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A laser pulse, propagating nearly parallel to the surface of a planar semiconductor wafer, will generate
electron-hole pairs. If the semiconductor is spatially biased with a static electric field of periodl0 , the laser
pulse acts as a fast switch and generates a periodic current. The rapid switching of the current generates
radiation, which propagates along the surface and can be confined by a conducting wall placed parallel to the
wafer. The wavelength of the radiation can be tuned by adjustingl0 , the wafer-wall separation, and/or the
carrier density. In the absence of collisional damping,N0 periods of the static bias electric field will generate
N0 periods of radiation. Under idealized conditions, the maximum electric field of the radiation is equal to the
applied static field and the maximum efficiency of converting the static electric field energy to electromagnetic
energy is 30%. In practice for typical parameters, tunable electromagnetic radiation can be generated with
wavelengths in the 50–500-mm range, pulse durations in the picosecond or subpicosecond range, and peak
powers on the order of 100 W.

PACS number~s!: 41.60.2m, 42.55.Px, 42.72.Ai

I. INTRODUCTION

Over the past few years, several methods for the genera-
tion of picosecond and subpicosecond far-infrared radiation
by optical switching of biased semiconductors have been in-
vestigated@1–10#. Most of these investigations have in-
volved a planar photoconductor~typically, GaAs or InP!
which is illuminated by ultrashort laser pulses. When the
semiconductor is biased with a uniform static electric field,
the photoswitching of the semiconductor produces a current
transient which results in the generation of a single cycle of
coherent radiation. For example, Youet al. @7# report the
generation of high power (;MW! half-cycle pulses with du-
rations,0.5 ps and energies,0.8mJ. This was achieved by
illuminating a 3.533.5-cm2 GaAs wafer, biased with an ex-
ternal field of 11 kV/cm, with a 120-fs pulse from a Ti:sap-
phire laser at normal incidence.

Other photoconductor-based schemes have been investi-
gated for generating many cycles of far-infrared radiation.
For example, Froberget al. @5# used a photoconducting an-
tenna array to produce terahertz radiation pulses. This array
was formed by depositing 64 electrodes, of width 20mm and
spaced 150mm apart, on a GaAs substrate. The electrodes
were then used to bias the photoconductor with a periodic
electric field of wavelengthl0 . When illuminated with laser
pulses incident on the substrate at an angle off from the
normal, radiation was produced over a wide range of angles,
and the wavelength of the radiation at an angleu from nor-
mal was found to bel.(sinu1sinf)l0. The frequency of
the radiation could be adjusted by changing the anglesf and
u, and/or the biasing periodl0 . This method was used to
produce low power (;nW! 500-GHz radiation in 20-ps
pulses.

Recently, an alternative concept for generating far-
infrared radiation was proposed by Moriet al. @11#, which
relies on the conversion of a periodic static electric field into
radiation by a relativistic ionization front. In this device, a
parallel plate capacitor array is used to generate a periodic
electric field within a gas. An intense, short laser pulse is
injected into the gas, propagating parallel to the capacitor
plates. As the laser pulse propagates, it ionizes the gas and
produces free plasma electrons~photocarriers!. A current
transient is generated along the relativistic ionization front,
resulting in the generation of electromagnetic radiation
which propagates in either the direction of or opposite to the
laser pulse. In the one-dimensional~1D! limit, and in the
limit where the ionization front is moving at the speed of
light in vacuumc, radiation is generated with frequencyv
given byv/c5(k0

21kp
2)/2k0 , wherek052p/l0 , l0 is the

period of the static electric field, kp5vp /c,
vp5(4pnee

2/me)
1/2 is the electron plasma frequency, and

ne is the density of the plasma electrons. Furthermore, the
number of cycles of output radiation is roughly equal to the
number of periods of the static electric field. Hence the fre-
quency of the radiation can be tuned by adjusting the static
field wavelengthl0 and/or the electron plasma densityne .
Furthermore, the output pulse duration can be controlled by
adjusting the number of periods of the static electric field. In
principle @11#, high peak powers~MW! can be obtained over
a wide wavelength range~10–100mm! with varying pulse
durations~1–10 ps!.

In the following, we propose and analyze a device which
combines some of the features of photoswitched semicon-
ductors@1–10# and of radiation conversion using a periodic
capacitor array@11#. This device will be referred to as a
photoswitched periodically biased semiconductor~PPS!. Ra-
diation is generated in the PPS by applying a static, periodic
electric field across the surface of a planar semiconductor
~e.g., GaAs or InP!. A laser pulse is injected into the device
such that it propagates along and nearly parallel to the semi-
conductor surface, and perpendicular to the applied static
field. As the pulse propagates, it generates photocarriers
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within the semiconductor and, hence, a transient current de-
velops in response to the applied periodic electric field.
These current transients generate electromagnetic radiation.
A planar conductor, placed parallel to the photoconductor,
can be used to confine and enhance the generated radiation
~see Fig. 1!.

