea
was switched off for a thin oxides,30 Åd grown in steam
[Fig. 1(a) in Ref. [2] ]. They observed a decrease in th
TDSHG signal, which is identical to the observed TDSHG
behavior of our etched sample. Therefore we conclude th
as a general feature the newly observed dark electric fie
enhancement is pronounced for oxide films that exceed
critical threshold thickness in the range 30 to40 Å. For
thinner oxide films, the hole related effect is less appare
due to fast electron detrapping from the surface which ne
tralizes the holes trapped in the oxide and at the interfac

Note that for pulsed laser excitation, several pathway
exist for promoting electrons and holes to the contin
uum states of the oxide. In Ref. [1] it was shown tha
the trapping rate for photoinjected electrons (reciproc
TDSHG rise time) follows approximately ansIvd3 de-
pendence using a fundamental beam consisting of 110
pulses atl  7700 Å. This suggests that three-photon
processes including cascaded one- and two-photon p
cesses, or direct three-photon processes occur. We p
formed power dependent TDSHG measurements simil
to the one shown in Fig. 1 on a40 Å thermal oxide.
Figure 2 reveals an approximatelysIvd2.4 dependence for
the saturated TDSHG signalsD1d. In contrast, the dark
field enhancementsD2d scales with approximatelysIvd3.5.
Hence multiphoton absorption processes are likely to a
count for this novel effect.

To further elucidate the nature of the newly observe
phenomenon, we performed TDSHG measurements ofD1
and D2 as a function of incident photon energy. Fig-
ure 3(a) shows TDSHG results obtained from a40 Å
thermally grown and deuterated oxide at three differen
photon energies. The three data sets clearly show th
D1 decreases with increasing photon energy. In marke
contrast,D2 increases with increasing photon energy. W
note that the sum,D1 1 D2, remains largely constant

FIG. 2. Power dependence ofD1 andD2.
4225
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over the range of measured photon energies consis
with charge conservation and our hole-injection mod
described below. Figure 3(b) summarizes the photon e
ergy dependence ofD1 and D2 for all measurements ob-
tained. The data clearly show thatD2 occurs only for pho-
ton energies above a critical photon energy threshold
approximately 1.52 eV. Moreover, below this threshol
D1, which may be attributed totally to electron injec
tion behavior, is almost at a maximum. van Driel’s en
ergy threshold is 1.43 eV (4.3 eV divided by 3). Henc
the electron and hole thresholds are at very differe
energies.

The above observations can be interpreted in a cons
tent way as follows. Previous measurements using x-r
photoelectron spectroscopy (XPS) gave valence band o
sets for both wet and dry oxides varying from 4.35 t
4.9 eV [13,14]. A schematic of the band offsets at th
SiySiO2 interface is shown in Fig. 4. Taking into accoun
that the band gap of silicon is 1.1 eV and the SiO2 band
gap is approximately 9 eV at room temperature and th
the fundamental beam must have a photon energy lar
than 1.52 eV, we conclude that it requires four photo
(6.08 eV) to create a hole in the oxide valence band, wh
three photons of greater than 1.36 eV (4.1 eV) are need
to excite an electron from the silicon valence band to t
oxide conduction band [1,2].

Because of the significant difference in transition prob
bility between a three-photon and a four-photon proce
the excitation of electrons is strongly favored. Therefo
the initial feature of TDSHG is dominated by photoinjec
tion of hot electrons, even though there are holes exci
into the oxide as well, and some of them may, of course,
combine. When the photon energy is below 1.52 eV, ho

FIG. 3. (a) Time-dependent SHG signal from a40 Å ther-
mally grown and deuterated oxide for three different photo
energies. (b) Photon energy dependence ofD1 and D2. The
solid curves are guides to the eye.
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are not injected in the oxide and the dynamical behavior
determined solely by electrons. This explains why abov
1.52 eV,D1 decreasessince the total field at the interface
is lessened due to the injection of holes into the oxide.

