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Comparison of terahertz waveforms measured by electro-optic
and photoconductive sampling

Sang-Gyu Park,a) M. R. Melloch, and A. M. Weiner
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Terahertz waveforms measured by free-space electro-optic sampling and a photoconductive dipole
antenna were carefully compared. We show that the difference between the waveforms could be
explained quantitatively in terms of carrier lifetime and frequency dependent response of the photo-
conductive receiver antenna. ©1998 American Institute of Physics.@S0003-6951~98!00748-7#
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Since its invention in the 1980’s, photoconductive~PC!
sampling has been widely used to measure the terah
~THz! electric field coherently generated by femtoseco
lasers.1,2 Its high signal to noise ratio has enabled many T
applications including spectroscopy,3,4 imaging,5 and
ranging.6 But its speed is limited by the resonant charact
istic of the antenna structure and the finite lifetime of t
photogenerated carriers in the detector. Recently free-s
electro-optic sampling~FS-EOS! of THz radiation was dem-
onstrated to be an alternative to PC-sampling.7 Due to its
high bandwidth and ease of implementation, it is becom
increasingly popular. Despite the wide use of PC-samp
and FS-EOS, the waveforms measured by the two meth
have not been compared closely. The comparison has ma
been limited to the speed and the signal to noise ratio.8,9 In
this letter, we quantitatively compare the waveforms m
sured by these two methods and demonstrate a simple m
eling procedure that predicts the PC-sampling waveform
rectly from the measured FS-EOS waveform.

FS-EOS detects the polarization change of the pr
beam induced by THz electric field through the electro-op
~E-O! effect in the sensor crystal. Because the E-O effec
almost instantaneous on the THz time scale, especiall
compound semiconductors, FS-EOS gives a signal dire
proportional to the THz electric field. Although there a
several effects which could distort measured waveforms,
cluding group velocity mismatch~GVM! between copropa
gating optical probe and THz beams, phonon-polariton c
pling and finite probe pulse width, waveform distortion fro
these effects is minimal for the pulse width, crystal thic
ness, and THz bandwidth used in our experiments.

On the other hand, measurements with a PC-antenn
ceiver generate waveforms which depend not only on
actual THz electric fielde(t) incident at the receiver, bu
also on the frequency dependent antenna responseH(v) and
the carrier lifetimetR and momentum relaxation timetC .
The collected chargeQ as a function of delayt of the gating
pulse is given by

Q~t!5E dtn~ t !g~ t2t!, ~1!
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where the induced bias voltage across the photoconduc
gapn(t) is

n~ t !;E dvH~v!E~v!exp~ ivt !, ~2!

and the time dependent conductanceg(t) is

g~ t !5E t

dt8I ~ t8!$12ē~ t2t8!/tC%ē~ t2t8!/tR. ~3!

Here,I (t) is the temporal intensity profile of the gating puls
andE(v) is the Fourier transform ofe(t). The finite photo-
current rise time and the current recovery time are rep
sented bytC and tR , respectively.10 The response function
H(v) represents the frequency dependent ratio of volt
induced at the sampling gap to incident electric fieldE(v),
whereE(v) is assumed to approximate a plane wave at
receiver.H(v) depends on the coupling of the incident wa
onto the antenna as well as the impedance matching co
tions between the antenna and the transmission line in w
it is embedded; both of these factors may be frequency
pendent. As reported in the following, for our experimen
on a short dipole antenna without substrate lens, we fin
flat frequency response@H(v)51# gives a good fit to our
data; i.e.,n(t) is directly proportional to the incoming elec
tric field profile. This is in marked contrast to the wel
known j v frequency dependence of a short dipole transm
ting antenna. The flat frequency response can be explaine
follows. Because the overall length of the dipole antenna
much shorter than the shortest wavelength of the incom
electric field, the electric fieldE(v) ~for any givenv! is
spatially uniform across the antenna times a frequency in
pendent constant. Therefore, the induced open circuit v
age,Voc(v), is just E(v) multiplied by the length of the
antenna.11 The actual voltage across the gap,Vg , when there
is a transmission line feed connected to the antenna, ca
calculated from the following voltage divider expressionVg

5VocZo /(Z01ZA), whereZ0 andZA are the impedances o
the transmission line and antenna, respectively. The radia
impedance of our short dipole is small in the frequency
gion of interest between tens of GHz and 2 THz.~At very
low frequency the antenna reactance becomes large and
leads to a zero dc response.! WhenZA is small compared to
Zo , Vg can be approximated byVoc. Therefore, if the mea-
surement is limited to the THz range where the wavelen
4 © 1998 American Institute of Physics
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is much longer than the antenna length, both the open cir
voltage and the voltage divider effect are nearly freque
independent. On the other hand, we find that for a sh
dipole receiver with a substrate lens,H(v); j v gives a
good fit to the data in the specific optical system of o
experiments.

