
Ultrafast Time-Evolution of the Nonlinear Susceptibility of Hot Carriers at the
Ge(111)-GeO2 Interface As Probed by SHG

Arthur McClelland, Vasiliy Fomenko, and Eric Borguet*
Department of Chemistry & Surface Science Center, UniVersity of Pittsburgh, Pittsburgh, PennsylVania 15260

ReceiVed: July 30, 2003; In Final Form: September 20, 2003

Time-resolved second harmonic generation (SHG) was used to study hot carrier dynamics at the Ge(111)-
GeO2 interface on the femtosecond time scale. A linear dependence of the change in SHG on the pump
power was observed for the carrier density range of 3× 1018 to 2.2× 1019 cm-3. The ratio of the hot carrier
to valence band nonlinear susceptibilities was determined to be 924( 40 in the Ge(111)-GeO2 system, an
order of magnitude greater than for Si(111)-SiO2. The dynamic SHG response is attributed to a change in
the nonlinear susceptibility of the excited carriers and the diffusion of excited carriers away from the interface.
The time to reach SHG steady-state response (410( 70 fs) appears independent of carrier density in the
range explored. The time evolution of the hot carrier nonlinear susceptibilities for Ge(111)-GeO2 at the 211
azimuth was extracted and shown to follow a double exponential evolution with time constants of
170( 50 fs and 3500( 1450 fs, similar to the literature values for bulk scattering times of electrons out of
the Γ valley (∼100 fs) and into the L valley (∼3.7 ps).

Introduction

Understanding carrier dynamics at semiconductor interfaces
is important in many physical and chemical processes of
fundamental scientific and technological interest. Hot carriers,
i.e., carriers with excess kinetic energy relative to the lattice,
can play a significant role in degradation of the insulating gate
oxide in MOSFETs.1,2 In addition, knowledge of carrier
relaxation rates is important for the correct modeling of the
operation of semiconductor devices.3 The relaxation rate of hot
carriers is a measure of how fast energy can be transferred from
the hot carriers to the lattice. Processes involving atomic motion
such as ablation, etching, melting, and phase transitions
subsequently use this lattice energy.4 Carrier dynamic informa-
tion would also be useful in understanding and designing
photodriven material processing techniques. The relaxation rate
of photoexcited carriers determines the yield in surface photo-
chemical reactions such as photolithography.5 Recently there
has been renewed interest in Ge devices due to the potential
for faster devices from the higher carrier mobility of Ge relative
to Si.6,7 However, the hot carrier dynamics at the Ge-dielectric
interface are not well-known. The experiments described here
were aimed specifically at understanding the behavior of carriers
at the Ge-insulator interface on the femtosecond (10-15 s) time
scale after their creation with∼0.8 eV of excess energy.

Many different experimental techniques have been used to
study carrier dynamics in semiconductors. They include transient
reflectivity,8,9 transient grating,5 differential optical trans-
mission,10-12 and transient Raman scattering.13,14 A limitation
of all of these techniques is that they are not specifically
sensitive to the interface. To observe the dynamics of carriers
that are at the semiconductor-dielectric interface, time-resolved
second harmonic generation (SHG), an interface-specific probe,
was chosen.15-18

Experimental Section

The SHG experiments reported here were performed with a
∼100 fs, 76 MHz Ti:sapphire oscillator (Coherent Mira Seed)
operating at 800 nm as described elsewhere.19 The probe and
the pump beam passed, symmetrically off axis, through a 100
mm lens that focused the beams to a 30( 4 µm diameter spot.
The typically s-polarized pump power was 150 mW, corre-
sponding to an excited carrier density of 1.8× 1019 cm-3. The
p-polarized probe power was 50 mW, corresponding to an
excited carrier density 9× 1018 cm-3. Since the pump struck
the sample at an angle of 47° and the probe struck the sample
at 43°, the beams formed ellipses on the sample. This has been
taken into account in calculating the focused beam area in the
carrier density calculations. All experiments were performed at
295 K, in laboratory ambient air.

