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Analysis of Terahertz Waveforms Measured by
Photoconductive and Electrooptic Sampling

Sang-Gyu Park, Michael R. Melloclsenior Member, IEEEand Andrew M. WeinerFellow, IEEE

Abstract—Terahertz (THz) waveform measurements by pho- that EO sampling of freely propagating THz was demonstrated.
toconductive (PC) sampling and fre_e-s_pace electrooptic sampling Zhang and Wu [16]-[21] and Heiret al.[22], [23] developed
(FS-EOS) are analyzed and quantitatively compared. Our data free-space electrooptic sampling (FS-EOS) in the mid-1990s.

suggest that a short dipole antenna used in a PC receiver con- . .
tributes a flat frequency response when used without a substrate Once the FS-EOS technique was developed, it has become

lens and a jw response when used with a substrate lens, for VEry popular, mainly due to its simple implementation and
the specific THz frequency range and optical system investigated large bandwidth.
in our experiments. These findings are explained using results |n this paper, we analyze and compare the FS-EOS and PC
from basic antenna theory. Experiments testing our theory for g5 mpjing techniques. We will emphasize the relation between
a variety of THz waveforms (obtained by using different THz th f d by th techni Alth h th
emitters and simple as well as shaped optical excitation pulses) € Wavelorms .measure y tESE techniques. oug . .ese
and for different carrier lifetimes are also presented. Finally, we Methods are widely used to measure coherent THz radiation,
demonstrate near-field effects in the PC-sampling measurements there are not many works comparing these two methods. The
of broad-band THz waveforms and explore the evolution of THz  comparison has focused mainly on the bandwidth and the SNR
radiation from the near field into the far field. [17], [24], but detailed comparison of the detected waveforms
Index Terms—Antenna theory, electrooptic sampling, near- has been missing. In a recent paper [25], we quantitatively
field effects, photoconductive sampling, submillimeter-wave mea- compared the THz waveforms measured by FS-EOS and PC
surements, substrate lens, terahertz radiation. sampling and showed that the waveforms measured by FS-
EOS and PC sampling could be related by a simple formalism.
I. INTRODUCTION In this work, we extend the comparison to the case in which t.he
NCE THE 1980’s, coherent terahertz (THz) radiation hat-%HZ wa_lveforms are more compl_ex, and we present a detailed
. : . theoretical analysis which explains the observed PC antenna
een of much interest in the ultrafast optics communltly o . . .
: A . response (which in turn can lead to important differences in the
[1]-[8]. This THz frequency range, which is in the submil- . )
aveforms measured via these two techniques). The effect of

limeter regime in terms of wavelength, had been diﬁ‘icu¥1 C .
) . e carrier lifetime on the PC-sampled THz waveform is also
to reach prior to the application of femtosecond lasers far

the generation of coherent THz radiation. When one dea gmonstrated experimentally and compared to theory. Finally,

. . . w? discuss experiments demonstrating near-field effects and
with THz phenomena, waveform measurement is as import

as the generation of the phenomena. For the measuremvtel%t transition from the near-field to the far-field region for

of THz radiation, photoconductive (PC) sampling and free- e-band THz radiation.
space electrooptic (EO) sampling are two currently widely
used techniques. PC sampling has played an important role
in the development of THz technology itself. Because of
exceptionally good signal-to-noise ratio (SNR) and reasonalfte FS-EOS
bandwidth, it has enabled many applications, including spec-In FS-EOS, we detect the polarization change of the probe
troscopy [9]-[11], imaging [12], [13], and ranging [14]. On théheam induced by the THz electric field through the EO
other hand, EO sampling of freely propagating THz radiation é&ffect in the sensor crystal. The typical FS-EOS experimental
relatively young. Although the EO effect itself has been knowarrangement used in this research is shown in Fig. 1. The
for a long time, and EO sampling of guided THz propagatiofiHz beam and the optical probe beam copropagate in the EO
was demonstrated some time ago [15], it was not until recentignsor crystal. The optical probe beam path is provided by a
_ , _ thin pellicle beamsplitter, which has a negligible effect on the
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Fig. 1. Setup for FS-EOS of THz waves in a back-to-back configuration. To Loc%n Am
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birefringence can be expressed by [26] Translational Stage

n37‘41ETHZ(w)wL Fig. 2. Setup for PC sampling of THz waves in a back-to-back configuration.