Figure 1 shows the experimental setups for our comp
son of FS-EOS and PC sampling. In each case, the rece
~either FS-EOS or PC! was placed at the same position re
tive to the THz source. Our approach is to use the wavefo
measured by FS-EOS as the real electric field waveforme(t)
in Eqs.~1!–~3! in order to predict the expected PC-sampl
waveforms. Since the PC-sampled waveforms and the
sampled waveforms are measured at the same position
do not need to know the transfer function of the THz pu
from emitter to detector, which would be the same for bo
waveforms. This is in contrast to the situation where
measured THz waveforms are modeled based on the kn
edge of the field at the emitter. We performed our comp
son for three different sources of THz radiation, namely, t
different biased large aperture GaAs emitters and an u
ased ZnTe large aperture emitter. The three emitters ge
ated very distinct waveforms, which helped to confirm t
validity of our theory. The biased emitters were fabricated
deposition of 3 mm spaced parallel electrodes either on se
insulating GaAs~SI-GaAs! or low temperature grown GaA
~LT-GaAs!.12 The LT-GaAs layer was grown at 280 °C an
annealed at 575 °C for 30 s. We used a thick~2.8 mm! LT-
GaAs epitaxial layer in order to minimize the partial tran
mission of the excitation pulse into the SI-GaAs substra
The unbiased ZnTe emitter was^110& oriented and 1 mm
thick. In the biased emitters, THz radiation is generated
to current surges and the far field radiation is given by
time derivative of the photogenerated current. In the un
ased ZnTe emitters, optical rectification is responsible for
THz generation.13 For the FS-EOS receiver, we used a 15
mm-thick ZnTe crystal with balanced detection. We used
relatively thin sensor crystal to minimize the waveform d

FIG. 1. Experimental setup:~a! free-space electro-optic sampling;~b! pho-
toconductive sampling.~B/S: beam splitter, PD: photodiode, PBS: polariz
tion beam splitter!.
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tortion by phonon-polariton coupling and GVM. For the PC
antenna receiver, we used a 50-mm-long dipole antenna with
5 mm gap14 embedded in a 50mm spaced coplanar transmis
sion line and fabricated on the LT-GaAs. The LT-GaAs w
grown at the same time as the emitter material but anne
at slightly higher temperature~600 °C!. A mode-locked Ti:
sapphire laser with;100 fs pulse width was used to provid
pump and time delayed probe pulses. The pump power
800 mW for all cases and the probe power was 2 mW
FS-EOS and 20 mW for PC-antenna detection. The pu
beam was collimated with a diameter of 1 mm. The emitt
and detection systems were separated by;15 cm with no
focusing for the THz beam or pump beam, which were w
into the far-field regime.

Figures 2~a!–2~c! show the measured THz waveform
from FS-EOS. We can clearly see the difference between
waveforms from different emitters. From the SI-GaAs em
ter, we obtained an almost unipolar waveform, which is
sharp contrast to the bipolar waveform obtained from
LT-GaAs emitter. This was expected from the lifetime
photogenerated electrons in these materials. Because of
long carrier lifetime, SI-GaAs has step-like current profi
which gives unipolar waveforms. LT-GaAs has a very sh
carrier lifetime, therefore, both rising and falling edges of t
current can generate a strong THz field, resulting in bipo
waveforms. The waveform from the ZnTe emitters has
strong ringing associated with the main oscillation. Th
ringing seems to be from the emitter, not from the sens
When we changed to a 1-mm-thick sensor, the ringing
mained almost the same, while when we changed to a
mm emitter with the default 150mm sensor, the ringing al-
most disappeared. Figures 2~d!–2~f! show the corresponding
waveforms measured by PC sampling~solid lines!. Note that
no substrate lens was used for these PC-sampling mea
ments. In each case, the shapes of the PC and the c
sponding FS-EOS waveforms are markedly different. F
ures 2~d!–2~f! also show the predicted PC-samplin
waveforms~dotted lines!, which were calculated based o
Eqs. ~1!–~3! using the FS-EOS data for the incident TH