The pump beam delay was controlled by a stepper motor
driven translation stage. The data were collected in 80 fs steps
with a collection time of 1 s/point. Typically, 10 scans were
averaged to improve the S/N ratio. All scans were performed
with the Ge crystal oriented to a major maximum of the SHG
rotational anisotropy with p-polarized light.19,20

Ge wafers (undoped, Eagle Picher) were degreased by
successive 10 min sonication in trichloroethylene (J. T. Baker,
reagent grade), acetone (EM Science, reagent grade), then
methanol (Fisher Scientific, certified ACS grade). No additional
treatment was performed on oxidized samples before experi-
ments. All chemicals were used as received. The oxide was
determined to be∼2.3 nm thick from ellipsometric measure-
ments, using extrapolated optical constantsn ) 5.505 andk )
0.776 for Ge21 andn ) 1.604 for GeO2.22,23

Results

(a) Determination of the Second-Order Nonlinear Sus-
ceptibility of Photogenerated Electron Hole Pairs in Ge-
(111)-GeO2. The results of a typical pump-probe SHG
experiment from the Ge(111)-GeO2 interface are illustrated in
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Figure 1. Generally, a prompt dip in the SHG signal is observed
aroundt ) 0, followed by an exponential increase in signal at
t > 0 to a final steady-state level.

The increase in the SHG signal fort > 0 can be understood
as an increase in theø(2) of the system. The electrons in the
valence band can be considered to be bound as in a dielectric.
The electrons in the conduction band can be considered to be
quasi-free as in a metal. The polarizability of quasi-free electrons
is greater than that of bound electrons.24 At t > 0 there are
more electrons in the conduction band than att < 0, so the
second harmonic signal will be greater att > 0, provided that
the nonlinear susceptibilities add in phase.15

The pump-induced change in the linear optical properties via
the Fresnel coefficients atω and 2ω can also change the SHG
response. This contribution, in the absence of changes in the
nonlinear optical properties, was calculated to result in an
increase in SHG, but accounts for at most 1/10 of the increase
in SHG signal. The change in the nonlinear optical properties
must account for the remaining 9/10 of the change in signal.

A linear dependence of the bleach, defined as the change
between the initial (t < 0) and final (t > 0) steady-state signal
levels, on pump power was observed for Ge in the carrier density
ranges of 3× 1018 to 2.2× 1019 cm-3 (Figure 2). In the simplest
approximation one assumes that the total second-order nonlinear
susceptibility of the system,øs

(2), depends on the carrier density
in the excited state and the unexcited state in the following
manner:

whereN* and N are the photoexcited e-h pair density and the
valence band electron density, respectively, andø/(2) and ø(2)

are the nonlinear susceptibilities of the photoexcited carriers

and valence band electrons, respectively.15 At t < 0 the only
photoexcited carriers,N*probe, are those excited by the probe
pulse.15 At t > 0 photoexcited carriers, N*all, from both the
pump and the probe contribute to the signal. One can take the
normalized change in SHG signal as

whereI(t > 0) is the SHG steady state at long times, taken to
be the last picosecond of the scan.I(t <0) is the SHG intensity
from the surface unperturbed by the probe.

The ratio I(t > 0)/I(t < 0) depends quasi-linearly on input
pump power under our experimental conditions (Figure 2). The
data (ratioI(t > 0)/(I(t < 0)) was fit to

a simplified expansion of eq 2, using the ratio ofø/(2)/ø(2) as
the only fit parameter. In eq 3,Nall

/ ) Nprobe
/ + Npump

/ , N ) 2 ×
1023 cm-3sthe carrier density of the valence band, estimated
as (Ge atomic density× 4),N*probe) 9 × 1018 cm-3sthe carrier
density photoexcited by the probe. An in-phase relationship of
the excited- and ground-state contributions to SHG is assumed.
The increase in SHG att > 0 justifies this assumption for the
Ge(111)-GeO2 system.