D) = AT ®

wheren, 41, and L are the refractive index, EO coefficient®xample, the GVM between the optical probe at 810 nm
and thickness of the sensor crystal, respectivélyy,(w) @nd the THz beam around 1-2 THz for 13@n ZnTe is

is the amplitude of the THz electric field; is the angular 10-20 fs, which is negligble for our frequency range. The
frequency of the optical probe beam, ands the speed of effect of phonon—polariton coupling is more difficult to state
light. The modulated probe beam is analyzed by a setup whighantitatively. But, if we compare our conditions with those
consists of a quarter-wave plate, a polarization beamsplit@r [21] and [27], we find it is safe to assume that the
and a pair of balanced photodiodes. The detected differenfonon—polariton coupling effects are small. Therefore, we

current signal can be expressed by consider the measured waveforms to be directly proportional
_ to the incoming THz electric field amplitude. In the context of
Al = Iysin(I") (2)  our comparison with PC sampling, the ability to independently

measure the incoming THz field via FS-EOS isolates the

where I is the current which would flow in a diode when . .
; - : ; role of the antenna frequency response in the PC-sampling
all the optical probe power is directed to a single diode. Fore surement

a moderate modulation depth, the phase change is converé
linearly to the differential current. (The typical modulation
depth is 103-10"4)) B. PC Sampling

There are several factors which can affect EO-sampledin PC sampling, the measured quantity is the current which
waveforms. These include group velocity mismatch (GVMjows in the photoconductor excited by delayed optical gate
in the sensor crystal, phonon—polariton coupling, and finifRilses. A typical PC-sampling setup is shown in Fig. 2.
optical pulsewidth [21]. The GVM arises from the differenE|ectron-hole pairs are generated when an optical gate pulse
propagation speeds of the THz and optical waves in tflRiminates the photoconductor in the gap of a dipole antenna.
sensor crystal; this leads to broadening of the measureflese carriers are driven by the THz electric field, producing
waveform. The amount of GVM depends on the wavelengicurrent, the magnitude of which is proportional to the THz
of the probe beam and the type of sensor crystal, butfigld and the carrier concentration and the direction of which
can be as large as several picoseconds per millimeter i9fetermined by the polarity of the THz field. Since the basic
sensor crystal length [17]. The phonon—polariton couplingperation principle of a PC antenna is the same as that of an
describes the phenomenon in which the propagating ThEctronic boxcar, a rapid recovery of the electron—hole popu-
wave leaves behind phonon oscillations, which in turn agition is essential in order to get good time resolution. Usually,
as a source of THz radiation. The phonon—polariton couplingdiation-damaged silicon-on-sapphire (RD-SOS) [28] or low-
usually manifests itself as an oscillatory tail accompanyingmperature-grown GaAs (LT-GaAs) [29]-[31] are used as the
the main THz features [27]. These two effects—GVM an@hotoconductor material. The average photocurigatas a
phonon—polariton coupling—can be minimized by using thifunction of delayr of the gating pulse can be expressed by
sensor crystals at the expense of reduced signal strengifd convolution of
The finite probe beam pulsewidth is another source of THz
waveform broadening, which can be significant for very short _ Q) _
THz waveforms. However, in our experiments with 100-fs boelm) = =57 = /dt%(t)g(t_T) @)
probe pulses, THz radiation with a spectrum under 2—-3 THz,
and a thin (150:m) ZnTe EO sensor crystal, distortion ofwhereQ(7) is the collected charge for each gate pulbgrl’
the THz waveforms by all these effects is minimal. Fois the repetition rate of the laser, and the induced bias voltage
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uniform across the antenna. This will be true when the antenna
dimensions are small compared to the THz wavelength of
interest or, less restrictively, when the transmitter—receiver pair
satisfies the far-field criterion. Specializing now to the dipole

antennas studied in our experiments, when the dipole length

@) V, [Zy) is much shorter than the wavelength of the Thiz(w, s) is
oc !

also frequency-independent. For exampie has a triangular
profile for a short center-fed dipole [34]. In this cadé,
can be approximated b¥ry,(w) multiplied by a frequency-
independent normalization factdr as

. . o . ) Voc(w) = CErnz(w). ()
Fig. 3. An equivalent circuit diagram of an antenna in receiving mode. .
Zo: transmission line impedance74: antenna impedancey;..: induced In GaAs (n ~ 3), frequencies of 1 and 2 THz correspond

Receiving Antenna Load

open-circuit voltage. to wavelengths of 80 and 4@m, respectively. Therefore, the
short dipole approximation becomes questionable for frequen-
across the photoconductive gap(t) is cies approaching 2 THz and above. But, since the relatively
‘ long carrier lifetime effectively performs low-pass filtering
vg(t) ~ /dw H(w)Erp,(w)e™*. (4) in PC detection, our PC detection is not sensitive in that

frequency region. The actual voltage across the gapvhen
\ there is a transmission line feed connected to the antenna, can
9(t) = / dt' 1,(#) (1 — Cf(tft')/‘r(:)cf(tft')/‘rR (5) be calculated from the following voltage divider expression:

- g

Zo(w)
Zo(w) + Z4(w) ®)
where Zy(w) and Z4(w) are the impedances of the trans-
mission line (plus load, if any) and the antenna, respectively.
The radiation impedance of our short dipole is small in the

; . requency region of interest between tens of gigahertz and
the frgquency-depende.nt ratio of the \./olt.age induced at t e'(l'le [3{1]. 86\'[ very low frequency, the an'[enngJ reactance
sampling gap to the incident THz electric field spectral amplb-ecomes large [36] and this leads to a zero dc response.) On
tude Erp,(w), whereern,(t) and Ery,(w) are assumed to '

: N the other hand, whe# 4 is small compared td&,, V,, can be
approximate a plane wave at the receivdi(w) depends on ; . L
) . approximated by,.. Therefore, if the measurement is limited
the coupling of the incident wave onto the antenna as well

