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We present a planar large-area photoconducting emitter for impulsive generation of tefBHejtz
radiation. The device consists of an interdigitated electrode metal-semiconductor¢M&td)
structure which is masked by a second metallization layer isolated from the MSM electrodes. The
second layer blocks optical excitation in every second period of the MSM finger structure. Hence
charge carriers are excited only in those periods of the MSM structure which exhibit a unidirectional
electric field. Constructive interference of the THz emission from accelerated carriers leads to THz
electric field amplitudes up to 85 V/cm when excited with fs optical pulses from a Ti:sapphire
oscillator with an average power of 100 mW at a bias voltage of 65 V applied to the MSM structure.
The proposed device structure has a large potential for large-area high-power THz e ©)

4

The development of new teraherfEHz) sources is of excitation powers. The emission is based on the intrinsic
great importance for a large variety of scientific and techno-acceleration of carriers in the PC and hence does not require
logical applications. For the generation of THz waves with fsa narrow-band antenna. High electric fields of the order of
pulses several emitter concepts have been employed like 000 kV/cm are achieved by convenient dc voltages of about
tical rectification} phase-matched difference-frequency 50 V applied to the MSM structure, which eliminates the
mixing,? surface field THz emitter$, photoconductive need for pulsed high power voltage supplies. This approach
switches*® or biased pin-diode$.Several attempts have Provides a broadband high-power THz emitter.
been made to increase the THz emission efficiency by em- A schematic of the THz emitter is shown in Fig. 1. Two
ploying photoconductors with laterally structured emitterinterdigitated finger electrodes are processed by optical li-
electrodes:® The driving forces for further developments of thography on the surface of a semi-insulating GaAs wafer.
impulsive THz emitters are applications which require alhe finger electrode width and spacing argu®. Semi-
large bandwidth and/or high THz electric field amplitudes.insulating GaAs is an appropriate substrate because of its
The performance of THz emitters based on photoconductordigh carrier mobility and the high breakdown field. The elec-
(PO is limited by several conditions. In order to achieve atrode metallization consists of 5 nm Cr and 200 nm Au. An

high bandwidth the electric field applied to the PC should be?Paque further metallization of Cr-Au covers every second
high in the 100 kV/cm range, i.e., close to the breakdowrfinger electrode spacing. The second metallization is isolated

voltage of the PC. On the other hand the optically excited"oM the first by a polyimide lay&PMDA-ODA, Kaptor) of
area should be large to prevent local heating of the PC witiPout 2um or a sputtered Siplayer of 560 nm thickness.

the exciting laser pulses which would have a detrimental/Vhen the finger electrodes are biased, the electric-field di-
effect on the carrier mobility and thus decrease the band€ction is reversed between successive fingers. Owing to the

width. Therefore the solution of using pin-diodes has advan-
tages over lateral electrical contacts to the PC, since in a
pin-diode high electric fields exist in the whole area of the
diode. Yet the acceleration of carriers in a pin-diode is per-
pendicular to the surface which results in a bad outcoupling
efficiency of the dipole radiation with the main intensity be-
ing emitted parallel to the surface. Hence the acceleration of
carriers in the plane of the PC would be favorable. However,
large lateral electric fields applied over large areas, i.e., large
electrode spacing, require pulsed high voltage sources in the
kV range which one tries to avoid because of the electronic
interference with sensitive electronic equipment in the
Iaborator)ff Another limitation of PC emitters with lateral
carrier excitation is the emission of the radiation via coupling
to a microstructured dipole antenna, which typically exhibits
a narrower bandwidth than the intrinsic carrier acceleration

in the PC.
. . P _FIG. 1. Schematic sketch of the THz emitting MSM structifg;interdigi-
Here we investigate the THz radiation from phOtocon tated finger electrode§?) S| GaAs substraté3) opaque metallization shad-

dUCt'ive MSM'structures mOdiﬁed in a way t(:) achieve unidi— owing one electric field direction. The electric field direction is indicated by
rectional carrier acceleration on a large active area for higlarrows.
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opaque second gold metallization on top of the finger elec-
trodes optical excitation takes place only in substrate areas
which exhibit the same field direction. Under optical excita-
tion charge carriers are accelerated unidirectionally over the
whole excited area. The THz radiation emitted through the
substrate interferesonstructivelyin the far field. This tech-
nigue follows a similar approach of Yonedaal *° They use
a diamond based interdigitated electrode structure excited N ' _shadow mask
with a high-power KiF laser. The excitation in uniform field /
regions is achieved by the spatial modulation of the illumi- 3.0 35 2.0 25 5.0
nating laser amplitude by a binary mask. Time delay [ps)

