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Time-Resolved Study of Intense Terahertz Pulses Generated by a Large-Aperture
Photoconductive Antenna
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Saturation behavior of intense terahertz radiation pulses emitted by a large-aperture photoconductive antenna was studied by
observing the waveforms of the generated terahertz pulse using the electrooptic sampling method. A peak terahertz field up
to 5.7kV/cm was observed. By increasing the pump pulse fluence, saturation of the peak terahertz field, shift of the peak
appearance time and narrowing of the terahertz pulse were observed. These experimental results were found to be qualitatively
consistent with the results of simulation based on the current surge model.
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1. Introduction trooptic (EO) sampling methd® is a powerful tool for the

study of intense THz radiation generation. Temporal resolu-

Inten.se electromagnetic pulses |n.the tgrahertz (TH2) Spetf?n of this method is only limited by the duration of the opti-
tral region have been generated by illuminating femtosecon

optical pulses on large-aperture biased photoconduttdrs. cal pulses when an appropriately thin EO crystal is used. Ob-

You et al. reported the generation of high-power THz pulsegervanon of waveforms of THz pulses generated under a satu-

with pulse energy of as much as (&8 at a repetition rate of rated condition is the most direct way to study the mechanism
10 Hgfrom a G%s wafer with 3-cm aa elepctrodéaudi— of THz radiation generation. The absolute value of the elec-
artoet al. have generated 0,4d THz %Is‘,)es at a 1-kHz rep- tric field can also be obtained by this method. Pulse energy

- ' genera k P . & P~ measurement techniques of THz radiation applying a bolome-
etition rate from a similar large-aperture biased antenia. :

o . - ter or a pyroelectric detector have been used for the study of

tense THz pulses have been applied in experiments on ionizg- pulse generation using large-aperture anteARB&/hat
tion of Rydberg atom®), and in THz-field-induced second-

: . S is required, however, in many useful applications of intense
harmonic generation from molecular liquilsMany other d Y bp

potential applications of intense THz pulses have been prgHZ radiation, is not the large pulse energy but a high peak

N . ; electric field. Since estimation of electric field strength from
posed, which include the study of semiconductor carrier dy: yic i . .
1) o . 5) he pulse enerdy? is indirect and unreliable, direct measure-
namics? and liquid dynamic$)

ment of the field using the EO method is desirable.

The mechanism of generation of THz radiation from bi- . . .
) In this study, we generated intense THz radiation from a
ased photoconductors is generally understood based on }he

. ._large-aperture GaAs photoconductive antenna and observed
current surge modél.In this model, a THz electromagnetic , e .
A . ; the waveforms of the field of focused THz radiation using the
field is radiated from a transient current generated on the sur- : . L
O sampling method. Saturation of the peak electric field

face of a photoconductor. Ultrashort optical pulses generate

. . ) was observed as the pump pulse fluence was increased and a
carriers almost instantaneously and the carriers are acceler-

. : eak field as high as 5.7 kV/cm was observed. It is observed
ated by the local electric field. The resultant transient curre . . ;
s rﬁ“at the waveform changes with saturation. Experimental re-
or current surge, produces an electric field on the surface o . . .
) . sults were compared with the simulation results based on the
the photoconductor and this surface field can be regarded SSrent surge model
the source of the THz radiation. The surface field, at the sanie '
time, partly cancels the bias field applied to the photocondu%-
tor, which is called the near-field screening effect. Saturation
of pulse energy of the generated THz radiation as a function Time-resolved THz field measurements by the EO
of pump pulse fluence has been observed by several groupsthod® were performed using the experimental setup
of researcher&:® A theoretical treatment of the THz radia- shown in Fig. 1. The emitter of THz radiation was a non-
tion generation process incorporating the near-field screenidgped semi-insulating GaAs wafer with B00) surface. The
effect has explained these phenomena successfully. These éameter and thickness of the wafer were 50 mm and.380
perimental studies, however, used relatively small gap spaespectively. Two aluminum electrodes were mechanically
ings, which ranged from 0.5mm to 5mm. The mechanisroontacted to the wafer with an intergap spacing of 30 mm.
of saturation of THz radiation from emitters with centimeterA pulsed electrical voltage of up to 20 kV was applied to the
size gaps;? which are required for intense THz field gener-electrodes. The duration and the repetition rate of the voltage
ation, has not been carefully studied yet. The spatial distribpulse were Jus and 1 kHz, respectively.
tion of the bias field between the electrodes is dependent onThe light source used in the experiment consisted of re-
the size and shape of both the photoconductor and the elgeneratively amplified femtosecond Ti:sapphire laser pulses
trodes. Thus, it is necessary to study terahertz pulse gene{Spitfire, Spectra Physics). The pulse width, pulse energy,
tion from emitters having such large aperture sizes. wavelength and the repetition rate of the output of the am-
Waveform measurement of THz radiation using the eleglifier were approximately 150 fs, 8QQJ, 800 nm and 1 kHz,
respectively. A major portion of the amplifier output was used
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Fig. 1. Schematic of the experimental setup for electrooptic sampling
measurement of waveforms of intense THz radiation emitted by a
|arge-aperture photoconductive antenna. BS: pellicle beamsplitter, P: po-
larizer, PD: photodiode and QWP: quarter-wave plate.

