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Cherenkov radiation of terahertz surface plasmon polaritons from a superluminal optical spot
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We propose to use a cylindrically focused ultrashort laser pulse obliquely incident on a semiconductor
surface to launch surface plasmon polaritons with frequencies in the terahertz range. The laser pulse creates a
spot of nonlinear polarization moving along the semiconductor surface with superluminal velocity. We show
theoretically that the spot will emit the surface and free-space waves via Cherenkov mechanism. We develop
a theory and calculate the radiated fields and frequency distribution of the radiated energy. The efficiency of the
optical-to-terahertz conversion is estimated for the case of nonlinear optical rectification in GaAs. We show
that one can control the radiation pattern and spectrum of the surface waves by varying the incident angle of
the optical beam and crystalline orientation of the semiconductor. This technique opens new ways to build

terahertz sources and perform surface spectroscopy.
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I. INTRODUCTION

The ultrafast current creation' and optical rectification®?
are proven techniques for generating terahertz (THz) radia-
tion from semiconductor surfaces using short optical pulses.
In both cases the resultant THz pulse propagates from the
optical spot as free-space radiation with a broad spectrum.
We propose and analyze a technique that can generate THz
radiation that propagates along the semiconductor surface.
As we show in this paper, this technique can produce THz
fields with large amplitudes and offers THz tuning.

The general idea behind the optical-to-THz conversion is
to create polarization (or current) that varies on the time
scale of a few hundred femtoseconds. This polarization acts
as a source of THz radiation. Let us assume that the surface
at which THz generation occurs can guide surface waves, for
example, surface plasmon polaritons (SPPs). If an incident
optical pulse creates nonlinear polarization near the surface,
the polarization can, in principle, generate not only free-
space radiation, but also SPPs. However, a normally incident
and weakly focused pulse, needed to maximize the excitation
area, cannot excite surface waves. This is simply because the
contributions from different regions of the optical spot inter-
fere destructively for a spot size greater than the THz wave-
length. A strongly focused pulse, on the other hand, can cre-
ate a pointlike source capable of emitting into surface waves.
Apparently, the conversion efficiency should be small be-
cause of the small area of the excitation spot.

Alternatively, one can use obliquely incident optical
pulses. If a weakly focused optical pulse impinges obliquely
upon a plane surface, the optical spot moves along the sur-
face with superluminal velocity. Since the surface waves are
slow (their phase velocity is less than the speed of light), the
superluminal source should be pointlike to excite the Cher-
enkov cone (wedge) of surface waves. Therefore, the pulse
should be strongly focused in the transverse (relative to the
plane of incidence) direction, e.g., by a cylindrical lens. This
situation is a two-dimensional analog of the generation of
free-space THz waves by a moving pulse of nonlinear polar-

1098-0121/2005/72(19)/195336(9)/$23.00

195336-1

PACS number(s): 42.65.Ky, 73.20.Mf, 78.47.+p

ization in a homogeneous electro-optic medium.® A com-
mon problem limiting the power of the generated THz radia-
tion in homogeneous materials is the large absorption
coefficients (=20 cm™!) at the THz frequencies.!®!! The use
of surfaces, rather than bulk materials, allows one to reduce
the large absorption losses for THz waves when they are
localized mostly outside of the semiconductor.

In this study, we focus explicitly on one type of surface
waves—SPPs—that can be guided by the surface of a suffi-
ciently doped semiconductor due to plasma contribution
to the dielectric constant from the free carriers. The SPP
propagation constant k4 is determined by the formula'?
h=(w/c)[e/(e+1)]"?, where w is the SPP frequency, ¢ is the
speed of light, and e=g[ 1 —w;w‘l(w—iv)‘l] is the dielectric
function of the semiconductor with g, the low-frequency di-
electric constant, w, the plasma frequency, and v the dephas-
ing rate for electrons. Despite a rather high ratio v/ w~0.1
for typical semiconductors, SPPs of the THz frequency range
can propagate long distances along the surface. This occurs if
the plasma frequency w, significantly exceeds the wave fre-
quency  so that the skin depth in the semiconductor is
sufficiently small and the SPP fields are localized predomi-
nantly in vacuum, rather than in the semiconductor. As a
result, Ohmic losses are strongly reduced and the propaga-
tion length of SPPs Lgpp=(2 Im /k)~! can reach the centimeter
range. For example, for GaAs with wp/ 27=8 THz, v
=2 ps~!, and g,=12.9, the propagation length of SPP can be
estimated as Lgpp=~1 cm for w/27=3 THz and even Lgpp
~2.7 cm for w/2m7=2 THz.

