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The transient reflectivity of GaAs Schottky diodes is measured by femtosecond time resolved
pump-probe experiments. The measured reflectivity for photon energies near the band gap reveals
transient quasioscillatory behavior with frequencies up to 5.5 THz. The changes of the reflectivity
are due to extremely fast changes of the carrier density within the depletion layer. We interpret the
observed oscillatory signal as coherent plasma oscillations. Ensemble Monte Carlo simulations for
the scenario agree well with the observed plasmon frequencies. ©1996 American Institute of
Physics.@S0003-6951~96!00520-7#
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Ultrafast charge transport processes after optical exc
tion in semiconductors have been a subject of comprehens
investigation since femtosecond laser-pulse techniques h
been established.1 By pulsed excitation and time-resolved
spectroscopy, coherent oscillations such as coher
tunneling,2 Bloch oscillations,3–5 and coherent phonons6

have been observed in semiconductors. Coherent oscillat
on the femtosecond time scale are important due to prom
ing applications as a source of coherent THz radiation.7 Fur-
thermore, coherent oscillations reveal the physical behav
of the excited system immediately after photoexcitation, a
before the phase information of the exciting laser pulse h
been destroyed by various scattering processes.

A new mechanism for coherent oscillations in semico
ductors is based on the optical excitation ofcoherent plas-
mons. Coherent plasma oscillations can be generated by
jection of electron-hole pairs into a region of high electr
field which acts as a driving force on the electrons and hol
Recent experiments8 show that in the ballistic time regime
~t,500 fs! a photoexcited cold electron-hole plasma in
GaAspin diode oscillates with frequency close to the plasm
frequency, vp

25ne•e
2/m* •«•«0 ~ne ... electron density,

m* ... effective electron mass!. In addition, it has been shown
that the damping time of the plasmons is correlated with t
momentum relaxation time for single electrons. In 2
systems9 coherent plasma oscillations have recently been o
served by detecting the emitted THz radiation. In this wor
we report time resolved reflectivity pump-probe experimen
in the space charge region of GaAs Schottky diodes. Inj
tion of cold electron-hole pairs with ultrashort laser puls
leads to an oscillatory behavior of the electron density with
the space charge region. We interpret the measured reflec
ity signals as coherent plasma oscillations. Ensemble Mo
Carlo simulations confirm that under our experimental co
ditions coherent oscillations of the electron density and t
electric field within the depletion region are present.

In our experiments, we use Schottky diodes consisting
~100! orientedn-GaAs with a 1.4mm thickn-doped layer~Si
doped, ND5331016 cm23! grown on a semi-insulating

a!Electronic mail: Wolfgang.fischler@uibk.ac.at
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GaAs substrate and a 10 nm thick semitransparent Cr la
on the surface of then-GaAs sample. The sample is kept at
temperature of;100 K in order to operate near the maxi
mum of the electron mobility. The calculated width of th
depletion region for this Schottky diode10 is about 180 nm
and the corresponding maximum electric field is about
kV/cm.

We performed time-resolved reflectivity experiments u
ing a Kerr lens mode-locked tunable Ti:sapphire laser with
76 MHz repetition rate. The laser pulses~;90 fs! are split
into an intense pump and a weak probe pulse which a
linear polarized perpendicular to each other. The probe be
is polarized parallel to thê110& crystal direction. A shaker
periodically delays the probe beam with a frequency of 1 H
the pump beam is chopped with a frequency of 4 kHz. T
focus of the probe beam on the sample is kept smaller th
that of the pump beam which has a diameter of about 60mm.
The photon energy of the laser pulses is tuned around
band-gap energy~;1.5 eV!. A large area siliconpin photo-
diode followed by a lock-in amplifier and a signal averag
records the reflected probe beam intensity.

