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Characterization of charge-carrier dynamics in thin oxide layers on silicon
by second harmonic generation
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First measurements of time-dependent second-harmonic gene(@H@) at a Si/(ZrQ),(Si0,);_ inter-
face show a behavior that is drastically different from similar measurements at Siffétfaces. We suggest
that in Si/SiQ only electron injection is important, while both electrons and holes contribute to the dynamics
at the Si/(ZrQ),(Si0,),_y interface. Multiphoton excitation occurs in Si for all oxides, and involves direct
interband transitions. The marked difference between the two systems is related to the population of multi-
photon excited states in Si, the corresponding conduction- and valence-band offsets, and trapping/detrapping
processes in the oxides. Our measurements confirm the existence of an initial built-in field at the interface.
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Recent advances in ultrafast laser technology and nonlimificantly diminish the leakage current caused by electron
ear optics have opened up new venues for fundamental stutlinneling. (ZrQ),(Si0,)1_ is distinguished from other
ies of carrier injection dynamics at interfaces. Among thesdiighk materials, because it does not react with silicon and
approaches, second harmonic generati®iiG) analysis has creates thermally and chemically stable interfdtes.
several advantages. It is contactless, nonintrusive, and can beln  our measurements we used amorphous
used forin situ measurements. SHG analysis is a sensitive(ZrO,),(Si0,) 1, films grown on S{100) substrates at
tool for systems with broken inversion symmetry such asNorth Carolina State University using remote-controlled
surfaces and interfaces. The fact that a nonoscillatory electriplasma-enhanced chemical vapor deposition. The oxide
field in a material can greatly enhance SHG signals at athickness is estimated to be of the order of several hundred
interface was employed in an electric-field-induced secondA.® The band gap was measured to be approximately 5.6 eV.
harmonic(EFISH) analysis which recently attracted particu- We compared the results of SHG measurements in these
lar attention® The interfacial static electric field arising from samples with measurements performed in samples from Lu-
charge separation depends strongly on the dynamics of theent Technologie$§40 A of thermally grown oxide film on
charge carriers of the materials, i.e., EFISH measuremensSi(100]. The SHG experiment used a standard configura-
provide unique information on electronic structure, localtion. 150-fs pulses (700 nmA<900 nm) from a mode-
fields, symmetry, and carrier dynamics at interfacé3he  locked Ti:sapphire laséCoherent Mira 90pwas focused on
relationship between the SHG signals and a slowly varyinghe sample. The interval between pulses was 13 ns, the

electric field at the interface can be expressed as power in the pulse was about 50 GW/A;mand the beam spot
on the sample was of the order of 10n in diameter. The
1 (2w) x| P+ x®(Eq— E(1)|?1%(w), (1)  SHG signal was optically separated from the reflected fun-

damental beam, and measured by a photon-multiplier tube
wherel (w) is the intensity of the incident laser lighEy is  through the photon counter. All the measurements have been
the initial dipole electric field, an&(t) is the slowly varying  carried out in air at room temperature.
time-dependent field, both at the interfagé?) and y® are Time-dependent SHG curves for the Si/(Z)dSIO,)
the interfacial second- and third-order susceptibilities. and Si/SiQ systems, for a photon energy 1.56 eV and for
In this Brief Report, we present time-dependent SHGdifferent laser powers, are compared in Fig. 1. For laser pow-
measurements that exhibit strong contributions from both thers below 450 mW, the time-dependent SHG signals are ba-
electron and hole injection processes. This is achieved at agically the same for both materials. For higher powers, the
interface  between Si  and a high- dielectric  curves arising from the Si/SiOnterface continue to increase
(Zr0,)4(Si0,) 1« oxide layer. Earlier SHG studies on pho- gradually with time (toward saturation while the curves
toexcitation at the Si/SiQinterface concluded that electrons from the Si/(ZrQ),(SiO,);_, system rise rapidly, reach a
play a crucial and exclusive role in the development of themaximum, and gradually decrease. In the most general case,
interfacial electric field§. Our measurements elucidate the these curves can be described by an expression with one or
important role of holes in the dynamical processes, leadingwo intensity-dependent time constants. The SHG signal at
to charge separation at the interfdce. t=0 (A,) grows nearly quadratically vs laser power, thus
High-k dielectrics were investigated in recent years as aonfirming the validity of Eq(1).
possible replacement for silicon dioxide at Si/SiO  In addition to the primary dynamics effects shown in Fig.
interface$8 High-k dielectric materials were found to sig- 1, our measurements show that at lower powass than
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creases to some minimum, and then begins to increase. In
FIG. 1. (Color) SHG signals from the interface between Si and Other words, one can say that the initial decrease and subse-

