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Design and performance of a THz emission and detection setup based
on a semi-insulating GaAs emitter

G. Zhao, R. N. Schouten, N. van der Valk, W. Th. Wenckebach,
and P. C. M. Plankena)

Delft University of Technology, Faculty of Applied Sciences, Department of Applied Physics, Lorentzweg 1,
2628 CJ Delft, The Netherlands

~Received 10 December 2001; accepted for publication 21 January 2002!

We have built a relatively simple, highly efficient, THz emission and detection system centered
around a 15 fs Ti:sapphire laser. In the system, 200 mW of laser power is focused to a 120mm diam
spot between two silverpaint electrodes on the surface of a semi-insulating GaAs crystal, kept at a
temperature near 300 K, biased with a 50 kHz,6400 V square wave. Using rapid delay scanning
and lock-in detection at 50 kHz, we obtain probe laser quantum-noise limited signals using a
standard electro-optic detection scheme with a 1-mm-thick~110! oriented ZnTe crystal or a~110!
oriented 0.1-mm-thick GaP crystal. The maximum THz-induced differential signal that we observe
is DI /I 5731023, corresponding to a THz peak amplitude of 95 V/cm. The THz average power
was measured to be about 40mW, to our knowledge, the highest power reported so far generated
with Ti:sapphire oscillators as a pump source. The system uses off-the-shelf electronics and requires
no microfabrication techniques. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1459095#
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I. INTRODUCTION

Terahertz time-domain spectroscopy~THz-TDS! has
gained widespread popularity in recent years due to the w
range of applications, both in science and technology1–4

Generally, there are two methods to generate THz pulse
the first case, called optical rectification, frequency com
nents in the bandwidth of an ultrashort laser pulse are mi
in a nonlinear crystal such as ZnTe or GaP, to genera
few-cycle THz pulse.5–7 In the second, an ultrashort las
pulse illuminates a semiconductor such as GaAs, biased
an electric or a magnetic field, giving rise to an ultrafa
current transient which emits a THz pulse.8–10 Of the two
methods, optical rectification has the inherent advantag
simplicity compared to the emitters based on electrically
ased, microfabricated structures. The disadvantage is tha
peak electric fields are generally much smaller than the p
electric fields generated by the biased emitters. An alte
tive to microfabricated antennas, which typically have
mensions of several microns, to several tens of microns
the large aperture emitter. These typically consist of t
electrodes on a semiconductor, separated by a distance l
than the wavelength of the emitted THz light. In most cas
these emitters are biased with a dc voltage with a maxim
determined by the heat which is generated by the electr
current. Large-aperture emitters are used with amplifi
pulsed, lasers which cannot be focused to small spot s
without damaging the material.11–14 They are rarely used in
combination with low-peak power Ti:sapphire oscillators.9

THz detection systems can be separated into three
egories: The first uses bolometers, which are essentially
detectors.15 The second uses electro-optic detection in a cr

a!Electronic mail: planken@tnw.tudelft.nl
1710034-6748/2002/73(4)/1715/5/$19.00
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tal such as~110! oriented ZnTe in which the THz electri
field induces a polarization change on a synchronized pr
pulse.16–18The third uses microfabricated antennas on se
conductors such as low-temperature grown GaAs~LT-GaAs!
or radiation-damaged Si on Sapphire which are time gated
a synchronized probe pulse.8,19 Of these three detection
methods, bolometers have the disadvantage that, for pr
operation, they need to be cooled by liquid helium. Elect
optic detection has the great advantage that it measures
amplitude and phase of the THz electric field, and is inh
ently simple, but multiple reflections in the detection cryst
and reshaping of the THz pulse due to phase matching is
and absorption, distort the THz pulse.20,21Time-gated micro-
fabricated antennas, finally, also measure the amplitude
phase of a THz pulse, but require specific expertise to m
them using cleanroom facilities. A detailed noise analysis
a THz-TDS systems based on microfabricated antenna
given in Ref. 8. A similarly detailed analysis for an electr
optic detection scheme is lacking although a comparison
tween electro-optic detection and detection using microf
ricated antennas is given in Ref. 19.