FIG. 2. Measured and calculated THz waveforms using EO and PC s
pling: ~a!–~c!: EO-sampled waveforms;~d!–~f!: PC-sampled waveforms
~measurement: solid line, calculation: dotted line!. The PC receiver was a
short dipole with no substrate lens.
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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field e(t). As fitting parameters we used a carrier lifetim
tR51.3 ps~in agreement with optical pump/probe time r
solved reflection measurements and sliding contact ph
conductive sampling measurements!, and a momentum re
laxation timetC50.18 ps. We use a flat antenna respon
function H(v)51, for which the derived and measure
waveforms match fairly well. We used the same fitting p
rameters to calculate waveforms corresponding to each o
three THz emitters. In the data the features 5–6 ps after
main peaks are from reflections in the FS-EOS and PC
tectors.~This was not accounted for in the simulation.! The
initial dip before the main features of the PC waveforms
associated with the lifetime of the photogenerated carri
and is most clearly observed for the unipolar waveform fr
the SI-GaAs emitter. For the bipolar waveforms, this effec
less pronounced, because the positive and negative por
of the waveform partially cancel out in the convolution
Eqs. ~1!–~3!. The agreement between simulated and m
sured waveforms for all three emitters validates our appro
for modeling the PC-receiver response.

For practical THz systems, the PC antenna is usu
used together with a substrate lens, in order to increase
coupling of the THz energy to the antenna.14 The effect of
such lenses on the waveforms has been discussed by se
authors.5,14,15 We have repeated our PC-sampling expe
ments with a hyperhemispherical silicon lens attached to
PC antenna. The diameter and the tip to bottom distanc
the silicon lens were 10 and 6.5 mm, respectively, and
thickness of the GaAs PC receiver chip was 0.63 mm. T
design is similar to that used in Ref. 14. The results of
measurement are shown in Fig. 3. We can see distinct
ferences between the waveforms in Fig. 3 and the co
sponding PC waveforms in Fig. 2. Besides the wavefo
changes, the amplitude of the THz signal was enhanced
more than a factor of 10 by using the silicon lens. Al
shown in Fig. 3 are calculated PC waveforms derived fr
the FS-EOS data, with the sametR andtC as before~dotted
lines!. In this case we use an antenna response func
H(v)5 j v, which gives excellent agreement with the da
waveforms. Thej v factor leads to a derivative-like behavio
in the time domain. Our results may be understood as
lows. The Fourier spectrum analysis of the EO wavefo
~not shown! indicates that the majority of the THz powe
from our emitters is emitted between dc and 2 THz. In o
back to back configuration, the THz beam at the recei
chip is larger than the silicon lens aperture for all the f

FIG. 3. THz waveforms from PC sampling with silicon lens. The reflect
feature from the EO sampled waveform was numerically eliminated be
used in the calculation.~measurement: solid line, calculation: dotted line!.
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quencies below 2 THz. For example, we calculate beam
ameters~at thee21 points of the field! of 29 and 15 mm for
1 and 2 THz, respectively. Therefore, the aperture is defi
by the lens diameter and is approximately frequency in
pendent, resulting in a focused THz spot size which is
versely proportional to frequency. Since the spot sizes
also larger than the dipole itself, this gives the observedj v
frequency factor. It is interesting to note that the conditi
that the beam size is larger than the silicon lens is appr
mately equivalent to the far field criterion of the emitte
detector system including the silicon lens aperture. It is a
important to note that observation of this effect depends
the specific THz optical system and frequency range. Gris
kowskyet al.observed a similar time derivative behavior f
a different THz optical system.14 Silicon lens and optical
system designs which do not have a frequency depen
spot size have also been proposed and demonstrated.5

In conclusion, we directly compared the THz radiatio
waveforms measured from FS-EOS and PC-sampling rec
ers. Although we observed significant differences betwe
the two types of waveforms, we demonstrated that the wa
forms measured by the PC antenna could be derived from
FS-EOS waveforms in conjunction with the carrier lifetim
of the PC-antenna material. For a PC THz receiver cons
ing of a short dipole without substrate lens, we found that
receiver antenna response was approximately flat over
THz frequency range of interest. For the same receiver w
substrate lens, we found aj v receiver antenna respons
which we explained based on the specific optical system
use. Our results help to elucidate the role of the frequen
dependent antenna response in PC sampling THz receiv
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