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Radiation generation by photoswitched, periodically biased semiconductors
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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 pgriatie 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 adjustijgthe wafer-wall separation, and/or the
carrier density. In the absence of collisional dampiNg,periods of the static bias electric field will generate
Ny 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 50-500m range, pulse durations in the picosecond or subpicosecond range, and peak
powers on the order of 100 W.

PACS numbgs): 41.60—m, 42.55.Px, 42.72.Ai

I. INTRODUCTION Recently, an alternative concept for generating far-

Over the past few years, several methods for the generInfrarecj radiation was proposed by Ma al. [11], which

i £ i d and subpi d far-infrared radiati Felies on the conversion of a periodic static electric field into
blon of plfosgc%r] anf b_su %ICOSE(.:OH d ar-in r:;re rt? 1allo, diation by a relativistic ionization front. In this device, a
y optical switching of biased semiconductors have been Inf)arallel plate capacitor array is used to generate a periodic

vestigated[1-10]. Most of these investigations have in- gjectric field within a gas. An intense, short laser pulse is

volved a planar photoconductdtypically, GaAs or InP jniected into the gas, propagating parallel to the capacitor
which is illuminated by ultrashort laser pulses. When theplates. As the laser pulse propagates, it ionizes the gas and
semiconductor is biased with a uniform static electric fiem:produces free plasma electrofishotocarriers A current
the photoswitching of the semiconductor produces a currentansient is generated along the relativistic ionization front,
transient which results in the generation of a single cycle ofesulting in the generation of electromagnetic radiation
coherent radiation. For example, Yat al. [7] report the  which propagates in either the direction of or opposite to the
generation of high power{ MW) half-cycle pulses with du- laser pulse. In the one-dimensiondD) limit, and in the
rations<<0.5 ps and energies 0.8 uJ. This was achieved by limit where the ionization front is moving at the speed of
illuminating a 3.5< 3.5-cn? GaAs wafer, biased with an ex- light in vacuumc, radiation is generated with frequenay
ternal field of 11 kv/cm, with a 120-fs pulse from a Ti:sap- given by w/c= (kj+k3)/2k, whereko=27/\g, \g is the
phire laser at normal incidence. period of the static electric field, k,=w,/c,
Other photoconductor-based schemes have been invesgj;pz(47mee2/me)1/2 is the electron plasma frequency, and
gated for generating many cycles of far-infrared radiationn, is the density of the plasma electrons. Furthermore, the
For example, Frobergt al. [5] used a photoconducting an- number of cycles of output radiation is roughly equal to the
tenna array to produce terahertz radiation pulses. This arrayumber of periods of the static electric field. Hence the fre-
was formed by depositing 64 electrodes, of widthy2@ and  quency of the radiation can be tuned by adjusting the static
spaced 15Qum apart, on a GaAs substrate. The electrodesield wavelength\ , and/or the electron plasma density.
were then used to bias the photoconductor with a periodi¢urthermore, the output pulse duration can be controlled by
electric field of wavelengtir,. When illuminated with laser  adjusting the number of periods of the static electric field. In
pulses incident on the substrate at an anglepdfom the  principle[11], high peak poweré§MW) can be obtained over
normal, radiation was produced over a wide range of anglesy wide wavelength rang€l0—100.m) with varying pulse
and the wavelength of the radiation at an an@lgfom nor-  durations(1-10 ps.
mal was found to be\=(sing+sing)\q,. The frequency of In the following, we propose and analyze a device which
the radiation could be adjusted by changing the anglesd  combines some of the features of photoswitched semicon-
0, and/or the biasing periody. This method was used to ductors[1-10Q] and of radiation conversion using a periodic
produce low power £nW) 500-GHz radiation in 20-ps capacitor array{11]. This device will be referred to as a
pulses. photoswitched periodically biased semicondu¢®PS. Ra-
diation is generated in the PPS by applying a static, periodic
electric field across the surface of a planar semiconductor
“Present address: Icarus Research, P.O. Box 30580, Bethesd&,d., GaAs or InP A laser pulse is injected into the device

MD 20824-0780. such that it propagates along and nearly parallel to the semi-
"Present address: Northeastern University, Department of Electriconductor surface, and perpendicular to the applied static
cal Engineering, Boston, MA 02115. field. As the pulse propagates, it generates photocarriers
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conducting wall : to other characteristic dimensigria they direction. To con-

fine the generated radiation, a conducting wall is positioned
at a distancex=a above and parallel to the semiconductor
surface. A short laser pulse is injected between the conduct-
radiation pulse ing wall and the semiconductor, such that it propagates at the

. <—/\/ — speed of lightc in the positivez direction nearly parallel to
e the semiconductor, and skims along its surface. Photocarriers
' o are assumed to be generated within a penetration depth
b | ’ ‘ t [ ’ ‘ = " }*E?;;‘;ﬂca"y (betweerx=0 andx=Db) inside the semiconductor. For sim-
T B iy - semiconductor plicity, the device is assumed to be symmetric abostO;

i.e., conducting walls are located»at * a, the semiconduc-
tor is a thin slab of thicknessk2centered aboutx=0, and