Here, we show that the combination of electro-optic d
tection and simple, semilarge aperture, biased, se
insulating GaAs~SI-GaAs! emitters, provides an excellen
THz generation/detection system, which can be used for T
spectroscopy and imaging up to 6 THz. Surprisingly, we fi
that biased SI-GaAs with simple, silverpaint electrodes c
be a very powerful THz emitter, surpassing the best h
power emitters mentioned in literature for systems using
sapphire oscillators. Using a room-temperature pyroelec
detector for absolute power measurements, we find that
generate approximately 40mW of THz power. This number
is supported by the value of 95 V/cm of the THz electric fie
5 © 2002 American Institute of Physics
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1716 Rev. Sci. Instrum., Vol. 73, No. 4, April 2002 Zhao et al.
measured in our electro-optic detection setup. We provid
detailed noise analysis of our setup and demonstrate tha
detection limit is determined by probe laser quantum no
only.

II. EXPERIMENT

The femtosecond laser used in our experiments is fr
Femtolasers Produktions, Austria. It generates 450 mW
average power, and produces 15 fs pulses with a 72 M
repetition rate and a center wavelength of 775 nm. The e
ter is a crystal of SI-GaAs~MCP Wafer Technology Ltd.!,
which has a dark resistivity of more than 53107 V cm. On
the surface of the semiconductor, two crescent-shaped si
paint electrodes are painted with a smallest separation o
mm. With this electrode separation, the emitter wou
qualify as a large aperture emitter, but as the laser beam
width at half maximum~FWHM! spot diameter on the sem
conductor is 120mm, the term semilarge aperture is mo
appropriate. 200 mW of average laser power is used to
minate the emitter. The sample is glued, using silverpaint
two 2-mm-thick and 1-cm-wide copper strips, separated b
mm. Each copper strip forms a contact to one silverpa
electrode only. The copper strips have two functions: th
serve as electrical contacts to the voltage source and
provide a good sink for any heat generated in the GaAs c
tal. When the GaAs is illuminated, an average electri
power of about 5 W is dissipated in the crystal. Prevent

FIG. 1. ~a! The THz detection setup, with PS a 2-mm-thick piece of po
styrene foam,L a lens, PBS a polarizing beamsplitter, andl/4, a quarter
waveplate. Note the small triangle on the polystyrene plate representin
gold coated prism.~b! Schematics of the differential detector.D1 andD2
are photodiodes of type BPW34 from Siemens.
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the crystal from warming up turned out to be important, b
cause heating of the crystal gives rise to a strong decreas
the emitted THz amplitude. The copper strips are theref
connected to a water-cooled copper block using an ele
cally insulating but thermally conductive sheet. A 50 kH
6400 V square wave ac bias voltage is applied to the emi
When the voltage changes from2400 to 1400 V the THz
signal changes sign as well. Thus, the signal detected by
lock in is twice the signal one would get when the appli
voltage switches between 0 and 400 V only. This method
increase the measured signal without actually increasing
THz amplitude is very similar to the method of polarizatio
modulation recently reported for a system based on a Z
THz emitter.22 A silicon hyperhemispherical lens is glued o
the back of the crystal to focus the, initially strongly dive
gent, emitted radiation in a more forward direction. The o
tical path of the vertically polarized THz beam is shown
Fig. 1. After reflecting from several paraboloidal mirrors, t
THz beam passes through a 2-mm-thick piece of polystyr
foam. The polystyrene foam has a refractive index of 1.0
and an absorption coefficient of less than 1 cm21 for frequen-
cies below 4 THz, and is thus nearly completely transpar
in this frequency range, while blocking any remaining ne
infrared ‘‘leaking’’ around the emitter.23 A small, gold
coated, right-angle prism is glued onto the foam. The pri
is used to collinearly combine the THz pulse with a synch
nized, time-delayed, horizontally polarized probe pulse. B
the THz beam and the probe beam are focused onto the
tection crystal, using a 5 cmfocal length, gold-coated pa
raboloidal mirror. The probe beam then passes throug
quarter-wave plate and a Wollaston prism. The Wollas
prism separates the two orthogonal polarization compon
of the probe beam, which are subsequently focused on
home-built differential detector. The basic schematic of t
detector is shown in Fig. 1~b!. When there is no THz electric
field present, both polarization components have the sa
intensity and the output signal of the differential detector
zero. When a THz electric field is present, however, the
larization of the probe pulse in the crystal changes from
ear to slightly elliptical. This polarization change is regi
tered as an unbalance in the differential detec
proportional to the THz electric field. By rapidly changin
the optical delay between the probe pulse and the THz pu
the complete electric field of the THz pulse is thus measur
The whole setup is enclosed in a box which is purged w
dry nitrogen gas to reduce the effects of water vapor abs
tion.