) . . 0 the THz range where the wavelength is much longer than the
the impedance matching conditions between the antenna an Y
enna length, both the open-circuit voltage and the voltage

an
ider effect are nearly frequency-independent. As a result,

The time-dependent conductangg) is given by

where I,(¢) is the temporal intensity profile of the gating Vg(w) = Voo(w)

pulse andEry,(w) is the Fourier transform of the incoming
THz electric fieldeTn,(t). The finite photocurrent rise time
and the current recovery time are representedrbyand

Tr, respectively [32]. The response functiéh(w) represents

the transmission line in which it is embedded; both of theséﬁv

factors may be frequency-dependent. h
The frequency response can be understood with the sim‘p’ﬁg ave

circuit diagram shown in Fig. 3 where the receiving antenna H(w) =1 )

is represented by an equivalent open-circuit voltage sourceyhen an antenna is longer, the impedance of antenna and
Voc(w) and a series impedanég, (w) connected to an externaltransmission line can be matched at a certain frequency. This
circuit with impedanceZo(w) [33]. From the reciprocity the- kind of resonance characteristic was reported by Sraith
orem, Z4(w) is identical to the antenna impedance calculateg [2]. Our formalism is valid under the assumption that
when the same antenna is used as a transmitter [34]. khg resistance of the gap region upon illumination remains
induced open-circuit voltage of the antenkg.(w) can be large compared taZ,. Otherwise, the time-dependent gap
calculated from [35] resistance induced through the sampling action perturbs the
Voe(w) = 1 /iT(w,S)ETHz(w,S) .ds 6) voltage divi_der relatior_n in a way that is nqt included in (8).
I Although this assumption may be only partially correct under
whereir(w, s) is the current that would flow in the antennapur experimental conditions, nevertheless, based on our results
at s if it were used as a transmitteErn,(w,s) is the in Section Ill, which show good agreement between theory
electric field of the incoming THz wave at and the integral and experiment, it appears that our formalism still accounts
is over the antenna surfacd,, is a normalization factor for impedance matching satisfactorily.
which represents the maximum of. It should be noted that The frequency-independent open-circuit voltage relationship
Etn.(w, s) is the field which would exist at when the of (7) can be derived in an alternative way, also using
receiver is not present. In order wordr,.(w, s) represents the reciprocity theorem, as follows. By definitioW,.(w) is
the incident field without taking into account any perturbatiorisdependent of the external circuit connected to the antenna.
due to the presence of the receiver. When the overall sikberefore, when we calculaté,., we can use any load at our
of the dipole is much less than the beam size of THmnvenience. When the antenna is connected to a load which
radiation, the electric fiel&ru,(w, s) can be approximated assatisfies the impedance-matching condition between the load
Erm.(w) (for any givenw) becauséErn,(w, s) is spatially and the antennaZ 4(w) = Z§(w), for a particular frequency
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w Of interest, the powe#V, delivered to the load from the substrate lens. In this case, the aperture of the entire THz

transmitter can be represented by [33] system, consisting of the lens—dipole combination, is not
\2 shorter than the THz wavelength and may not be shorter than
W, = %Wt (10) the THz beam size; the assumptions of the previous paragraphs
wr

used to derive the frequency-independent response function
where W, is the transmitted power, is the distance between H(w) = 1 may not be valid. In fact, we find that a short dipole
the transmitter and receiver, apg. andg,, are the directional receiver with a substrate lens does give rise to a frequency-
gains of the receiver and transmitter, respectively. In (10jependent respondgé(w) ~ jw in the specific optical system
Wi(gar/4mr?) can be identified as the incident THz intensitynd frequency range of our experiments. This will be covered
at frequencyw, Iin.(w) = |Etn.(w)|?/(2n), at the detector, in detail in Section IlI-C.

where n is the impedance of free space. Then, (10) can be

rewritten as
I1l. RESULTS
)‘2.9(11‘ |-ETHZ(W)|2

W, =
4r 2n

(11)
A. Comparison of FS-EOS and PC-Sampled Waveforms

On the other hand, the average power delivered to the matcheq'] this Sectiorh we compare the THz waveforms measured

load can be expressed in termsaf. as by FS-EOS and PC sampling and show that the waveforms
1|Viof? measured by these techniques can be related by simple for-
We=gs g (12) mulas already given as (3)—(5) [25]. Our approach is to use
! the waveforms measured by FS-EOS as the actual electric
where R, = Real(Z4) is the radiation resistance of thefield waveformern,(t) in (3)—~(5) in order to predict the PC-