FIG. 1. Schematic of a 2D PPS device. A semiconductor wafel@S€r pulses propagate along both surfaces of the semicon-
of thickness D lies in they,z plane. A conducting wall is placed ductor slab. In principle, one can envision using more than
parallel to the wafer ax=a. A periodic bias electric field of the One semiconductor slab, placed parallel to one another, with
form E,=Eqcoskgze, is applied to the wafer, wheng,=2m/ky is  laser pulses injected between their surfaces. The 1D limit
the bias period, and is the distance along the axis of laser propa- corresponds to many closely spaced semiconductor slabs. In
gation. the following, the effects of collisional damping within the

semiconductor are included; however, other nonideal effects,

within the semiconductor and, hence, a transient current desuch as fringe electric fields or nonuniform carrier densities,
velops in response to the applied periodic electric fieldare neglected.
These current transients generate electromagnetic radiation.

- L

A planar conductor,_placed parallel to the photoconduc_tor_, IIl. WAVE EQUATION AND CURRENT RESPONSE
can be used to confine and enhance the generated radiation
(see Fig. L The generation of electromagnetic radiation by the photo-

In the one-dimensionallD) limit, it will be shown that induced current is described by the wave equation
radiation is generated with frequency given by
wlc= (k5 +k3)/2K, whereko=2m/\g, N is the period of (VZ— 1‘9—2)5— 4mad R
the static electric fieldk,=w,/c, w,=(4mn,e?m*)12is c? gt* c? at’
the effective 1D plasma frequency,, is the effective 1D
photocarrier density, anch* is the effective mass of the WhereE is the electric field generated by transients in the
photocarriers. In the absence of collisioh, periods of ap- ~ current densityd. Prior to the injection of the laser pulse, a
plied static electric field generafd, periods of radiation. static electric field of the fornEg=EyF(z)codze, is ap-
Furthermore, it will be shown that the maximum electric plied to the semiconductor sheet, whexg=27/k, is the
field of the radiation generated within the device is less tharwavelength of the static fieldE, is the amplitude,
or equal to the amplitude of the applied static electric field.F(2) =u(z) —u(z—Lo), u(z) is the Heaviside unit step
In the 1D limit, the maximum efficiency of converting the function, andL, is the axial length of the device, i.e.,
energy in the static electric field into electromagnetic radiaF(z)=1 for 0<z<L, andF(z) =0 otherwise. As the laser
tion is 30%. Such a PPS device may be capable of generatirgjllse propagates along the surface of the semiconductor, it
hundreds of watts of coherent radiation in the 50-00- generates carriers and a photoinduced curdewithin the
range, which can be tuned by adjusting the period of thesemiconductor.
static electric field, the carrier density, and/or the device di- The following simplified model for the photoinduced cur-
mensions. The duration of the electromagnetic pulse can bnt will be assumed. The photoinduced current is given by
controlled by adjusting the number of periods of the staticJ=—ene,, wheren, is the effective carrier density and
electric field. In principle, one can choose how many cycle is the effective carrier velocity. The carrier density is de-
of radiation will be generated. Such a source of tunable, ultermined approximately byn,/dt=qal/fiw_, wherel is
trashort pulse radiation would have various applications, inthe laser intensity inside the semiconducteris the absorp-
cluding absorption spectroscopy, time-resolved studies ition coefficient,Zw, is the energy of the laser photons, and
physics and chemistry, remote sensing and radar, and higly is the quantum efficiency for converting photons into
speed multiplexing. charge carriers, and the effects of diffusion and recombina-
One can envision many possible configurations for a PP8on have been neglected. The laser pulse duratjois as-
device. In this paper, we will analyze the following simpli- sumed to be less than the characteristic response time of the
fied and idealized two-dimension&D) configuration(see  device. Hence the carriers are assumed to be generated in-
Fig. 1). Consider a single planar semiconductor, the surfacetantaneously by the laser pulse,=ngu(ct—z), where
of which lies in they,z plane and is located at=b along ng=qal 7 /% w is the peak densitygt—z=0 gives the lo-
the x axis. A static, periodic, bias electric field of the form cation of the laser pulse front, and the carriers exist in the
Eg=Eoco%kyze, is applied in they direction, where regionct—z=0 (behind the laser pulgeFurthermore, the
ko=2m/\g, and \q is the bias period. The device is of carrier density is assumed to be uniform within the penetra-
lengthL, is thez direction, biased wittNy=Ly/\, periods  tion depth G<|x|<b, i.e,n,=nyu(ct—2z)u(b—|x|).
of static electric field, and the photoconductor is assumed to Carriers which are produced in the presence of the electric
be uniform and infiniti.e., some length.,, large compared fields E andEg obey the equation
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en, wave number and is constant. The 1D limit corresponds to a
2 (V) =~ = (E+ Eg) —cvnyy, (20 PPS device consisting of many thin semiconductor wafers
placed closely together. In this case, the effective 1D plasma
wherem* is the effective mass of the carrier, and is the ~ wave number is given bly 5~ 8,k3/A, wheres; is the wafer
effective collision frequency. thickness and\ is the separation between wafers. In effect,
Hence, the current response is given by the laser pulse is propagating through a uniform, continuous
medium producing photoconductors characterized by a
plasma wave numbekg. The 1D limit is also directly ap-
plicable to the case of a photoionized ¢ag], i.e., the laser
pulse propagates into a gas with a periodic static electric
where w,=(4mn,e?/m*)"? is the effective plasma fre- field and ionizes the gas to produce a plasma with a plasma