The curve fit yields 462( 20 for theø/(2)/ø(2) ratio in the
Ge(111)-GeO2 system. These numbers were calculated using
the initial excited carrier density. However, whenI(t > 0) is
evaluated at 2.5-3.5 ps, our calculations of the carrier density
re-distribution due to diffusion show that half the carriers excited
by the pump have diffused into the bulk, out of the region probed
by SHG after 2-3 ps. (The carrier diffusion calculations are
addressed in section b below.) Taking this into account, by
reducingNall

/ by a factor of 2, yields aø/(2)/ø(2) ratio of 924(
40 in the Ge(111)-GeO2 system at the SHG steady-state signal
level.

The model described by eq 3 starts to deviate significantly
from linearity around an excited carrier density of 7× 1019

cm-3, when the quadratic term is 10% of the linear term and
can no longer be ignored.

(b) Carrier Diffusion. The effect of hot carrier diffusion into
the bulk, due to the excited carrier concentration gradient, was
investigated by calculating the spatial distribution of excited
carriers as a function of time (Figure 3).30 The initial pump-
induced (150 mW) concentration of carriers is given by eq 4:

The complex refractive index at 800 nm for Ge isn ) 4.635
and k ) 0.298,21 the reflectivity is R ) 0.3, the optical
penetration depth is 0.2µm, and the absorption coefficientR

)
4πk

λ ) 50501 cm-1. The surface recombination velocity is
taken asS) 102 cm/s.25 Values as large as 100 000 cm/s were
found not to have a significant effect on the simulations. The
ambipolar diffusivity is taken asD ) 65 cm2/s.26 Modeling of
hot carrier diffusion indicates that 50% of the carriers excited

Figure 1. SHG pump-probe Ge(111)-GeO2 in pin-pout configuration,
s-pump 150 mW, p-probe 50 mW. The dotted line is the sum frequency
generation (SFG) autocorrelation. Solid line is a single-exponential fit
used to determineτ. τ ) 358 ( 35 fs. Bleach 5%( 0.5%

Figure 2. Fractional bleach vs pump power.ø/(2)/ø(2) ) 924 ( 40 in
the Ge(111)-GeO2 system data was taken with a p-polarized pump
and s-polarized probe. Solid line is a fit to eq 3.

øs
(2) ) Nø(2) + N*ø/(2) (1)

I(t > 0)

I(t < 0)
)

|N*allø
/(2) + Nø(2)|2

|N*probeø
/(2) + Nø(2)|2

(2)

I(t > 0)

I(t < 0)
)

1 + 2
N*all

N
ø/(2)

ø(2)
+ (N*all

N )2(ø* (2)

ø(2) )2

1 + 2
N*probe

N
ø/(2)

ø(2)
+ (N*probe

N )2(ø* (2)

ø(2) )2
(3)

N0 )
I0(1 - R)R

hν
) 1.8× 1019cm-3 (4)
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at t ) 0 have diffused out of the region probed on the 3.5 ps
time scale of the pump-probe experiment, Figure 3.

(c) Interfacial Carrier Dynamics and Evolution of ø/(2).
This rapid depletion of the excited carrier density in the probed
region is an interesting and important point. The SHG signal
from the pump-probe experiments typically reaches a steady-
state level after approximately 1 ps. The change in SHG signal
is modulated by the number of excited carriers,N*, times the
ø/(2) of the system, as can be seen from eq 2. The rapid depletion
of excited carriers in the region probed27 must lead to a decrease
in SHG. However, the steady-state level of the SHG signal in
the 1-3.5 ps range implies that theø/(2) of the system must be
evolving in time in such a way as to counteract the loss of
excited carriers in the probed region.

