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Terahertz generation from coherent optical phonons in a biased GaAs photoconductive emitter
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Terahertz radiation, generated from a biased and asymmetrically excited low-temperature-grown GaAs
photoconductive emitter, has been characterized with arethick ZnTe crystal using free-space electro-
optic sampling. Pronounced coherent emission, originating from longitudinal optical phonon oscillations, has
been observed, with a characteristic frequency of 8.7 THz and a decay time of 2.1 ps. In the frequency domain,
the sharp spectral features from phonon oscillations superimpose on an ultrgbvead®0 TH2 response
from the initial transient. Furthermore, a broad feature around 16 THz is observed, and interpreted as origi-
nating from the coherent plasmon-phonon coupled modes.
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The generation and detection of coherent optical phononbeam serves as the probe beam for electro-optic detection
in semiconductors has been studied previously using bothsing a 20um-thick (110) ZnTe crystal glued onto a
optical transient reflectivity measureménfsand terahertz 1-mm-thick wedged100) ZnTe crystal. Note that for gener-
(THz) emission spectroscopy:®In a polar material, such as ating ultrabroadband THz radiation, the pump laser beam
GaAs, the electric fields interact with both electrons and opwas tightly focused to a 4@im-diameter spot on the edge of
tical phonons. Thus after optical excitation, photogeneratedne of the two NiCr/Au electrodes of the biased LT-GaAs
carriers can be separated by an electric field, creating eleemitter[Fig. 1(a) insef, and the LT-GaAs used had a carrier
tronic polarization, and this polarization, in turn, partially recombination lifetime of 0.4 ps. Furthermore, in contrast to
screens the electric field and causes the lattice to oscillate ptevious experiments, where the THz radiation was collected
phonon frequencies. Coherent longitudinal-opt{t#)) pho-  forwards(that is, after being transmitted through the GaAs
non oscillations in bulk GaAs were first observed throughsubstratg the THz radiation was collected backwardsthe
electro-optic modulations of the transient reflectiiffheo-  direction of the reflected pump laser beams will be
retical investigationd predict that coherent LO phonon shown later, this arrangement minimizes the absorption and
modes excited in a finite-size volume produce oscillations oflispersion of the THz pulses in the GaAs substrate. In all
macroscopic dielectric polarization, and this is expected taneasurements, the variable delay stage, which provides the
emit electromagnetic radiation at the phonon frequency. Intime delay between the THz pulse and the probe pulse, was
deed, THz radiation emitted by coherent phonons has beestanned over a distance of 2 mm, providing a spectral reso-
observed in Te, PbTe, and CdT&However, THz radiation lution of 75 GHz(2.5 cml). The whole apparatus was en-
originating from coherent phonon oscillations has not beerlosed in a vacuum-tight box, which was purged with dry
observed in GaAs photoconductive emitters, despite the fagtitrogen gas to reduce the effects of water vapor absorption.
that photoconductive emitters are the most efficient devic@ll measurements were performed at room temperature.
for converting visible/near-IR laser pulses to THz Figure Xa) shows a typical temporal THz wave form
radiatiort?*3 and have been widely used for THz spectros-from the photoconductive emitter, with Fig(kh showing the
copy and imaging. corresponding frequency spectrum. In the time domain, pro-

We report a time-resolved observation of THz emissionnounced fast phonon oscillations are immediately visible af-
originating from the macroscopic polarization associateder the initial transient. These represent an observation of
with coherent LO phonon oscillations in biased low- THz radiation from optical phonon oscillations in a biased
temperature<LT-) grown GaAs photoconductive emitters. photoconductive emitter. In the frequency domain, the indi-
The radiation was detected using free-space electro-optigcidual phonon spectral features superimpose with an ultra-
sampling!41®which allowed the direct measurement of the broad response from the initial transient. The coherent
amplitude and phase of the coherent electromagnetic radigdasmon-phonon coupled modes are responsible for a small
tion emitted after pulsed optical excitation. The experimentabroad feature around 16 THmarked with an arrow in Figs.
results give insight into the dynamics of photogenerated cari(b) and 2. Note that frequency components over 20 THz

riers and phonon oscillations in semiconductors. are observed, and this has been previously used to obtain
The experimental apparatus for coherent generation angltrabroadband THz spectté.
detection of THz radiation has been reported previotfsiy. The main positive peak of the pulse has a rise t{frem

brief, a Ti:sapphire laser provides visible/near-infrared pulse40 to 90 % of the peak heighof 60 fs, and a much shorter

of 12 fs duration at a center wavelength of 790 nm with afall time of 13 fs. The electric field applied to the photocon-
repetition rate of 76 MHz. The output is split into two parts: ductive emitter accelerates the electrons and holes and this
a 250 mW beam is used for THz generation and a 25 m\Wballistic acceleration leads to the positive peak in THz emis-
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(b) frequency (THz) onstrates the oscillation of ions in the polar crystal lattice.