In the one-dimensional~1D! limit, it will be shown that
radiation is generated with frequencyv given by
v/c5(k0

21 k̄p
2)/2k0 , wherek052p/l0 , l0 is the period of

the static electric field,k̄p5v̄p /c, v̄p5(4pn̄ne
2/m* )1/2 is

the effective 1D plasma frequency,n̄n is the effective 1D
photocarrier density, andm* is the effective mass of the
photocarriers. In the absence of collisions,N0 periods of ap-
plied static electric field generateN0 periods of radiation.
Furthermore, it will be shown that the maximum electric
field of the radiation generated within the device is less than
or equal to the amplitude of the applied static electric field.
In the 1D limit, the maximum efficiency of converting the
energy in the static electric field into electromagnetic radia-
tion is 30%. Such a PPS device may be capable of generating
hundreds of watts of coherent radiation in the 50–500-mm
range, which can be tuned by adjusting the period of the
static electric field, the carrier density, and/or the device di-
mensions. The duration of the electromagnetic pulse can be
controlled by adjusting the number of periods of the static
electric field. In principle, one can choose how many cycles
of radiation will be generated. Such a source of tunable, ul-
trashort pulse radiation would have various applications, in-
cluding absorption spectroscopy, time-resolved studies in
physics and chemistry, remote sensing and radar, and high-
speed multiplexing.

One can envision many possible configurations for a PPS
device. In this paper, we will analyze the following simpli-
fied and idealized two-dimensional~2D! configuration~see
Fig. 1!. Consider a single planar semiconductor, the surface
of which lies in they,z plane and is located atx5b along
the x axis. A static, periodic, bias electric field of the form
EB5E0cosk0zey is applied in the y direction, where
k052p/l0 , and l0 is the bias period. The device is of
lengthL0 is thez direction, biased withN05L0 /l0 periods
of static electric field, and the photoconductor is assumed to
be uniform and infinite~i.e., some lengthLy large compared

to other characteristic dimensions! in they direction. To con-
fine the generated radiation, a conducting wall is positioned
at a distancex5a above and parallel to the semiconductor
surface. A short laser pulse is injected between the conduct-
ing wall and the semiconductor, such that it propagates at the
speed of lightc in the positivez direction nearly parallel to
the semiconductor, and skims along its surface. Photocarriers
are assumed to be generated within a penetration depthb
~betweenx50 andx5b) inside the semiconductor. For sim-
plicity, the device is assumed to be symmetric aboutx50;
i.e., conducting walls are located atx56a, the semiconduc-
tor is a thin slab of thickness 2b centered aboutx50, and
laser pulses propagate along both surfaces of the semicon-
ductor slab. In principle, one can envision using more than
one semiconductor slab, placed parallel to one another, with
laser pulses injected between their surfaces. The 1D limit
corresponds to many closely spaced semiconductor slabs. In
the following, the effects of collisional damping within the
semiconductor are included; however, other nonideal effects,
such as fringe electric fields or nonuniform carrier densities,
are neglected.

II. WAVE EQUATION AND CURRENT RESPONSE

The generation of electromagnetic radiation by the photo-
induced current is described by the wave equation

S ¹22
1

c2
]2

]t2DE5
4p

c2
]J

]t
, ~1!

whereE is the electric field generated by transients in the
current densityJ. Prior to the injection of the laser pulse, a
static electric field of the formEB5E0F(z)cosk0zey is ap-
plied to the semiconductor sheet, wherel052p/k0 is the
wavelength of the static field,E0 is the amplitude,
F(z)5u(z)2u(z2L0), u(z) is the Heaviside unit step
function, andL0 is the axial length of the device, i.e.,
F(z)51 for 0,z,L0 andF(z)50 otherwise. As the laser
pulse propagates along the surface of the semiconductor, it
generates carriers and a photoinduced currentJ within the
semiconductor.

The following simplified model for the photoinduced cur-
rent will be assumed. The photoinduced current is given by
J52ennvey , wherenn is the effective carrier density and
v is the effective carrier velocity. The carrier density is de-
termined approximately by]nn /]t5qaI /\vL , where I is
the laser intensity inside the semiconductor,a is the absorp-
tion coefficient,\vL is the energy of the laser photons, and
q is the quantum efficiency for converting photons into
charge carriers, and the effects of diffusion and recombina-
tion have been neglected. The laser pulse durationtL is as-
sumed to be less than the characteristic response time of the
device. Hence the carriers are assumed to be generated in-
stantaneously by the laser pulse,nn5n0u(ct2z), where
n05qaI tL /\vL is the peak density,ct2z50 gives the lo-
cation of the laser pulse front, and the carriers exist in the
region ct2z>0 ~behind the laser pulse!. Furthermore, the
carrier density is assumed to be uniform within the penetra-
tion depth 0,uxu,b, i.e, nn5n0u(ct2z)u(b2uxu).

Carriers which are produced in the presence of the electric
fieldsE andEB obey the equation

FIG. 1. Schematic of a 2D PPS device. A semiconductor wafer
of thickness 2b lies in they,z plane. A conducting wall is placed
parallel to the wafer atx5a. A periodic bias electric field of the
form Eb5E0cosk0zey is applied to the wafer, wherel052p/k0 is
the bias period, andz is the distance along the axis of laser propa-
gation.
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]

]t
~nnv!52

enn
m*

~E1EB!2cnnnv, ~2!

wherem* is the effective mass of the carrier, andcn is the
effective collision frequency.

Hence, the current response is given by

S ]

]t
1cn D J5

vp
2

4p
~E1EB!, ~3!

where vp5(4pnne
2/m* )1/2 is the effective plasma fre-

quency. On the right side of Eq.~3!, the electric field of the
laser is neglected, i.e., it is assumed that the only role of the
laser field is to generate the carrier population,
vp
25vp0

2 u(ct2z)u(b2uxu), wherevp05(4pn0e
2/m* )1/2.