III. RESULTS

In Fig. 2, we plot~top! the THz electric field, measure
using a 1-mm-thick~110! oriented ZnTe electro-optic crysta
~Ingcrys Laser Systems Ltd.!. This electric-field scan was
obtained in a total time of 20 ms. Magnified by a factor
200, we show the results of a measurement when no T
electric field is present, demonstrating the excellent dyna
range of this measurement. In the bottom figure we plot
THz electric field measured with a 0.1-mm-thick~110! ori-
ented GaP EO detection crystal~Molecular Technology

he
 AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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1717Rev. Sci. Instrum., Vol. 73, No. 4, April 2002 THz emission and detection
GmbH!. The signal is an average over 2500 temporal sc
and was obtained in less than a minute. The signal sh
several peaks corresponding to multiple THz reflections
the GaP crystal. A comparison between the two wavefo
shows that with the GaP crystal, we have a larger detec
bandwidth at the expense of a 20 times smaller signal c
pared to the ZnTe crystal. In both THz waveforms, so
weaker oscillations can be seen for longer delays, cause
absorption due to residual water vapor in the nitrogen atm
sphere. In Fig. 3 we show the power spectrum of the T
pulse obtained with GaP, as a function of frequency. Fr
this figure it can be seen that the spectrum of the THz pu
peaks at roughly 0.5 THz. Etalon oscillations with a peri
of 0.45 THz are visible and are caused by the multiple
flections in the GaP crystal. Frequency components up
THz are generated. At 1.7 THz, 2.6 THz, and at some ot
frequencies as well, some absorption lines are visible, a
ciated with the absorption of THz radiation by residual wa
vapor.

If DP5P12P2 is the difference in intensity on the tw
diodes of the differential detector and ifPprobe5P11P2 is
the intensity of the probe beam, we can express the meas

FIG. 2. The top figure shows the measured THz electric field as a func
of time, obtained using a 1-mm-thick~110! oriented ZnTe detection crysta
This measurement corresponds to a total scan time of 20 ms. A signa
tained without a THz electric field present is magnified 200 times and p
ted in the same figure. This signal is displaced vertically for clarity. T
bottom figure is a THz electric field obtained with a 0.1-mm-thick~110!
oriented GaP detection crystal. It is an average of over 2500 scans c
sponding to a total scan time of 50 s.

FIG. 3. THz power spectrum, calculated from the THz electric field m
surement shown in Fig. 2, taken with the 0.1-mm-thick GaP EO-detec
crystal.
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signal in terms ofDP/Pprobe to calculate the THz electric
field ETHz from24

DP

Pprobe
5

vn3ETHzr 41L

c
. ~1!

In this equation,r 4153.9 pm/V ~ZnTe! is the electro-optic
coefficient,n52.8 ~ZnTe! the near infrared~IR! refractive
index,c the speed of light in vacuum,v the near-IR angular
frequency, andL the length of the crystal.