receiving antenna (which is the same as the radiation resistaggepled waveforms. Since the PC-sampled waveforms and
of the same antenna used as a transmitter). By equating (8 FS-EOS waveforms are measured at the same position, we
and (11), we obtain do not need to know the transfer function of the THz pulse
, 2\ | B (w))? from emitter to detector, which would be the same for both
Voc|” = —gar Ry 5 (13) waveforms. This is in contrast to the situation where the THz
" " waveforms measured by PC sampling are modeled based on
If we know the directional gaig..(w) and radiation resistancethe calculations of the field at the emitter [37]. Our approach
R,.(w) of the receiver, we can get the response functiatllows for a quantitative investigation of the influence of
which relates the open-circuit voltagé,. to the incoming the antenna response function and the photocurrent lifetime
THz electric field Ery,. For a short dipolegq, = 3/2 and on the PC receiver operation. For the data of this section
R, =107%(1/X)?, wherel is the length of the dipole [34]. By and Section III-B, the PC sampling was performed without

substituting these expressions into (13), we obtain a silicon lens to observe the pure PC antenna response. In
30712 Section 1lI-C, we present the data obtained using a silicon
[Voe(w)|? = | B (w)]?. (14) substrate lens attached to a PC antenna and compare those

with the ones obtained without a lens.

We find the open-circuit voltagd.(w) is proportional to  We performed FS-EOS and PC sampling experiments in
the length of the antenna and to the incident electric fietbe setups similar to Figs. 1 and 2. We performed our experi-
spectral amplitudeEry,(w) with a frequency-independentments in the back-to-back configuration, in which emitters and
multiplication factor. In real experiments, the external circudletectors were placed 12 cm apart and facing each other
is not a matched load as in this hypothetical experimentjthout any collimation optics involved in the beam path.
therefore, the actual voltage coupled across theldap) still  This configuration was used in order to avoid any potential
depends oV, (w) through the impedance-matching conditiompulse reshaping in the use of THz collection optics such as
of (8). paraboloidal mirrors. In each case, the receiver (either FS-

As reported in the following, our experiments on a shoEOS or PC sampling) was placed at the same position relative
dipole antenna without a substrate lens confirm the flat frio the THz source.
qguency response shown aboyE (w) = 1), i.e., v,(t) is We performed our comparison for three different sources
directly proportional to the incoming electric field profileof THz radiation, namely, two different biased large-aperture
This is in marked contrast to the well-knowiw frequency GaAs emitters and an unbiased ZnTe large-aperture emitter.
dependence of a short dipole transmitting antenna. These three emitters generated very distinct waveforms, which

When antennas are used with other coupling elements, tielped to confirm the validity of our theory. The biased
response function of the antenna reflecting those elememsyitters were fabricated by deposition of 3-mm spaced parallel
should be used. An example of such a coupling elemegiectrodes either on a semi-insulating GaAs (SI-GaAs) or an
for microwave frequencies is the paraboloidal antenna. LiT-GaAs layer grown on SI-GaAs [31]. The LT-GaAs layer
that system, the electromagnetic wave is collected by a langas grown at 280°C and subsequently annealed by rapid
aperture paraboloid and delivered to the active sensing uthiermal annealing at 575C for 30 s. We used a very thick
which is located at the focal point of the paraboloid. The P2.8 um) LT-GaAs layer in order to minimize the partial
dipole THz antenna is often used with a hyper-hemispheridagnsmission of the excitation pulse into the SI-GaAs substrate.
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S| GaAsemitter LT-GaAsemitter  ZnTe emitter an almost unipolar waveform, which is in sharp contrast to the
@ ©) © bipolar waveform obtained from the LT-GaAs emitter. This
was expected from the lifetime of photogenerated electrons
‘/\\A‘ in these materials. For PC antennas, far-field radiation can
0

be represented by the time derivative of current profile in
the emitter. Since the lifetime of the carriers is very long
(>100 ps) compared to the fast generation and accelation
of carriers &1 ps) in the SI-GaAs, SI-GaAs has a step-

M like current profile, which gives almost unipolar waveforms.

EO-SIGNAL

Note that if the detection sensitivity were sufficiently high
we should see a very weak and long negative tail after the
sharp positive peak from the slow decay of carrier population;
if the scanning window is wide enough, the positive and
Em— YR YR — y negative areas will cancel each other, and there will be no
Time(ps) Time(ps) Time(ps) dc component. LT-GaAs has a very short carrier lifetime;

therefore, both rising and falling edges of the current profile

Fig. 4. Measured and calculated THz waveforms using FS-EOS and PC sgm-, . : : :
pling. (a)-(c) FS-EOS measured waveforms. (d)—(f) PC-sampled Waveforﬁlgnerate a strong THz field, resulting in bipolar waveforms.

(measurement: solid line; calculation: dashed line). The PC receiver wad B€ waveform from the ZnTe emitter has a strong ringing
short dipole fabricated on LT-GaAs annealed at 8@ No substrate lens gssociated with the main oscillation. This ringing seems to
was used in the PC sampling. be from the emitter, not from the sensor. When we changed
to a 1-mm-thick sensor, the ringing remained almost the

Typical biases were 200 V and 300 V for the SI-GaAs and LBame, while, when we changed to a 1a®-emitter with the
GaAs emitters, respectively. The unbiased ZnTe emitter wagfault 150xm sensor, the ringing almost disappeared. We
(110)-oriented and 1 mm thick. In the biased emitters, THalso performed FS-EOS for other emitters with the 1-mm-
radiation is generated due to current surges, and the far-fihhitk sensor; again, the waveforms are a little bit broadened
radiation on the axis is given by the time derivative of thbut quite similar to the ones measured by the L&®-<thick
photogenerated current. In the unbiased ZnTe emitters, opticaistal. These observations justify our assumption that the FS-
rectification, which is a second-order nonlinear process, E©S measurements with the thin sensor crystal provide a good
responsible for the THz generation [38]. measure of the actual THz waveform incident on the receiver.