The setup for the detection of the THz waves is based on
conventional electro-optical sensngl.zA mode-locked Ti-
:sapphire oscillator generates 50 fs pulses at a wavelength of
800 nm and a repetition rate of 78 MHz. This beam is used
to pump the room temperature operated THz emitter under
normal incidence. The charge carriers are excited with an
average power of max. 200 mW focused on a spot of about
80 um. This corresponds to an excitation density of 1.7
X 10'®/cn. It should be noted that in the present device less ,
than 20% of the incident radiation is absorbed in the PC due 0 05 1o 15 20 25 30 35 40
to 75% coverage of the surface with metallization and the Frequency [THz]
reflectivity of the PC. This value can be increased by using
an asymmetric MSM finger structure minimizing the shad-F(')Gk-VZ/-C(ri) (Tsig?iz (Iji‘r’gaiEOTll"VZ/Zvri"(zfgsrﬂqegor"g;:”%fgitv"’}z?'ggggg ‘;iiﬁ'gs of
owed region between the electrodes and an antireflectiof ./ (dashed—dotted line and 100 kv/cm(short dashed lineat
coating. The THz emitter is biased with a 50 kHz squaregyty cycle of 15% and an excitation density of &&0"7/cr?. The dashed
wave voltage. The THz wave trains emitted through the subdouble-dotted line represents ttessentially vanishingTHz emission of a
strate are focused with off-axis parabolic mirrors on the dedevice without the second metallization at 20 kV/cm and 50% duty cycle,

. . . ..magnified by a factor of 200 and shifted vertically. The inset shows the
tection system. A small fraction of the pump beam is Spllt aximum absolute THz field at different acceleration fields with 3.5%