. This coherent oscillation is initiated by the motion of the
~ FIG. 1.(a) The temporal THz wave form ari®) its correspond-  photogenerated carriers, since the displacement of these
ing Fourier-transform amplitude spectrufpper tracg together  gjactron-hole pairs in the presence of an external field leads
with the spectrum measured after being transmitted through g, 5 smgqll but ultrafast change of the internal electric field.
?égf’dg?gg::gses’:;r‘:"a‘;i("(t)k‘:‘éeth(r)a;?" dTE(e)arrh%inrrga(;? Szz’vecual The polar crystal lattice thus becomes excited impulsively as
—53THz: » 36 5 T?—lz) and GaAs (v P — 806 THz- VF% the ions accelerate towards their new equilibrium positfons.
= » PLO= 0. TO= O- » YLO H H
=8.76 TH2, together with the coupled plasmon-phonon mode ofAﬁoiorﬁS#let’ j‘eigong Zﬁzeﬁ?nmggggngnotﬁg”rig?r? ajéf;e LO
GaAs (P)). Inset of (a): Schematic geometry of the electrodes P In orderqto Stu)gy thepdynat)nics of the observe?d ph.onon

(0.4 mm gap used in the biased GaAs photoconductive emitter. = . i .
The white spot(~40 um diametey indicates the position of the oscillations, we calculated the time-partitioned Fourier trans-

asymmetric laser excitation. Inset d): Density dependence of fOrm of the THz signal in a confined 2 ps time window. As
coupled plasmon-phonon mode frequenciesper branch: P1; Shown in Fig. 2, all time-partitioned Fourier transforms are
lower branch: PP calculated for GaAs parametefs,=12.9,¢, ~ dominated by two peaks at fixed frequencies of 6.2 and
=10.9, 1,0=8.76 THz, 170=8.06 THz, andu=0.06m,). Dashed 8.7 THz, and almost all other frequency components dimin-
and dotted lines represent GaAs TO phonon, LO-phonon and plagsh within the first 0.3 ps after excitation. Furthermore, the
mon (PL) frequencies, respectively. amplitudes of the frequency components at 6.2 and 8.7 THz
_ _ _ decrease at later times. The relaxation time of the oscillations
sion. The resulting space-charge field, however, screens thein be quantitatively determined by fitting the measured

electrostatic field. This reduces the driving force on the cartime-domain THz signal, with an expression based on two
riers, causing a reduced carrier acceleration. In addition, igxponentially decaying sine waves

should be noted that the photoconductive emitter is biased at

120 V, and the spatial distribution of the resulting electric Erp,(t) = A sin(27v,t + d)e UL+ A, sin(2mu,t + ¢y)e V2,

field is highly nonuniform, with 80% of the field being con-

centrated within a~20 um region near the anodé.There- As shown in Fig. 3, the agreement between the fitted and

fore, a high fieldlover 30 kV/cn) is expected in this region, the measured THz signals is exceptionally good. The best-fit

which is well above the Gunn threshol®.3 kV/cm) of  values ofrv; and v, are 6.2 and 8.7 THz, with relaxation

GaAs? As the photogenerated carriers gain momentum in théimes of 3.0 and 2.1 ps, respectively. We attribute the peak at

strong external field, they are therefore able to scatter to th8.7 THz in Fig. 1b) as originating from LO phonon oscilla-

side valleys(I" to L splitting in GaAs: 330 meY This ex- tions in GaAs. The 2.1 ps relaxation time of this mode de-

plains the strong and fast deceleration observed in our expends on the momentum and phonon dephasing via anhar-

periments as a fall in THz emission. monic interactions. This value is close to the 1.5 ps measured
In addition to the initial transients caused by the free carin reflectivity measurements of a GaAs photoconductive

rier acceleration and deceleration, the THz signal also denemitter> but is smaller than the 5 ps reported for GaAs
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THz wave form between 2.3—6.3 ps. Note that the phonon oscilla- 0 5 10 15 20
tions can be seen immediately after the initial transisee Fig. frequency (THz)
1(a@)], and extend over 8.0 ps, although for clarity, only a restricted

interval is shown here. FIG. 4. The time-partitioned Fourier transform of the THz signal