For the FS-EOS receiver, we used a }B@-thick ZnTe Fig. 4(d)—(f) shows the corresponding waveforms measured
crystal with balanced detection. We used a relatively thisy PC sampling (solid lines). Note that no substrate lens
sensor crystal to minimize the waveform distortion byvas used for these PC-sampling measurements. In each case,
phonon—polariton coupling and GVM, which were describetthe shapes of the PC sampling and the corresponding FS-
earlier. For the PC antenna receiver, we used afhtlong EOS waveforms are markedly different. Fig. 4(d)—(f) also
dipole antenna with a b gap embedded in a 50m spaced show the predicted PC-sampling waveforms (dotted lines),
coplanar transmission line [6] and fabricated on the LT-GaAghich were calculated based on (3)-(5) using the FS-EOS
layer. The LT-GaAs layer was grown at the same time as tiata as the incident THz fieldry,(t) = [ dwe™! Etp,(w).
emitter material. Most experiments were performed with th&s fitting parameters, we used a carrier lifetimg = 1.3
LT-GaAs layer annealed at 66C. A mode-locked Ti:sapphire ps (in reasonable agreement with optical pump/probe time-
laser with~100—fs pulsewidth was used to provide pump anesolved reflection measurements and sliding contact PC-
time-delayed probe pulses. The delay between the pump a&adnpling measurements), and a momentum relaxation time
probe was scanned using a computer-controlled stepper moter = 0.18 ps. We used a flat antenna response function
stage. The pump power was 800 mW for all cases, and thgw) = 1, for which the derived and measured waveforms
probe power was 2 mW for FS-EOS and 20 mW for P@atch fairly well. We used the same fitting parameters to
sampling. The pump beam was collimated with a diametealculate waveforms corresponding to each of the three THz
of 1 mm. Of the 12 cm of the THz beam path, 10 cm wagmitters. In the data, the features 5-6 ps after the main peaks
enclosed in a W purging box in order to reduce the effect ofare from reflections which occur at different delays for FS-
water vapor. Numerical calculations based on the diffractidfOS and PC detectors due to different substrate thicknesses.
integral show that, with this pump beam size and emitt€Fhis was not accounted for in the simulation.) The initial dip
detector separation, we are measuring the radiated field in tedore the main features of the PC waveforms is associated
far-field region. This was further confirmed experimentally bwith the lifetime of the photogenerated carriers and is most
the observation that, when we moved the emitter up to &early observed for the unipolar waveform from the SI-
cm away from detector, there was almost no change in tB@aAs emitter. For the bipolar waveforms (LT-GaAs and ZnTe
shape of the waveforms. This issue will be covered in moeanitters), this effect is less pronounced, because the positive
detail in Section llI-E. and negative portions of the waveform partially cancel out in

Fig. 4(a)—(c) shows the THz waveforms measured by F8te convolution in (3)—(5). The agreement between simulated
EOS. We can clearly see the difference between the waveforaml measured waveforms for all three emitters validates our
from different emitters. From the SI-GaAs emitter, we obtainegpproach for modeling the PC receiver response.

PC-SIGNAL
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sured by (a) FS-EOS (solid line) and (b) PC sampling (dashed line). The PC

4 2
sampling was performed without an Si substrate lens. Time(ps) Time(ps)

Fig. 6. Measured and simulated THz waveforms by PC detectors fabri-

Fig. 5 shows power spectra of the THz waveforms from t ted on mat_erlals hgvmg different carrier Ilfetlmes. (a_) Measurement. (b)
imulation using the input THz waveform shown in the inset.

LT-GaAs emitter measured by (a) FS-EOS (solid line) and (b)
PC sampling without an Si lens (dashed line). The FS-EOS
measurement indicates a spectrum centered around 1 THz #iimeasured waveforms. This comparison demonstrates the
extending to 3 THz, while the spectrum of the PC-sampleédharacter of the distortion of the waveform introduced by
waveforms centers at 250 GHz and extends to 2 THz. TH@ng lifetime detector material. This distortion results from
illustrates the bandwidth limitation arising due to the finitéhe convolution of the time-dependent conductivity and the
carrier lifetime of the receiver photoconductor. The observddiz electric field. The conductivity profile is asymmetric
bandwidth of the FS-EOS measured data is determined by thenature because of the fast rise time comparable to the
response of the PC-emitter, which in turn is determined by t@tical pulsewidth and the slower decay time from carrier
carrier generation and acceleration and is not limited by th@pping/recombination. When this conductivity profile is con-
EO sampling process. The PC-sampled spectrum, on the ot¥elived with bipolar waveforms, the first half cycle is greatly
hand, is limited by the detection process. reduced while the latter half is less affected, leading to the
above observations. In order to preserve the shape of the
B. Effect of Carrier Lifetime on PC-Sampled Waveforms  waveform, the photoconductive decay time should be much
grter than a half period of the THz waveform (which is not