quency. On the right side of E€g), the electric field of the frequencyck, . Since the ionizing laser is assumed to propa-
laser is neglected, i.e., it is assumed that the only role of thﬁate with velocity ¢, it is implicitly assumed that

laser field is to generate the carrier population,
wi=whou(ct—2z)u(b—|x|), where wyo=(4mnee?/m*)*2
Note that the current induced by a static, uniform electric
field Eo is given by J=Jo[1—exp(-{v)], where [(2isky+K3)(s+ v)+5k2]Es= —k 2E,. 8
Jo=—en,uE, is the steady-state current,=e/(m*cv) is

the carrier mobility,{=ct—z, and 1€v is the relaxation HenceES= —k_,ZJEOID(s), where the 1D dispersion relation

2

J w,
—+4cv J=E(E+EB). )

ot

o >ck,, wherew, is the frequency of the ionizing laser.
In the 1D limit, the wave equation, E¢7), becomes

time. is given by
It is convenient to introduce the independent variables o
{=ct—z, z, and x. Using these variables, the 2D wave D(s)=(2isky+k§)(s+v)+skj. 9)

equation is given by
The inverse Laplace transform is governed by the zeros of

(9_2+(9_2_2 9 _4mdd @ D(s). Equation (9) can be written asD=2ik(s
X2 9z°> “aloz] - ¢ ¢ —5s;)(S—Sy), Wheres; , are the zeros ob(s) given by
and the induced current is given by v —
S10=— §+ m(kg"r ks)
J wg 0
—+tv|J=-—(E+Ep), (5) 1 i 12 112
(9§ 4C - _I_ 2 ) .
2|7 g (kD) +2|kov] . (10

wherew>= w3,u({)u(b—|x|). It will also prove convenient R
to introduce the Laplace transfor@(s) of the quantity The inverse transform d&, is given by
Q(¢) with respect ta, i.e., Qs=f5d{ Q exp(—s¢). Taking

1o 2

the Laplace transform of Eq$4) and (5) yields the wave - ik 5Eo
equation E(0)= s —[exp(sif) —exp(s:{) ] (1)
2Ko(S1—S2)
2 2 2
R ‘9__231_ sk E _k() EF (2)cok,z Equations(10) and (11) can be analyzed in various limits.
X2 92 oz stv] S stp O 0= In the_absence of collisionsy=0, the zeros are
()  s;=i(kj+k5)/2k, and s,=0. Hence E=E exp(ky2) is

where E({=0)=0 has been assumek(x)=w2/c? for given by
|x|<b, and kf,(x)zo for |x|>b; i.e., the charge carriers K2E P
only exist within the semiconductor of thicknesl.2W/ithin E= % ex;{i(k §+ k3){+ikoz —exp(ikoz)].
the region of the semiconductor,<<L,, the device is (kp+kp) 0
periodic inz and the induced electric field can be written as (12
Lheecéfnagspart OfEs=Esexplkoz). Hence the wave equation The first term on the right of Eq12) represents the induced

electromagnetic wave, and the second term represents an in-
duced static electric field. The electric field of the electro-
0- (7) magnetic wave can be written in termsofndt as

92 sk | -
— —k§—2isko— sk Es=

k3(x) c
X2 s+v

S+v
2
k 2Eo

E:mexqi(wt_kZZ)L (13

[lI. ONE-DIMENSIONAL LIMIT

To gain an understanding of the basic mechanism of ra-
diation generation and the characteristics of the radiatiofivhere the axial wave number and frequency are given by
(e.g., the wavelength, group velocity, pulse duration,)giic. —
is insightful to solve Eq(7) in the one-dimensionallD) kz= (K 5—k5)/2Ko, (14)
limit. The 1D limit is obtained by lettings/dx—0 and —
ko(X)—k, in Eq. (7), wherek,, is the effective 1D plasma wlc=(k;+kp)/2ke, (15
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respectively. Notice tha&)Z/cz—szrkz, which is the dis- ets signify a time average. In the 1D limit,
persion relation for electromagnetic radiation propagating irS= (vqE?/4m)e,. Hencel =|vy||E|*/8, or
a plasma with a plasma frequencly, . Since the frequency ——
of the radiation remains constant as the radiation exits the _C K |k —Ks |
device, the wavelength of the generated radiation is T 8w (k +k )3 =
A=2mcl/w. Also notice that the electric field amplitude of
the radiation is maximum wheh2>k0, and equal to the The power exiting the device iB=IL,L,, whereL, and
bias electric field amplitud&,. L, are thex andy device dlmenS|ons Notice that the inten-
Within the device, the axial group velocity, and axial S|ty (poweb is maximum whenk 2 >k0, and is given by
phase velocity v, of the radiation are related by | =cE3/8w. The total energyW in the radiation pulse is
vp/c=wlck,=clvy. Hence the axial group velocity is found by multiplyingP by the pulse length./c, Eq. (17),

