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Miniature photoconducting capacitor array as a source
for tunable THz radiation
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Racah Institute of Physics, The Hebrew University of Jerusalem, Jerusalem 91904, Israel
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University of Maryland, College Park, Maryland 20742 and Advanced Power Inc., Washington, DC

(Received 31 August 1999; accepted for publication 8 February)2000

The prospects of a miniature photoconducting capacitor array as a source for THz radiation are
discussed. The device consists of an alternately biased capacitor array built on a semiconductor
substrate and illuminated by a short laser pulse. The laser pulse creates a propagating plasma front
inside the crystal volume by side illumination, and triggers the discharging of the capacitor by
shorting out the photoconducting material between each capacitor plate. The sequential discharge of
the capacitor array inside the expending plasma region can be considered as an interaction between
a static wave and a superluminous ionizing front. In the present article we have demonstrated
production of two cycle pulses with a center frequency of up to 1.5 THz. The device combines
elements from the well-known “frozen-wave” generator and from the photoconducting switches
array. The underlying physics of this radiation mechanism is very similar to the dc-to-ac conversion
mechanism inside a gas-filled capacitor array which generates coherent microwave radiation.
© 2000 American Institute of Physidss0034-67480)00506-3

I. INTRODUCTION tor, in the sense that all pulses must have the same phase and
that the detection phase can be controlled.

One of the growing fields of research is the spectroscopy Lack of powerful, coherent, and tunable radiation
in the THz region of the electromagnetic spectrum. Thesources in this frequency range has not permitted its exten-
property of THz radiation, localized between infrared andsive utilization.
microwaves, has a unique utility in characterizing electronic, A number of novel approaches have been developed re-
vibrational, and compositional properties of solfds,lig-  cently to generate high-frequency microwaves. One ap-
uids, gase$ flames> and flows. Two main physical mecha- proach relies on up-shifting a microwave signal by reflecting
nisms have been advanced as the source of coherent THzfrom an optically induced ionization front moving with
radiation: photoconductiGrand optical rectificatioi® Pho-  speed close but slower than the speed of light in a™fas.
toconduction relies on high-speed photoconductors generalhe underlying physics is the Doppler shift of the signal
ing transient current sources as radiating antefta&The  reflected by the overdense plasma front. This process has the
radiation is due to the large number of photocarriers createBotential for generation of short high-power radiation pulses.
by the laser pulse and accelerated in a region of high electriclowever, it requires a low-frequency source and results in
field. The bandwidth of this source is usually constant andncoherent radiation. Savatedemonstrated experimentally
affected mainly by the internal properties of the source mallP-conversion of 35 GHz radiation to 116 GHz with less
terial and the exciting laser pulse. Optical rectification relieshan 1% efficiency. Technological difficulties in producing

on a second-order nonlinear optical process induced by th@St laser pulses with sufficient power to generate a sharp
presence of a dc electric field. reflecting ionization front limit both the efficiency and the

THz spectroscopy is usually conducted by time-resolved'PPE" frequenc;}: of such ;j?vices..
detection of THz pulses. With this technique, two electro- A number of successful experiments were conducted on

. . _17 . . . ._
magnetic pulses are sampled in the time domain, then usir;%va”am of this approachi, *"which generates radiation di

Fourier analysis of both pulses the frequency-depende ctly from ?.S.tat'c. electric f|e|_d, thereby eliminating th‘?
. . iy need for an initial high-power microwave source. The static
transmission or reflection coefficient of the sample can be g ; i .
. . electric field of a capacitor array filled with gas and charged
obtained. The time-resolved THz spectroscopy allows an ex- . . . . ) .
with alternating potentials directly converted into the emitted

tremely broadband charac-terllzat]on in the relatlvgly UNEX: adiation when an ionization front crosses a capacitor, cre-
plored spectral range. The intrinsic coherency of this metho%

bl lect f a broad finf ion f h tes a burst of current and its associated half-cycle burst of
enables collection of a broad range of information from e, yiation. The pulses radiated from each capacitor add up

sample and automatically suppresses any incoherent backanerently, producing a wave train in a particular direction