Because of the gated nature of the PC-antenna used in . .
€ case in our experiments!).

experiment, the time during which the antenna is open
measure the signal is determined by the convolution of the ) )

gate pulse profile and the lifetime of photogenerated carriefs. The Effect of a Hyper-Hemispherical Lens

Therefore, in order to measure fast transients, it is essenfifl e PC-Sampled Waveform

to have very short carrier lifetime and pulsewidth. Usually, For practical THz systems, the PC antenna is usually used
the optical pulsewidth is very short compared to the carriewgether with a substrate lens in order to increase the coupling
lifetime. Therefore, the carrier lifetime has more effect onf the THz energy to the antenna [6]. The effect of such lenses
the measured THz waveforms. In order to investigate tlom the waveforms has been discussed by several authors [6],
effect of carrier lifetime on the waveforms, we repeated tHé&3], [37]. We have repeated our PC-sampling experiments
PC sampling with two detectors. These detectors were fabniith a hyper-hemispherical silicon lens attached to the PC
cated on LT-GaAs, grown at the same time and annealedaatenna. The PC antenna receiver was a dipole fabricated on
600°C and 625°C, respectively. LT-GaAs has a characteristitT-GaAs annealed at 600C (the same one as in Section Ill-
that materials annealed at a higher temperature exhibit longgr The diameter and the tip-to-bottom distance of the silicon
carrier lifetime [39]. According to our optical pump/probdens were 10 mm and 6.5 mm, respectively, and the thickness
measurement, the lifetimes are approximately 1.3 and 1.6 p§the GaAs PC receiver chip was 0.63 mm. This design is
respectively. The emitter was the same biased LT-GaAs largmilar to that used in [40].

aperture photoconductor (578 anneal) as in the previous The results of the measurements are shown in Fig. 7. We
section. Fig. 6(a) shows the results of the comparison. &an see distinct differences between the waveforms in Fig. 7
expected, the negative dip before the main feature is broadeaed the corresponding PC waveforms in Fig. 4. Besides the
with the detector annealed at a higher temperature. Surpmsveform changes, the amplitude of the THz signal was
ingly, the main feature itself does not change with anneahhanced by more than a factor of 10 by using the silicon lens.
temperature. This behavior is compared with the calculationidso shown in Fig. 7 are calculated PC waveforms (dotted
Fig. 6(b), in which calculated waveforms from PC detectotmes) derived from the FS-EOS data, with the sameand

of different carrier lifetimes were plotted. We can observe- as used for the modeling results in Fig. 4. However, now
good agreement between Fig. 6(a) and (b). The inset in Figw@ use an antenna response functfdfw) = jw, which gives
shows the hypothetical input THz waveform used to calculagxcellent agreement with the data waveforms. Agreement was
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Fig. 7. Experimental and simulated THz waveforms from PC sampling with

a silicon lens. The reflection features from the FS-EOS data were numerically J b\ ] JU ] u
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Fig. 8. Intensity cross correlations of the optical pulse doublets generated

not obtained for flat antenna respon&&w) = 1. The jw _
Hy a femtosecond optical pulse shaper.

factor leads to a derivative-like behavior in the time domai
Our results may be understood as follows. In our back-to-
back configuration with 12-cm spacing, the THz beam at the T=0.5ps T=1.0ps T=2.0ps
receiver chip is larger than silicon lens aperture for all theé 10 @) () ©
frequencies where our PC receiver has significant frequencgl
response. For example, using the diffraction integral, we o5
calculate beam diameters (at the! points of the field) of g
29 and 15 mm for 1 and 2 THz, respectively. Therefore, th&! 0.0
aperture is defined by the lens diameter and is approximate%
frequency-independent, resulting in a focused THz spot sizé0-5]
which is inversely proportional to frequency. This smaller spot
size for higher frequency components leads to a higher electri 1.0
field amplitude for higher frequency, which results inja
frequency factor. In order for thigw factor to be observed, 0.5
the smallest spot size should be larger than the dipole antenna;
in our case, this condition is easily satisfied. It is interestingE-
to note that the condition that the beam size is larger thag g 5|
the silicon lens is approximately equivalent to the far-field” !
criterion of the emitter/detector system including the silicon 0 4 4 0 4 4 0 4
lens aperture. It is also important to note that observation Time(ps) Time(ps) Time(ps)
of this effect depends On the specific THz optlcal_ S_VSteP-?g. 9. FS-EOS and PC-sampled THz waveforms excited by optical dou-
and frequency range. Grischkowsley al. observed similar piets. The emitter was a LT-GaAs large-aperture biased photoconductor, and
time-derivative behavior for a different THz optical systenthe PC antenna was used with a hyper-hemispherical silicon lens. (a)—(c)
employing a pair of paraboloidal relay mirrors [6]. In tha Ir%'_sgg?g&‘f;ﬁ‘(’)";"zgoézds'ligdg‘(f) PC-sampled waveforms. Measurement. solid
study, the THz beam size at the receiver was frequency-’ ' '
independent and smaller than the substrate lens aperture; as
a result, the focused spot was again inversely proportionaltfo excite a large-aperture THz emitter. The pulse shaper
frequency, but for a different reason. contained a liquid crystal modulator (LCM) array [45], [46]
capable of both phase and amplitude modulation [46], which
allowed the excitation pulse shapes to be programmed in real
with Optical Pulse Doublet Excitation time under computer control. Fig. 8 shows three examples of
In Section I1I-A, in order to test the validity of our theory,omical cross corrglations of the shaped doublet pulses used in
we used three different emitters which generated distinct wayi current experiments. o _
forms. Another way of generating different THz waveforms is Fig- 9 shows the result of doublet excitation experiments
using an optical pulse shaper. In previous experiments, shapéiformed with the LT-GaAs emitter annealed at 575 The
optical pulses, derived either through femtosecond optidaf° detector was on the LT-GaAs annealed at 8B0pand an
pulse shaping [41], [42], or through chirped pulse interferenéd substrate lens was used. For a doublet spacirg’of 0.5
[43], were used to excite PC dipole antennas in order to contfisl, we have almost a single THz pulse within the resolution of
the emitted THz waveforms. Here, in order to further testur measurements. From the FS-EOS measurement, we could
our theory, we compare PC and FS-EOS measurementsgef a small sign of two-pulse excitation; however, the THz
such shaped THz waveforms. Specifically, we used doubl@®@neration process at the emitter itself is too slow to make
generated by a femtosecond optical pulse shaper [44], [4B]y more significant signature. From PC sampling, no sign