(18

given by i.e.,, W=IL,L,L/c. In terms of the total energy in the static
electric field initially stored within the device,
vglc=(k? )/(k +Kkj). (16)  W,=(E}/16m)LyLyL,, the total pulse energy is given by
In the limit k_f)< k(z), the radiation wavelength is 4k3k Ak 2— k3|
A=2mclo=4mlky=2\y, and the group velocity is =—— S Wo. (19

b o : (k3+k3)*
=—c, i.e., the wavelength is twice that of the static elec- p

tric field and is moving in the negative direction (the di-  The energy conversion efficiency=W/W, is maximum
rection opposite of the incident laser pylse approximately when kz—(5+ﬁ)k /2, which implies\=(0.6)2\, and
the speed of light. In the limitk 2 >k0, the radiation wave- W/Wo—31%

length is N=2\ok§/k 3<<2),, and the group velocity is  The above results have assumee 0. In the limit of

vg=c(1—2k§/k}5), i.e., the wave is moving in the positive \eak collisional dampingp<(k 5+k3)/2k,, the two roots
z direction (the direction of the incident laser pujsat ap-  are given by

proximately the speed of light. Notice that wherk,=k,,
k,—0 andv4—0, i.e., the wave has a time dependence only

2

with frequencyw=cky, and no energy leaves the device. Slzz_ko(k 5+kd) — ﬁ (20)
The lengthL of the electromagnetic pulse generated by
the device can be determined as follows. The incident Iaseénds — K2 /(k +K2). The above results, Eq&L2)—(19),

pulse encounters the periodic static electric field=ad and still apply, only now the mode is damped dni.e., the elec-

t=0, at which point the radiation begins to be generated. Th
time it takes the laser pulse to reach the end of the perlodlg)l(cp(ﬁ?ﬁ_d)E?Nh(;z tlffe rglgrt:]%:ﬁg g?’st:;]edejig]pé?vgegag;or

structure g=L,) is given byT=L/c. During this time the _ 2,7
“front” of the radiation pulse, WhICh was generated at = vkg/(kp Tkp). In effect, this limits the length of the
radlatlon puIseL<Ld

z=0, has traveled a distanegT=Lgv4/c and is now lo- | th limit fost lisional  d .
cated az=Lyv4/c. Since the “back” of the radiation pulse n_ ez imit ot strong ~ coflisiona ) amping,
at timet="T is located atz=L,, the total length of the ra- v>(kp+kg)/2ky, the two roots are given by

diation pulse is given by =(1—-v4/c)L,. Hence, sl—|ko/2 k2/4v ands,=—v. The electric field of the ra-
diation is g|ven by

2k2L0

e 2 T2
17) _1kpEo @_k_
(kg 5= 20k 2112

l+ |koz} (22

or L=ckylLy/w. Since the wavelength of the radiation exist- The frequency, axial wave number, and group velocity of the
ing in the device is\=2mc/w, L=ALo/\o. Interms of the  mode arew/c=k¢/2, k,= —kq/2, andvy=—c. Notice that
number of periods of the radiation pulde=L/\, and the in the strong damping limit, the amplitude of the electric
number of periods of the static electric fielg=Lqy/\g, field is reduced by the factor
N=N,. In other words, a device consisting lgf, periods of [(k + ko)/(zkoy)]exp( g/Ld) compared to Eq(13), where

a static, sinusoidal electric field of wavelength will gen- e damplng distance isy _4,,k2 Hence the intensity
erate Ny periods of radiation of wavelength =27c/w, and the total pulse energyW are reduced by

wherew is given by Eq(15). Wi‘hi!‘ the device, the pulse is (k +k )2/(2k0v)2 and the length of the radiation pulse is
traveling with a group velocity given by E@16). For ex- I|m|ted toL=L

ample, in the limitk 5<k3, vy=—c (the radiation is travel- d

ing opposite to the incident laser pulse\=2\,, and
L=2L,. Inthe limitk 3>kj, vg=c(1—2kj/k 3) (the radia-
tion is traveling in the direction of the incident laser pylse The generation of radiation in 2D can be described by
A=2\ok3 /k2 andL=2L, k2/k2 solving Eq.(7) inside and outside the semiconductor. Within

The average intensity, or power flux, of the radiationthe semiconductotx|<b, the Laplace transform of the elec-

within the device is given by I=(|S]), where tric field is given byEs= Esl—F+Alco§<1x and outside,

S=c(EX B)/44r is the Poynting flux, and the angular brack- b<|x|<a, E E52—A25|nk2(a X), where

IV. TWO-DIMENSIONAL SOLUTIONS
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ki=—2ikos—k§—sk/(s+ ), (220 b—0, D=-k,coda In these limits, D=0 implies
) _ ) k,=(21+1)m/2a, wherel is an integer. Hence, the zeros of
k= —2ikos—Kp, (23)  D(s) are given by s=s,, where sn=i(k2+ k2) /2K,

k,=n/2a, andn=2|+1 is odd. This implies the radiation
is generated in discrete modes, where the frequency of the
nth mode isw,= —is,.