ground noise. It requires coherence of the sources and detegs frequency. The frequency and direction depend on the
speed of the front, the distance, and the plasma density gen-
3Electronic mail: danh@vms.huiji.ac.il erated by the laser pulse. The energy of the radiated wave is
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provided by the electrostatic energy stored in the array. Thist generates the plasma region by side illumination and con-
scheme, named the dc-to-ac radiation convéBR&RC), can  trols the discharge timing. Previously, we have demonstrated
be viewed as up-shifting radiation from zero frequency to ahe generation of tunable far infrared-THz radiation inside
tunable value by the reflection from a subluminous ionizathe MPCA made of a ZnSe semiconductor crystal. The con-
tion front. The zero-frequency-wave structure resembles thegersion occurs inside the volume of the semiconductor crys-
well-known “frozen-wave” generator. For coherent micro- tal by interaction with the superluminous ionization front.
wave measurement, the DARC approach is very advantaFhe emitted radiation is tunable, its bandwidth is control-
geous in terms of high power and coherence. The sourcble, and the device is compatible with the standard THz
energy comes directly from the static electric field, which issetup. In this article we will discuss the operation of the
limited only by breakdown limit of the gas filling the capaci- MPCA as a source for THz radiation and its spectrum prop-
tors. The spectral width of the radiation depends on the numerties. We also will consider possibilities for power up-
ber N of capacitors and its phase can be adjusted to angcaling.
value. Il. THEORETICAL CONSIDERATIONS

Experiments of the DARC concept demonstrated that the . : o
frequency can be continuously tuned between 6 and 93 GHg It is well known that the electromagnetic radiation re-

and generate power up to 100 W per pulse. In attempting t iCt;d.frE?thaf Zov;r;]% mlrrorﬁ_f?ég.ésg Ovle;dsgrie Elec;:jog
scale the DARC source to the THz range we are facing am, 1 requency up-shi puls press y

. e 1 ?he double Doppler factor (£U/c)/1(—U/c), whereU is
number of serious difficulties. . . L
o . . the velocity of the mirror. Unfortunately it is difficult to cre-
(1) To maintain the required high voltage across the ca- S . - .
. - . . ate relativistic electron beams with sufficient density to re-
pacitors. In the original experiment, a pulsed high-voltage . . . .
. . : . flect high-frequency microwaves. In view of this,
field was applied with a maximum of a few kV/cm at a mT

. . . Semenov® and Lampé' considered reflection of electro-
pressure. Moving to the THz requires pressures approachin

1 Torr. Under these conditions, the maximum electric ﬁeldr%agnetlc radiation from relativistic ionization or recombina-

that can be supported is limited to below 100 V/cm. Sincetlon fronts. They showed that a nonzero reflection coefficient

. . still exists and the radiation is still up-shifted and pulse com-
the radiated power scales B, the device becomes totally ressed by the double Dobpler factor. However. since con-
inefficient for frequencies above 100 GHz. P y bp ’ ’

o o . . trary to a moving mirror the ionization front has no kinetic
(2) The gas ionization potential is relatively hige—10 y g

energy, the number of photons is not conserved upon reflec-

eV). Since the radiation frequency scales linearly with thetion and the energy in the reflected pulse is much less than

plasma frequency, stringent requirements are placed on tf{ﬁe incident energy. For the case of reflection by an over-

ionizing laser in terms of its wavelength and required energyjanse front they found that the reflected power equals the
per pulse. These requirements reduce the device efficiency: '

ini i ; ncident .
The miniature photoconducting capacitor artPCA) incident power

devi h imi d trati ; The principle of operation of the DARC device can be
evice, 1,\3'\119086 preliminary demonstration was - repor ?qmderstood by considering first the interaction of a sublumi-
““has been invented in order to avoid these diffi-

recently, nous ionization front moving with velocity in the positive

culties, and thus extend the DARC operation to the THQ directi : : :
) . e . irection, with an alternately biased capacitor arfa:
regime. In the MPCA device, shown in Fig. 2, instead of a_ y P Y

th it filed with ohot ducti terial Eosin(ky2)e,. Viewing the interaction in the front frame,
gas the capaciors are filled with photoconducting material, , y assumindgJ=c, the Lorentz transformed electric field

insle in our case. The ionization front |s.created by a Sweepépproximates an electromagnetic wave wish=kjc, Ej

g laser at an obliqgue angel to the device. As a result CON_E/  and Doppler-shifted frequenay’ ~T'k’U, wherel
trary to the DARC device, the ionization front is superlumi- =(10LU2/02)1’2 and the primes refer to q(l)Ja;ltities in the
nous. This constitutes the maj_or physics differenc_e bet_weef’hoving frame. In this frame the front is static, and the inci-
the DARC and the MPCA device. From the practical view- dent wave that moves in the negatdirection gives rise to

p0|rt1_t, vafr:al_ﬁ: the d|ff|cult|es||n dext_end!q_% thbe Dﬁ(l;ic OP" 3 reflected and transmitted wave all at the same frequency
eration to the THz range are solved sint).The breakdown o'. The analysis becomes similar to the up-shift of the fre-

voltage for ZnSe, used in our experiment, and of GaAs, is : . .
' . ) i’ X . ' quency of electromagnetic waves mentioned above and is
100 kV/cm, and even higher if a back-biased junction |squ y gnetc wav ' v '

used. The larger electric field that can be supported by thconS|dered in Refs. 20 and 21. As noted in these references,

miconductor imoroves the devi fficiency by more th nﬁwe transmitted wave must satisfy the plasma dispersion re-
semiconductorimproves the device €tliciency by more tha '2— »2, where w? is the plasma frequency