to pump the GaAs emitter. A small portion was split off and
used as a probe beam. The pump beam passed through a vari-
able attenuator and was chopped at 500 Hz by a mechanical
chopper, which was synchronized to the amplifier output. The
beam was expanded by a concave lens with a foca length
of 70mm and incident on an intergap area of 9cm? of the
emitter synchronously with the applied high voltage. The dis-
tance between the concave lens and the GaAswafer was about
600 mm.

THz radiation generated from the emitter in the transmis-
sion direction was focused by an off-axis parabolic mirror
onto a 1.33-mm-thick (110) ZnTe crystal. The foca length
and the diameter of the off-axis parabolic mirror were 152 mm
and 50 mm, respectively. The distance between the GaAs
wafer and the parabolic mirror was about 80 mm. The ZnTe
crystal was oriented so that the (001) direction was parallel
to the polarization of the THz radiation. In this case, bire-
fringence is induced due to the EO effect of the ZnTe crystal
between the light polarization parallel to the THz polarization
and that perpendicular to it. In order to detect the birefrin-
gence, the probe pulse was set to be linearly polarized in the
45° direction.

The phase difference, A9, between the light beams having
these two polarization directionsis expressed as

wd r41n03

AO = Ethz(1). N

Here, A is the wavelength of the probe light and d, r4; and
ng are the thickness, the EO constant and the refractive in-
dex of the ZnTe crystal. The values given in literature of
rs; = 4.0pm/V and ng = 2.85 were used for these parameters
for calculating the THz field from the experimental data.*>12)
If we orient the THz field along the (110) direction, we can
double the EO efficiency. In the present study, however, we
adopted this orientation in order to reduce the nonlinear con-
tribution since the largest phase difference observed was as
much as 0.1.

Probe pulses were reflected by a pellicle beamsplitter and
loosely focused on the ZnTe crystal by a lens in a collinear
geometry with the THz radiation. Probe pulses which passed

RTHORI €t al.

through the ZnTe crystal were transmitted through a quarter-
wave plate, and the polarization change due to the EO effect
was detected by a combination of a Wollaston prism and a
pair of Si photodiodes. The difference of the output of the
two photodiodes was sent to alock-in amplifier and a 500-Hz
component was recorded.

A typical waveform of THz radiation obtained by this mea-
surement setup is shown in Fig. 2. This was obtained using
a relatively low pump fluence of 2 uJcm? and a bias field
of 1kV/cm. The initial high peak with a width of 690fs is
followed by a negative trailing part which persists for about
8ps after the appearance of the peak. A small peak which
appears around 8 ps is due to the reflection of the main pulse
inside the GaAs wafer. Small oscillations in the waveform
were reproducible and are attributed to water vapor absorp-
tion.’¥ The part before the reflection peak of the waveform
shown in Fig. 2 was Fourier transformed. The Fourier ampli-
tude obtained isshown in Fig. 3. The spectrum extended from
the dc component to above 2.5THz. A dip around 1.7 THz is
due to water vapor absorption.'®