A more relevant limit can be analyzed in the limit of a
thin current sheeb/a<1 by assumingk, sb|<1. Then,

F= (kp/kl)ZEO/(s+ v), andA, , are constant§independent
of x). The functional forms oEg;, , have assumed the bound-
ary conditionsdEs/9x=0 atx=0 andE;=0 atx=a, i.e.,
the symmetric solution. The coefficiers , can be found by
requiring Eg and JE¢/dx to be continuous ak=Db. This

gives D=—k2b sirk,a—k,Ccosk,a, (30)
Eq=F[1+D k,cosk,(a—b)cok 24 . -
s=Fl 2003 (a—b)coskqx], 24 wherekl=sk/(s+v). Notice that|kjb?|<1 is implied by
E.,=FD k;sink.b sink,(a—x), (25) |k b|<1, and thatk,=k, in the absence of collisions
(v=0). The zeros ofD(k,)=0 can be approximated by
where the dispersion relatidd(s) is given by letting k,=k,+ ok,, and assuming sk,a|<1. Analytical

. ] expressions for the quantitidg, and sk, can be found in

D(s) = kysinky(a—b)sink;b—kycosk;(a—b)cosk;b. various limits, specifically when (Abﬁgab|<1 and
@0 (g) |k2ab|>1.

The inverse Laplace transform of Eq®24) and (25) is Consider the limit (A)|k2ab|<1 Notice that this, along

determined largely by the zeros Bf(s), i.e.,s=s,, where  with |k2b2|<1 imply |k2b2|<b/a<1 In this limit, the ze-

D(sn)=0. Near a zeroD=(s—s;)dD/ds. Using standard ros ofD(kz) Eq. (30), are given byk,=k 1+ 5k,1, where

theory of residues and assuming simple poles, the asymptoqgl_nw/Za n=2l+1 is odd, andsk,, ~pk? 2Ikya. Using
behavior of the inverse transform of the electric field is givenyne gefinition ofk,, the zeros oD(s) are given bys=s,,

by where
k2bE,sink,(a—b) - 112
_ p~ —0=" "2 - ; ] ] 2iv
B1= 2 (s t v aDlzs COKIX XHL ko), 25,= —w+ikex| (v=ik)?+ (kG +KE) | (3D
(27)

andk,= (k§+KkZ, +2bki/a)/2k,. Notice that this reduces to
sink,(a—X)exp(s ¢ +ikoz), the 1D limit Whenkxl—o and bk;/a= kf, Furthermore,
dD/os=i(—1)'aky. Simplified expressrons for the zeros,
(28) Eq. (31), can be found in the limits of weaky<k;, or
strong, v>k;, collisions. The zeros can be written as
s,=ik,—v,, where the mode frequencw,=ck, and
damping ratey,, are given by

k2bE,

Eo= ~ (s,+v)dD/ds

where the right side is evaluated &ts,, and the sum is
over all zeross,,. For the modes of interest, can be written
ass,=ik,—v,, where vy, is the damping ratep,,=ck, is
the frequencyk,=k,—k, is the axial wave number, and

2,12 2
vg=c2k2/wn is the axial group velocity. (kot K +2bky/a)i2Kk, for v<k, (32)
In the limit b<a, the total power is dominated by the n (k3+k21)/2k, for v>k;
field E, in the regionb<|x|<a. The intensity of the radia-
tion | =c(|[EX B|)/4 is given byl =c?|vy||E,|%/8m and the  and
power isP=L,[fdx |. Hence the power in theth mode can
be written as vbk3/akok, for v<k,
cal,|k,—kol| bK:Eq ‘2 bkykg/avky for v>k;. 33

"= Bk,  |(s,+ »)aDiss| SF T 27d)- (29

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

L2
<
In the absence of collisionsy&D0, y,=0), the pulse |kpab| 1 as

length of the radiation is given by,=(1—wv4/c)L,, where cal, [k, —ky|
vg—czk lwy=c(k,—Kko)/k, is the axial group velocity. = Y g ‘;
HenceL,=kqLo/k,, i.e, a device consisting df,=Lq/\o 8mkn(ky+v7)
periods of bias field will produce a radiation pulse consisting
of N=N, periods of radiation, whereN=L,/\, Wherek, and y, are given by Eqs(32) and (33) in the
A=2mclw,, and w,=ck,. The total energy in thenth  appropriate limits. Equatiof84) indicates that the power in
mode radiation pulse is given byNn:PnLn/C:(kO/ the various modes increases with increaskyg In fact,
k,)P.Lo/c, whereP,, is given by Eq.(29) with y,=0. when v=0, the expression for the power becomes indepen-
To further evaluate the inverse Laplace transforms Eqsdent ofk, for sufficiently largek,. However, Eq.(34) as-
(27) and (28), it is necessary to find the zeros Df(s). In- sumed thadkzab|<l i.e., it is not valid in the largek,
sight can be gained by noting that in either the likyjt-0 or  limit.

bK2Eo)?