In Fig. 1, the relative change of the reflectivity is plotte
as a function of the time delay between pump and pro
pulse. The central wavelength of the laser pulses~spectral
width ;12 nm! was tuned fromlc5835 nm tolc5813
nm. The average power of the pump pulse is about 200 m
while that of the probe pulse is about 100 times lower. In t
range fromlC5835 nm tolC5820 nm all signals exhibit a
fast initial rise of the reflectivity during the absorption of th
pump pulse. Depending on the central wavelength of t
laser pulse, a minimum and a second maximum occur f
lowed by a decrease to a quasistationary level on a picos
ond time scale. The position of the second maximum ne
the first with decreasing wavelength. AtlC5813 nm the
second maximum is only indicated as a shoulder appear
on the decay of the reflectivity signal. At wavelength
shorter thanlC5813 nm ~not plotted! oscillations are no
longer observed.

The large reflectivity change in the measured signal
caused by the photoexcitation of the system. Injection of fr
electron-hole pairs into the space-charge region of t
Schottky depletion layer leads to a change of the occupat
6/68(20)/2778/3/$10.00 © 1996 American Institute of Physics
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density~carrier distribution function! of the conduction band
and valence band in the semiconductor. As a conseque
the absorption coefficient decreases due to band filling.11 Ac-
cording to the Kramers–Kronig relations, the refractive
dex changes in the spectral range of the excitation and
probe pulse. For the case of normal incidence the chang
the reflectivityDR is related to the change of the refractiv
indexDn by:

DR5
~n21!2

~n11!2
•

4•Dn

n221
, ~2!

provided thatDn!n21. The contributions of the othe
physical effects that modify the reflectivit
~electromodulation,12 band-gap renormalization, free-carri
absorption,11 and the electro-optic effect13! are smaller.
Therefore, the reflectivity directly probes the local carr
density below the surface.

Theoretical, ensemble Monte Carlo simulations show
dynamics of the excited system below the semicondu
surface. Figure 2 shows the electric field 70 nm below
surface as a function of time after excitation for three diff
ent carrier densities. The calculated system is for a Scho
diode with the parameters used in our experiment. Excita
of electron-hole pairs occurs within a penetration depth
;1.5 mm at theG point with 100 fs FWHM pulses. The
results of the space- and time-dependent Monte Carlo si
lations, taking into account carrier-phonon interaction, imp
rity scattering, but without the Pauli exclusion principle a
carrier-carrier scattering demonstrate that under the co
tions of our experiment coherent oscillations of the elect
density and the electric field within the surface deplet
region are present. The oscillation frequency is close to
plasma frequency and increases with increasing excita
density.

The dynamical behavior of the calculated field and c
rier density is due to the generation of electron-hole pairs
the space charge region of the Schottky depletion layer.
cause of the vertical electric field the charge carriers
separated within the Schottky depletion region. The co
sponding electric field grows in sign opposite to the built

FIG. 1. Relative change of the reflectivity of the GaAs Schottky diodeT
;100 K! as a function of the delay between pump and probe pulse.
wavelengths specify the center of the spectral distribution (Dl;12 nm!.
The pump pulse is centered around 0 ps.
Appl. Phys. Lett., Vol. 68, No. 20, 13 May 1996
Downloaded¬12¬Jun¬2001¬to¬129.187.9.4.¬Redistribution¬subject¬to¬
nce,

in-
the
e of
e

r

r

ier

the
tor
the
r-
ttky
tion
of

mu-
u-
nd
ndi-
on
on
the
tion

ar-
in
Be-
are
re-
in

electrostatic field. For the conditions of our measuremen
the resulting electric field changes its sign driving the carri
ers back until the total field strength again reverses in sig
Under the condition of weak scattering~ballistic regime! the
electrons are expected to oscillate in real space. The oscil
tion frequency is precisely the plasma frequency with th
photoexcited electron concentration. One can estimate an u
per limit for the momentum relaxation timetm of single
electrons astm5m* •m/e, using the electron mobilitym for
a certain doping concentration. A comparison oftm with the
plasma frequencyvp results in a damping of the plasma
oscillations to an amplitude of 1/e within roughly one oscil-
lation period.