measured after being transmitted through a 0.53-mm-thick GaAs

p-i-n diodes? In explanation, the maximum carrier concen- wafer. The time interval between two adjacent curves is 0.3 ps, with
tration in our measuremeft-3x 10'8 cm ™) is close to that  the time on the righthand axis being the start of the 2 ps partitioning
of Cummingset al® (5.6x 10*® cmi3), but much larger than interval. Two dotted lines correspond to frequencies 6.2 and
that of Leitenstorferet al® (5x 10 cm3), suggesting that 8.7 THz.
the relaxation time of the photogenerated carriers is carrier
concentration dependent. We note that in their transient resur experiment, we directly probe THz radiation emitted
flectivity measurements, Cummingat al® observed both from the GaAs photoconductive emitter, which strongly de-
transverse-opticalTO) phonon and LO phonon oscillations pends on both the photogenerated carrier density and the
in a biased GaAs photoconductive emitter. In our experifocal electric fieldt® Although the photocarrier distribution
ments we observed a spectral peak at the LO oscillation fregenerated by the 4pm-diameter laser spot is nonuniform,
quency and a spectral dip at the TO oscillation frequencythe emitted signal is dominated by the relatively uniform
The spectral dip at 8.1 THz can be explained by the reducedarrier distribution across the 20m-wide high electric field
coupling efficiency of THz radiation to free space owing to region. Consequently, this leads to the observation of radia-
the large value of the refractive index of GaAs near the TQtion at 16 THz originating from coupled plasmon-phonon
phonon frequencyr1o=8.06 TH2.2 We note that THz ra- modes.
diation generated from LO phonongspectral peak at It should be pointed out that the observation of THz ra-
8.7 TH2) is further enhanced by the increased coupling effi-diation from coupled plasmon-phonon modes has important
ciency of THz radiation from the GaAs substrate to freeimplications for practical applications. As shown in the inset
space owing to the small value of the refractive index ofof Fig. 1(b), the frequency of plasmon oscillations, and that
GaAs near the LO frequenéy.’ The spectral dip at 5.3 THz of the upper branch of the coupled plasmon-phonon modes
and the peak at 6.2 THz arise from the response of the ZnTm GaAs, is proportional to the square root of the free carrier
detector(v;o=5.3 THz; v o=6.2 TH2.141> density. Therefore one can in principle generate efficiently in

It is interesting that we observed the coupled plasmonthe mid-IR rangege.g.,~30 TH2 by increasing the photo-
phonon modes in a biased photoconductive emjieoroad  generated carrier densitie.g., ~8x 108 cmi™3), either by
feature around 16 THz, see Figgbland 3. In polar ma- increasing the pump laser power or reducing the laser spot
terials such as GaAs, where LO phonons and plasmons corsize in appropriately miniaturized and optimized photocon-
bine into coupled plasmon-phonon modes, one can expeductive emitters. Such photoconductive emitters will find use
both modes to be excited by ultrafast screening. The frein pump-probe studies in both the mid-IR and far-IR fre-
quency of the LO phonon mode is carrier density indepenguency range&’2°
dent while the frequency of the coupled plasmon-phonon Figure Ib) also shows the amplitude spectrum of the THz
modes[P;, P, in the inset Fig. {b)] are density dependent. signal measured after being transmitted through a 0.53-mm-
One would expect to see only the density-independent LOthick semi-insulatingSl) GaAs wafer. As expected, the mea-
phonon oscillations because the density-dependent plasmosdred spectrunflower trace of Fig. (b)] shows strong THz
phonon coupled modes are smoothed out by averaging ovabsorption owing to single- and multiphonon bands. To fur-
the spatial distribution of the photogenerated -carrietther understand the phonon dynamics of GaAs, we once
density'! As a result, oscillations at LO phonon frequenciesagain calculated the time-partitioned Fourier transform of the
have been reported in all previous studie), while the  THz signal in a confined time window of 2 ps. As shown in
frequency-dependent plasmon-phonon coupled modes havég. 4, after passing through the GaAs wafer, the different
only been observed for the casemstloped material$l®In  frequency components in the THz pulse arrive at different
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delay times, with frequency components closer to the restlarization associated with coherent LO phonon oscillations in
strahlen band arriving at later times. The frequency compobiased LT-GaAs photoconductive emitters. These oscillations
nents near the reststrahlen band region are thus stored in thee at the LO phonon frequency of GaAs and have a relax-
material for some time before being radiated. These experition time of 2.1 ps. We also found that the coupled
mental results(Fig. 4) are fully replicated by numerical plasmon-phonon modes contribute to the emitted THz radia-
simulations(not shown hergusing classical electromagnetic tijon. The ultrabroadban¢over 20 TH2 nature of the THz
wave theory, taking into account the incident THz pulseragdiation generated in photoconductive emitters can be used

shape and the frequency-dependent complex dielectric cogg, THz spectroscopy and for studying the dynamics of
stant of GaAs. solids.

In conclusion, we have investigated the generation of
THz radiation in GaAs photoconductive devices. We ob- This work was supported by the EPSRC and Toshiba Re-
served THz emission originating from the macroscopic po-search Europe, LtdEHL).
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