wavefo

D. Comparison of FS-EOS and PC-Sampled Waveforms
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Fig. 11. THz waveforms measured at several distances from emitter. De-
of doublet excitation is apparent except for some broadenifg§tor: PC detector with a silicon lens. Emitter: large-aperture emitter on
. s Ih GaAs annealed at 575C.
of the waveform. But, as the spacing is increased to 1.0 and
2.0 ps, the THz radiation from each pulse is resolved. When
the spacing is 2.0 ps, the two are completely separated from

each other in the FS-EOS measurement, whereas in the PC- R

sampling measurement they are still coupled. In all cases, the

match between the measured PC waveforms and the simulated T & f '

PC waveforms using the FS-EOS data for the incident THz AP z
wave is very good, using the same set of parameters as before. l

E. Near-Field Effects in Measurement

of Wide-Band THz Radiation Fig. 12. Diagram showing the symbols used in the calculation of the electric
. . field E atr from the current distribution in they plane around the origird
Lastly, we measured THz waveforms varying the distan@gthe diameter of the emitter. This figure represents the case where the polar

between the emitter and detector. We performed PC detecthygle of the measurement point= 0.
both with and without the silicon lens as well as FS-EOS,

again all in the back-to-back configuration. We used larggistances. Also, we found a delay in the arrival time of the
aperture PC emitters fabricated from LT-GaAs annealed Atz wave for short emitter—receiver separations. However,
575°C and from SI-GaAs, with an excitation beam diametge waveforms measured for separations greater than 9 cm are
of 1 mm. The PC detector was a dipole fabricated on thgmost identical to each other and arrive at the same time.
LT-GaAs annealed at 600C. For these experiments, we Thjs pehavior can be understood from antenna theory (or
fixed the location of the detector and changed the separati@firaction theory). The electric fiel(w, r) radiated from an

of the emitter from the detector. Because the optical pumptenna with current distributiof(«, r’) can be expressed by
beam and the THz beam are collinear, and assuming {a8] (see Fig. 12)

same propagation velocity of THz and optical frequencies kR
in air, we could maintain the same timing condition even E(w,r) = —jwu/dr’e
while changing the emitter—detector distance. This is important Ar R
when comparing the timing between waveforms later. Fig. ¥here B = |r —r'| is the distance from the source point to
shows the THz waveforms from (a) LT-GaAs and (b) S|-Gaalkle measurement point, = w/c, and the integration is over
emitters, both measured without a silicon lens. We find thdfe antenna surface. Here the primed coordinates indicate the
for each emitter, all the waveforms, which were measured ¥urce coordinates. This formulation is valid whete> A.
distances varying from 2.6 cm to 11.5 cm, are almost identicf¥hen £ < A, the field is more static in nature and cannot
Other data obtained at slightly different conditions (not showRg described as a radiating field. But since our measurement
show that the waveforms are not changed out to 70 cm! Orify concerned with very high frequency, where the lowest
the waveforms measured at 2.6-cm separation are perhBfgguency of interest isz100 GHz, this can be safely ignored
very slightly broadened. However, in Fig. 11, where the TH®r emitter—detector separations ovef cm.

waveforms from the LT-GaAs emitter were measured by PC The distanceR is given by

detectors with a silicon lens attached, we see a completely . \/ o ;L /2

different picture. The waveforms measured at shorter distance B=fr* = 2p'rsinfcos(¢/ = ¢) +p (16)

are much broader than the waveforms measured at longdrerer = /2 + 42 + 2? is the distance of the measurement

J(w,r’) (15)
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point from the origin (center of the emitter), = /x'2 + 4’2 peak is displaced by 0.5 ps compared to the far-field data,
is the distance of the source point from the origin, @dnd again in qualitative agreement with our simple estimate.

