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Characteristics of Photogenerated Bipolar Terahertz Radiation

in Biased Photoconductive Switches

Po-lem LN, Shyh-Feng GEN, Kaung-Hsiung W, Jenh-Yih JIANG, Tseng-Ming WEN and Yih-Shung Gu

Department of Electrophysics, National Chiao Tung University, 1001 Ta Hsueh Road, Hsinchu 30050, Taiwan, R.O.C.

(Received May 29, 2002; accepted for publication August 19, 2002)

The characteristics of the optically induced bipolar terahertz (THz) radiation from biased semi-insulating GaAs photocon-
ductive switches were investigated using a free-space electrooptic sampling technique. The emitted radiation shows a nearly
symmetrical waveform with a broad-band frequency spectrum spanning over 0.1-3 THz, which displays essentially no depen-
dence on the optical excitation fluence or strength of biased field. However, it does slightly depend on the emitter gap spacing.

The dynamics of the emitted THz transient is in agreement with the optically induced ultrafast charge transport process driven
by the biased field. [DOI: 10.1143/JJAP.41..1158]

KEYWORDS: THz radiation, bipolar, photoconductive switches, free-space electrooptic sampling, ultrafast laser pulse illumina-
tion
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Broad-band coherent terahertz (THz) radiation emitted, ., amp. Wollaston 14
from biased photoconductors after excitation by an ultra- iyl
fast laser pulse® has been used as a spectroscopic tool fo
characterizing carrier transport in semiconducfotsexam- Detector
ining gap and subgap features of superconduétérand for Beamsplitter
the emerging applications of coherent THz imagihghe
emitted THz waveforms and frequency spectrum of the bi-
ased photoconductive switches have been studied by several P.M. \ /
groups>? Under some particular conditions, bipolar THz
waveforms were obtained both in large- and small-aperture ™-Parapotoidal Mirror eneer | d
photoconductive switches. Usually, both large- and small- Pump Beam
aperture photoconductive switches are defined to have an op- o [ 1
tically illuminated area of dimensions comparable to the cen- o i’ 1
ter wavelength of the emitted radiation. The mechanism of Chopper
the photoinduced THz radiation, however, is still a matter o;i
debate. For instance, the reason why the emitted waveform%'a
can exhibit unipolar and bipolar characteristics has provoked
some exotic interpretatiorfsIn order to clarify some of the

controversial issues, it is of interest to carry out SyStemat@nopperopterated at 1.3kHz. The electric field of a THz pulse

compqrisons between the emissions generated with diﬁer‘?@%ampled by scanning the delay between the pump and probe
operating parameters. , _ beam. An undoped semi-insulating GaAs (SI-GaAs) photo-
In this paper, THz radiations obtained from biased photQs .y ,ctive emitter, triggered by femtosecond laser pulses, ra-
co_ndugtlve_swnches W't_h various §m|tter gap sSpacings, afiates the THz beams. The emitted radiation is collimated
plied bias fields and opnca! excitation fluent_:es are r_eportegnd focused by a pair of off-axis paraboloidal mirrors onto
Our results showed that with the gap spacing ranging frofe 71Te sensor crystal. The Au/Ge metal patterns of the pla-
10-500um, the emitted radiations are all bipolar in nature, . emitters are obtained by standard lift-off procedures. A
Furthermore, the waveform and the frequency spectrum dig: o thick pellicle beamsplitter, which is transparent to the

tribution do not d'epend.on the 'optical excitation fluence ofp,, beam, is used to reflect 50% of the synchronized optical

Delay Stage

1. Schematics of the experimental setup of free-space electrooptic
mpling system.

-wave plate

fast charge transport process during pulsed laser iIIuminatiolra). impart ax/4 optical bias to ihe probe beam, which allows

Namely, by biasing a constant voltage across the gap Spacifigh system to be operated in the linear range. A Wollaston

of the emitter, carriers photoinjected into the gap by ultrafagl,|arizer is used to convert the THz-field-induced phase re-
laser pulse will be accelerated, leading to the emission Oftgrdation of the probe beam into an intensity modulation be-

transient and broad-band frequency THz radiation. tween the two mutually orthogonal linearly polarized beams.

