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Abstract 

Excitation of a biased GaAs-Au Schottky barrier sample by intense fs laser pulses leads to coherent oscillations that are probed 
by time-resolved second harmonic generation experiments. The observed oscillations agree very well with the results of MC 
simulations and appear to be plasma oscillations modified by surface phonons. 
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1. Introduction 

Coherent oscillations such as Bloch oscillations 
and coherent phonons have been the subject of 
extensive studies in recent years [l-3]. Coherent 
oscillations on the femtosecond time-scale are 
important due to promising applications as a 
source of coherent THz radiation [4]. Here we 
report, to our knowledge for the tist time, the 
direct temporal observation of coherent plasma- 
phonon oscillations in the depletion region of a 
Au-GaAs Schottky barrier (SB) system. These 
coupled modes have recently been observed on 
clean GaAs surfaces but they were not found in 
oxide-capped surfaces [ 51. Bare plasma oscillations 
have been observed in bulk semiconductors [ 21. 

In the band-bending region of a SB a very high 
density of charge carriers can be created by excita- 
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tion with very intense ultrashort laser pulses. Due 
to the existing d.c. electric field the electrons and 
holes are accelerated in opposite directions and 
thus a counteracting field is built up, causing a 
collapse of the net electric field. The charge carriers 
attain a finite velocity and due to their inertia the 
counteracting field becomes bigger than the ini- 
tially applied field. If the scattering and the damp- 
ing forces are not too big, coherent oscillations of 
the electron-hole plasma and thus of the electric 
field can occur. This electric field dynamics at the 
SB interface can be sensitively probed by time- 
resolved electric field induced optical second har- 
monic generation (SHG), due to its intrinsic inter- 
face sensitivity [ 61. 

Both the slow (l-10 ps) and the fast (< 200 fs) 
components of the observed time dependence can 
be very well described by ensemble Monte Carlo 
simulations. Whereas the slow component is 
related to the recovery of the collapsed electric 
field and is governed by an effective RC time 
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constant, the observed THz oscillations can be 
shown to originate from coupled plasma-interface 
phonon modes. 

2. Experimental 

The Schottky barrier sample we used for our 
experiments was grown on an n+ GaAs( 100) 
substrate. The actual barrier is formed by a 
3000 A-thick n-type GaAs (doping concentration: 
1017 cnC3) layer and a semi-transparant 100 A- 
thick Au film to allow for laser excitation through 
the metal top contact. The experiments were per- 
formed at room temperature and with a reverse 
bias voltage of 3 V applied to the sample. 

For the SHG measurements we used a mode- 
locked titanium sapphire laser operating at A= 
846 nm to produce trains of 45 fs pulses at a 
82 MHz repetition rate. The photon energy at this 
wavelength is 1.466 eV, which is about 46 meV 
above the band-gap of GaAs. 

The SHG contributions from the bulk GaAs 
and from the interface can be separated by looking 
at the azimuthal anisotropy of the SHG signal [ 71. 
To detect the THz oscillations, time-resolved pump 
probe experiments were performed at a fixed rota- 
tion angle of the sample. Pump and probe beams 
were generated by a beam splitter. The probe 
pulses were delayed with respect to the pump 
pulses by a computer-controlled delay stage with 
0.1 pm step size. The probe beam was p-polarized 
and the p-component of the generated specular 
SHG intensity was detected by a photon counting 
system. The probe and pump beams also generate 
a sum frequency signal, corresponding to the cross- 
correlation of the pump and probe pulses, which 
enables us to control the spatial and temporal 
overlap of the pulses and to determine the pulse 
width. The pump-probe measurements were per- 
formed for different laser powers in the pump 
beam. The average laser power in the probe beam 
is kept constant at about 2 mW. 

Most measurements are performed with the 
pump beam s-polarized (perpendicular to the 
polarization of the probe) and with the (011) axis 
of the sample parallel to the plane of incidence. In 
this case the electric field-independent bulk signal 

is maximal and, due to a cross term between the 
large bulk and the smaller electric field-dependent 
interface contribution, a relatively large electric 
field-dependent signal can also be measured. This 
is important to enable measuring oscillations in 
the electric field. At this sample orientation the 
change in the SHG intensity is directly propor- 
tional to the change in the electric field at the 
interface. 

3. Results 

After excitation of the carriers by a not too- 
strong pump pulse (-20 W/cm”) the observed 
SHG collapses on a timescale of several pico- 
seconds, due to the collapse of the electric field at 
the interface. The signal recovers after several tens 
to hundreds of picoseconds, depending on the 
excitation intensity and size of the excitation laser 
spot [8,9]. 

When the excitation laser power is further 
increased, the collapse becomes faster and the 
recovery becomes slower. At these high laser 
powers a clear oscillatory-like structure develops 
on the collapsing tail, as can be seen in Fig. 1. 
This figure shows the measured SHG intensity for 
an average pump intensity of 125 W/cm’ at the 
sample. The final value of 900 counts per second 
consists mainly of the electric field-independent 

Delay between pump and probe (fs) 

Fig. 1. Measured time evolution of the second harmonic intens- 
tity for an average pump intensity of 125 W/cm2 at the sample. 
The inset shows the data-points with an exponential back- 
ground subtracted. The solid line is a single frequency fit. 
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(and thus time-independent) bulk contribution to 
the SHG Intensity [7,8]. The inset of the figure 
shows the same data points but now with the 
exponential background subtracted. The solid line 
is an exponentially decaying sine fit with a single 
frequency. 