The peak field of THz pulses is plotted as a function of
the bias field at several values of pump fluence, F, in Fig. 4.
It is seen that the peak field is proportional to the bias field
within the range of bias field and pump fluence used in the
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Fig. 2. Typica waveform of focused THz radiation measured by the EO

sampling method, obtained at a relatively low pump fluence of 2 . Jcm?
and biasfield of 1kV/cm.
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Fig. 3. Fourier amplitude of the waveform shownin Fig. 2.
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Fig. 4. Biasfield dependence of peak THz field at several values of pump
fluence.
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Fig. 5. Pump fluence dependence of peak field of the THz radiation at sev-
eral values of hias field. Solid lines indicate best fitted curves with the
theoretical expression described in §3 with saturation fluence of 7 ;1J/ cm?.

experiment. Waveforms at different bias fields at fixed pump
fluence were almost indistinguishable when they were nor-
malized to the peak value. The highest peak field observed
in the present experiment was 5.7 kV/cm. The practical limit
of the highest peak field achievable was determined by the
discharge between the electrodes and the GaAs wafer. The
onset of the discharge was dependent on the pump fluence.
For smaller fluence, discharge occurred at higher biasfield.

Pump fluence dependence of peak THz field is shown in
Fig. 5. The peak THz field showed clear saturation behavior
as a function of pump fluence. Waveforms of THz radiation
around the peak are shown in Fig. 6. Two features are seenin
the figure. First, the peak appears earlier when the pump flu-
ence is increased. Second, the pulse becomes narrower with
an increase of pump fluence. Pulse widths and peak shifts of
these waveforms are plotted in Fig. 7 as a function of pump
fluence. The shift of peak appearance time shows almost lin-
ear dependence on the pump fluence. On the other hand, pulse
width shows a saturation behavior.

3. Theory

In this section, we derive an expression of time-dependent
THz field strength at a focused point using the current surge
model. The current surge model iswidely accepted asamodel
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Fig. 6. Waveforms of THz radiation around the peak at several pump flu-
ence values. Each trace is normalized and shifted upward by 0.2.
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Fig. 7. Experimentally observed pulsewidth (full-width at half maximum)
and shift of peak appearancetime are plotted asafunction of pump fluence.
Solid curves are given only as eye guides.

describing the process of THz radiation generation in biased
photoconductors.®) In this model, the surface current density
Js(t) of the photoconductive emitter is related to the local
applied field by Ohm's law:

Js(t) = os(t) [Epias + Esur (V)] - @)

Here, os(t) is the time-dependent surface conductivity, Epjas
isthe static bias field applied to the emitter and Eg(t) isthe
waveform of the generated THz radiation field observed on
the surface of the emitter. From the boundary conditions of
Maxwell’s equations, Egy(t) isrelated to Js(t) as

70
Equf(t) = — Js(t), 3
wrf( ) 1+ «/E S( ) ( )
where no = 3772 is the impedance of vacuum and ¢ is the
dielectric constant of the emitter medium. From egs. (2) and
(3), an expression for Eg,(t) isobtained as

os(H)no
os(®)no + (1 + /)

Thevalue of Eg, shows saturation for alarge value of o5 due
to the cancellation of the local bias field by the surface field
asseenin eq. (2).

Surface conductivity, os(t), is given by the following ex-
pression:

Esurf (t) = - Ebias- (4)

os(t) = euN(t). ©)
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Here, e isthe elementary charge and 1 is the electron mobil-
ity. Mobility of holes is neglected here since it is generally
much smaller than that of electrons. Carrier density, N(t), is
given by

t
N(t) = ﬂ/ [ (t)dt'. (6)
hv J_ o
Here, R is the reflectance of the emitter for the pump light,
v is the frequency of the pump light and 1 (t) is the pump
intensity. It is assumed here that decay of the carrier density
due to recombination or trapping is slow and can be neglected
in the time window of interest. The value of the surface field
after illumination of the pump pulseis expressed as

E = F Epi )
surf(00) = — F + Fu biass
where
F=/wl(t)dt 6)

is the pump fluence and the saturation fluence, Fs, is defined
by
hv (1+ /€
Fa = 7( ) : ©)
euno(1—R)

The electric field of the focused terahertz pulse, Efoqs(t),
has been shown to be proportiona to the time derivative of
the surface field.? By assuming the pulse shape of the pump
light to be Gaussian as

I (t) = B exp (—t2/8t?)
Jmét ’

it can be shown that the focused field is proportional to the
normalized focused field, Efocus(t):

(F/Fs) eXp (—t?/5t?)