Photoinduced variations of the linear optical properties can
cause surprisingly large changes in the nonlinear optical
response.28,29 To analyze the change in SHG due to refractive
index changes, we adopted a model previously used to describe
the time-dependent linear optical properties of semiconduc-
tors.8,30The linear optical properties depend on the temperature,
carrier concentration, and indices of refraction for 800 and 400
nm light. The effect of linear optical properties on SHG through
the Fresnel factors was considered and found to account for
<1/10 of the change in the signal. We can conclude that 9/10
of the transient SHG signal is due to changes in the nonlinear
optical properties.

The laser pulses can heat the sample and change the nonlinear
optical response, again through changes in Fresnel factors. Each
laser pulse initially heated the sample by 2.6 K.31 The cumulative
heating effects were calculated to rapidly reach steady state with
a ∼70 K temperature rise.31 In the experiments reported here,
no significant drift of the initial and final signal levels in
successive scans was observed, suggesting that the samples had
reached steady-state temperature and that changes in SHG are
due to reasons other than laser-induced heating.

Our analysis agrees with SHG behavior observed for other
hot carrier systems. For example, in a time-resolved SHG probe
of electron relaxation processes in Au, following intense 800
nm excitation, Guo et al. revealed an enhancement inø(2) at
∼300 fs after laser excitation, attributed to thermalization of
hot electrons.28 Guo et al. found thatø(2)

eff was much higher
for an equilibrium electron distribution than for the nonequi-
librium electron distribution that exists immediately after pump
excitation.28 We observed a similar behavior ofø(2) in Ge(111)-
GeO2.

The dip in signal neart ) 0 in the cross-polarized configu-
ration could in fact be a manifestation of this phenomenon. The
electrons immediately aftert ) 0 are in a “nonequilibrium” state

that has aø* (2) that is actually out of phase with theø(2) of the
unexcited electrons. This leads to a lower overall SHG signal
at t ) 0 than at the end of pump-probe scan, when the
equilibrium ø* (2) is in phase with the unexcited valence band
electrons.

Guo et al. suggested that the efficiency of the SHG process
is proportional to an electron distribution function involving
initial, intermediate, and final density of states.28 We suggest
that theø/(2)/ø(2) ratio increases when electrons scatter from the
Γ valley to the X valley, due to the larger density of available
states in the X valley compared to theΓ valley.9,32The diffusion
of electrons into the bulk will reduce the state filling in X valley,
further increasing the density of available states.

We suggest that the transient response is related to a change
in ø/(2), the nonlinear susceptibility of the hot carriers, which
in turn is related to the thermalization of hot electrons.28 The
Auger recombination time, calculated to be 13 ns in Ge at a
carrier density of 1.8× 1019 cm-3, is much too slow to be
observed in these experiments.13 Electron-hole scattering,
which occurs on the order of 10-13 s, allows the electron and
hole systems to reach thermal equilibrium by energy transfer
to the crystal lattice.13 Most of the excess energy is in the
electron system, rather than the hole system, due to the lower
effective mass of the electron.

The behavior of theø/(2)/ø(2) ratio (see Figure 4), reveals the
density of states available to an electron at the surface increases
as a function of time. The data in Figure 4 was fit to a double
exponential 830-680 exp(-t/3500)- 450 exp(-t/170). These
time constants are surprisingly close to those reported for the
scattering of hot electrons in bulk Ge.9 The fast time constant
can be attributed to the scattering of the electrons from theΓ
valley to the X valley with the larger density of states, about
100 fs in bulk Ge.9,32 The slower time constant is probably a
convolution of changes inø/(2) due to the cooling of the carriers
and the scattering of the electrons to the L valley, reported to
be 3.7 ps in the bulk. The similarity of the observed time scales
with bulk electron dynamics suggests that the nonlinear optical
response is dominated by electrons rather than holes and that
the presence of an ultrathin dielectric GeO2 layer at the interface
does not alter the electron dynamics significantly.