Note that the current induced by a static, uniform electric
field E0 is given by J5J0@12exp(2zn)#, where
J052ennmE0 is the steady-state current,m5e/(m* cn) is
the carrier mobility,z5ct2z, and 1/cn is the relaxation
time.

It is convenient to introduce the independent variables
z5ct2z, z, and x. Using these variables, the 2D wave
equation is given by

S ]2

]x2
1

]2

]z2
22

]2

]z]zDE5
4p

c

]J

]z
~4!

and the induced current is given by

S ]

]z
1n D J5

vp
2

4pc
~E1EB!, ~5!

wherevp
25vp0

2 u(z)u(b2uxu). It will also prove convenient
to introduce the Laplace transformQs(s) of the quantity
Q(z) with respect toz, i.e.,Qs5*0

`dz Q exp(2sz). Taking
the Laplace transform of Eqs.~4! and ~5! yields the wave
equation

S ]2

]x2
1

]2

]z2
22s

]

]z
2

skp
2

s1n DEs5
kp
2~x!

s1n
E0F~z!cosk0z,

~6!

where E(z50)50 has been assumed,kp
2(x)5vp0

2 /c2 for
uxu<b, and kp

2(x)50 for uxu.b; i.e., the charge carriers
only exist within the semiconductor of thickness 2b. Within
the region of the semiconductor, 0,z,L0 , the device is
periodic inz and the induced electric field can be written as
the real part ofEs5Êsexp(ik0z). Hence the wave equation
becomes

S ]2

]x2
2k0

222isk02
skp

2

s1n D Ês5
kp
2~x!

s1n
E0 . ~7!

III. ONE-DIMENSIONAL LIMIT

To gain an understanding of the basic mechanism of ra-
diation generation and the characteristics of the radiation
~e.g., the wavelength, group velocity, pulse duration, etc.!, it
is insightful to solve Eq.~7! in the one-dimensional~1D!
limit. The 1D limit is obtained by letting]/]x→0 and
kp(x)→ k̄p in Eq. ~7!, where k̄p is the effective 1D plasma

wave number and is constant. The 1D limit corresponds to a
PPS device consisting of many thin semiconductor wafers
placed closely together. In this case, the effective 1D plasma
wave number is given byk̄ p

2.d1kp
2/D, whered1 is the wafer

thickness andD is the separation between wafers. In effect,
the laser pulse is propagating through a uniform, continuous
medium producing photoconductors characterized by a
plasma wave numberk̄ p

2 . The 1D limit is also directly ap-
plicable to the case of a photoionized gas@11#, i.e., the laser
pulse propagates into a gas with a periodic static electric
field and ionizes the gas to produce a plasma with a plasma
frequencyck̄p . Since the ionizing laser is assumed to propa-
gate with velocity c, it is implicitly assumed that
vL@ck̄p , wherevL is the frequency of the ionizing laser.

In the 1D limit, the wave equation, Eq.~7!, becomes

@~2isk01k0
2!~s1n!1sk̄ p

2#Ês52 k̄ p
2E0 . ~8!

HenceÊs52 k̄ p
2E0 /D(s), where the 1D dispersion relation

is given by

D~s!5~2isk01k0
2!~s1n!1sk̄ p

2 . ~9!

The inverse Laplace transform is governed by the zeros of
D(s). Equation ~9! can be written as D52ik0(s
2s1)(s2s2), wheres1,2 are the zeros ofD(s) given by

s1,252
n

2
1

i

4k0
~k0

21 k̄ p
2!

6
1

2 H Fn2
i

2k0
~k0

21 k̄ p
2!G212ik0nJ 1/2. ~10!

The inverse transform ofÊs is given by

Ê~z!5
i k̄ p

2E0

2k0~s12s2!
@exp~s1z!2exp~s2z!#. ~11!

Equations~10! and ~11! can be analyzed in various limits.
In the absence of collisions,n50, the zeros are

s15 i (k0
21 k̄ p

2)/2k0 and s250. Hence E5Ê exp(ik0z) is
given by

E5
k̄ p
2E0

~ k̄ p
21k0

2!
H expF i

2k0
~ k̄ p

21k0
2!z1 ik0zG2exp~ ik0z!J .

~12!

The first term on the right of Eq.~12! represents the induced
electromagnetic wave, and the second term represents an in-
duced static electric field. The electric field of the electro-
magnetic wave can be written in terms ofz and t as

E5
k̄ p
2E0

~ k̄ p
21k0

2!
exp@ i ~vt2kzz!#, ~13!

where the axial wave number and frequency are given by

kz5~ k̄ p
22k0

2!/2k0 , ~14!

v/c5~ k̄ p
21k0

2!/2k0 , ~15!
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respectively. Notice thatv2/c25kz
21 k̄ p

2 , which is the dis-
persion relation for electromagnetic radiation propagating in
a plasma with a plasma frequencyck̄p . Since the frequency
of the radiation remains constant as the radiation exits the
device, the wavelength of the generated radiation is
l52pc/v. Also notice that the electric field amplitude of
the radiation is maximum whenk̄ p

2@k0
2 , and equal to the

bias electric field amplitudeE0 .
Within the device, the axial group velocityvg and axial

phase velocity vp of the radiation are related by
vp /c5v/ckz5c/vg . Hence the axial group velocity is
given by

vg /c5~ k̄ p
22k0

2!/~ k̄ p
21k0

2!. ~16!

