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Band offsets measured by internal photoemission-induced second-harmonic generation
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We report first band-offset measurements obtained by multiphoton internal-photoemission induced second-
harmonic generation. Our two-color contactless laser technique involves~1! optically pumping electrons into
the oxide and~2! probing the resulting interface electric field using time-dependent second-harmonic genera-
tion. One- and two-photon internal-photoemission thresholds for the Si/SiO2 interface were measured to be 4.5
and 2.25 eV, respectively. This method promises to become a valuable experimental tool in determining band
offsets in wide variety of semiconductor interfaces.
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The past few decades have seen a rapid increase in
ponent density in integrated circuits. The resulting decre
in channel lengths in MOSFET’s requires gate oxide thi
nesses to be scaled down to 4 nm and below. As a result,
physics issues arise involving enhanced electron tunne
through ultrathin oxide films. Because of inherent limitatio
in ultrathin SiO2, some high-k dielectric materials have bee
investigated as a replacement for silicon dioxide. Car
transport across interfaces and charge trapping in gate ox
are essential factors in defining device performance and
radation. In the first approximation the main determining fa
tor in charge injection processes is the band structure of
semiconductor/oxide interface. Knowledge of conduct
and valence band offsets is crucial in determining whet
electron or hole injection is possible under certain exc
tions. For many new alternative and chemically modified o
ides under investigation these band offsets are not well c
acterized, both theoretically and experimentally.

Electric field induced second-harmonic~EFISH! genera-
tion has attracted particular attention during the past
years as an effective method for interface studies.1,2 The
second-harmonic signal is not only sensitive to applied st
fields but also to quasistatic electric fields resulting fro
charge separation created by carrier injection processe
was shown first by van Driel and collaborators3 and con-
firmed by others,4,5 that for thin SiO2 on silicon ~below 10
nm! a time-dependent second-harmonic generation~SHG!
signal may be readily observed. The time-dependent S
signal is due to the interface electric field created by
injected and subsequently surface-trapped electrons.
high electron affinity of the ambient surface oxygen play
key role in the formation of the surface trap states. The ti
dependence of the SHG signal provides an information ab
the electron injection, transport, and trapping processes.

Second-harmonic generation has been proven to b
novel, nondestructive probe technique for Si/oxide int
faces. It has been used to study surface charge trapping
cesses in the presence of different ambient gases.6 It has been
applied to the characterization of x-ray irradiation induc
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oxide traps in SiO2,5 and electron and hole injection pro
cesses at the Si/(ZrO2)x(SiO2)12x interface.7 These experi-
ments were all based on detecting the time-dependent
signal originating from the quasistatic interface electric fie
created by charge injection and trapping.

Most of the previous time-dependent EFISH experime
have been performed using a single laser source, prima
the Ti:sapphire laser, operating in the wavelength ran
720–900 nm. In this case the incident laser beam is used
two purposes. First, it creates electron-hole pairs via a sin
or multiphoton process, which if energetically feasible,
lows the injection of electrons into the oxide. Second,
interfacial electric field, that arises from charge separat
caused by injection and trapping, may then be detected
the SHG signal generated by the same laser beam. By u
a mercury arc lamp in addition to a Ti:sapphire laser, v
Driel and co-workers have shown that the electron inject
process can be enhanced by an additional pumping sou3

In our experiments, we employ two separate tunable la
sources. The first laser operating in the visible and UV ser
to optically pump electrons into the oxide and the seco
laser operating in the near IR probes the resulting interf
electric field using the time-dependent second-harmonic g
eration technique. Thus, the pump and probe functions
separated.

In this paper we apply a two-color technique involvin
time-dependent EFISH combined with an additional wide
tunable laser source for carrier injection, as a sensi
method for determining band offsets at semiconductor in
faces. We suggest that wavelength dependent measurem
can identify and measure thresholds in multiphoton car
injection processes from which the energy difference
tween a semiconductor valence and an oxide conduc
band~for electron injection! or a semiconductor conductio
and an oxide valence band~for hole injection! may be ob-
tained. First, we have applied these concepts to the w
known Si/SiO2 interface.