¢’ are polar angles of andr’, respectively. Here we assume We also performed distance dependence experiments with
that the emitter surface is in the, plane(z = 0). Whenr is FS-EOS with emitter-receiver separations between 12—-28 cm.
larger than the antenna radius/2, R can be expressed in aBecause of the presence of the pellicle beamsplitter, we could

Taylor series using a binomial expansion not make the distance shorter. In the range investigated, we
R=r— g sinfcos(d— ¢') did not pbserve any ghange of pulse shape, other than the
2 attenuation at larger distance.
+ p2_(1 —sin?fcos?(p— ¢ ) +---. (17) Near-field effects have been studied experimentally [48],
,

, S . 49] or theoretically [50] by a number of groups. Among those,
Th_e standard far-ﬁe]d approxma:uqn for (15) ',S’ that we repla%ﬁe experiments of Budiartet al. are most similar to our work.
Rin the phase termik R with r — p'sin(6) cos(¢' —¢) and use p,+ i those experiments, a SI-GaAs PC emitter with a very
R =rinthe denominator. In this case, (15) can be simplifigd o aperture (3 cm) was used, and all the experiments were
to limited to the near-field region.
/dr/c_ik”, sin0cos(nzb—¢5’)J(w7 r'). (18) Our experiments clearly demonstrate the existence of a far-

field region even for wide-band THz radiation. When each

In (18), the source term and propagation term are separat@dquency component satisfies the far-field condition—when
For this far-field approximation to be valid, the criteriorthe highest frequency component satisfies this, the others
r > 2(A?/X) should be met which would allow maximumdo automatically—the spectral amplitude of each frequency
error of 7 /8 for the phase term [34]. In this derivation, onlycomponent is governed by ar/r scaling rule, so that each
the size of the emitter was considered. If both the emitter af@dquency is attenuated at the same rate, as seen in (18).
detector have finite sizel. and Ay, respectivelyA = A.+A4; Beyond the minimum separation needed to satisfy the far-field
should be used for the far-field criterion [34]. The aboveriterion, the THz waveform and its frequency dependence
derivation was for the radiation of single-frequencyWhen become independent of the emitter—detector distance
we apply this to wide-band radiation such as the THz of
interest here, we should use the maximum frequency with [V. CONCLUSION

appreciable amplitude. If the maximum frequency satisfies\ye nave analyzed THz waveforms measured by FS-EOS
the far-field criterion, the lower frequency components aunq pc sampling and have directly compared the THz ra-
tomatically satisfy the criterion. Novy we can calculate thgjation waveforms measured from FS-EOS and PC-sampling
Remtield = 2(A?/X) for our THz detection system. For the PGeceivers. Although we observed significant differences be-
detector without a silicon lens, the size of the dipole antenfgeen the two types of measurements, we demonstrated that
detector (50um) is negligible compared to the size of thene waveforms measured by the PC antenna can be derived
emitter aperture (1 mm). In this case, thg.xhea IS 13 MM from the FS-EOS waveforms by using a simple theoretical
for 2 THz and 7 mm for 1 THz, which are small compareg¢symalism which takes into account the response of the PC
to all the observation distances. This is consistent with tBgtenna and the photocarrier lifetime. For a PC THz receiver
data of Fig. 10, which shows the THz waveforms independeg¥nsisting of a short dipole without a substrate lens, we showed
of distance over the range2.6 cm investigated. But whenpoth experimentally and theoretically that the receiver antenna
the silicon lens was used with the PC detector, the detecp@gponse is approximately flat over the THz frequency range
aperture size is increased. Fattingeral. [47] and Jepse®t of interest. For the same receiver with a substrate lens, we
al. [37] have investigated beam propagation in similar systemfgund ajw frequency dependence for the receiver's antenna
It is difficult to assign an effective aperture size exactly due f@sponse, which we explained based on the specific optical
partial reflections and the inhomogeneous field distributiogystem in use. Our results help to elucidate the role of the
If we use 5 mm (which is half the diameter of the lensjrequency-dependent antenna response in PC-sampling THz
as the combined effective aperture size of the system, w&eivers. We also investigated the effect of the PC carrier
get Rrarfiela = 33 ¢m for 2 THz and 16 c¢cm for 1 THz. jifetime on the THz waveform measurement and explained our
This agrees roughly with our observation (Fig. 11) that thesults through simulation. Finally, we demonstrated near-field
waveform did not change appreciably for propagation oveffects in PC-sampling measurements of THz waveforms and

distances>10 cm. The broadening and additional delay aéxplored the evolution of the THz radiation from the near-field
THz waveforms at shorter observation distances arise becajig the far-field region.

the distances the THz wave components must travel depends
on the particular points in the emitter and detector. The delay ACKNOWLEDGMENT
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