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We report on THz emission from plasma oscillations in semiconductors excited by femtosecond
optical pulses. Time-resolved correlation measurements are performedi-onand n-doped GaAs
structures. Inp-i-n structures coherent oscillations of the hot photogenerated carrier plasma emit THz
radiation. A fundamentally new emission process is proposegddoped GaAs structures. Here, the
screening of the surface field starts plasma oscillations of the cold electrons in the GaAs bulk leading
to an efficient emission of few-cycle THz radiation. [S0031-9007(97)04294-4]

PACS numbers: 72.30.+q, 73.20.Mf, 78.47.+p

Since the first observation of THz emission from semi- In this Letter we report on THz emission from coherent
conductor surfaces excited by ultrafast laser pulses [1plasma oscillations vertical to the surface of bulk doped
considerable effort has been made both in understandirgemiconductors. The THz emission results from the re-
the mechanisms responsible for the THz generation, ansbonse of carriers to the field screening induced by the ul-
in applications of these few-cycle THz pulses [2]. Sub-trafast photoexcitation. Our time-resolved measurements
picosecond and high intensity THz pulses have alreadgf the THz emission give insight into the dynamics of
been generated successfully [3,4] and applications rangbese plasma oscillations and their generation processes.
from measurement techniques in spectroscopy to high- Our experiments are performed using a mode-locked
resolution imaging [5]. Ti:Sapphire laser emitting 100 fs pulses at 800 nm

Besides optical rectification of ultrafast laser pulses [1],(1.55 eV) with a pulse energy of 13 nJ. The pulses
two processes are known to contribute to the emissioare transmitted through a Michelson interferometer and
of THz radiation in bulk semiconductors. One sourcefocused onto the sample to spot sizes between 100 and
is the instantaneous polarization that arises during op500 um at a polar angle of 45 In the reflection geome-
tical excitation when electron-hole pairs are generatetry, the generated THz emission is collected by off-axis
in the electric field region of a semiconductor as, forparabolic mirrors and focused onto a 4.2 K bolometer.
example, in the depletion or surface field. A second emisThe experimental setup is purged with nitrogen to prevent
sion process results from the transport of photoexcite@bsorption by atmospheric moisture. All experiments are
carriers in the field region. The first process is attributedoerformed at 300 K.
to coherent effects during optical excitation [6—8] and Time resolution is achieved in our experiment by focus-
the latter to the motion of carriers, which includes bal-ing two delayed laser pulses generated by the Michelson
listic transport and carrier drift [9]. In a recent work, Hu interferometer on the sample. In this correlation technique
et al. investigated the THz emission processes with a higlthe time integrated THz signal emitted from the sample is
temporal resolution of 10 fs and have been able to sepaletected with a bolometer as a function of the delay time
rate clearly different steps like instantaneous polarizationhetween the two exciting pulses. The second pulse gen-
ballistic transport, carrier drift, and the onset of interval-erates also an oscillating polarization if only partial field
ley transfer [10]. screening of the first exciting pulse is assumed. Since