Interfacial charge trapping is an important channel for excited
carriers and is particularly relevant to semiconductor nanopar-
ticles where the interface can dominate carrier dynamics.33 In
principle, charge trapping at the interface could give rise to the
observed steady-state SHG signal. This hypothesis was inves-
tigated by taking longer pump-probe scans. The long-term
decrease of the SHG response, Figure 5, does not support
significant charge trapping at the interface. Rather it suggests
that the dynamics are governed by diffusion. To test this
hypothesis, the SHG signal was modeled for the situation where
the number of excited carriers probed was fixed, due to trapping,
at the initial carrier density (dashed line) and at the carrier
density remaining at the interface after 3.5 ps (dotted line). The

Figure 3. The carrier density as a function of distance from the surface
at different times after excitation calculated as described in text. The
data are plotted over the penetration depth of the fundamental (800
nm) light in Ge. No bandbending effects are considered since intrinsic
Ge was used for experiments.

Figure 4. Time evolution of theø/(2) (t)/ø(2) ratio for the Ge(111)-
GeO2 interface extracted from data in Figure 1.
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solid line represents the SHG response when the excited carriers
were allowed to continue diffusing away from the surface. In
all casesø/(2) was allowed to evolve (as a double exponential
based on the analysis presented above).

The modeling of carrier trapping (Figure 5) is based on the
assumption that the second-order nonlinear susceptibility (ø(2))
for trapped carriers is similar to that of free carriers. However,
the trap states should be more localized than the delocalized
excited state, and the second-order nonlinear susceptibility of
trapped electrons might more closely resemble that of the
localized ground state. Therefore, it would appear that the SHG
response should decrease with trapping, a behavior that would
also be consistent with the experimental observation. On the
other hand, trapping would result in the buildup of fixed charge
at the Ge(111)/GeO2 interface and a concomitant build up of
EFISH. We believe that this would modulate the SHG response
even more dramatically than the injection of excited carriers
into the conduction band. The second-order nonlinear suscep-
tibility per trapped electron for Si(111)/SiO2 is orders of
magnitude greater than the response per electron of photoexcited
carriers. EFISH signals associated with 1012 e/cm2 trapped in
the SiO2 result in an order of magnitude increase in SHG.34-36

In the experiments reported here, 1019 e/cm3 photoexcited
carriers were injected into a probe depth of 10-6 cm, i.e., 1013

e/cm2. The preceding discussion, coupled with the success in
modeling the observed behavior with bulk diffusion constants,
suggests that electron diffusion into the bulk, rather than electron
trapping at the interface, is the dominant cause of the observed
long time scale behavior of the SHG dynamics, Figure 5.

Conclusions

The dynamics of hot carriers, with 0.8 eV excess energy, at
the Ge(111)-GeO2 interface were investigated by ultrafast pump
probe SHG. The susceptibility of the initial nonequilibrium
distribution of excited carriers,ø/(2), is initially out of phase
with the susceptibility of the unexcited Ge(111)-GeO2 system.
As an equilibrium excited carrier distribution is established the
ø* (2) changes to be in phase with theø(2) of the unexcited system,
leading to the observed increase in SHG signal. The excited
carrier gradient drives the diffusion of the hot carriers away
from the interface. Concomitantly, theø/(2)/ø(2) was found to
increase so that within a few picoseconds theø/(2)/ø(2) ratio
reached a value of 924( 40, an order of magnitude greater
than for Si(111)-SiO2.15 Τhe biexponential dynamics of the
ø/(2)/ø(2) ratio involve a significant (40%) ultrafast evolution on
a time scale of about 170 fsec, followed by a slower (3.5 ps)
component. The time scales suggest that the SHG at 800 nm
probes electron rather than hole dynamics. The data does not
support charge trapping at the interface. Instead diffusion
appears to dominate the observed temporal evolution of the SHG
response at longer times (>3 ps).
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