In order to compare electron injection and trapping ra
for different laser powers and for different light wavelength
©2003 The American Physical Society02-1
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we used a high intensity tunable visible/UV laser for inje
ing electrons into the oxide and used an IR laser beam o
ating at a lower intensity and at a constant wavelength
monitor the time-dependent electric field via SHG.8 The in-
jection ~or pump! laser source was a widely tunable~1–6
eV!, high pulse power (.5 mJ/pulse), 1 kHz repetition rate
OPG ~optical parametric generator!. We used a Ti:sapphire
laser with a 76 MHz repetition rate at 800 nm as an SH
probe laser. The probe laser beam was incident on the sa
at a 45° angle, and we detected the second-harmonic
p(in)/p(out) configuration. We used the 800 nm probe be
at fairly low peak intensity (3.3 GW/cm2) and also de-
creased its duty factor by a factor of 16~using a shutter! so
that this beam gives a minimal contribution to the cha
carrier injection process. All data presented here were ta
under identical probe laser beam conditions. The pump b
was diverted to the sample at close to normal incidence,
we took data at several peak intensities for each pump l
wavelength. We also made sure that we did not reach
damage threshold of Si throughout the studied wavelen
range. The pump laser spot size diameter in our experim
varied in the range;100–300mm depending on the wave
length used. In general, for higher order injection proces
we used smaller spot sizes to obtain higher peak intensi
We used a focusing lens to vary the spot size, and at e
wavelength we put neutral density filters into the beam p
in order to vary the intensity of the incident radiation. T
power fluctuation of the injection laser was also monitor
continuously via diverting a small portion of the beam into
pyroelectric meter, which was calibrated against a pulse
ergy meter.

The sample used was a conventional, thermally grown
Å thick SiO2 deposited on Si~100! provided by Lucent Tech-
nologies. At this oxide thickness, the injected electrons re
the surface with a high probability, giving rise to a large fie
and, therefore, to a large, easily detectable time-depen
SHG signal.6 This oxide is also thick enough to neglect th
electron tunneling from the surface back to the interfac9

Figure 1~a! shows a typical example of a time-depende
pump-probe type SHG measurement performed for our 4
thick Si/SiO2 sample. When the injection beam was turn
on, the signal rose rapidly indicating the creation of a tim
dependent quasistatic electric field. This field originates fr
charge separation across the interface due to trapping o
jected electrons at the oxide surface by the ambient oxyg
while the holes remain in Si. After a steady-state signal w
reached, we blocked the injection beam and observed
the signal does not change anymore. This is in a cont
with our observations on a 17 Å sample@Fig. 1~b!#. For this
ultrathin sample case, when we blocked the pump beam
SHG signal was observed to slowly decrease in inten
indicating an increasingly lessened electric field across
interface. A similar behavior was observed for oxide thic
nesses below a critical value (;30 Å), for which electron
tunneling rates are significant. In such a case, a detrap
from the O2-rich surface and subsequent recombination w
holes at the interface occur within a short time.

Figure 2 shows the time-dependent SHG signal meas
for several different pump beam intensities. The pump wa
04530
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length was 516 nm~2.4 eV!. As the injection beam intensity
increases, the SH signal reaches the saturation level a
earlier time indicating an enhancement in the injection ra
The experiments discussed here were performed using
trafast high intensity pulsed laser sources. Pump-probe
periments, where the time delay between pump and pr
pulses was varied, performed on Si/SiO2 structures by Dadap
et al.,10 showed a transient increase in the SHG intens
during the laser pulse. They attributed this effect to scre
ing. The gradual increase in the SHG signal, and, theref
in the electric field, observed in our experiment~Fig. 2! is
due to a small number of excited electrons which are injec
into the oxide, transported through the oxide and trappe
the surface. After each consecutive laser pulse, the densi
electrons trapped at the oxide surface increases cumulati
until a steady-state level is reached, determined by the d
sity of available trap sites, oxide thickness dependent tra
port, and band bending.

The time-dependent SHG from the Si/SiO2 interface can
be described in general by

I 2v~ t !5ux (2)1x (3)E~ t !u2~ I v!2, ~1!

where I v and I 2v(t) are the intensities of the fundament
beam and the TDSHG signal,x (2) is the effective second
order susceptibility from all other sources,x (3) is the third-
order nonlinear susceptibility of Si nearby the interface, a

FIG. 1. ~a! Pump-probe type time-dependent SHG data for a
Å thick oxide sample compared to~b!, the same for a 17 Å sample
After the pump laser is turned off, the SHG signal decreases for
thinner sample, indicating that electrons tunnel back to the in
face.
2-2
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FIG. 2. Time-dependent electric field induce
SHG signals for varying pump intensities at th
516 nm wavelength. The black lines show the fi
to the data using Eq.~4!.
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E(t) is a quasistatic electric field in the silicon space cha
region at the Si/SiO2 interface.E(t) arises from the charge
separation at the interface and is localized within a t
Si/SiO2 interface region,11 which is much thinner than the
coherence length for the SHG signal. Therefore, the inter
ence and the internal homodyne effect which may be imp
tant when the susceptibilityx (3) comes mainly from the bulk
of the sample,2,12 do not significantly contribute in ou
present case and cannot affect our results and their inte
tation.