off, passed through an optical delay stage and realigned WitRrcieg and 15%(triangles duty cycle.(b) Power spectra calculated from
the THz waves by a tin doped indium oxidelfO) coated  the time domain THz electric field ¢&), normalized to unity. The additional
mirror.l3 A 230 um thick ZnTe(110 crystal is used for the short dotted line corresponds to an acceleration field of 120 kV/cm and the
electro—optical detection of the THz field amplitude. The THZdashed double dotted line represents the calculated response of the ZnTe
. . L . analyzer crystal.
field induced change of the probe beam polarization is mea-
sured with a polarizing beam splitter and two photodiodes.
The difference signal of the photodiodes is recorded by anaximum signal to noise ratio is provided by a duty cycle of
lock-in amplifier locked to the modulation frequency of the 509%.
THz emitter bias. The emitter design allows for modulation  The dashed double dotted line in FigaRrepresents the
frequencies up to some MHz. The modulation frequencyTHz emission of a device without the second metallization at
chosen here is well above from the amplitude noise of thexn acceleration field of 20 kV/cm, magnified by a factor of
pump laser. The duty cycle of the bias voltage was varie00 and shifted vertically. No THz field amplitude could be
between 3.5% and 50%. measured there. This is expected due to the alternating direc-
Figure 2a) shows the THz electric fields emitted at dif- tion of the photocurrent within the alternating electric field
ferent acceleration fields. They are compared to the emissioetween the electrodes. Hence in the far field the interference
of a device without the second metallization layer biased abf the THz radiation iglestructive
20 kV/cm. The THz field value was calculated fromthe rela-  To explain the observed waveforms and their field de-
tive intensity change of the probe beam at the detectors gsendence the photocarrier dynamics have to be
described by Plankeet al* considered:®*>*®|n the limit of a dipole radiation approxi-
The THz field amplitude increases linearly with rising mation, the field amplitude of the emitted radiation in the far
acceleration field as shown in the inset of Fig. 2. This in-field is proportional to the time derivative of the transient
crease is based on the faster carrier acceleration in high@hotocurrent. The main cycle sets in with a small negative
electric fields. At a bias-voltage duty cycle of 15% the slopepeak followed by a higher positive peak continued with a
of the THz amplitude versus the acceleration field becomefew smaller cycles. The main positive peak corresponds to
sublinear above 80 kV/cm. This sublinearity vanishes usinghe strong onset of the photocurrent due to the acceleration
3.5% duty cycle of the acceleration field. Higher duty cyclesof carriers in the bias field of the electrodes. The subsequent
increase the substrate temperature because of the higher megative peak is attributed to a decrease of the photocurrent
erage power dissipation by the photocurrent and the assodby carrier deceleration. This peak increases relative to the
ated reduction of the mobility. A maximum THz field of main peak with increasing acceleration field owing to faster
85 V/cm is reached at an acceleration field of 130 kV/cmscattering into low mobility conduction band side valleys. At
with a duty cycle of 3.5%. This THz field amplitude is com- high excitation densities this negative peak is influenced by
parable to the value achieved by Zhetal? using a cooled carrier—carrier scattering and screening of the acceleration
semilarge aperture emitter operated at 400 V. However, théeld as discussed below. The preceding negative peak before
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E’ 60 from the time domain data @f). At low excitation densities
= 3 A the spectra show a narrow peak at about 750 GHz followed
§ 20 k: ufg20 by a broader shoulder. This shape is transformed to a broad
= 1% i ; ;
f,;ﬁﬁ 0 characteristic at a center frequency of 1.6 THz at high exci-
':,Fw TN 0 N5[10|172:m1]5 tation densities. ' ' '
3, We like to note the high potential to further increase the
& THz field of our device. Our concept is scalable towards
g -0} larger emitting areas from presently approximately
R 5000 um? to some mrA and even crhwhich can be excited
10 05 0.0 0.5 1.0 with amplified laser pulses. This in principle would enhance
(a) Time delay [ps) the emitted THz amplitude by orders of magnitude. Such a
F 1.0 oo system could have comparable performance to optical recti-
€ fication or difference frequency mixiﬁgmd would open the
g 0.81 . pathway to nonlinear THz spectroscopy in many interesting
> A w17 % 10%cm’ systems. In addition such an emitter would be suitable for
3 06 ‘i generation of continuous wave THz radiation by mixing two
£ 04l / laser lines in a PG% This approach has often been limited by
3 i N the power dissipation in a small excited area.
% 0.24 / 3.5 x 10em® \ In conclusion, we have demonstrated the generation of
§ 7 high-intensity THz radiation based on a transient photocur-
z 0‘0. v v v r . . L3 L. . _ . . . .
90 08 10 15 20 25 30 35 40 rent in a large-area emitter with a novel electrode design in

Frequency [THz) conjunction with selective shadowing of the optical excita-
tion. This device overcomes disadvantages inherent to emit-
FIG. 3. (a) Normalized time domain THz waveform B§{=20 kV/cmand a  ters using photoconductive antennas and large aperture emit-
duty cycle of 15% for different excitation densities of X80'"/cm?® (solid ters using two electrodes. In contrast to the latter the
line), 6.9x10"/cm® (dashed ling 1.0x10%/cm?® (dotted ling, 1.4 d devi truct ’ bles th loitati fal
X 10'8/cn? (dashed—dotted lineand 1.7< 101/cm? (short dashed line ~ PTOPOSEA device structure enables the exploitation ot a large
The inset shows the maximum absolute THz field at different excitation€Mitting area while keeping the bias field at large values. The
densities forE,=20 kV/cm (triangles and 120 kV/cm(circles. (b) Power  high acceleration field which can be obtained in our concept

spectra calculated from the time domain THz electric fieléebfnormalized makes the use of Iow-temperature grown GaAs favorable.
to unity. The dashed double dotted line shows the calculated response of the

ZnTe analyzer crystal. We acknowledge the preparation of the polyimide isola-
tion layer by M. Guenther, and the support in sample prepa-

the main peak is assigned to pulse reshaping by the freration and helpful discussions by H. Felsmann and B.

quency dependent THz focus of the detection sy: th. Schmidt.
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