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Ultrabroadband terahertz radiation from low-temperature-grown GaAs
photoconductive emitters

Y. C. Shen, P. C. Upadhya, E. H. Linfield,a) and H. E. Beere
Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge, CB3 0HE United Kingdom

A. G. Davies
School of Electronic and Electrical Engineering, University of Leeds, Leeds, LS2 9JT United Kingdom

~Received 7 July 2003; accepted 21 August 2003!

Terahertz radiation was generated with a biased and asymmetrically excited low-temperature-grown
GaAs photoconductive emitter, and characterized with a 20-mm-thick ZnTe crystal using free-space
electro-optic sampling. Using a backward collection scheme, we obtained terahertz radiation with
frequency components over 30 THz, the highest ever observed for photoconductive emitters. We
present spectra over the whole frequency range between 0.3 and 20 THz, demonstrating the use of
this source for ultrabroadband THz spectroscopy. ©2003 American Institute of Physics.
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The terahertz~THz! region of the electromagnetic spe
trum spans the frequency range between the midinfrared
the millimeter/microwave~0.3–30 THz!. Since the first use
of femtosecond lasers to generate coherent THz radiati1

there has been a drive to develop higher power sources
systems of broader bandwidth.2–4 A number of techniques
including bulk electro-optic rectification,5,6 surface field
generation,7,8 and ultrafast switching of photoconductiv
emitters,9–13 have been explored. Of these different metho
photoconductive emitters have proved to be the most e
cient technique for converting visible/near-IR pulses to T
radiation,12,13 and have been widely used for THz spectro
copy and imaging. In this technique, electron-hole pairs
generated in the semiconductor crystal using an above-b
gap femtosecond pulse, and these photoexcited carriers
then accelerated by an applied electric field. The phys
separation of the electrons and holes forms a macrosc
space-charge field oriented opposite to the biasing field,
thus, the externally applied field is screened. The fast tem
ral change in electric field produces a transient curre
which generates a pulse of electromagnetic radiation in
THz frequency range. Theoretical simulations using t
electric field screening model suggest that sub-100 fs ele
cal pulses can be obtained.14 In experiment, however, 200 f
electric pulses and 350 fs free-space THz pulses are amo
the shortest pulses realized for GaAs emitters, giving a us
bandwidth of about 4 THz.4,9–13 Here we report that THz
radiation with frequency components over 30 THz can
obtained from a biased and asymmetrically excited Ga
photoconductive emitter.

Figure 1 shows schematically the experimental arran
ment for coherent generation and detection of THz radiat
The emitter comprised two vacuum-evaporated NiCr/
electrodes separated by a 0.4 mm gap~Fig. 1, top right!,
deposited on a 1-mm-thick low-temperature-grown GaA
~LT-GaAs! layer on a 0.53-mm-thick undoped GaAs su
strate. LT–GaAs was chosen to give a short photocar
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recombination lifetime~0.4 ps in this case!, together with
both high resistivity and high carrier mobility.15 A bias volt-
age of6120 V, modulated at 31 kHz, was applied across
emitter. A pulsed Ti:sapphire laser of 300 mW average pow
~12 fs pulse width, 800 nm center wavelength, and 76 M
repetition rate! was focused to a 40mm spot diameter on the
edge of one of the two NiCr/Au electrodes of the LT–Ga
emitter, to generate THz pulses. In contrast to previous
periments, where the THz radiation was collected forwa
~that is after being transmitted through the GaAs substra!,
we collected the THz radiation backwards~in the direction of
the reflected pump laser beam, see Fig. 1, top left!. As a

FIG. 1. Bottom: Experimental arrangement for coherent THz generation
detection. Top left: Generated THz radiation is emitted from both sides
the GaAs wafer. The backwards THz radiation is collected in our meas
ments, leading to the significantly enhanced bandwidth. Top right: Sc
matic geometry of the electrodes used in the biased GaAs photocondu
emitter. The white spot indicates the position of the asymmetric laser e
tation.
7 © 2003 American Institute of Physics
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result, the absorption and dispersion of the THz pulses in
GaAs substrate were minimized.

The emitted THz pulses were collimated and focus
onto the sample by a pair of parabolic mirrors. The transm
ted THz pulse~or in an alternative arrangement, this could
the reflected pulse! was then collected and focused usi
another pair of parabolic mirrors onto a 20-mm-thick ~110!
ZnTe crystal glued onto a 1-mm-thick wedged~100! ZnTe
crystal for electro-optic detection.16,17 In all measurements
the variable delay stage, which provides the time delay
tween the THz pulse and the probe pulse, was scanned
a distance of 2 mm, providing a spectral resolution of
GHz (2.5 cm21). Using a lock-in detection scheme refe
enced to the frequency of the bias across the GaAs em
we observed a noise level equivalent toDI /I 58
31029 Hz21/2. With this noise level, peak signals obtaine
in our experiments are as much as a factor of 1400 above
noise floor. The apparatus shown in Fig. 1 was enclosed
vacuum-tight box, which was purged with dry nitrogen g
to reduce the effects of water vapor absorption. All measu
ments were performed at room temperature.

Figure 2~a! shows a typical resulting temporal TH
waveform, with Fig. 2~b! showing the corresponding fre
quency spectrum. The first main positive and negative pe
of the pulse@Fig. 2~a!# have full width at half maxima of 40
and 35 fs, respectively, representing the shortest THz pu
reported for photoconductive emitters.9–13 The spectral dips
at 5.2 and 8.0 THz@Fig. 2~b!# are caused by absorptions
the ZnTe detector~TO phonon energy: 22 meV[5.3 THz)
and the GaAs emitter~TO phonon energy: 33 meV
[8.0 THz),18 respectively. Note that frequency componen
over 30 THz are observed. These represent the highest
quency components reported from a biased photoconduc
emitter, and are a direct consequence of the use of the re
tion geometry.