. Y lation k'2c?=w
four ordgrs of magnitude(2} The energy gapionization which is invariant to the frame transformation. Transforming
energy is between 1 and 3 eV, a factor between 2 and

: - ack to the laboratory frame, we find the emitted frequenc
lower than the gas. This relaxes significantly the laser re- y q y

quirements and improves the device efficien(S). For the as
superluminous front, tuning of the device can be accom- ~®@=I?kU[1—(U/c)(1-wZ/T?k5U?) 2. 1
plished by simply changing the fluence of the ionizing laserAs noted above, the basic physics difference between the
This controls the carrier number density, generating the rabARC and the MPCA devices is the fact that in the latter the
diation frequency that scales as the plasma frequency.  jonization front is superluminous. It is clear that reflection
The MPCA mechanism can be considered to be aannot occur at such a front since a reflected pulse cannot
frozen-wave generator working inside a semiconductogatch up with the superluminous plasma front. What, in fact,
plasma cloud. In such a device the laser pulse has two roleRappens is that instead of a reflected and a transmitted wave,
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two propagating waves are generated in the plasma. Sinc
U>c, the analysis must be performed in the laboratory
frame.

There are three modes in the system. The first is the
frozen wave, with zero frequency and wavelendth
=7/d, whered is the distance between the capacitors. The
pther two are the rlght'ward+) and leftward(—) propagat- . If(z)i(s)c;s})‘llrlrsi 0.8 micron
ing waves in the semiconductor plasma. They must satisfy,
the usual dispersion relation :

kylo=[+,— IVe{l— (0 02 [ w1/ (w1~ i V) ]}

ND filter
§ probe pulse

Delay line

2 1 i
. . ) . DC voltage 3 _)) )
where € is the dielectric constant of the semiconducteg, :,)///
the plasma frequency, and thephenomenological dephas- Capacitor Array "~ XDC‘““”
ing rate. The continuity conditions require that the waves are '2
in phase at the front. The phase of the frozen wave is simply Boxcar

koz and the phase of the radiation wave kig+ wt. The
position of the front at time is z=Ut, whereU=c/sin6

and 6 is the incidence angle of the laser on the semiconducrn Eq. (6) Wis the laser energy per pulseand 7 the laser
tor. Equating these gives the phase continuity condition frequency and pulse length, asdhe illuminated area of the
3) crystal. Combining Eqs5) and (6) we find that

wxW/S. (7)

FIG. 1. Schematic diagram of the experimental setup.

+KoC/sinf=w; o+ Kk £/siné.

Neglecting the leftward wave, since it never catches up with ) ] .
the front, and dropping the subscript from the frequency andFquation(7) is an essential feature of the MPCA and states
wave number of the forward wave, we find from E¢®.and that the central frequency of the emitted radiation can be

(3) the relationship between the emitted frequencgnd the ~ tuned by changing the incident laser fluence.
other parameters as The second essential feature of the MPCA is the band-

width control. This is accomplished by controlling the num-
s o o o, @ berN of active capacitors in the MPCA array. With an array
(KoCB— )"~ wef+ weep w_—iyzo’ (40 of N capacitors the output pulse /2 cycles long. For a
laser pulse lengthr=Nm=/w, the expected bandwidth scales
where B=1/sin(¥), ko=/d, whered is the distance be- as
tween 'ghe capacitorsﬂ is the incidenpe angle of the laser; Awlw=2/N. ®)
is the dielectric constant of the semiconductog;the plasma
frequency; andy the phenomenological dephasing rate. It isControlling the number of active capacitors controls the
easy to see that in the absence of plasma,dg=0 (or bandwidth of the radiation.
> w,), EQ. (4) reduces to the frozen generator one. However, Let us consider the scaling properties of the presented
for kocB<w, Eq. (4) becomeSw(w—iy)zwge[gZ/(eﬁ2 concept with respect to power and bandwidth. During the
—1). ltis clear that forw.> y ande?> 1, conditions easily sweep time the electrostatic energy stored in the photocon-

fulfilled in our experimentw can be written as ductor is transformed into electromagnetic radiation. The en-
ergy stored in a photoconductor of lengdttareaS composed
0= we= (N em* )12 (5  of capacitors occupying a fractidrof the volume with a dc