In the limit k̄ p
2!k0

2 , the radiation wavelength is
l52pc/v.4p/k052l0 , and the group velocity is
vg.2c, i.e., the wavelength is twice that of the static elec-
tric field and is moving in the negativez direction ~the di-
rection opposite of the incident laser pulse! at approximately
the speed of lightc. In the limit k̄ p

2@k0
2 , the radiation wave-

length is l.2l0k0
2/ k̄ p

2!2l0 , and the group velocity is
vg.c(122k0

2/ k̄ p
2), i.e., the wave is moving in the positive

z direction ~the direction of the incident laser pulse! at ap-
proximately the speed of lightc. Notice that whenk̄p5k0 ,
kz→0 andvg→0, i.e., the wave has a time dependence only
with frequencyv5ck0 , and no energy leaves the device.

The lengthL of the electromagnetic pulse generated by
the device can be determined as follows. The incident laser
pulse encounters the periodic static electric field atz50 and
t50, at which point the radiation begins to be generated. The
time it takes the laser pulse to reach the end of the periodic
structure (z5L0) is given byT5L0 /c. During this time the
‘‘front’’ of the radiation pulse, which was generated at
z50, has traveled a distancevgT5L0vg /c and is now lo-
cated atz5L0vg /c. Since the ‘‘back’’ of the radiation pulse
at time t5T is located atz5L0 , the total length of the ra-
diation pulse is given byL5(12vg /c)L0 . Hence,

L5
2k0

2L0

~ k̄ p
21k0

2!
, ~17!

or L5ck0L0 /v. Since the wavelength of the radiation exist-
ing in the device isl52pc/v, L5lL0 /l0 . In terms of the
number of periods of the radiation pulse,N5L/l, and the
number of periods of the static electric field,N05L0 /l0 ,
N5N0 . In other words, a device consisting ofN0 periods of
a static, sinusoidal electric field of wavelengthl0 will gen-
erate N0 periods of radiation of wavelengthl52pc/v,
wherev is given by Eq.~15!. Within the device, the pulse is
traveling with a group velocity given by Eq.~16!. For ex-
ample, in the limitk̄ p

2!k0
2 , vg.2c ~the radiation is travel-

ing opposite to the incident laser pulse!, l.2l0 , and
L.2L0 . In the limit k̄ p

2@k0
2 , vg.c(122k0

2/ k̄ p
2) ~the radia-

tion is traveling in the direction of the incident laser pulse!,
l.2l0k0

2/ k̄ p
2 , andL.2L0k0

2/ k̄ p
2 .

The average intensity, or power flux, of the radiation
within the device is given by I5^uSu&, where
S5c(E3B)/4p is the Poynting flux, and the angular brack-

ets signify a time average. In the 1D limit,
S5(vgE

2/4p)ez . HenceI5uvguuEu2/8p, or

I5
c

8p

k̄p
4uk̄ p

22k0
2u

~ k̄ p
21k0

2!3
E0
2 . ~18!

The power exiting the device isP5IL xLy , whereLx and
Ly are thex andy device dimensions. Notice that the inten-
sity ~power! is maximum whenk̄ p

2@k0
2 , and is given by

I.cE0
2/8p. The total energyW in the radiation pulse is

found by multiplyingP by the pulse lengthL/c, Eq. ~17!,
i.e.,W5IL xLyL/c. In terms of the total energy in the static
electric field initially stored within the device,
W05(E0

2/16p)LxLyL0 , the total pulse energy is given by

W5
4k0

2k̄ p
4uk̄ p

22k0
2u

~ k̄ p
21k0

2!4
W0 . ~19!

The energy conversion efficiencyh5W/W0 is maximum
when k̄ p

25(51A17)k0
2/2, which impliesl.(0.6)2l0 and

W/W0.31%.
The above results have assumedn50. In the limit of

weak collisional damping,n!( k̄ p
21k0

2)/2k0 , the two roots
are given by

s15
i

2k0
~ k̄ p

21k0
2!2

n k̄ p
2

~ k̄ p
21k0

2!
, ~20!

ands252nk0
2/( k̄ p

21k0
2). The above results, Eqs.~12!–~19!,

still apply, only now the mode is damped inz, i.e., the elec-
tric field, Eq. ~13!, is multiplied by the damping factor
exp(2z/Ld), where the damping distanceLd is given by
Ld

215nk0
2/( k̄ p

21k0
2). In effect, this limits the length of the

radiation pulse,L&Ld .
In the limit of strong collisional damping,

n@( k̄ p
21k0

2)/2k0 , the two roots are given by
s1. ik0/22 k̄ p

2/4n ands2.2n. The electric field of the ra-
diation is given by

E.
i k̄ p

2E0

2nk0
expF S i k02 2

k̄ p
2

4n
D z1 ik0zG . ~21!

The frequency, axial wave number, and group velocity of the
mode arev/c5k0/2, kz52k0/2, andvg.2c. Notice that
in the strong damping limit, the amplitude of the electric
field is reduced by the factor
@( k̄ p

21k0
2)/(2k0n)#exp(2z/Ld) compared to Eq.~13!, where

the damping distance isLd
2154n k̄ p

2 . Hence the intensityI
and the total pulse energyW are reduced by
( k̄ p

21k0
2)2/(2k0n)

2, and the length of the radiation pulse is
limited to L&Ld .