The time dependent electric field is a measure of the e
tron density accumulated at the oxide surface. We were
to reasonably fit our data to the model that suggests the p
ence of the only one type of traps in the system~i.e., the
surface traps!. Other types of traps in the bulk of the oxide
at the interface may also exist. However, it is reasonable
assume that the densities of these traps~e.g., interface traps!
are low and that they can be filled up in a very short tim
Separate experiments performed by our group on x-ray i
diated Si/SiO2 samples did show that new trap centers, b
sides the surface electron traps, could be formed due to
diation damage.8

In Eq. ~1! the quasistatic electric field is proportional
the density of the charged electron traps at the surface, w
can be given through the solution of the rate equation

dne

dt
5~n0e2ne!/tpump

e 1~n0e2ne!/tprobe
e 2ne /tdetrap

e ,

~2!

wheren0e describes the initial number of unfilled electron
traps, 1/tpump

e and 1/tprobe
e give the rates of filling up the

surface electronic trap states due to the pump and p
beams~the second one is usually negligible in comparis
with the first one!. tdetrap

e characterizes the lifetime of th
electron trap states at the surface. It contains contribut
from the rate describing the detrapping of surface electro
the tunneling rate for electrons through the oxide, and th
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recombination rate~with holes! at the interface. We found
thattdetrap

e is of the order of several hours for a;40 Å thick
oxide. This is much longer than a typical time scale of o
measurement in our experimental setup.

Since the rate 1/tpump
e is significantly higher than the othe

two rate constants in Eq.~2!, the solution can be easily found

ne~ t !5n0e•~12e2t/tpump
e

!. ~3!

Therefore, our time-dependent EFISH data can be fitted b
formula

I 2v~ t !5uy01a•~12e2t/tpump
e

!u2, ~4!

wherey0 and a are phenomenological values related to t
initial and saturation SHG levels. We have determined
parameter 1/tpump

e for a large range of incident pump bea
intensities at several different wavelengths between 258
663 nm. When fitting our data we did not take into accou
the relative phase between the two susceptibility com
nents, or between thex (2) and x (3) terms, in Eq.~1! @or
between they0 and a terms in Eq.~4!#. We studied how a
relative phase affects the fitted rate constants and found
our intensity dependent data could be fitted adequately if
phase shift is not higher than 45°.13 This uncertainty intro-
duces a less then 7% error to the value of the fitted param
1/tpump

e . This is not very important since the purpose of t
present investigation is to compare rates at several diffe
wavelengths and not to find their exact value.

Figure 3 shows the dependence of the 1/tpump
e rate con-

stants on the pump laser intensity at the 516 nm wavelen
Fitting these intensity dependent data to 1/tpump

e }(I pump)
n

gives a slope of 2.2660.10, which we associate with th
number of photons required in the injection process at 5
nm ~2.4 eV!. Here we assumed that the measured trap-fill
rate 1/tpump

e is proportional to the probability of then- photon
interband transition given by

Wn5Kn~ I v!n/~n\v!, ~5!
2-3
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where Kn is the n-photon absorption coefficient,I v is the
incident beam intensity at the energy\v.14

The number of photons required to inject electrons fr
silicon to SiO2 was determined for several different energ
in the 1.9–4.8 eV incident pump energy range@Fig. 4~a!#. As
illustrated in Fig. 3 for a particular pump wavelength of 5
nm, the multiphoton numbers,n, describing the order of the
injection process for each wavelength were deduced from
dependence of the measured trap-filling rate const
1/tpump

e on the pump laser intensity. The main features t
appear in Fig. 4~a! are the stepwise jumps from one- to tw
photon ~between 4.56 and 4.50 eV! and then from two- to
three-photon~between 2.30 and 2.20 eV! processes as th
incident pump energy decreases. To the best of our kno
edge, this is the first time when multiphoton internal pho
emission thresholds were observed. The energies, wher
stepwise jumps are observed, are identified with the thre
olds for the one-photon (;4.53 eV) and two-photon
(;2.25 eV) electron injection from Si valence band~VB!
into the SiO2 conduction band~CB!.