_ The experimental setup for the generation and detegyg gnrical intensity modulation is detected using balanced
t|qn of THz rad|§1t|9n using a free-spgce e.Iect.rooptlc Sanbhotodiodes in a digital lock-in amplifier (SR830).

pling® 19 system is illustrated schematically in Flg. 1. A Ccw Figure 2 shows the typical photogenerated THz signals as
argon-laser-pumped, compact mode-lqcked Ti:sapphire Ialsﬁunction of the scanning delay time obtained from the semi-
(femtosource C20) provides 20fs optical pulses at 800 NfRg|ating GaAs photoconductive switches with a biased field
(1.55eV) with a 75MHz repetition rate. The pump beamy 5 \//cm. The average pumping powers (fluences) are (a)
aligned at normal incidence is modulated by a mechanicaky .\ (0.823/cr?) and (b) 1mW (60nJ/cR). The gap
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Tim e Delay (pS) THz waveforms. The inset shows a series of emitted THz waveforms ob-

tained at various average pumping powers for bfi0gap spacing photo-

Fig. 2. Transient THz waveforms for 5@0n gap spacing photoconductive conductive switches.

switches. The average pumping power is (a) 130 mW and (b) 1 mW.

9

spacing of this emitter is 500m. Nearly symmetrical THz
waveforms are observed. The signal-to-noise ratio (SNR) i§2 6
about 18 (10° in power) for the 130 mW case. In contrast, '©
for the 1 mW case, strong noise is observed before delay time®> 3
t = 0. There are some secondary peaks not shown here th&
appeared after about 15ps delay of the main THz signals® 0
which are believed to arise from substrate multiple reflectionsg

Usually, when a femtosecond laser pulse illuminates the& -3
semiconductors with a photon energy greater than the ba I
gap (for SI-GaAs, band-gagy = 1.42eV), photons are 6t
absorbed, thus creating electron-hole pairs. The external b
ased field drives the photogenerated carriers to form a tran- e .
sient photocurrent across the field region. Namely, a radiated -10 05 00 05 10 15 20
THz electric field is obtained by the time derivative of the Time Delay (pS)
net current. It acts as the source term in Maxwell's equa-
tions. In Fig. 2, an integrated THz pulse is sampled abolfi9- 4. A series of emitted transient THz waveforms for,d@-wide pho-

) I . - toconductive switch.
2 ps. The rise time (the full width of half-maximum (FWHM)
is 310fs) and fall time of the photocurrent are 0.9 ps and
1.2ps,_ respgcnve_ly. Th? carrier transient time across the.:r)lhotoconductive switches, the bipolar nature of the THz ra-
ased field width is obviously much shorter than the carrier. . o ) .
o ) . . diation waveforms is independent of pumping power. It is
lifetime (~ 100-300 ps). This cannot be explained by attribut; =~ " .
thus interesting to see whether the waveforms and frequency

ing the effects to carrier lifetime as was proposed by BUdlartgpectra would change with the emitter gap spacing. Figure 4

etal.lV : . : A .
. . . shows a series of emitted bipolar THz radiations as a function
Figure 3 shows the representative power spectrum derive . :
Of average pumping power for the 10n-wide photoconduc-

by Fourier transform of the THz waveforms. The r"id"”lt'Oine switch. As can be seen, the slightly unsymmetrical THz

frequency spectrum extends from 0.1 THz to 3 THz. The cen- S .
. i . . waveforms remain intact over the whole range of optical ex-
tral frequency is 0.7 THz and the region of maximum inten-

sity distribution of the spectral pattern lies in the range o?'tatlon fluences studied. Nearly the same ratio of the THz

0.4-0.9 THz. The bandwidth of half-maximum (BWHM) 0fpulse for the positive lobe to that for the negative lobe is ob-

the frequency spectrum is around 1.1 THz. The inset of Fig.@Inecl under different optical excitation fluences for 3.b0

shows plots of a series of emitted bipolar THz radiations aseamltter. gap spacing. For 100n gap spacing photoconduc-
function of average pumping power for the 0.5-mm-wide phot_|ve swnches (not shown here), similar bghawors are also ob-
i served. Since the size of the laser spot is aboutg0Gand

waveforms remains intact over the whole range of optical ezs.’—ou m for 500um and 10”?‘ gap spacing switches, respec
- . ively, the current results display no signature of unipolar to
citation fluences studied. Moreover, the peak strength of the i~
. R . ) . .. Pipolar waveforms transition.
emitted THz field increases linearly with optical excitation