IV. TWO-DIMENSIONAL SOLUTIONS

The generation of radiation in 2D can be described by
solving Eq.~7! inside and outside the semiconductor. Within
the semiconductor,uxu,b, the Laplace transform of the elec-
tric field is given by Ês5Ês15F1A1cosk1x, and outside,
b,uxu,a, Ês5Ês25A2sink2(a2x), where
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k1
2522ik0s2k0

22skp
2/~s1n!, ~22!

k2
2522ik0s2k0

2 , ~23!

F5(kp /k1)
2E0 /(s1n), andA1,2 are constants~independent

of x). The functional forms ofEs1,2 have assumed the bound-
ary conditions]Es /]x50 at x50 andEs50 at x5a, i.e.,
the symmetric solution. The coefficientsA1,2 can be found by
requiring Es and ]Es /]x to be continuous atx5b. This
gives

Ês15F@11D21k2cosk2~a2b!cosk1x#, ~24!

Ês25FD21k1sink1b sink2~a2x!, ~25!

where the dispersion relationD(s) is given by

D~s!5k1sink2~a2b!sink1b2k2cosk2~a2b!cosk1b.
~26!

The inverse Laplace transform of Eqs.~24! and ~25! is
determined largely by the zeros ofD(s), i.e., s5sn , where
D(sn)50. Near a zero,D.(s2sn)]D/]s. Using standard
theory of residues and assuming simple poles, the asymptotic
behavior of the inverse transform of the electric field is given
by

E15(
n

kp
2bE0sink2~a2b!

~sn1n!]D/]s
cosk1x exp~snz1 ik0z!,

~27!

E25(
n

kp
2bE0

~sn1n!]D/]s
sink2~a2x!exp~snz1 ik0z!,

~28!

where the right side is evaluated ats5sn , and the sum is
over all zerossn . For the modes of interest,sn can be written
as sn5 ikn2gn , wheregn is the damping rate,vn5ckn is
the frequency,kz5kn2k0 is the axial wave number, and
vg5c2kz /vn is the axial group velocity.

In the limit b!a, the total power is dominated by the
field E2 in the regionb,uxu,a. The intensity of the radia-
tion I5c^uE3Bu&/4p is given byI.c2uvguuE2u2/8p and the
power isP.Ly*dx I. Hence the power in thenth mode can
be written as

Pn.
caLyukn2k0u

8pkn
U bkp

2E0

~sn1n!]D/]s
U2exp~22gnz!. ~29!

In the absence of collisions (n50, gn50), the pulse
length of the radiation is given byLn.(12vg /c)L0 , where
vg5c2kz /vn5c(kn2k0)/kn is the axial group velocity.
HenceLn.k0L0 /kn , i.e, a device consisting ofN05L0 /l0
periods of bias field will produce a radiation pulse consisting
of N5N0 periods of radiation, whereN5Ln /l,
l52pc/vn , and vn5ckn . The total energy in thenth
mode radiation pulse is given byWn.PnLn /c.(k0 /
kn)PnL0 /c, wherePn is given by Eq.~29! with gn50.

To further evaluate the inverse Laplace transforms, Eqs.
~27! and ~28!, it is necessary to find the zeros ofD(s). In-
sight can be gained by noting that in either the limitkp→0 or

b→0, D52k2cosk2a. In these limits, D50 implies
k25(2l11)p/2a, wherel is an integer. Hence, the zeros of
D(s) are given by s5sn , where sn5 i (k0

21kx
2)/2k0 ,

kx5np/2a, andn52l11 is odd. This implies the radiation
is generated in discrete modes, where the frequency of the
nth mode isvn52 isn .

A more relevant limit can be analyzed in the limit of a
thin current sheetb/a!1 by assuminguk1,2bu!1. Then,

D.2 k̂p
2b sink2a2k2cosk2a, ~30!

where k̂p
25skp

2/(s1n). Notice thatuk̂p
2b2u!1 is implied by

uk1,2bu!1, and that k̂p5kp in the absence of collisions
(n50). The zeros ofD(k2)50 can be approximated by
letting k25kx1dkx , and assumingudkxau!1. Analytical
expressions for the quantitieskx and dkx can be found in
various limits, specifically when (A)uk̂p

2abu!1 and
(B) uk̂p

2abu@1.
Consider the limit (A)uk̂p

2abu!1. Notice that this, along
with uk̂p

2b2u!1, imply uk̂p
2b2u!b/a!1. In this limit, the ze-

ros ofD(k2), Eq. ~30!, are given byk25kx11dkx1 , where
kx15np/2a, n52l11 is odd, anddkx1.bk̂p

2/kx1a. Using
the definition ofk2 , the zeros ofD(s) are given bys5sn ,
where

2sn52n1 ikt6F ~n2 ikt!
21

2in

k0
~k0

21kx1
2 !G1/2, ~31!

andkt5(k0
21kx1

2 12bkp
2/a)/2k0 . Notice that this reduces to

the 1D limit whenkx150 and 2bkp
2/a5 k̄ p

2 . Furthermore,
]D/]s. i (21)lak0 . Simplified expressions for the zeros,
Eq. ~31!, can be found in the limits of weak,n!kt , or
strong, n@kt , collisions. The zeros can be written as
sn5 ikn2gn , where the mode frequencyvn5ckn and
damping rategn are given by

kn5H ~k0
21kx1

2 12bkp
2/a!/2k0 for n!kt ,

~k0
21kx1

2 !/2k0 for n@kt
~32!

and

gn5H nbkp
2/ak0kn for n!kt

bknkp
2/ank0 for n@kt .