(2r0,),(Si0,);_, (a), and SiQ (b). The photon energy is 1.56 ev, guent increase of the SHG signal occur due to an interplay
the laser power varies between 300 and 560 mW. The insets sho@etween the initial dipole static dipole field and the time-
the dependence of the SHG signatatO (A,) vs laser power on a dependent field at the interface caused by the injection and
log-log scale. trapping of charge carriers in the oxide. The cross-term in

Eq. (1) describes this behavior.
400 mW) there is an initial decrease in the SHG signal for The time-dependent field at the interface also depends on
the zirconia system immediately after the laser radiation ighe photon energifig. 2[@]. The initial fast decrease of the
applied. Figure 2 shows this behavior of the SHG signal forSHG signal practically disappears when the photon energy
different photon energies and for different laser powers. Wegrows from 1.45 to 1.61 eV. When the photon energy in-
suggest that this decrease in the signal is related to the facteases, the kinetic energy of electrons injected into the ox-
that there is an initial dipole field at the interface. This iside is higher, and we expect them to be trapped faster. As a
supported by previous nonoptical measurements at theesult, the time to reverse the initial electric field at the in-
Si/(Zr0,)(Si0,);_ interface® In this picture, the charge terface becomes shorter, and the SHG minimum is not easily
accumulated near the interface is negative in Si and positivebserved.
in the oxide, i.e., the initial interfacial electric field is di- Figure 3 shows the dependence of zero-electric-field SHG
rected toward the Si substrate. As electrons are injected, aignal vs the photon energy in the Si/(Z)Q)(SiO,),_ SYys-
electric field due to charge separation begins to develop buem. Since the increase of the SHG intensity with a two-
in the opposite direction. The net field then initially de- photon energy corresponds to the edge of the direct interband
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7F SZ10,) (50, show any evidence of 2Zr-Si bond formatidn.
_ Laser power 280 mW (Zr0,),(Si0,);_ can be considered as parallel chains of
-*g &l } 1 ZrO, and SiQ structural unit molecules mixed in different
2 ﬂ proportions® A recent XPS measurement for the
3 5 ht jt Si/(Zr0,),(Si0,),_y interface gave 1.3 eV for the conduc-
> { } { tion-band offset?
% ;F ;F }H In the most general case, charge injection in the oxide
€ 4 ;F 1 consists of two processes, naméely,multiphoton excitation
L ﬁ of electrons and holes in Sthe oxide is transparent for
» 3f E { ] incident laser light and thus the excitation process does not
i depend on the nature of the oxide; afiid the transport of
oL . . . E electrons and holes across the interface, assuming that the
2.9 3.0 3.1 3.2 3.3 initial energy of the excited carrier is higher than the corre-
Two-photon energy (eV) sponding barrier. From energy considerations, we can as-

sume that a two-photon process will inject electrons into the
(Zr0,),(Si0,) 4 oxide, but one needs at least three pho-
tons to inject holes.

However, such an interpretation is certainly not sufficient,
transitions in Si, we confirm that the SHG process occurs"lnd one must'take into aqcount Fhe' intensity' of thg light as
through resonant interband transitions. well. The multiphoton carrier excitations in Si are indepen-

A straightforward interpretation of the time-dependentdent of the nature of the oxide, and depend only on the
SHG measurements from Si/Si@akes into account the en- mtensﬁy of the laser beam. For a given |nter_15|ty, an excita-
ergies of band offsets for the valence and conduction band on ofa par.tlcular order shoulq.dommate. This follows from
The barrier for electrons between the silicon valence band'¢ €XPression for the probability of amphoton process,
and the SiQ conduction band at a Si/SiOnterface is about
4.3 eV and, therefore, for a photon energy 1.56 eV, the in- W =g, )
jection of electrons from Si into silicon dioxide is assumed to ) ) ) _
be a third-order procedsThe injected electrons traveling Wherel is the intensity of the beam, and® is the cross
across the oxide, are eventually trapped at the oxygerS€ction. The power 50 GW/chof the laser during the pulse
ambient surface of the oxide, thus creating a slowly varyingorresponds td~10?° cm ?sec *, and one can conclude
electric field across the interface. The corresponding barrieihat for realistic values of the cross sections the nonlinear
for holes is 5.8 eV, and thus one needs at least four photorfyOCesses are, at least, not weaker than the linear précess.
with the same energy for injection. Since third-order pro-T0 determine the order of the process that dominates, one