Published values for the Si(VB)-SiO2(CB) offset gener-
ally vary in the 4.05–4.6 eV range.15,16The wide variation is
usually attributed to the presence of excitonic levels in
SiO2 band gap. Measured thresholds in internal photoem
sion ~IPE! studies17 are in the range of 4.05–4.35 eV,15

where the lowest value is attributed to mobile ion contam
nation in the oxide. IPE measurements are generally
formed on MOS structures, where the oxide thickness is
the order of 1mm. In a recent study, Afanas’ev et al foun
that the Si(100)(VB)-SiO2(CB) barrier of 4.25 eV is un-

FIG. 3. Electron trap-filling rate constants versus pump la
~516 nm! intensity, determined by fitting the time-dependent EFIS
data. The solid line is the best fit based on a simple power law
indicates an approximately quadratic dependence of the rate o
laser intensity.
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changed down to oxide thicknesses of;10 Å ~IPE!.18 A
recent experimental study by the Lucovsky’s group det
mined 4.35 eV for the Si(100)(VB)-SiO2(VB) offset via
x-ray photoemission method.19 This gives 4.6 eV for
Si(VB)-SiO2(CB) difference if one uses 8.95 eV~Ref. 20!
for the SiO2 bandgap.

Our experimental result of;4.5 eV for the electron in-
jection threshold in the Si/SiO2 system is in a good agree
ment with the data cited above. For the interpretation of t
result, it is important to mention that with our methodolog
we do not necessarily measure the barrier between the ‘‘fl
Si valence and SiO2 conduction bands. We deduce the ord
of the internal photoemission process from the measu
electron trap filling rates up to a saturation level. This mea
that there may be a significant band bending due to the e
tric field created by the trapped electrons at the oxide s
face. This effect increases the barrier height to injection. T
maximal increase in the measured offset due to band ben
is given by

eEdcdoxide5~e2ne
`doxide!/«Si , ~6!

wheree is the electron charge,doxide is the thickness of the
SiO2 layer ~42 Å!, ne

` is the surface charge density at th
time t5`, and«Si is the dielectric constant of Si. The su
face charge density can be estimated by comparing the
sults of our EFISH measurements with the data available
dc-biased MOS samples,21 and also with the data on thick
ness dependence of the time-dependent EFISH process.22 We
estimate the steady-state charge density of the surf
trapped electrons to be to be aroundne

`;331012 cm22,13

r

It
the

FIG. 4. ~a! The order of electron injection process from silico
into SiO2 versus the photon energy of the pump beam, determi
from the intensity dependence of injection rates,~b! schematic rep-
resentation of electron injection and transport process in the Si/S2

system.
2-4
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which results in a 0.19 eV maximum increase in barr
height due to band bending. Additionally, the injected el
trons also need to overcome the activation energy for e
tron hopping~0.1 eV!,23 which is required for the electron t
move away from the interface.

Figure 4~a! shows, that the two-photon injection thresho
obtained by our technique is not less precise than the o
photon threshold. This suggests that the band structure in
mation obtained from thresholds observed for higher or
processes, for which the selection rules are different,14 can
complement results obtained from linear optical measu
ments. Additionally, since high-intensity ultrafast las
sources are now widely available, the experimental work
no longer limited to threshold studies in the linear absorpt
regime. Also, we do not expect that the multiphoton ex
tonic absorption will affect the value of the observed thre
old. While conventional IPE measurements are performed
semiconductor/insulator interfaces with a metallic conta
our methodology involving SHG is a contactless techniq
which probes exclusively the interface band structure
question. It is always hard to produce good quality conta
on ultrathin oxides, and this fact makes conventional I
studies on ultrathin samples less reliable. Our two-co
methodology utilizes EFISH for probing the interface. Th
technique relies on measuring the time-dependent chang
the interface fields due to the charge trapping in the bulk
at the surface of the oxide. It is especially advantageous
thin oxide (,100 Å) studies, where the EFISH signal
greatly enhanced by surface electron trapping processes
,
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In summary, we have made first measurements of the
valence to SiO2 conduction band offset via multiphoto
internal-photoemission induced second-harmonic genera
Our two-color nondestructive laser technique involves a tw
step process. First, electrons are excited by a tunable p
laser~in a single- or multiple-photon process! into the con-
duction band of silicon. Depending on the excitation ener
the electrons may then be injected into the oxide and
trapped at the oxide surface. Second, the interface ele
field resulting from the carrier separation is probed usin
time-dependent second-harmonic generation technique.
found that the one- and two-photon thresholds for elect
injection in the Si/SiO2 system are;4.5 and;2.25 eV,
respectively, what is in a good agreement with the publish
band offset values for the Si/SiO2 system. This means tha
the multiphoton internal-photoemission induced seco
harmonic generation technique developed here is a pro
ing experimental tool in determining band offsets in a wi
variety of semiconductor interfaces including unconventio
and chemically modified oxides. This contactless techniq
can be easily applied to many crystalline and amorph
materials and to their interfaces. An additional advantage
time-dependent EFISH measurements is that it readily p
vides dynamical information about the carrier injection, tu
neling, and trapping rates.
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