~33!

The power in thenth mode can be written, in the limit
uk̂p

2abu!1, as

Pn.
caLyukn2k0u
8pkn~kn

21n2!
S bkp2E0

k0a
D 2exp~22gnz!, ~34!

where kn and gn are given by Eqs.~32! and ~33! in the
appropriate limits. Equation~34! indicates that the power in
the various modes increases with increasingkp . In fact,
whenn50, the expression for the power becomes indepen-
dent of kp for sufficiently largekp . However, Eq.~34! as-
sumed thatuk̂p

2abu!1; i.e., it is not valid in the largekp
limit.
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Consider the limit (B)uk̂p
2abu@1. Notice that this along

with uk̂p
2b2u!1 imply b/a!uk̂p

2b2u!1. In this limit, the zeros
of D(k2), Eq. ~30!, are given byk25kx21dkx2 , where
kx25 lp/a ( l is an integer! and dkx2.2kx2 / k̂p

2ab. Hence
sn5 ikn2gn , where the frequencyvn5ckn and damping
rategn are given by

kn5~k0
21kx2

2 !/2k0 , ~35!

gn5nkx2
2 /abk0knkp

2 . ~36!

Furthermore,]D/]s.(21)l iabk0k̂p
2/kx2. The power in the

nth mode can be written as

Pn.
caLykx2

4 ukx2
2 2k0

2uE0
2

2p3l 2~kx2
2 1k0

2!3
exp~22gnz!. ~37!

Since the axial wave number of the mode iskz5kn2k0 , the
axial group velocity is vg /c5(kx2

2 2k0
2)/(kx2

2 1k0
2). The

length of the radiation pulse is approximately
Ln.(12vg /c)L0 , which givesLn.2k0

2L0 /(kx2
2 1k0

2), as-
suming Ln&1/2gn . Neglecting collisions,n→0, the total
energy in thenth mode isWn.PnLn /c, which gives

Wn.
8k0

2kx2
4 ukx2

2 2k0
2u

p2l 2~kx2
2 1k0

2!4
W0 , ~38!

whereW0 is defined asW05aLyL0E0
2/8p, i.e., the energy

density of the electrostatic field multiplied by the device vol-
ume. As with the 1D limit,Wn /W0 is maximum when
kx2
2 5(51A17)k0

2/2, i.e., when a/ l.0.16l0 . This corre-
sponds to a wavelengthl152pc/v1.0.36l0 and a maxi-
mum efficiency ofWn /W0.(6.3/l 2)%.

V. NUMERICAL EXAMPLES

The analytic expressions presented in Sec. IV for the
mode frequencyvn5ckn , the damping rategn , and the
power Pn were based on solving the simplified dispersion
relation, Eq.~30!, in the limit uk̂pbu2!1. To verify the ana-
lytic theory, the zeros of the full dispersion relation, Eq.~26!,
were found numerically as a function ofkp

2}n0 , wheren0 is
the density of charge carriers. The numerical solutions as-
sumed a current layer thickness ofb51 mm, a conducting
wall located ata5100 mm, a bias field period ofl05400
mm, and a collision frequencycn given byn215100 mm.
The effective plasma frequencyvp5ckp was varied over the
range 1 cm21,kp,105 cm21.

The lowest order zero to Eq.~26!, s5s1 , is plotted in
Fig. 2, wheres15 ik12g1 . The mode wave numberk1 is
given by the imaginary part ofs1 , which is plotted in Fig.
2~a!. Notice that in the limitkp→0, Eq. ~32! predicts that
k1.(k0

21kx1
2 )/2k0.157 cm21, which is in agreement with

Fig. 2~a!. In the limit abkp
2@1 (kp@103 cm21), Eq. ~35!

predicts thatk1.(k0
21kx2

2 )/2k0.393 cm21, again in agree-
ment with Fig. 2~a!. The damping rate is given by the real
part of s1 , which is plotted in Fig. 2~b!. A maximum value
of g1524 cm21 (g1

215420 mm! is obtained at
kp.1.53103 cm21. Away from this value, i.e.,kp!103

cm21 or kp@103 cm21, g1 rapidly diminishes, as predicted
by Eqs.~33! and ~36!.

The real and imaginary parts of]D/]s, evaluated at
s5s1 , are shown in Figs. 3~a! and 3~b!, respectively. These
quantities are important for determining the radiation power,
as indicated by Eq.~29!. It is useful to define a normalized
power

FIG. 3. The~a! real and~b! imaginary parts of]D/]s, evaluated
at s5s1, vs kp , for the parameters of Fig. 2.