When 0.1-mm-thick GaP is used as the detection crys
we measure a peak signal ofDP/Pprobe53.531024. Using
the 1-mm-thick,~110! oriented ZnTe crystal, we measur
DP/Pprobe5731023. This number is higher due to th
longer length of the ZnTe crystal and the larger electro-op
coefficient. Based on this, we calculate a peak THz elec
field of 95 V/cm. With this crystal, we obtain a typical dy
namic range of about 3000 for a 35-ps-long THz elect
field scan in a time of 20 ms. An independent measurem
of the THz power is performed using a room-temperat
pyroelectric detector, consisting of a detector elem
~Eltec!, without window or coating, in conjunction with a
home-built, 900 Hz bandwidth, amplifier. Because of th
relatively low bandwidth, to measure the power, the f
quency of the ac bias across the electrodes was lowered
few hundred Hz. We checked that the THz amplitude show
no significant change when lowering the bias frequency fr
50 kHz to several hundred Hz. The detector was calibra
using the known power of a helium-neon laser. There
some uncertainty as to the response of the detector hea
far-infrared wavelengths but it is believed that the respo
is about 10% lower in the far infrared. Using this assum
tion, we deduce an average THz power of 40mW. As men-
tioned before, about 5 W of electrical power is dissipated
the sample. To exclude the possibility that the partial conv
sion of this power into incoherent THz radiation is respo
sible for the measured power signal, we also operated
laser in continuous wave~cw! mode. In this mode, the aver
age laser power on the sample is about 250 mW and
average electrical power dissipated in the sample is a
about 5 W, similar to the power dissipated when the la
operates in femtosecond mode. This means that in b
modes of operation roughly equal amounts of incoher
thermal THz radiation, should there be any, are genera
However, in the cw mode of operation, however, no dete
able signal was measured with the pyroelectric detector, c
firming that the 40mW signal measured with the femtose
ond pulses on the emitter indeed corresponds with
coherent THz pulses only. To our knowledge, this value, s
ported by the large value ofDP/Pprobe, represents the stron
gest THz signal reported in literature using a Ti:sapphire
cillator as a pump source.25–28

In Fig. 4, we plot the measured THz peak amplitude a
function of the peak-peak value of the applied bias volta
The bias-voltage dependence of the THz signal is expon
tial at first, but shows a trend towards saturation for pe
peak bias values of 300 V and higher. For similar emitte
increasing the voltage above 400 V gave rise to spark
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1718 Rev. Sci. Instrum., Vol. 73, No. 4, April 2002 Zhao et al.
from one electrode to the other across the surface of
semiconductor, leading to irreversible, visible damage.

The noise properties of the detection setup determin
a large extent whether the signal-to-noise of the setup ca
improved or not. The theoretical lower limit of the detector
the shot-noise~SN! limit. With 4.65 mW of average probe
power on each photodiode, having a response of 0.49 A
an average current of 2.28 mA is generated. The rms s
noise current fluctuations, expressed in A Hz21/2, can be cal-
culated according to

A~DI SN!2

B
5A2qI0, ~2!

with q the elementary charge,I 0 the current in the diodes
andB the measurement bandwidth in Hz. We find a value

A(DI SN)2/B52.7310211 A Hz21/2 for each diode. For the

two photodiodes combined, we obtainA2(DI SN)2/B53.82
310211 A Hz21/2. What is observed in the experiment is th
shot-noise voltageVSN generated across the 47 kV resistor
shown in Fig. 1~b!. We calculate VSN51.79
31026 V Hz21/2. We plot this number as the horizont
dashed line in Fig. 5. In the same figure, we also plot
measured noise spectrum of this detector, using a Stan
Research Systems SR760 spectrum analyzer, in the r
between 1 and 100 kHz. Our THz signals are modulated
detected at 50 kHz and this is, therefore, the range in wh
we have to compare the noise measurement and calcula

FIG. 4. Measured THz peak amplitude as a function of the applied
voltage. A peak-peak voltage of 500 V corresponds to a voltage swing f
2250 to1250 V of the square wave.

FIG. 5. Measured~solid line! and calculated~dashed line! noise spectra
from our differential detector.
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As can be seen from the figure, the agreement in this rang
excellent, indicating that the detector truly operates in
shot-noise limit.

We define the noise-equivalent differential pow
~NEDP! as the minimum detectable probe power differen
DPNEDP, capable of generating a current equal to the r
shot-noise current. The smallest detectable relative po
fluctuations can then also be expressed in terms of

DPNEDP

~PprobeAB!
5

A2~DI SN!2

~2I 0AB!
. ~3!