THz generation by ultrafast dynamic field screening hashese polarizations are superimposed at the bolometer, the
been the subject of a multitude of studies [2]. Recentlydetected cw signal depends on the phase difference be-
Shaet al. observed in optical pump and probe experi-tween the oscillations which is given by the time delay
ments onp-i-n structures oscillations of the built-in field between the two laser pulses.
which indicate coherent plasma oscillations of the pho- Two sets of GaAs structures were fabricated for our
togenerated carriers [11]. Similar results were reporte@xperiment:p-i-n structures and-doped epilayers, both
by Fischleret al. [12] and Choet al. [13]. Such plasma grown by molecular beam epitaxy. The-i-n struc-
oscillations should emit radiation in the THz regime.ture was grown on @ "-doped substrate followed by a
Thus, time-resolved measurements of this radiation aré.4 wm layer intrinsic GaAs, 35 nm of.5 X 10'® cm™3
a direct probe of the underlying coherent carrier dynam#-doped GaAs, and a cap layer of 5 nm undoped GaAs.
ics. Recently, VoRebiirgast al. observed THz emission In the intrinsic region the built-in field is estimated to be
from a two-dimensional electron gas which was attributedlO kV/cm. Then-doped samples were grown on semi-
to lateral plasma oscillations started by inverse Landainsulating substrates with corresponding epilayer thick-
damping [14]. nesses of 3.7, 2.0, antl8 yum. The doping densities
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are determined by standard Hall measurements and acarriers. This proposal is supported by the dependence of
corrected for the depletion layer thickness yielding conthe peak emission frequencies on excitation density shown
centrations of1.9 X 10" cm™3, 1.7 X 10'® cm™3, and in Fig. 2. The frequencies were estimated by Fourier
1.1 X 107 cm3, respectively. transformation of the correlation data and by fitting the
Correlation data recorded on thei-n structure af- spectra to a Lorentzian profile (the error bars depict the
ter femtosecond excitation are shown in Fig. 1. The in-error in the peak frequency, rather than the width of
set shows the corresponding amplitude spectrum deducélde Fourier spectra). The emission frequencies show the
by Fourier transformation. The correlation data displayexpected square root dependence of the plasma frequency
a strongly damped oscillation. For all excitation densi-on the excitation density. This dependence is direct
ties investigated the widths of the correlation functionsevidence that the photogenerated carriers perform plasma
are broader than the pulse duration of the exciting laseoscillations. However, the measured values are smaller
Thus, we can exclude contributions from optical rectifi-than expected from Eq. (1). In part, this may be caused
cation by nonlinear optical? processes. This finding by the experimental uncertainty in the absolute values
is supported by the absence of any crystallographic desf the excitation density and by local field screening by
pendence of the signal intensities on the azimuth anglaccumulation of photogenerated carriers.
of the laser pulses [15,16]. However, the THz radiation We observed a different emission process:idoped
possesses a small beam divergence of abdWEVHM  structures. Time-resolved data from these samples are
indicating the spatial coherence of the radiation. shown in Fig. 3. In contrast to the data recorded on the
In accordance with literature (see, e.g., [2,10,17]) wep-i-n structure, multiple oscillations are clearly visible at
explain the experimental data by the screening of théiigher doping concentrations. These data show features
built-in field by photogenerated carriers. The photocarthat are incompatible with the picture of emission from
riers are generated within the field region between thdot plasma oscillations of photogenerated carriers: The
n-doped andp-doped layers. The initial acceleration of oscillation period depends on the doping concentration
the photogenerated electrons and holes in the built-in fieldnd does not show any dependence on the density
induces a polarization. This acts as the restoring forcef photogenerated carriers (see Fig. 2). In addition,
of the carrier motion. As a consequence, the photo carthe emission of optical phonons should cause a faster
riers undergo subsequent plasma oscillations with the fredamping of the oscillations when the excess energy of
quency w = /w2 — y2/4 which is determined by the the photogenerated carriers is increased. However, this is
not observed in our experiment performed with different
excitation wavelengths. These results indicate that a new
ne? mechanism is required for the observed emission process.
eeom* () We explain the experimental results in the following
framework. Inn-doped structures cold electrons are con-
Here,l’l is the denSity of COherentIy OSCiIIating carriers andﬁned by the surface depletion |ayer on one side and by
m* is the reduced effective mass. In a previous papefihe electric field at the interface between the epilayer
Shaet al.[11] showed that the internal field of such a and the substrate on the other side. After excitation the

p-i-n diode indeed oscillates at the plasma frequencyphotogenerated carriers screen the surface field. Since
Thus, we attribute the observed_ TI—_|z emission from oukhe cold electron plasma responds to the field change
p-i-n sample to the coherent oscillation of photogenerated

damping ratey and the plasma frequency
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FIG. 1. Correlation data recorded on thei-n structure FIG. 2. Oscillation frequencies of thep-i-n structure
at room temperature. The excitation density is,. = (squares) and of the sample with a dopingl6f X 10'® cm™3
1.1 X 10'® cm™3. The inset shows the corresponding Fourier (triangles) in dependence on the excitation density. The solid
spectrum. line shows a square root fit to the data of {he-n structure.
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T in terms of a momentum transfer from photogenerated
i carriers to the cold carrier plasma can be ruled out. Such
- | a transfer would generate plasma oscillations with large
= n,=1.9*10" cm® wave vector which cannot radiate and are therefore not
4 observable in our experiments.
s I n,=1.7*10" cm® ] For a more quantitative analysis we compared our
Z 05 measured data to model calculations. These simulations
5 n =1.44107 em® consist of the calculation of the field screening by the
= 00k : . photogenerated carriers and of initiated response of the
T A T T cold electron plasma. To calculate the field screening
2 A 0 1 2 3 4 we adopt a drift-diffusion model developed by Dekorsy
14 Time (ps) [18]. In this model, the spatial distributions of the carrier
T densities are calculated by
129 1.7*10"° om® - Ni(z. 1) 5 ON:(z2. 1)
2 4 [1.910°cm® 1.1410" om™ ] 22 = G + {Di(z,t) #}
S Jat a9z d0z
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2 0.6 9z
S /
= where N;(z,1), i, and D; are, respectively, the carrier
g - concentration, mobility, and diffusion constant for either
<02 ] electrons or holesG(z, t) is the carrier generation by the
0.0 b1 o 1 .1 L ] laser pulse. The electric fiel#(z,t) is calculated self-
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FIG. 3. (a) Correlation data recorded omdoped GaAs 0E(z,1) q