N . ) _ field Eq is given byE:
Namely, in this regime of operation of the MPCA the radia-

tion frequency is only a function of the semiconductor carrier ~ E=1/2fe€E5(sl). €)

density, which in its turn is only a function of the energy in 1o discharge time=1/V,,, whereV, is the group velocity
the ionization laser pulse. We should emphasize that thgs ihe radiation. Approximating 1/2¢ by unity, we find that
above analysis depends critically on the validity of the dis-he maximum power density will be given by

persion relation given by Ed2). This requires that the ab-

sorption depths of the laser by the semiconductor exceed P~10°(V4/c)Eo/[ 10 kV/emW/en?. (10)
Clwe(6>clwe). Otherwise, the plasma will not support col- This power scaling shows clearly the potential for producing
lective volume plasma modes. In the MPCA devipatent  high-power radiation.

pending, this is accomplished by relaying on two-photon

absorption. In this casej=1(al), wherel is the laser in- || EXPERIMENT

tensity and« the two-photon absorption coefficient. The

plasma density found by balancing the production rate with ~ An experiment was conducted to verify the theoretical
the recombination rate will be given by results discussed above. The experimental configuration is

shown in Fig. 1. It has three components. The photo-
n=aW? hvS?r. (6) conductor-based, electrically biased, radiating structure; a
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FIG. 2. Geometry of the MPCA. T T T .
4l 03md
) ) o ) ) (b)
Ti:sapphire 100 fs laser; and a miniature optically gated di- _—
pole antenna deposited on a silicon on sappt®®9 sub- 8
strate, used as the radiation detector. The ZnSe crystal was 2 ol
chosen so that its energy gdp.4 eV is larger than the 3
energy of the single photon of the laser. As a result, the 26
carrier generation involves two photons and the absorption

depth is intensity dependent. This allows for deeper penetra-
tion of the radiation so thai>c/w.. The crystal was placed 4
between the two thin glass plates, as shown in Fig. 2, with a 3
multiple-electrode structure made by deposition of an Al line 2
1
0

on the plates. The capacitor plates were 3 mm by 10 mm,
separated by a distance of 3 mm. Thus, the initial static-wave
wavelength spectrum was centered at 9 mm. The total num-
ber of active capacitors was 4, so the array contained only
two static waves. The total length of the active array was 21 . . . .
mm. This structure size allowed easy construction of the de- 00 05 10 15 20
vice without the need for microscopic lithography. Much Delay Time[psec]
smaller de_VICe_S contalnl_ng a fev‘_’ tens of Capa_lmtors WEI€ PrOs 3. Measured signal for laser energy(af 0.1 mJ,(b) 0.3 mJ, andc)
duced using lithographic techniques and will be presented ss mJ.
elsewhere.

The capacitor plates were extended over the crystal, in a

direction perpendicular to the radiation propagation direcreduction of the recombination time. The antenna detector
tion, to keep.the electric field |nS|d_e each capacitor as Uniyas gated at different delay times by varying the optical
form as possible. Two more capacitors were mounted in thﬁelay between the pump and probe laser pulses. The antenna

array but without any photoconducting material inside therT’\Nas driven by the radiation from the capacitor array. The

(see '.:'g'. 2 The reason for that strucFure was to keep theamplitude of the induced, time-dependent voltage across the
electric field as close to zero as possible at the ends of the

active array. The four capacitors were alternately biased wit§aP Wa_\s determined bY m.easur_mg the average current pro-
a voltage of 50 V to form a frozen-wave configuration. Theduced in the antenna cwcwt.. Thls c.urrent flows through the

THz radiation was generated by sweeping of a 100 fs lasefetector only when the gap is irradiated and shorted by the
pulse at an oblique angle of incidence on the crystal. Thélelayed 100 fs laser probe beam. An SRS250 boxcar inte-
energy of the Ti:sapphire laser operated at a @.8/ave- grator was used to collect the short current pulses. The cur-
length was limited to 1 mJ at a repetition rate of 10 Hz. Therent was averaged over many pulses until additional averag-
wave form of the radiated electric field was measured usingng did not change the moving average value by more than
the standard pump and probe technique. The laser beam wass. The maximum number of averaged pulses was 10 000,
split into two beams. The main beam carrying more thenimited only by the integrator. This results in an averaging of