exp—2ynl), (34
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Consider the limit (B)|k2ab|>1 Notice that this along 400F
with |k2b?| <1 imply b/a<|k2b2|<1 In this limit, the zeros g
of D(k2) Eqg. (30), are given byk,=Kk,,+ ky,, where
kex=Imla (I is an integer and dk,,=—k,,/k2ab. Hence
sy=ikn— v,, where the frequencw,=ck, and damping

300f

200F

Im[s] (ecm 1)

rate y, are given by 1oo§— E
212 ok . . ‘
kn= (ko Ki2)/2Ko, (39 10! 10° 103 10% 10°
kp (cmil)
Yn= vkE,labkoknk?. (36)
or
Furthermore 9D/ ds=(—1)'iabkok?/ky,. The power in the st ™ ;
nth mode can be written as TE ok ;
cal,k’,|k2,—k2|E2 — _15f ;
yRx21™x2 010 "
= exp(—2 . 3 oy :
" o2, T k2 ST 27nd) 37 & oot ]
-25t . . ‘
Since the axial wave number of the modekﬁ k,—Kq, the 10! 102 103 104 10
axial group velocity iSvglc=(k§2 )/(k 2+k ). The k, (em™1)
length of the radiation pulse is apprOX|mater
2
Ln=(1-vg/c)Lo, which givesL,=2kjL o/ (k3o k), as- FIG. 2. Numerical solution to the 2D dispersion relation, Eq.
Sum|ng L 1/2‘yn Neglec“ng CO”|S|0nS V—>O ] the total (26), for the parameterb: 1 um, a= 100 um, A o= 400 um, and
energy in 'thenth mode isW,=PL,/c, which gives »~1=100 um. The lowest order zere,=ik,— y; is plotted as a
- 2 function ofk, . (a) shows the imaginary part o , i.e., the mode
8kakd, k2, — k3| frequencyw,;=ck;, and (b) shows the real part o§;, i.e., the
n= 221+ K2)? B8 gamping ratey;=L4*.

whereW is defined asNVy=alL L0E§/877 i.e., the energy . _ o '
density of the electrostatic field multiplied by the device vol-¢m_* or k,>10° cm™*, v, rapidly diminishes, as predicted
ume. As with the 1D limit, W,/W, is maximum when Py Eds. (33) and (36).

k2,=(5+17)k3/2, i.e., whena/l=0.16\,. This corre- The real and imaginary parts ofD/ds, evaluated at
sponds to a wavelength, = 27¢/w;=0.36\, and a maxi- 5= Si, are shown in Figs. @) and 3b), respectively. These
mum efficiency ofW,,/Wy=(6.312)%. quantities are important for determining the radiation power,
0 as indicated by Eq(29). It is useful to define a normalized
power

V. NUMERICAL EXAMPLES

The analytic expressions presented in Sec. IV for the
mode frequencyw,=ck,, the damping ratey,, and the
power P,, were based on solving the simplified dispersion
relation, Eq.(30), in the limit |kpb|2< 1. To verify the ana-
lytic theory, the zeros of the full dispersion relation, E26),
were found numerically as a function bgocno, whereng is
the density of charge carriers. The numerical solutions as-
sumed a current layer thickness w1 wm, a conducting
wall located ata=100 wm, a bias field period of ,=400 10 107,

1_ k_ (em™ %)
pm, and a collision frequencgv given by v~ =100 um. P
The effective plasma frequen@yp ck, was varied over the
range 1 cm '<k,<10° cm

The lowest order zero to Eq26), s=s;, is plotted in
Fig. 2, wheres;=ik;— ;. The mode wave numbdy; is
given by the imaginary part of;, which is plotted in Fig.
2(a). Notice that in the limitk,— 0, Eq. (32) predicts that
ki=(kg +k21)/2k0~ 157 cm &, wh|ch is in agreement with
Fig. 2@). In the limit abk§>1 (k,>10° cm™1), Eq. (35) . . .
predicts thak, = (k3+ k2,)/2ko= 393 cm 1, again in agree- 10! 102 103 10* 10°
ment with Fig. Za). The damping rate is given by the real k, (em™1)
part of s;, which is plotted in Fig. &). A maximum value
of y;=24 cm! (y;'=420 um) is obtained at FIG. 3. The(a) real and(b) imaginary parts ofD/Js, evaluated
kp=1.5x10° cm~*. Away from this value, i.e.k,<10°  ats=s,, vsk,, for the parameters of Fig. 2.