. : Since the waveforms are essentially the same for all cases,
fluence. The absence of amplitude saturation, as observed.p)
1) o it s suggested that the broad-band frequency spectrum of the
Darrowet al.,” may be due to the smaller excitation fluences . T . o
used here emitted radiation is not dependent on either the excitation flu-
' L . ences or the emitter gap spacing. In addition, experiments
From the above results, it is evident that, in large-aperturé
have shown that the waveforms and frequency spectrum of
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the emitted radiation display no dependence on the strengtil incidence may partly pass through the substrate and be
of the biased field. In our measurement configuration, the ogetected by the system at higher fluences. Such a situation
tical pumping (800 nm) is incident normal to the emitter submay have blurred the actual signals from the photogenerated
strate so that the radiation output is independent of surfagadiation.

depletion and difference frequency mixing due to the surface In conclusion, the characteristics of optically induced bipo-
x @ of photoconductor$? The robust characteristics of thelar THz radiation in biased photoconductive switches were

emitted radiation indicate that the same underlying physic#vestigated systematically by a free-space electrooptic sam-
mechanism prevails in all cases. pling technique. It was observed that the bipolar nature and

In fact, similar results have been reported byetal.®) for ~ the emitted frequency spectrum distribution remained un-
a 2.5-mm-wide emitter using the free-space electrooptic sarfhanged on varying the optical excitation fluence, strength of
pling technique. These, however, are in sharp contrast witA€ biased field and the emitter gap spacing. These results are
some of the results reported in literature. It has been propostdagreement with the dynamics of the optically induced ul-
that bipolar waveforms of THz radiation, which can only apirafast charge transport driven by the biased field.
pear in large-aperture photoconductors with high optical exci- This work was supported by the National Science Council
tation fluences, are a consequence of space-charge screehfgiwan, R.O.C. under grants NSC90-2112-M-009-030 and
of the bias field? On the other hand, Pedersenal.®) stud- -036.
ied the effects of carrier density on the emitted waveform for
a 50uum-wide emitter and concluded that the emitted radi-
ation changes from unipolar to bipolar with increasing pho- %) > E@Zﬂg},;é%;gi?&%H'Ausmn and J. D. Morse: IEEE J. Quan-
toexcited carrier density. In our case, a bipolar nature of THz;) p r_smith, . H. Auston and M. C. Nuss: IEEE J. Quantum Electron.
radiation is obtained, and the fall time of the transient pho- 24 (1988) 255.
tocurrent seems to be independent of the different operating) M. Tani, S. Matsuura, K. Sakai and S. Nakashima: Appl. @p{1997)
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studied, the current results can be interpreted consistently i) g. parks, S. Spielman, J. Orenstein, D. T. Nemeth, F. Ludwig, J. Clarke,
terms of the mechanism associated with the ultrafast charge P. Merchantand D. J. Lew: Phys. Rev. L&#.(1995) 3265.
transport process during pulse laser illumination. The appar8) Z:G.Lu. P.Campbelland X.-C. Zhang: Appl. Phys. LE1(1997) 593.

. . . . 9) G. Rodriguez and A. J. Taylor: Opt. Le®l (1996) 1046.

ent _dlscrepanmes_mentlone_d above_ may arise merely_from d%) Q. Wu and X.-C. Zhang: Appl. Phys. Leb (1995) 3523.
tection and sampling techniques. It is noted that the alignment) g. Budiarto, N.-W. Pu, S. Jeong and J. Bokor: Opt. 128(1998) 213.
for the generation and detection of THz radiation must be hank2) X.-C. Zhang, Y. Jin, K. Ware, X. F. Ma, A. Rice, D. Bliss, J. Larkin and
dled very carefully for the 12m gap spacing emitter in the M- Alexander: Appl. Phys. Let64 (1994) 622.
experimental process. The laser spot of focused optical nor-