4. Simulations 

To compare the observations with theory, 
ensemble Monte Carlo simulations are performed 
for these experiments. In these simulations the 
device is modelled schematically with a parabolic 
band bending. The 0.3 pm-thick GaAs layer is 
separated from the Au by the Schottky barrier. 
Due to its heavy n-type doping the superlattice is 
assumed to form no barrier for the electrons and 
a large one for the holes. The applied bias voltage 
creates an interface charge at the Au film which is 
compensated for by a constant intrinsic space 
charge throughout the whole depletion layer, 
giving rise to a linear decreasing electric field and 
a parabolic potential. This means that in this 
model the depletion width is constant and equal 
to the GaAs layer thickness, whereas the doping 
concentration is varied with the applied bias volt- 
age. In an actual Schottky device, the doping level 
is constant and the depletion width changes with 
bias voltage [lo]. Although this model is rather 
schematic, we believe it nevertheless contains the 
basic physics needed for describing semi-quantita- 
tively the experimental results for high reverse bias 
voltages (3.0 V), when the depletion region 
approaches the GaAs layer thickness. The carriers 
are created in the depletion layer according to the 
absorption coefficient of GaAs for the incident 
laser light. The subsequent transport and energy 
relaxation of both electrons and holes in the GaAs 
layer are computed in a Monte Carlo simulation 
[ 111, accounting for the various scattering mecha- 
nisms such as optical and acoustic phonons, 
ionised impurity, intervalley, and carrier-carrier 
scattering [ 12,131. Both electron-heavy-hole and 
electron-light-hole pairs are considered, including 
hole inter-band transitions [14] and the Pauli 
exclusion principle. Standard lo5 electron-hole 
pairs were used. To calculate the net electric field 

after excitation of the charge carriers, the Poisson 
equation is solved in one dimension every 1 fs of 
the calculation, resulting in a time-dependent local 
driving field in addition to the applied field. The 
simulation results for the high input powers show 
that shortly after excitation the net electric field 
starts oscillating. The inset of Fig. 2 shows the 
calculated electric field versus time after excitation 
and versus the position in the space-charge region 
at an excited density of carriers of 2 x 1017 cme3. 
The SB interface is at 0 11111. In the middle of the 
space charge region the electric field is inverted 
within 200 fs and starts oscillating. The curve at 
the bottom of Fig. 2 shows the time evolution of 
the net electric field as calculated at a depth of 
9 nm in the semiconductor. Comparison of this 
curve with Fig. 1 shows that there is a very good 
agreement between the measurements and the sim- 
ulations for this position. The calculated amplitude 
and dephasing of the oscillations are of the same 
order as those observed in the experiment. 

At the interface the oscillations are damped, as 
can be seen in Fig. 2. This interface damping can 

400 600 
Time (fs) 

Fig. 2. Calculated time evolution of the electric field in the 
depletion region. The curve at the bottom is at a depth of 9 nm 
below the interface. 
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be understood as follows. Very shortly after excita- 
tion a number of holes will reach the top contact, 
where these holes neutralize the metal surface 
charge, leading to a reduced field strength. If the 
photo-excited charge density significantly exceeds 
the intrinsic one, the applied field may be destroyed 
totally by only a small part of the excited holes. 
It will take some time the field to be restored, that 
is for the illuminated part of the device to be 
recharged. Obviously, this recharging time is con- 
nected with the RC time constant of the device 
studied, which is basically the illuminated part on 
which a surplus of charge is present. In order to 
investigate the consequences for the carrier swee- 
pout of such a recharging time, we introduced a 
so-called regeneration time constant rreg by which 
charge is transferred to the illuminated part of the 
top contact tending to keep the total voltage across 
the depletion layer constant. In the regime of low 
excitation intensities the measured results for the 
dependence on the spot size and the excitation 
intensity agree very well with the MC calcula- 
tions [S]. 

5. Discussion 

Fourier analysis of the measurements shows that 
the oscillations consist of more than one frequency 
component. The main frequency of the 125 W/ 
cm’ curve is 6.3 THz which corresponds to an 
energy of 26.1 meV; the second frequency with a 
smaller amplitude is 9.8 TIIz (40.6meV). The 
main frequency for the measured 45 W/cm2 curve 
is 5.8 TII.z (24.0meV). The dependence of this 
main frequency on the density of excited carriers 
is much smaller than the square root dependence 
on the density of excited carriers for bare plasma 
oscillations. This deviation is due to coupling of 
the plasma frequency to the (power-independent) 
frequency of a phonon [ 151. Using dispersion 
formulas [ 151 the expected frequencies can be 
calculated for given values of the phonon frequen- 
cies and the density of excited carriers. From these 
calculations it follows that the 9.8 THz frequency 
is a coupling between the plasmon and the well- 
known bulk LO phonon at 8.8 THz (36.7 meV). 
The 5.8 TIIz and 6.3 TIIz frequencies are a 

coupling between the plasmon and a surface 
phonon at a frequency of about 7.8 THz 
(32.3 meV). This phonon frequency is lower than 
that of the bulk phonons. Phonons with a fre- 
quency around this value are also observed on 
clean GaAs surfaces but they were not found in 
oxide-capped surfaces [ 51. 

6. Conclusion 

The agreement between the experimental results 
and the simulations leads to the conclusion that 
the observed THz oscillations in the SHG Intensity 
are indeed directly measurable oscillations in the 
electric field at the Schottky barrier interface 
caused by plasma oscillations. The observed power 
dependence and the appearance of a second fre- 
quency are caused by coupling of the plasma 
oscillations with surface and bulk phonons. 
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