Ultrafast reflectivity changes in photoexcited GaAs Schottky diodes
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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 frequenciesl998 American Institute of
Physics[S0003-695096)00520-7

Ultrafast charge transport processes after optical excitasaAs substrate and a 10 nm thick semitransparent Cr layer
tion in semiconductors have been a subject of comprehensivan the surface of the-GaAs sample. The sample is kept at a
investigation since femtosecond laser-pulse techniques havemperature of~100 K in order to operate near the maxi-
been establisheiBy pulsed excitation and time-resolved mum of the electron mobility. The calculated width of the
spectroscopy, coherent oscillations such as coheremsiepletion region for this Schottky diotfeis about 180 nm
tunneling? Bloch oscillations™ and coherent phonohs and the corresponding maximum electric field is about 70
have been observed in semiconductors. Coherent oscillatiod//cm.
on the femtosecond time scale are important due to promis- We performed time-resolved reflectivity experiments us-
ing applications as a source of coherent THz radiatibnr-  ing a Kerr lens mode-locked tunable Ti:sapphire laser with a
thermore, coherent oscillations reveal the physical behaviof6 MHz repetition rate. The laser pulses90 fs) are split
of the excited system immediately after photoexcitation, andnto an intense pump and a weak probe pulse which are
before the phase information of the exciting laser pulse halinear polarized perpendicular to each other. The probe beam
been destroyed by various scattering processes. is polarized parallel to thé110) crystal direction. A shaker

A new mechanism for coherent oscillations in semicon-Periodically delays the probe beam with a frequency of 1 Hz;
ductors is based on the optical excitationoaherent plas- the pump beam is chopped with a frequency of 4 kHz. The
mons Coherent plasma oscillations can be generated by infocus of the probe beam on the sample is kept smaller than
jection of electron-hole pairs into a region of high electric that of the pump beam which has a diameter of aboyt0
field which acts as a driving force on the electrons and holes! "€ Photon energy of the laser pulses is tuned around the
Recent experimerftsshow that in the ballistic time regime Pand-gap energy~1.5 e\). A large area silicorpin photo-
(t<500 f$ a photoexcited cold electron-hole plasma in ad|ode followed by a lock-in amphﬁgr anq a signal averager
GaAspin diode oscillates with frequency close to the plasmal€cords the reflected probe beam intensity.
frequency, wf,=ne~e2/m* ‘-8 (Ne... electron density, In Fig. _1, the relatlye change of the reflectivity is plotted
m* ... effective electron magsn addition, it has been shown as a function of the time delay between pump and probe

that the damping time of the plasmons is correlated with thé’UIse' The central wavelength of the laser pulégectral

momentum relaxation time for single electrons. In 2DWldth ~12 nm was tuned fromh =835 nm toA =813

system$ coherent plasma oscillations have recently been obt™M: The average power of the pump pulse is about 200 mW

served by detecting the emitted THz radiation. In this work while that of the probe pulse is about 100 times lower. In the

we report time resolved reflectivity pump-probe experimentg o 3¢ fromi ¢ =835 nm toh =820 nm all signals exhibit a
. P . y pump-p >XP "Sast initial rise of the reflectivity during the absorption of the
in the space charge region of GaAs Schottky diodes. InJec-ump pulse. Depending on the central wavelength of the

tion of cold electron-hole pairs with ultrashort laser pulse o )

. . .o laser pulse, a minimum and a second maximum occur fol-
leads to an oscillatory behavior of the electron density WlthlnIOWed by a decrease to a quasistationary level on a picosec-
the space charge region. We interpret the measured reflecti nd time scale. The position of the second maximum nears
ity signals as coherent plasma oscillations. Ensemble Montﬁ]e first with decreasing wavelength. Ak==813 nm the

Carlo simulations confirm that under our experimental CON<acond maximum is only indicated as a shoulder appearing

ditions coherent oscillations of the electron density and th%n the decay of the reflectivity signal. At wavelengths

electric field wnhm the depletion region are present._ . shorter than\c=813 nm (not plotted oscillations are no
In our experiments, we use Schottky diodes consisting Ofonger observed

(100 orientedn-GaAs with a 1.4um thick n-doped layekSi

6 _3 o ) The large reflectivity change in the measured signal is
doped, Np=3%x10'% cm %) grown on a semi-insulating cau

sed by the photoexcitation of the system. Injection of free
electron-hole pairs into the space-charge region of the
dElectronic mail: Wolfgang.fischler@uibk.ac.at Schottky depletion layer leads to a change of the occupation
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FIG. 1. Relative change of the reflectivity of the GaAs Schottky didBe ( FIG. 2. Results of ensemble Monte Carlo simulation: Electric field as a
~100 K) as a function of the delay between pump and probe pulse. Thdunction of time after the excitation pulse. The pump pulse is centered
wavelengths specify the center of the spectral distributibn 12 nm). around 0 ps, the electric field is plotted at a distance of 70 nm below the
The pump pulse is centered around 0 ps. semiconductor chromium junction for three different excitation densities.