(10)

Efocus(t) = 2" (11)
[(F/Fe)®(t/8t) + 1]
Here, the function @ (x) is defined by
_ 1 r @
d(X) = ﬁ/ooexp( s9) ds. (12

Finally, an expression for the normalized surface field is ob-
tained as

(F/Far) (t/80)
TFFmotan+l

Waveforms of the surface field and the focused THz field
simulated using egs. (13) and (11) are plotted in Figs. 8 and 9,
respectively, with several values of normalized pump fluence,
F/Fs. Itis clearly seen from Fig. 9 that the value of the
peak THz field saturates as a function of the pump fluence,
the peak position is shifted temporally to the negative direc-
tion, and the pulse width is narrowed by increasing the pump
fluence. These features can be explained by examining Fig. 8
since the focused THz field waveform is proportional to the
time derivative of the surface field waveform. Saturation of
the focused field is primarily due to the saturation of the sur-
face field. Under a saturated condition, the surface field rises
earlier and more rapidly than under an unsaturated condition,
which explains the peak shift and pulse narrowing observed
with the focused field waveforms. The peak values of the

Esurf(t)/Ebias =
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Fig. 8. Simulated time dependence of normalized surface field with several
values of normalized pump fluence, F/Fs.
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Fig. 9. Simulated waveforms of normalized focused THz radiation at sev-
eral values of normalized pump fluence.

normalized focused field, pulse width (full-width at half max-
imum), and peak position calculated from eq. (11) are plotted
in Figs. 10 and 11 as afunction of the normalized fluence. In
Fig. 10, the maximum value of the normalized surface field,
Esurf(00)/ Epias, 1S @S0 shown by a dotted line along with the
normalized peak field of focused THz radiation.

4, Discussion

According to the current surge model discussed in the pre-
ceding section, the waveform of focused THz radiation under
unsaturated condition should be proportional to the tempo-
ral profile of the intensity of the pump pulse. However, the
observed EO signal, as shown in Fig. 2, shows marked dif-
ferences from the temporal profile of the 150-fs pump pulse.
First, the main peak is much wider than the pump pul se width.
Second, there is a negative trailing part. These features have
also been observed by other groups of researchers in experi-
ments using setups similar to the present one.* 419 |n thefar-
field regime, it is natural to conceive that the waveform has a
bipolar feature because the integrated average field must go
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Fig. 10. Normalized peak value of the focused THz field (solid line) and
that of the surface field (dotted line) as afunction of the pump fluence, tha
values of which are obtained by the calculation.
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Fig. 11. Pulsewidth and shift of the peak position of the focused THz field
as afunction of the pump fluence, tha values of which are obtained by the
calculation.

to zero (no dc component). This simple idea cannot explain
the observed waveform since the timeintegration of the wave-
form yields a large negative value. Furthermore, the experi-
mental condition does not satisfy the far-field criteria. The
observation time window of about 20 ps corresponds to afre-
guency of 50GHz or a wavelength of 6mm. The confocal
parameter of a beam with this wavelength and a beam waist
of 3cm is about 11cm, which is of the same order as the
distance between the emitter and the observation point. This
shows that the waveform was detected still in the near field
regime. In the theoretical treatment mentioned in the preced-
ing section, the focused THz field was assumed to be propor-
tional to the time derivative of the surface field, which isonly
valid for sufficiently high frequency components.'® The con-
tribution of low-frequency components to the THz waveform
was neglected in this treatment. Under the actual experimen-
tal conditions, the contribution of low-frequency components
to the waveforms of the THz radiation cannot be neglected
and the amplitude and phase of low-frequency components
can be affected by imperfect experimental conditions such as
the finite size of the GaAs wafer, the large distance between
the GaAs wafer and the parabolic mirror and the finite size
of the parabolic mirror. Therefore, the negative long tail ob-
served in the experimentally obtained waveforms should be
attributed to the low-frequency contribution which cannot be
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treated in an exact manner by the simple theoretical treatment
of the present study.