In this equation, the term on the right-hand side constitu
the relative current fluctuations in which the shot-no
A@2(DI SN)2# is the combined shot noise of the two phot
diodes. Equation~3! is evaluated by using the correspondin
currents in the differential detector: An average current
I 052.28 mA runs through each photodiode. This is the c

rent generated by a power12Pprobe. With A2(DI SN)2/B
53.82310211 A Hz21/2, we find DPNEDP/(PprobeAB)58.4
31029 Hz21/2. A typical, 40 ps long scan of a THz electri
field obtained in 20 ms with a 20 kHz bandwidth, give
DPNEDP/(Pprobe)51.231026. From Eq.~3!, using Eq.~1!,
we can also calculate the noise-equivalent THz electric fi
~NEF! ENEF, the THz electric field capable of generating
signal equal to the NEDP:

ENEF

AB
5

DPNEDP

~PprobeAB!

c

vn3r 41L
. ~4!

From this equation we calculate ENEF/AB
5130mV cm21 Hz21/2.

The coherent probe beam, being a stream of photo
also has shot noise~sometimes referred to as quantum nois!.
The resulting rms relative fluctuations of the number of ph
tons in the probe beam, as would be measured in a spec
analyzer, using a detector with a 100% quantum efficien
and a bandwidthB, are given by29

DNn

NnAB
5A 4p\c

Pprobel
, ~5!

with DNn5ANn
2 the probe beam photon fluctuations,Nn the

number of photons in the probe beam, andl the wavelength
of the probe. We findDNn /(NnAB)57.331029 Hz21/2. Us-
ing the real quantum efficiency of our detector ofh580%,
the predicted value for the relative current fluctuatio

is then A2(DI SN)2/(2I 0AB)5DNn /(NnAhB)58.231029

Hz21/2, in agreement with the number 8.431029 Hz21/2,
found earlier. This demonstrates that probe laser quan
noise is the dominant noise source.

Finally, for completeness, we can calculate what
lowest detectable THz power is in our setup. The maxim
peak THz electric field is 95 V/cm, corresponding to
DP/Pprobe5731023. Using the valueDPNEDP/(PprobeAB)
58.431029 Hz21/2 and assuming a reasonable measu
ment bandwidth of 1 Hz, we obtainDPNEDP/Pprobe58.4

s
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31029. We thus have a dynamic range of 8.33105 in elec-
tric field, corresponding to a dynamic range of 6.931011 in
THz power. As the THz power associated with the 95 V/c
is 40 mW, the minimum detectable THz power is 5
310217 W, a number somewhat better than the number
ported by van Exteret al. in Ref. 8, using microfabricated
antennas as THz detectors.

There are two reasons why our emitter generates r
tively powerful THz pulses. First, we use nearly 200 mW
optical power between the electrodes. In contrast, on mi
fabricated antennas, a few tens of mW is the maximum
tical power that one can typically allow on the emitter due
the necessarily smaller laser spot size. Second, compar
large-aperture emitters, we can apply larger electric fie
This is possible because we keep the emitter at a temper
of roughly 300 K, and because we apply the bias as a sq
wave; this increases the peak amplitude at which breakd
in air occurs. It should be noted, however, that a higher T
power does not necessarily mean a higher efficiency, defi
as the THz power divided by the laser power. For microfa
ricated antennas, applied electric fields can be strongly
hanced near sharp electrode tips, giving rise to reason
strong THz pulses with less laser power than we use.25

It is interesting to note that our detection setup opera
in the shot-noise limit. As long as this is the case, it pays
increase the optical power on the photodiodes as this
creases the dynamic range with which the THz signal is
tected. This can be understood from the following argume
When the optical power increases, the current in the dio
increases and thus the measured signal amplitude, whic
linearly proportional to the current. The shot-noise curre
however, which determines the NEF, is proportional to
square rootof the current only. An increase in optical pow
thus increases the dynamic range. The limit is determined
the specific optical power saturation properties of the pho
diodes used.

Our setup is ideally suited for many applications such
gas sensing and THz imaging. From a full measuremen
the THz electric field, with and without sample in the bea
the absorption coefficient and the refractive index of
sample can be calculated independently. Etalon oscillat
can be eliminated as a potential problem by optically c
tacting the thin~110! GaP crystal onto a thick~100! oriented
GaP substrate. In~100! oriented crystals, THz detection i
not possible. At the same time, in a thick crystal, reflectio
from the interfaces are separated from the main THz sig
Downloaded 30 May 2002 to 131.155.193.107. Redistribution subject to
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by a longer time interval and can thus more easily
eliminated.

This work was performed as part of the EU TERAVISIO
program~IST-1999-10154!.
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