Figure 2~b! also shows~lower trace! the amplitude spec

FIG. 2. ~a! The temporal THz wave form and,~b! its corresponding Fourier-
transform amplitude spectrum~upper trace, solid line!, together with spec-
trum measured in the presence of PTFE sample~lower trace, dotted line!.
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trum of the THz signal measured after transmission throu
a polytetrafluroethylene~PTFE! sample~Thermo Co., UK!.
A number of spectral features are observed, in particular
strong dips at 15.1 and 19.2 THz, caused by absorption
ing to CF2 scissoring and wagging vibrations, respective
In addition, a weak absorption feature at 16.7 THz (C2

twisting vibration! and a shoulder at 18.8 THz (CF2 wagging
vibration! are also visible. Above 20 THz, the measur
spectrum became noisy. However, absorption featu
around 21.2, 23.7, and 32.3 THz are still visible, correspo
ing to two symmetric stretching vibrations of CF2 , and the
symmetric stretching vibration of SO3

2 , respectively. These
values agree well with the published data,19 demonstrating
the useful bandwidth of our THz spectrometer.

An alternative approach for broadband THz generation
optical rectification of femtosecond Ti:sapphire laser pul
at the surface of a nonlinear optic crystal or semiconduc
The spectrum of such a source is also broad extendin
principle from zero frequency to over 30 THz.5 However,
owing to lack of phase matching it exhibits only low avera
power. Higher average power can be obtained by pha
matched difference frequency mixing in nonlinear cryst
such as GaSe. The THz radiation generated is tunable f
far-IR to mid-IR by changing the crystal orientation
achieve phase matching for a given frequency componen6,20

We also note that, in comparison with published resu
on GaAsp- i -n vertical diodes,17 where frequency compo
nents as high as 60 THz have been observed, our LT–G
emitter provides two to three orders of magnitude high
THz power ~estimated from the publishedDI /I value!.17,21

~It should be noted, however, that higher THz power does
necessary mean higher conversion efficiency because
GaAs p- i -n diodes used less pump laser power.! Further-
more, our LT–GaAs emitter can be operated at much hig
chopping frequencies, essential for practical applicatio
such as ultrabroadband THz spectroscopy and spectrally
solved THz imaging.

To demonstrate further the capability of our broadba
THz spectroscopy system in probing both intra- and interm
lecular vibrations, the THz transmission spectrum of po
crystalline cytidine was measured and is shown in Fig.
Cytidine is one of four nucleosides found in RNA and DNA

FIG. 3. Transmission spectrum of the cytidine sample. Two shaded a
centred at 5.1 and 8.0 THz contain singularities caused by the TO pho
of the ZnTe and GaAs crystals, respectively. Arrows indicate vibratio
modes at frequencies of 1.7, 2.1, 2.5, 3.0, 4.1, 6.1, 6.5, 7.4, 8.7, 8.9,
10.7, 12.1, 13.0, 15.6, 16.6, 17.9, and 18.6 THz.
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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and polycrystalline samples contain an extensive networ
intermolecular hydrogen bonds.22,23 Polycrystalline cytidine
~EC No. 2006109! was purchased from Sigma-Aldrich an
had a purity of 99%. Samples for THz measurements w
prepared by forming a thin layer of finely milled cytidin
powder between two transparent 9-mm-thick polyethylene
films. Nineteen vibrational modes were observed in the
quency range 1–20 THz. Amongst these, five~12.1, 13.0,
16.6, 17.9, 18.6 THz! have been observed previously usi
Fourier-transform infrared spectroscopy.24 Our THz mea-
surements, however, provide a broader spectral cove
~1–20 THz!, and reveal more vibrational modes. These
clude so-called external or lattice modes involving the m
tion of molecules moving relative to each other in the u
cell of the cytidine crystal. The accurate calculation and
signment of such vibrational modes is difficult and requi
the inclusion of noncovalent long-range weak forces incl
ing hydrogen bonds.22,25 Indeed, although these forces play
pivotal rule in biomolecular structure and function, they a
poorly understood at this time. The rich spectral features
the THz spectrum reported here provide important inform
tion to help understand better the nature of such forces.

Raman spectroscopy has also resolved fourteen vi
tional modes of cytidine below 20 THz.26 However, the THz
and Raman spectral data are in general complementary.
pending on the nature of the vibration, which is determin
by the symmetry of the molecule, vibrations may be active
forbidden in the IR or Raman spectra. Neutron inelastic s
tering ~NIS! spectroscopy, on the other hand, is in princip
sensitive to all vibrational motions, and therefore should
able to reveal all vibrational modes of cytidine. Howev
only twelve vibrational modes below 20 THz were resolv
in NIS measurements.22,26 This is partly a result of the lim-
ited spectral resolution (;1 THz[33 cm21) achieved in the
measurements. In addition, NIS spectroscopy is most se
tive to vibrational modes involving hydrogen displacemen
owing to the high cross section of the hydrogen atoms in
NIS process. As a result, vibrational modes arising fr
heavy atom~C, N, O, and P! vibrations, which can be probe
by optical spectroscopy~Raman scattering and IR absor
tion!, may not be resolved in NIS measurements.

In conclusion, we have reported the generation of bro
band THz radiation from a LT–GaAs photoconductive em
ter, and demonstrated the use of this powerful source
broadband~over 20 THz! THz spectroscopy. This extende
frequency range is immediately useful for time-resolved T
spectroscopy, and provides important information on the
brational modes arising from both intra- and intermolecu
interactions. We also note that the time-resolved nature
this system provides a unique tool for pump-probe studie
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the dynamical properties of materials in the mid-IR a
far-IR frequency ranges.27,28
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