The oscillation periods of the experimentally observed
reflectivity oscillations are shown in Fig. 3. The plotted os-
cillation periods are the timetp between the two maxima in
the experimental curves~Fig. 1! from lC5835 nm tolC

5813 nm. As we will show in the following, the main effect
of changing the excitation wavelength is a change of th
photoexcited carrier density. In order to compare the mea
sured oscillation periods with the theoretical plasma fre
quency (vp52•p/tp), the excitation density is determined

(
The

FIG. 2. Results of ensemble Monte Carlo simulation: Electric field as
function of time after the excitation pulse. The pump pulse is centere
around 0 ps, the electric field is plotted at a distance of 70 nm below th
semiconductor chromium junction for three different excitation densities.

FIG. 3. Comparison of the measured and calculated oscillation period as
function of the central wavelength of the spectrum.
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by taking into account the considerable decrease of the
sorption coefficient due to band filling effects11 and an expo-
nential decay of the joint density-of-states~DOS! into the
band gap14,15 due to potential energy fluctuations. The ph
toexcited carrier density at shorter excitation wavelength
higher due to the strongly increasing joint DOS towar
higher energies. The theoretically calculated plasma frequ
cies yield the same order of magnitude and show the sa
qualitative dependence on the excitation wavelength.There-
fore, we interpret the observed oscillations as cohere
plasma oscillations of the photoexcited electrons.

The differences between theory and experiment in Fig
probably arise from neglecting excitonic and impurity effec
in the estimate of the carrier density at the band gap, as
as from the uncertainty in the determination of the prec
band filling. Up to about 30 meV above the band gap
joint DOS is the main limiting factor for the excitation den
sity because of absorption saturation.

The reflectivity signals in Fig. 1 also show a varyin
damping behavior. The higher the excitation energy the l
pronounced are the oscillations. Ultrafast carrier thermali
tion and strong acceleration of the photoexcited electron-h
pairs lead to considerable occupation of energy levels ab
the LO-phonon energy~36 meV!. This gives rise to efficient
electron-phonon scattering which is mainly responsible
the short momentum relaxation time. The electron-phon
scattering time is;180 fs, close to the plasma oscillatio
period for the carrier concentrations in our experiment.
high excitation energies (lC.813 nm! a considerable frac-
tion of electrons is already generated with an excess ene
more than the LO-phonon energy. In addition, due to
larger joint DOS the number of the photoexcited electro
hole pairs is in a range where the electron-hole scattering
is comparable to the electron-phonon scattering rate. B
increased scattering rates lead to a shortening of the mom
tum relaxation time and to a stronger damping at high car
energies.

The stronger damping observed in the experiments~Fig.
1! as compared to the theoretical simulations~Fig. 2! is
partly due to electron-hole scattering which is not taken in
account in the theory.

Another feature which is observed in the measured
flectivity signals is a broadening of the second maximu
compared to the first one. This effect could be a conseque
of a decrease of the carrier density. Although the holes h
negligible oscillation amplitudes~due to their large effective
mass! they influence the electron oscillation by their spa
charge. At the metal-semiconductor junction the holes
diffuse very fast into the chromium since the Fermi energy
the metal is far above the edge of the valence band. A fur
reason for the broadening of the second maximum could
an increase of the effective electron mass. The electrons
2780 Appl. Phys. Lett., Vol. 68, No. 20, 13 May 1996
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erated close to the surface are highly accelerated. With
scattering these electrons can occupy energy levels fr
which they are scattered into theL andX valleys where their
effective masses are much higher and their mobilities mu
lower than in theG valley.

We are aware that the transient reflectivity signals in o
experiment resemble some of the data in highly dop
p-GaAs,16 explained as a result of the time dependent carr
distribution. Further investigations are clearly necessary
order to obtain a full understanding of the transient optic
properties around the band gap after photoexcitation.17

In summary, we have presented a time resolved study
the transient reflectivity changes in GaAs Schottky diode
Our experimental results are in good quantitative agreem
with theoretical predictions of coherent plasma oscillation
driven by the ballistic dynamics of photoexcited carriers
the surface space charge field. We will continue these expe
ments in systems with larger momentum relaxation time
This also includes experiments in 2D systems9 where the
electron mobility can be much higher than in 3D systems
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