FIG. 2. Numerical solution to the 2D dispersion relation, Eq.
~26!, for the parametersb51 mm, a5100mm, l05400mm, and
n215100 mm. The lowest order zeros15 ik12g1 is plotted as a
function of kp . ~a! shows the imaginary part ofs1 , i.e., the mode
frequencyv15ck1 , and ~b! shows the real part ofs1 , i.e., the
damping rateg15Ld

21 .
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P̂n5U ~kn2k0!bkp
2

kn~sn1n!]D/]s
U2, ~39!

where the maximum power in thenth mode is given by
Pn5(caLyE0

2/8p) P̂n . The quantity P̂1 , evaluated at
sn5 ik12g1 , is plotted in Fig. 4 as a function ofkp . Figure
4 shows that the power achieves a maximum ofP̂150.135 at
a value ofkp.53103 cm21. At kp.53103 cm21, where
the power is maximum, the mode frequencyck1 is given by
k15375 cm21 ~a wavelength ofl152p/k15168mm!, and
the damping rate isg1.6 cm21 (g1

2150.17 cm!. In the
limit kp

2ab@1 (kp.103 cm21), theory predicts

P̂15
4kx2

2 ukx2
2 2k0

2u
a2~kx2

2 1k0
2!3

, ~40!

as indicated by Eq.~37!. For the values used in Fig. 4
(a5100 mm, kx15314 cm21, and k05157 cm21),
P̂1.0.156, somewhat greater~15%! than the numerical
maximum.

As an example, consider a device with a conducting wall
at a5100mm, a width ofLy51 cm, and a GaAs semicon-
ductor with a photoinduced current thickness ofb51 mm.
The applied static electric field has an amplitude ofE0510
kV/cm and a period ofl05400mm. The carrier mobility for
GaAs ismn58500 cm2/V s, which gives an effective colli-
sion frequencycn5e/m*mn of 1/cn50.32 ps or 1/n596
mm, where m* is the effective mass of the carriers
(m* /me50.067 for GaAs!. These values are nearly identical
to those used in Figs. 2–4. A value ofabkp

2525 is assumed,
i.e., kp.53103 cm21, which is the value at which the
power is maximum in Fig. 4. This corresponds to a carrier
density nn54.731017 cm23 ~recall that kp

254pnne
2/

m* c2). From Figs. 2–4,k1.375 cm21, g1.5.8 cm21, and
P̂1.0.135. This corresponds to a radiation wavelength of
l152p/k1.170 mm, a damping length ofg1

21.0.17 cm,
and a peak radiation power ofP1.180 W. In the absence of
collisions, a device consisting ofN0 periods of static field
producesN0 periods of radiation. The radiation pulse length
would be L5N0l. However, for this example, collisions
limit the radiation pulse length toL&g1

21 . This limits the
number of radiation periods toN&(g1l)

21.10, i.e., be-
cause of collisions, the device needs to consist ofN0<10
static field periods. This gives a radiation pulse duration of
L/c&5.7 ps. A carrier population ofnn54.731017 cm23

can be produced with a 0.5-mm, 100-fs laser pulse of inten-
sity ;108 W/cm2, as implied by the relation
nn5qaI tL /\vL ~see Sec. II!, assumingq51 and an ab-
sorption coefficient ofa5104 cm21. The laser power ab-
sorbed in producing this carrier population is;100 kW.
Hence a laser pulse energy;1 mJ should be sufficient.

VI. DISCUSSION

A PPS~photoswitched periodically biased semiconductor!
device has been proposed and analyzed as a compact source
of short-pulse, tunable, far-infrared radiation. The analysis
assumed a simplified geometry, shown in Fig. 1, which con-
sists of a planar semiconductor~in they,z plane! biased with
a periodic electric field of the formEB5E0cosk0zey . A laser
pulse is injected into the device, such that it propagates in the
z direction, skimming along the surface of the wafer. The
laser pulse produces photocarriers and a transient current re-
sponse, leading to the generation of far-infrared radiation. A
conducting wall, placed parallel to the wafer at a separation
distance ofx5a, is used to confine the radiation.

The PPS concept combines of the features of radiation
generation by optical switching of a biased semiconductor
@1–10#, and of radiation generation using an ionization front
in a periodically biased gas@11#. High-power, subpicosec-
ond, half-cycle radiation pulses have been generated by illu-
minating a GaAs wafer that is biased with a uniform field.
You et al. @7# report a maximum pulse power of;100 kW
per cm2 of GaAs with a bias field of;10 kV/cm when
illuminated at normal incidence by a 120-fs laser with a flu-
ence of;40 mJ/cm2. Froberget al. @5# used a similar ex-
perimental arrangement; however, the GaAs wafer was bi-
ased with a periodic field of the formEB5E0cosk0zez , with
a bias period on the order of 1 mm~by contrast, the PPS uses
a bias field of the formEB5E0cosk0zey). As with Ref. @7#,
no conducting wall was present, and the semiconductor was
illuminated at angles near normal to the wafer. When illumi-
nated at an angle off from normal, the time dependence of
the electric field of the radiation observed at an angle ofu
from normal scales @5# approximately as cosu(sinu
1sinf)21E0cos@ck0t(sinu1sinf)21#, i.e., the frequency of
the radiation is given byck0(sinu1sinf)21. Except for the
bias periodk0 , the radiation frequency is independent of the
properties of the semiconductor, in contrast to a PPS in
which the frequency is a function of the carrier density. For
a given incident laser spot size, the radiation pulse duration
can be estimated from geometric arguments. Froberget al.
@5# measured a radiated power of;10 nW per cm2 of wafer
for a bias field of a few kV/cm and a laser fluence of 10
nJ/cm2. The radiated power scales roughly asPrad;Popt

2 E0
2

for laser fluences,1 mJ/cm2 and E0,10 kV/cm, where
Popt is the incident laser power. This scaling predicts radi-
ated powers on the order of 100mW per cm2 of wafer for an
incident laser fluence of 1mJ/cm2.