structures. The excitation density is always smaller than the — ~— = _— [Nin(z,1) = Ne(z,1) = Ny(z,1)]. (3)
doping concentration. (b) Corresponding Fourier spectra. The < €€o

broad absorption line at 2.25 THz results from the polyethyleneA more detailed description of the model will be found in
window of the bolometer. [18,19].

Since the drift-diffusion model yields the transient of
at the edge of the depletion zone the single-sided suthe electric fieldE(z, t), the response of the cold plasma
face screening is the starting mechanism of the col@an be calculated by the simulation of a driven oscilla-
plasma oscillations. This interpretation is supported bytor. Figure 4(a) shows the transient of the surface field
the experimental findings that (i) the observed frequenat the edge of the depletion zone and the response of the
cies depend on the doping density of theloped layer, cold electron plasma. The far field emitted‘zby the cold
(ii) the observed frequencies are independent on the excplasma oscillation can be deduced frém, ~ ;—,z Au-
tation density, and (iii) oscillation frequencies and damp-tocorrelations of the THz radiation emitted by the oscil-
ing times are independent on the excitation wavelength. lation of the cold plasma are shown in Fig. 4(b) together

The interpretation in terms of the single-sided fieldwith the experimental data recorded on the sample with
screening is confirmed by measurements of the intensities carrier concentration of; = 1.7 X 10'® cm™3. We
of the generated THz pulses. In these experiments thiund a good agreement between experiment and simu-
delay between the exciting laser pulses was set to 5 pfation if we assume a plasma frequency of 1.5 THz
At this time delay, the interference of the two THz and a damping ratey = 5 ps''. For the sample with
pulses is negligible. The power of the THz radiationn; = 1.1 X 107 cm~3 we found a plasma frequency of
generated by the second laser pulse was compared with8 THz and a damping rate 6f5 ps .
the power produced by the first pulse. While at low The measured damping rates merit further discus-
excitation densities the second pulse produces nearlion. Innr-doped structures the damping of plasma os-
the same power as the first one, the ratio decreases eaitlations is given by: (i) optical phonon scattering and
excitation densities close to the doping concentration(ii) first-order single particle interactions, i.e., Landau
The reason is because at high densities, the depletiadamping [20]. Carrier-carrier-scattering between hot and
field is completely screened by carriers excited by thecold carriers conserves the momentum of the plasmon and
first laser pulse. Thus, the second laser pulse cannatn be ruled out. Landau damping includes both elastic
generate a plasma oscillation of similar amplitude and theand inelastic electron-electron scattering. However, Lan-
emission is reduced. This result shows that field screenindau damping is suppressed if the excited plasmon wave
is the starting mechanism of the cold plasma oscillationsvector lies outside of the single particle excitation contin-
An alternative interpretation of the starting mechanismuum [20]. This is the case in our experiments since the
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— T T T T T 1 Here, the THz emission results from the oscillations of

or a) | g cold electrons in the bulk of the doped sample induced by
508 g the dynamic screening of the surface field. The generated
€ o6l % frequencies of the THz radiation depend only on the
g - 12 doping concentration and range from 0.5 to 3 THz. The
8 04r ® damping mechanism of the cold plasma oscillations is
302k displacement s identified as being due to phonon scattering.
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FIG. 4. (a) Calculated field change at the end of the depletion
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an-doping of 1.7 X 10'¢ cm™3. (b) Comparison of simulated
autocorrelation data and experimental data.
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