Re[4D,/ds]

10 10

Im[-8D/0s]
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0.15 : : ; d can be produced with a 0/5m, 100-fs laser pulse of inten-

i sity ~10° W/cm? as implied by the relation

.10k _ n,=qal7 /hw_(see Sec. )| assumingg=1 and an ab-

' sorption coefficient ofa=10* cm~1. The laser power ab-

. A sorbed in producing this carrier population 4100 kW.
0.051 ‘ Hence a laser pulse energyl uJ should be sufficient.
‘1)01 ~ e -3 =5 VI. DISCUSSION

Ky (em™?) A PPS(photoswitched periodically biased semiconduytor

device has been proposed and analyzed as a compact source
FIG. 4. The normalized poweﬂ,sl, Eqg. (39), evaluated at of Short-pulse, tunable, far-infrared radiation. The analysis
s=s,, vsk,, for the parameters of Fig. 2. assumed a simplified geometry, shown in Fig. 1, which con-
sists of a planar semiconduct@n they,z plane biased with
2 a periodic electric field of the forrgg= Eycokgze, . A laser
, (39 pulse is injected into the device, such that it propagates in the
z direction, skimming along the surface of the wafer. The
. . L laser pulse produces photocarriers and a transient current re-
where the maximum power In theth mode is given by g54nse leading to the generation of far-infrared radiation. A
Pn=(calyEg/8m)P,. The quantity P;, evaluated at congucting wall, placed parallel to the wafer at a separation
sp=iky— vy, is plotted in Fig. 4 as a function &,. Figure  gjstance oix=a, is used to confine the radiation.
4 shows that the power achieves a maximur® of 0.135 at The PPS concept combines of the features of radiation
a value ofk,=~5x10® cm~%. At k,=5x10° cm~*, where  generation by optical switching of a biased semiconductor
the power is maximum, the mode frequeray is given by  [1-10], and of radiation generation using an ionization front
ky=375 cm ! (a wavelength ok, =27/k; =168 um), and  in a periodically biased gagl1]. High-power, subpicosec-
the damping rate isy;=6 cm™?! (yl’1=0.17 cm. In the  ond, half-cycle radiation pulses have been generated by illu-

(kn—Ko)bK3
k.(sp+v)dD/ds

n

limit kf)ab>1 (kp> 10° cm™ 1), theory predicts minating a GaAs wafer that is biased with a uniform field.
You et al.[7] report a maximum pulse power ef 100 kW
. 4k)2(2|k§2—k§| per cn? of GaAs with a bias field of~10 kV/cm when