Mori et al. @11# proposed radiation generation by using a
parallel capacitor array to bias a gas with a periodic field of
the formEB5E0cosk0zey . An intense laser pulse propagat-
ing along thez axis ionizes the gas to produce radiation at a
frequency given byv.c(k0

21kp
2)/2k0 , wherevp5ckp is

the electron plasma frequency. In the absence of collisions,
N0 periods of bias field produceN0 periods of radiation.

FIG. 4. The normalized power,P̂1 , Eq. ~39!, evaluated at
s5s1, vs kp , for the parameters of Fig. 2.
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Generation of radiation in the 10–100-mm range may be
possible. One potential disadvantage of this scheme is that it
requires high laser intensity. Rapid ionization of the gas can
require laser intensities on the order of 1014W/cm2. Hence a
1-J, 1-ps laser pulse can ionize a cross-sectional area of ap-
proximately~1 mm! 2. This implies a radiated power on the
order of few kW. A PPS device uses a similar periodic bias
field of the formEB5E0cosk0zey with the gas replaced by a
semiconductor wafer and the radiation confined by a con-
ducting wall, as shown in Fig. 1. The generation of photoin-
duced carriers, however, can be achieved with a much lower
intensity (;108 W/cm2). The 1D analysis of a PPS is di-
rectly applicable to ionization of periodically biased gas. In-
cluded in this analysis are the effects of collisions.

The results of Sec. III describe the 1D limit of a PPS
device. In the 1D limit, PPS radiation is generated with fre-
quency v5c( k̄ p

21k0
2)/2k0 , wave numberkz5( k̄ p

22k0
2)/

2k0 , and group velocityvg5c( k̄ p
22k0

2)/( k̄ p
21k0

2). Hence
the wavelength of the radiationl52pc/v can be tuned by
adjusting the bias periodl052p/k0 or the effective plasma
wave numberk̄p ~i.e., via the carrier densitynn} k̄ p

2). In the
absence of collisions,N0 periods of bias field generatesN0

periods of radiation. Fork̄ p
2@k0

2 , the electric field of the
radiation is maximum and equal to the bias fieldE0 . The
efficiency of converting the electrostatic field energy into
radiation energy, h5W/W0 , is maximum when
k̄ p
25(51A17)k02/2, which implies l.(0.6)2l0 and

W/W0.31%. A finite collision frequencycn damps the ra-
diation pulse and limits the pulse lengthL to a length shorter
than the damping lengthLd , L&Ld , whereLd}n21.

The 2D theory of a PPS device is presented in Sec. IV.
Analytic solutions describing the characteristics of the radia-
tion pulse were obtained in the limituk̂p

2b2u!1. In 2D, radia-
tion is generated in various modes characterized by the zeros
of the dispersion relation, Eq.~30!, sn5 ikn2gn , wheren is
the mode number,vn5ckn is the mode frequency,
vg5c(kn2k0)/kn is the axial group velocity, andgn.Ld

21

is the damping rate. In the limituk̂p
2b2u!b/a!1, kn andgn

are given by Eqs.~32! and~33!, respectively, and the power
in thenth mode is given by Eq.~34!. As kp

2 ~proportional to
the carrier densitynn) increases, the mode frequency and
power increase. In the limitb/a!uk̂p

2b2u!1, kn andgn are

given by Eqs.~35! and ~36!, respectively, and the power in
thenth mode is given by Eq.~37!. Equation~38! implies that
the energy conversion efficiencyWn /W0 is maximum when
kx2
2 5(51A17)k0

2/2, i.e., when a/ l.0.16l0 . This corre-
sponds to a wavelengthl152pc/v1.0.36l0 and a maxi-
mum efficiency ofWn /W0.(6.3/l 2)%.

To verify the analytic solutions, the full 2D dispersion
relation Eq.~26! was solved numerically in Sec. V. In par-
ticular, the mode frequencyckn , damping rategn , and nor-
malized powerP̂n , Eq. ~39!, were plotted as a function of
kp ~proportional to the square root of the carrier density
nn) in Figs. 2~a!, 2~b!, and 4, respectively. For the param-
eters chosen~which are relevant to GaAs!, a5100 mm,
b51 mm, Ly51 cm, E0510 kV/cm, l05400 mm, and
1/n.100 mm, the normalized power for the fundamental
(n51) was found to maximize at a value of
kp.53103 cm21 ~corresponding to a carrier density of
nn54.731017 cm23). This gave a radiation wavelength of
l15170mm, a damping length ofg1

2150.17 cm, and a peak
power of P15180 W. The length of the radiation pulse is
limited by collisionsL<n1

21 , which corresponds to a pulse
durationL/c&5.7 ps. The length of radiation pulse can be
controlled by adjusting the number of bias periodsN0 and/or
the damping rategn . The wavelength of the radiation can be
adjusted by adjusting the bias periodl0 , the carrier density,
and/or the device dimensions.

This analysis indicates that a PPS device should be ca-
pable of generating peak radiation powers in the hundreds of
watts and radiation wavelengths in the 50–500-mm range.
The pulse durations can be ultrashort,&10 ps, and, in prin-
ciple, the device can provide control over the number of
cycles of radiation generated. Such a source of radiation
might have applications in the areas of far-infrared spectros-
copy @6#, the study of atomic~e.g., Rydberg! states@12#, the
characterization of materials~dielectrics, semiconductors,
and superconductors! @13,14#, and remote sensing.
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