cesses are much more probable than fourth-order processé§ould obtain detailed information about the cross sections
it is clear that electron injection dominates. for excitation processes of different orders in Si. Excitations
The electronic structure at the Si/(Z)QY(SiO,);_, inter- of both the electrons an(_j holes in Si by muItipIe—photo_n pro-

face is significantly different from the Si/SiOnterface(Fig. ~ ¢@sses occur only during the 150-fs pulse. This time is
4). Calculations give only 1.5 and 3.4 eV for the conduction-Shorter than other energy-relaxation times in the system.
and valence-band offsets of the stoichiometric ZrSgm- ‘The injection and trapping of carriers into the oxide occur
pound(zircon), and 3.3 and 1.5 eV for Zr'° This indicates ~ Primarily in the time interval between pulses3 ng. These
that the band gap is mostly defined by the transition-metal Carriers after injection can contribute to charge separation

levels. X-ray photoemission measuremef¥PS) do not  &cross the interface. In this case, since the electrons and
holes are injected at different rates, this dynamic process

changes the local charge distribution and consequently also
the slowly varying electric field at the interface. In order to
move away from the interface, carriers should have an en-
Direct Bandgap ergy that is higher than the barrier related to the offset plus
3.1 eV 24eV the hopping activation barrier. The hopping activation barrier
, for holes(1.5 eV) is much higher than that for electrof 1
Indirect Bandgap 16 —1: - . . .
116V eV).”’ This is consistent with measurements of trapping cross
Si sections in amorphous SjQthe trapping cross sections for
holes were measured to be 5—-6 orders of magnitude larger
436V than for electrons'”*® Therefore, the energy value of an
offset is clearly not sufficient to determine the threshold en-
ergy for carrier injection and trapping.
Most electron-hole pairs created during the pulse will re-
lax and recombine between the pulses. In pure silicon, Auger
FIG. 4. Band diagram and carrier dynamics at therecombination processes probably dominate over direct ra-
Sil(Zr0,)(Si0,), _ interface. diative recombinatiorisee Ref. 19, and references theyein

FIG. 3. Zero-electric-field SHG signal at the
Sil(Zr0,),(SiO,) 1 interface vs the two-photon energy of the la-
ser light.

(Zr0,) (SiO
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Both experiment and calculations show that in bothand  order injection. Thus at some critical power the third-order
p-doped Si the lifetime for the Auger recombination is in the process begins to contribute significantly, and hole injection
range 10°-10 1° s when the carrier concentration is in the begins to provide a substantial contribution. At this point the
range 18°~107° cm™2. Other mechanisms may also contrib- SHG signal begins to gradually decrease due to a reduction
ute, but it is apparent that only carriers that are trapped in thé! @ net interfacial field.

oxide in the time interval between pulses will contribute to N summary, we have shown that both the electron and
the slowly varying electric field at the interface. hole injection processes contribute to the observed time-

The similarity of the time-dependent SHG curves for thedependent SHG signal from the Si/(Z)XSiO;);- Sys-

two oxides at laser powers below 400 mW indicates that ifem. In addition, our measurements confirm the existence of
both cases we deal with the injection of electrons dig an initial dipole electric field at the interface. We suggest that

1). In the Si/SiQ system, the electron-hole pairs in Si are the intensity-dependent multiphoton excitation processes in

excited by a third-order process. In this case electrons can 9? that initiate the charge separation at the interface are in-

into the oxide through the barrier, but holes cannot. In thet ependent of the oxide, anq are related to direct interband
Sil(Zr0,),(Si0O,) 1« System, electrons can be injected even ransitions. Th.e SHG'techr'uque ha; been shown to pe ex-
in a second-order process, but one needs a third-order IOr%remely sensitive to injection/trapping processes at inter-

cess to inject holes. When the laser power is relatively low aces, and, consequently, holds great promise for a nonde-
the injection of holes does not play a significant role, an

dStructive characterization of electron-hole dynamics at
thus we have similar curves for both systems. We sugges

ﬁemiconductor/oxide interfaces.
that the absence of a hole injection process at the This work was supported by the Office of Naval Research
Sil(Zr0,),(Si0,),_y interface at low laser power indicates under Grants No. N00014-94-1-1023, N00014-94-1-0995,
that we are below an intensity-dependent threshold for thirdand N00014-96-1-1286.
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