= (40 illuminated at normal incidence by a 120-fs laser with a flu-

b ak(Kptky)® > -
ence of~40 wJ/cm*. Froberget al. [5] used a similar ex-
. N perimental arrangement; however, the GaAs wafer was bi-
as indicated by Eq(37). Forf;[he values used in ,F'lg 4 ased with a periodic field of the forfag= Eycokyze,, with
(=100 um, kq=314 cm >, and ko=157 em7), ;g period on the order of 1 mfiny contrast, the PPS uses
P;=0.156, somewhat greatel5% than the numerical 3 pias field of the fornEg=Eqcoskze,). As with Ref.[7],
maximum. _ _ _ _ no conducting wall was present, and the semiconductor was
As an example, consider a device with a conducting walkjyminated at angles near normal to the wafer. When illumi-
ata=100 um, a width ofL,=1 cm, and a GaAs semicon- pateq at an angle ap from normal, the time dependence of
ductor with a photoinduced current thicknessbof 1 um. e glectric field of the radiation observed at an angle of
The applied static electric field has an amplitudeEg=10  fom normal  scales [5] approximately as casind
kV/cm.and a period 0R0=400,gm. T_he carrier mopility for +sing) ~*E,codckit(sind+sing) 1], i.e., the frequency of
GaAs isu,=8500 cnf/V's, which gives an effective colli- the radiation is given byky(sing+sing) L. Except for the
sion frequencycr=e/m*u, of 1/cv=0.32 ps or W=96  pias periock,, the radiation frequency is independent of the
um, where m* is the effective mass of the carriers yroperties of the semiconductor, in contrast to a PPS in
(m*/m=0.067 for GaAs These values are nearly identical \yhich the frequency is a function of the carrier density. For
to those used in Figs. 2—4. A value @bl;=25 is assumed, 4 given incident laser spot size, the radiation pulse duration
i.e., ky=5X10° cm™*, which is the value at which the can be estimated from geometric arguments. Frola¢r.
power IS maximum in Flg 4. This Corresponds to a Carrier[5] measured a radiated powerﬂﬂo nWwW per Crﬁ of wafer
density n,=4.7x10" cm~? (recall that ki=4wn.e€?  for a bias field of a few kV/cm and a laser fluence of 10
m*c?). From Figs. 2-4k;=375cm !, y;=5.8cm ', and  nJ/cn?. The radiated power scales roughly R~ PooES
P,=0.135. This corresponds to a radiation wavelength ofor laser fluences<1 uJicn? and E,<10 kV/cm, where
N1=2m/k;=170 um, a damping length ofyl_1:0.17 cm, Py, is the incident laser power. This scaling predicts radi-
and a peak radiation power B, =180 W. In the absence of ated powers on the order of 100N per cn? of wafer for an
collisions, a device consisting &, periods of static field incident laser fluence of LJ/cn?.
producesN, periods of radiation. The radiation pulse length  Mori et al.[11] proposed radiation generation by using a
would be L=Ng\. However, for this example, collisions parallel capacitor array to bias a gas with a periodic field of
limit the radiation pulse length th<+y;'. This limits the the form Eg=Eqcokyze, . An intense laser pulse propagat-
number of radiation periods thl<(vy,\) '=10, i.e., be- ing along thez axis ionizes the gas to produce radiation at a
cause of collisions, the device needs to consisNg&10  frequency given bywzc(k§+ kf))/ZkO, where w,=ck; is
static field periods. This gives a radiation pulse duration ofthe electron plasma frequency. In the absence of collisions,
L/c<5.7 ps. A carrier population of,=4.7x10" cm~3 Ny periods of bias field producdl, periods of radiation.
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Generation of radiation in the 10-1Q0m range may be given by Eqgs.35) and(36), respectively, and the power in
possible. One potential disadvantage of this scheme is that the nth mode is given by Eq.37). Equation(38) implies that
requires high laser intensity. Rapid ionization of the gas carthe energy conversion efficiendy, /W, is maximum when
require laser intensities on the order of4@v/cm?. Hence a  k2,=(5+ 17)k3/2, i.e., whena/l=0.16\,. This corre-
1-J, 1-ps laser pulse can ionize a cross-sectional area of agponds to a wavelength, =27c/w;=0.36\, and a maxi-
proximately(1 mm)2. This implies a radiated power on the mum efficiency ofw,,/Wy=(6.312)%.
order of few kW. A PPS device uses a similar periodic bias To verify the analytic solutions, the full 2D dispersion
field of the formEg=Ecokyze, with the gas replaced by a relation Eq.(26) was solved numerically in Sec. V. In par-
semiconductor wafer and the radiation confined by a conticular, the mode frequenayk,,, damping ratey,,, and nor-
ducting Wa_II, as shown in Fig. 1. The_ genera_tion of photoin-malized power|5n, Eq. (39), were plotted as a function of
duced carriers, however, can be achieved with a much |0_qu (proportional to the square root of the carrier density
intensity (~10° W/cm?). The 1D analysis of a PPS is di- n ) in Figs. 2a), 2(b), and 4, respectively. For the param-
rectly applicable to ionization of periodically biased gas. In-eters choser(which are relevant to GaAsa=100 um,
cluded in this analysis are the effects of collisions. b=1 um, L,=1 cm, Eo=10 kV/cm, \o=400 um, and
The results of Sec. Ill describe the 1D limit of a PPS1/,~100 um, the normalized power for the fundamental
device. In the 1D limit, PPS radiation is generated with fre-(nzl) was found to maximize at a value of
quency w=c(ky+kg)/2kg, wave numberk,=(kz—k)/ k,=5x10*cm ! (corresponding to a carrier density of
2ko, and group velocityvg=c(k3—k5)/(k5+ks). Hence n, =4.7x107 cm~3). This gave a radiation wavelength of
the wavelength of the radiation=2mc/w can be tuned by \,=170um, a damping length of; }=0.17 cm, and a peak
adjusting the _bias perioll,=27/k, or the effective plasma power of P;=180 W. The length of the radiation pulse is
wave numbek, (i.e., via the carrier densitynockg). In the  limited by collisionsL < v[l, which corresponds to a pulse
absence of collisiond\y periods of bias field generatd,  durationL/c=<5.7 ps. The length of radiation pulse can be
periods of radiation. Fok§>k2, the electric field of the controlled by adjusting the number of bias peridtisand/or
radiation is maximum and equal to the bias fild. The the damping rate,,. The wavelength of the radiation can be
efficiency of converting the electrostatic field energy intoadjusted by adjusting the bias peribg, the carrier density,
radiation energy, n=W/W,, is maximum when and/or the device dimensions.
k§:(5+ \/1—7)k§/2, which implies A=(0.6)’\, and This analysis indicates that a PPS device should be ca-
W/W,=31%. A finite collision frequencgr damps the ra- Pable of generating peak radiation powers in the hundreds of
diation pulse and limits the pulse lendttto a length shorter Watts and radiation wavelengths in the 50-30®-range.
than the damping lengthy, L<L,, whereLqocv L. The pulse durations can be ultrashe#t10 ps, and, in prin-
The 2D theory of a PPS device is presented in Sec. Ivciple, the device can provide control over the number of
Analytic solutions describing the characteristics of the radiacycles of radiation generated. Such a source of radiation
tion pulse were obtained in the Iin1k§b2|<1. In 2D, radia- might have applications in the areas of far-infrared spectros-

tion is generated in various modes characterized by the zer&9PY [6], the study of atomice.g., Rydberpstateq12], the
of the dispersion relation, E30), s, =ik, — v,, wheren is characterization of materialg¢dielectrics, semiconductors,

the mode number,o,=ck, is the mode frequency, and superconductor§l3,14], and remote sensing.
vg=Cc(kn—ko)/kj is the axial group velocity, ang,=L "
is the damping rate. In the Iimjk§b2|<b/a<1, k, and vy,
are given by Eqs(32) and(33), respectively, and the power  The authors acknowledge useful conversations with D.
in the nth mode is given by Eq(34). As k; (proportional to  Papadopoulos, W. B. Mori, and T. Katsouleas, and the nu-
the carrier densityn,) increases, the mode frequency andmerical assistance of J. Krall. This work was supported by
power increase. In the Iimib/a<|k§b2|<1, k, and y, are  the Office of Naval Research.
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