95% of the energy served as the pump beam and the secoa@o—10000 pulses for a delay stop. A full scan contained

beam served as the probe beam. The main beam was focusggl,;t 120 delay pointé&he number of points and the sam-

by a cylirjdric_:al .Ie.ns on ihe side of the crystal to form the(pling resolution were predetermined by the expected emis-
propagating ionizing front. The crystal was placed at a 20 sion frequency and the corresponding Nygquist frequenc
angle to the pump laser beam front. The amplitude of the q Y P g vq q y

radiated electric field was monitored by a gated planner difA‘S aresult, a full scan lasted from 30 to 180 min. The profile

pole antennd? The initial optical path of both beams was of the radiation electric field was.determined by monitoring
adjusted so that both beams will reach the detector at thi'® averaged current versus the time delay between the pump
same time. The dipole antenna was constructed on a heavil3ser beam and the probe laser beam. The repetition rate was
ion-implanted silicon layer of a SOS wafer. The implantationlimited by the laser system only. Working in a 10 Hz repeti-
was performed using a %cm2 dose of 100keV O ions  tion rate made the measurement extremely sensitive to the
and resulted in a subpicosecond temporal respomiee to  environment conditions and long-term laser stability.

Signalfa.u]
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(@)

Amplitude [a.u]

8.0 0.2 Fré)dﬁencyq'?hz] 08 10

(b)

FIG. 6. Center frequency of emitted radiati¢wpen cycle, predicted fre-
guency(solid line), and plasma frequendgashed ling V¢ plasma number

. density.
00 02 04 06 08 10
Frequency (M) generated deeper inside the plasma and affected more by the
© plasma presence. Figure 5 shows the power spectrum of the
1t signal at different laser energies. It is clear that the relative

bandwidth is almost constant. The reason for this is the fixed
number of capacitors. As expected on the basis of (Byg.
8 . N Aw/w=50% is almost independent of the laser energy. Fig-
008 Ao ennmy ° 30 ure 6 shows the center frequency of the emitted radiation
versus the computed plasma density for input laser energy in
FIG. 4. Power spectrum of the signal at different laser energies. the range between 0.1 and 1 mJ. The open cycles are the
experimental points, the solid line is the predicted center
IV. RESULTS frequency according to Ed5), and the dashed line is the

A measured temporal scan of the emitted radiation elecSorresponding plasma frequency. It shows that in the energy
tric field for N=4 is shown in Figs. @—-3(c). Each scan range of our experiment, the emitted radiation is near the

represents the measured signal intensity versus the delay Jd@sma frequency and the frequency of the radiation scales
tween the pump and the probe laser pulse for a certain lasdparly with the energy in the laser pulse. As was discussed
power level. The delay stop was controlled mechanically by2POVe, the carrier density generated, or equivalently, the
the movement of the microstage. The scan length and steff@Sma frequency, is proportional to the pulse energy.

size were adjusted so the full wave form could be recovered. Before closing, we should comment on the role of the
The power spectrum profile of the corresponding signals ar@ne€nomenological dephasing factpintroduced in Eq(1).
shown in Fig. 4. The collective nature of the interaction ang®S Noted at that point, it is caused by either carrier collisions
the analogy with the frozen-wave generator becomes appaf" electron—phono_n interactions. We, furthermo_re, assumed
ent by a careful examination of Fig. 3. It can be seen that thi1at@e>v. An estimate ofy can be found from Fig. 3. We
first half-cycle peak of the emitted wave form is much nar-S€€ tha}t the amplltude of the second _otsC|IIat.|on_ in .aII three
rower and sharper then the following peak. A possible explaS@S€S IS approximately 1/2 of the original, indicating that
nation of this effect can be that in the time-domain scan each/ @e=1/6. Itis interesting that the dephasing constant scales
half cycle can be considered as the footprint of one of thdVith density a§\/ﬁ and is proportional to the laser fluence.
capacitors, where the first one to be measured in free space 1§€S€ dephasing rates are consistent with electron—phonon
the last one to be generated. The radiation created by the ld§f€raction which produced the well-known Dawson-
capacitor is attenuated less by the transition trough the mé2Pérman anomalous absorption near the plasma frequency.

dium. The following half cycles of radiation were originally ©On the practical side, we should remark that this concept can
be used also at the lower range of frequencies in conjunction

with other up-shifting schemes. The use of photoconductors
provides several advantages over gas media. The high-
breakdown threshold allows significant energy storage and
large radiated power. The small energy-band gap reduces the
required ionization energy. Finally, the short recombination
time allows a high-repetition rate. The concept is fully scal-
able and has the potential for providing powerful, tunable,
coherent sources in a frequency range valuable for many
spectroscopic applications.

Power
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