density(carrier distribution functionof the conduction band electrostatic field. For the conditions of our measurements
and valence band in the semiconductor. As a consequenciae resulting electric field changes its sign driving the carri-
the absorption coefficient decreases due to band fitifee-  ers back until the total field strength again reverses in sign.
cording to the Kramers—Kronig relations, the refractive in-Under the condition of weak scatterifiigallistic regime the

dex changes in the spectral range of the excitation and thelectrons are expected to oscillate in real space. The oscilla-
probe pulse. For the case of normal incidence the change ¢ibn frequency is precisely the plasma frequency with the
the reflectivity AR is related to the change of the refractive photoexcited electron concentration. One can estimate an up-

index An by: per limit for the momentum relaxation time,, of single

2 electrons as,,=m* - u/e, using the electron mobility: for

AR= @ ﬂ 2) a certain doping concentration. A comparisonrgfwith the
(n+1)% n*-1’ plasma frequency, results in a damping of the plasma

provided thatAn<n—1. The contributions of the other oscillations to an amplitude of @ within roughly one oscil-

physical  effects that modify the reflectivity 'ation period. . _
(electromodulatiot? band-gap renormalization, free-carrier ~ 1he oscillation periods of the experimentally observed
absorption! and the electro-optic effdd are smaller. rgfle;twﬂy qscnlatlons are shown in Fig. 3. The pIqtted 0s-
Therefore, the reflectivity directly probes the local carrierCillation periods are the time, between the two maxima in
density below the surface. the experimental c_urveeFlg_. 1) from )\C_=835 nm _to)\c
Theoretical, ensemble Monte Carlo simulations show the= 813 nm. As we will show in the following, the main effect
dynamics of the excited system below the semiconductoff changing the excitation wavelength is a change of the
surface. Figure 2 shows the electric field 70 nm below the?hotoexcited carrier density. In order to compare the mea-
surface as a function of time after excitation for three differ-Sured oscillation periods with the theoretical plasma fre-
ent carrier densities. The calculated system is for a Schottk§lUeNCy @p=2- /1), the excitation density is determined
diode with the parameters used in our experiment. Excitation
of electron-hole pairs occurs within a penetration depth of
~1.5 um at theI" point with 100 fs FWHM pulses. The 700 |
results of the space- and time-dependent Monte Carlo simu-

lations, taking into account carrier-phonon interaction, impu- £ 600T
rity scattering, but without the Pauli exclusion principle and 8 500 F THEORY
carrier-carrier scattering demonstrate that under the condi- e
tions of our experiment coherent oscillations of the electron ; 400 1
density and the electric field within the surface depletion O 300}
region are present. The oscillation frequency is close to the > E E
plasma frequency and increases with increasing excitation 3 2007 i
density. 3 100 |
The dynamical behavior of the calculated field and car- O
rier density is due to the generation of electron-hole pairs in 0450827 828 832 836

the space charge region of the Schottky depletion layer. Be-
cause of the vertical electric field the charge carriers are

separa_\ted Withi_n the SChOttky dgpletion re_gion. The COITEF|G. 3. Comparison of the measured and calculated oscillation period as a
sponding electric field grows in sign opposite to the built-infunction of the central wavelength of the spectrum.

CENTRAL WAVELENGTH (nm)
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by taking into account the considerable decrease of the akerated close to the surface are highly accelerated. Without
sorption coefficient due to band filling effettsnd an expo- scattering these electrons can occupy energy levels from
nential decay of the joint density-of-statd80S) into the  which they are scattered into theandX valleys where their
band gap*'®due to potential energy fluctuations. The pho- effective masses are much higher and their mobilities much
toexcited carrier density at shorter excitation wavelengths isower than in thel valley.

higher due to the strongly increasing joint DOS towards  We are aware that the transient reflectivity signals in our
higher energies. The theoretically calculated plasma frequerexperiment resemble some of the data in highly doped
cies yield the same order of magnitude and show the sameGaAs2® explained as a result of the time dependent carrier
gualitative dependence on the excitation wavelengltiere-  distribution. Further investigations are clearly necessary in
fore, we interpret the observed oscillations as coherenbrder to obtain a full understanding of the transient optical
plasma oscillations of the photoexcited electrons properties around the band gap after photoexcitdtion.

The differences between theory and experiment in Fig. 3  In summary, we have presented a time resolved study of
probably arise from neglecting excitonic and impurity effectsthe transient reflectivity changes in GaAs Schottky diodes.
in the estimate of the carrier density at the band gap, as weur experimental results are in good quantitative agreement
as from the uncertainty in the determination of the precisawith theoretical predictions of coherent plasma oscillations,
band filling. Up to about 30 meV above the band gap thedriven by the ballistic dynamics of photoexcited carriers in
joint DOS is the main limiting factor for the excitation den- the surface space charge field. We will continue these experi-
sity because of absorption saturation. ments in systems with larger momentum relaxation times.

The reflectivity signals in Fig. 1 also show a varying This also includes experiments in 2D systémshere the
damping behavior. The higher the excitation energy the lesslectron mobility can be much higher than in 3D systems.
pronounced are the oscillations. Ultrafast carrier thermaliza- This work has been supported by the “Fonds zur
tion and strong acceleration of the photoexcited electron-hol€orderung der Wissenschaftlichen Forschung,” Austria
pairs lead to considerable occupation of energy levels abovéProject No. 10066 G.Z. thanks Siemens for financial sup-
the LO-phonon energ{B6 me\). This gives rise to efficient port (Project SFEE We acknowledge discussions with G. C.
electron-phonon scattering which is mainly responsible fotCho, RWTH Aachen, A. N. Cartwright, SUNY, Buffalo, and
the short momentum relaxation time. The electron-phonorProfessor E. Gornik, Technical University, Vienna.
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