The broadening of the main peak, on the other hand, is at-
tributed to the dynamical processes of electrons in the GaAs
wafer. Although the time resolution of the EO sampling
method is limited by several factors such as finite duration of
the probe pulse, dispersion of the THz radiation and the opti-
cal probe pulse and the velocity mismatch between them, the
experimentally observed broadening of the peak from 150fs
to 600-700 fs cannot be explained by these factors. Spectra of
the THz radiation generated by similar setups have been ob-
served.>? These spectra also suggest pulse widths of about
500fs. By the 800-nm pump pulse, electronsin GaAs are ex-
cited to the conduction band with an extraenergy of 120 meV.
The time required for the electrons with this extra energy to
relax down to the conduction band minimum has been esti-
mated to be 500-600fs.’”) This is supported by the experi-
mental observation on the time dependence of the electron
mobility of GaAs immediately after excitation by femtosec-
ond optical pulses.’® Revisions of the simple current surge
model used in this study by incorporating the time depen-
dence of the electron mobility have been presented.t”19.20)
These theoretical treatments have succeeded partly in explain-
ing the broadening of THz pulses, as observed in the present
experiment.

Furthermore, thetypical value of electron mobility of GaAs
at 1 = 5000 cm?/V-s indicates an electron scattering time of
1 = 190fs, which is obtained from the relationship:

_em

= (14)

Here, the effective mass of electrons was assumed to be mj =
0.067me. Since electron scattering time is the time required
to accelerate electrons to the steady-state velocity, this can be
another factor which broadens the pulse width of generated
THz radiation.

In this paper, we will not discuss the details of carrier dy-
namics in the emitter medium. Instead, we will introduce an
effective pump pulse width, z, which representsthe time re-
quired for the electrons to be accelerated to the steady-state
velocity, in the place of the pump pulse width, t,. The value
of 7 around 500fs explains the THz pulse width observed
in the present and other studies.

The linear dependence of the THz peak field on the bias
field, as seen in Fig. 4 and the fact that no changes were
observed in the THz waveforms at different bias fields are
consistent with the current surge model described in the pre-
ceding section. Nonlinearity in the electron mobility at alo-
cal field higher than 4kV/cm has been predicted by Monte
Carlo simulations.??) However, results of experimental studies
on transient velocity overshoot of electrons in GaAs suggest
that this effect isreduced for el ectrons which are photoexcited
above the conduction band minimum.?%23)

The saturation behavior of the THz peak field as a func-
tion of pump fluence, as shown in Fig. 5, isessentially similar
to that observed using emitters with relatively small aperture
sizes.59 All the experimental datawere well simulated by the
theoretical dependence of the peak field on the pump fluence,
as plotted in Fig. 10, using the same parameters. The simu-
lated curves are shown in Fig. 5 by solid lines. The saturation
fluence obtained by the simulation is Fg = 7 nJcm?. Using
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this value, electron mobility was calculated from eq. (9) to be
w = 4000cm?/V-s. Thevalue of e = 13 was used for the cal-
culation. This mobility value seems reasonable for electrons
photoexcited to slightly above the conduction band minimum
of GaAs.

The peak shift and narrowing of the THz pulses observed in
the experiment, asshownin Fig. 7, are qualitatively consistent
with the theoretical results shown in Fig. 11. Although the
quantitative agreement between them is not very good, this
observation shows that the present simple theoretical treat-
ment based on the current surge model can be used to explain
and predict waveforms of focused intense THz radiation un-
der saturated conditions by replacing the pump pulse width
by the effective pulse width, te.

5. Conclusions

We have observed waveforms of focused intense THz radi-
ation emitted by alarge-aperture GaAs antenna using the EO
sampling method. A peak THz field up to 5.7 kV/cm was ob-
served. By increasing the pump pulse fluence, saturation of
the peak THz field, shift of the peak appearance time and nar-
rowing of the THz pulse were observed. The peak field was
found to show alinear dependence on the biasfield applied to
the antenna. Theoretical treatment based on the current surge
model has been developed. The experimental observations
were explained under this theoretical framework by introduc-
ing the effective pump pulse width.
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