During the injection of electrons and holes into the
oxide, several things happen. The density of electro
traps in thermally grown bulk silicon dioxide is quite
small; considerably less than 1% of the electrons injecte
at room temperature will therefore be trapped in th
insulator [15]. Since electrons have a normal mobility
of about 0.002 m2yV s [15], they will leave the oxide
very fast (within picoseconds) either to the silicon or to
the outer oxide surface. Previous studies have shown th
due to the oxygen ambient, hot electrons will eventuall
travel to the surface where some of them become trapp
[2]. For thick oxides, the trapped electrons remain o
the oxide-ambient interface after the excitation beam
is switched off. For oxides below a critical thickness
s,30 Åd the electrons tunnel back and combine with
the holes. Our experiments on the thin oxide films
s,10 Åd confirm this explanation. The inset of Fig. 1
shows that the TDSHG signal from these samples behav
differently and strongly increases from a very low leve
after blocking and unblocking the fundamental beam. I
this case, a fraction of the electrons was able to mov
back to the oxide. We note that, after unblocking the
excitation beam, the TDSHG intensity from both the etc
back and the40 Å oxide quickly returns to the saturation
level reached before blocking the beam. This “memor
effect” results from the large dispersion in the electron

FIG. 4. Schematic diagrams of a three-photon electron and
four-photon hole transfer process from silicon into an ultrathin
oxide. For simplicity only the flat-band condition is shown in
the top diagram.
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detrapping time constants which can be several hundr
of seconds and longer [1,3].

In contrast to electrons, holes in silicon dioxide beha
quite differently. The hole transport is highly variable
with a very low apparent mobility, of order10210 m2yV s
[15]. Models explaining this type of charge transpo
assume a large density of shallow hole traps [15]. T
holes are assumed to move either by tunneling betwe
localized states (hole traps) or they become trapped a
then reemitted into the valence band with a large tim
constant dispersion due to the distribution in trap depth
Hole traps are more abundant in thermally grown silico
dioxide than electron traps, and since they also have lar
cross sections, a substantial fraction of the injected ho
may be captured. It has been reported that as many
10% of injected holes can become trapped in the oxi
close to the SiySiO2 interface [16].

As a result of these considerations, we suggest t
in the presence of the excitation beam with photo
energies greater than 1.52 eV, a substantial proportion
injected holes, having surmounted the valence band off
and crossed the interface into the oxide, remain clo
to the interface. Consequently, these holes can read
move back to the silicon when the beam is switche
off. This movement of holes back to the silicon, unde
dark conditions, is responsible for the observed enhanc
electric fieldE std, as monitored by TDSHG,D2, arising
from the increased charge separation at the interfa
(Fig. 4). Figure 1 verifies this. After again turning on
the excitation beam, hot holes move across the interfa
into the SiO2. On the other hand, relatively few electron
will move from the silicon to the SiO2, when the beam
is switched on, because they have to drift against
already strong space charge field created by the electr
trapped at the SiO2 outer surface. Consequently, ther
are more holes than electrons moving into SiO2 with the
excitation beam on. These two effects combined redu
the charge separation. Therefore the fieldE std and the
TDSHG signal will decrease to near the previous bea
on level,D1, when the excitation beam again illuminate
the SiySiO2 interface.

This new dark field enhancement effect, which is cr
cially dependent on oxide thickness and on photon ener
provides significant insight into the role of hole trapping
detrapping, and relaxation at the SiySiO2 interface, which
eds
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critically impacts next-generation microelectronics. In the
future, by applying intense tunable infra-red radiation from
the Vanderbilt Free-Electron Laser we plan to selectivel
modify local vibrational modes and simultaneously moni-
tor the changing electronic properties of the SiySiO2
interface with this new contactless SHG technique. In
particular, this approach will shed light on the observed
dramatic lifetime differences between hydrogenated an
deuterated interfaces of CMOS devices [17].
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