Due to the strong localization of SPPs near the guiding
surface, they are extremely sensitive to surface properties, a
circumstance that makes SPPs a useful tool for surface stud-
ies. Infrared and visible SPPs guided by metal (Ag, Au) sur-
faces are widely used for biosensoring,'® detecting surface
contamination,'* and other applications. Similarly, one can
envision a different type of spectroscopy at semiconductor
surfaces using the THz excitation technique we present here.
In particular, one can scan a semiconductor surface using an
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optical laser beam and use the THz surface waves excited by
the beam to measure the response from the surface in the
THz frequency range. Two-dimensional THz micro-optics on
semiconductor surfaces, analogous to SPPs optics on metal
surfaces in the visible range,'® can also be developed.

In this paper, we describe the main features of the THz
surface wave generation using optical spots. In particular, we
describe frequencies of the generated radiation, emission dia-
grams, and expected power yield. To be specific, we will
assume that the optical spot creates a moving pulse of non-
linear polarization through optical rectification in the semi-
conductor. Other mechanisms, such as current surges, will
also give rise to the creation of moving sources of radiation
and, subsequently, to the generation of THz waves. The use
of different mechanisms to create a moving source will affect
mostly the conversion efficiency but not the main properties
of the generated THz waves. Some preliminary results were
reported in Ref. 16.

The paper is organized as follows. In Sec. II, we formu-
late the problem and lay out the basic equations. The solution
of the equations using a Fourier-transform technique is given
in Sec. III. In Sec. IV, we study the radiation pattern for the
excited surface waves and estimate the power and energy
conversion efficiencies. Free-space Cherenkov radiation is
considered in Sec. V. Section VI contains concluding re-
marks.

II. EXCITATION SCHEME AND THEORETICAL MODEL

Our aim is the excitation of SPPs at the surface of a doped
semiconductor with free-carrier concentration N. SPPs exist
in the frequency range 0< 0 <a,;®,=w,(1+e;') """ is the
maximal frequency, w,=\4me’N/(me) is the plasma fre-
quency, g is the background dielectric constant of the semi-
conductor, and e and m are the electron charge and effective
mass, respectively. High-frequency SPPs have very small
phase velocities, while low-frequency SPPs have their phase
velocities close to the speed of light in vacuum. To excite
SPPs via the Cherenkov effect we need to create a source of
polarization that moves faster than their phase velocities. To
achieve that we propose to illuminate the surface with an
obliquely incident optical pulse that produces a moving spot
on the surface. We can further rely on optical rectification to
create a polarization distribution that essentially reproduces
the shape of the spot. Such a moving pulse of nonlinear
polarization should generate SPPs. To ensure a sufficiently
long distance scanned by the optical spot on the surface, the
optical beam is weakly focused in the plane of incidence. At
the same time it is strongly focused by a cylindrical lens in
the direction transverse to this plane to satisfy the Cherenkov
condition (Fig. 1). Due to weak focusing of the beam in one
direction, we may approximate it as infinite in this direction.
Thus, the optical spot created by the pulse on the semicon-
ductor surface moves uniformly in the +z direction with ve-
locity V=pLc, where S=1/sin @ and « is the angle of inci-
dence (Fig. 1). We further note that since V>c¢ in this
scheme, SPPs at all possible frequencies between 0 and @,
will be excited. For spots with V<<c, only the SPPs with
smaller phase velocities (and at high frequencies) would be
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FIG. 1. Excitation scheme for surface plasmon polaritons (SPP):
an obliquely incident laser pulse produces an optical spot that
moves with velocity V=c/sin o along the semiconductor surface

and excites the Cherenkov cone of SPPs. The thick solid lines show
schematically the exponential profiles of the SPPs.

Peely

excited. In such a regime, one can actually achieve phase
matching between the spot and a copropagating SPP. The
spot in this case no longer needs to be small in the transverse
direction.!”

If the optical pulse is at frequency higher than the band-
gap, the optical energy (and nonlinear polarization) will be
localized near the surface within the depth much smaller than
the wavelength of the THz radiation that we want to excite.
Thus, the created nonlinear polarization can be written as

Py =pF(G(x) ), (1)

with S8(y) the usual delta function. The function G(x)
=exp(-x*/ {fi) describes the transverse size of the optical
beam; the function F(§) is the time-dependent envelope of
the intensity of the optical pulse, and é=r—z/V. The new
variable ¢ reflects the uniform motion of the spot along z. For
all estimates we assume the Gaussian envelope:

F(§) =exp(= &/7), (2)

where 7 is the pulse duration (the standard FWHM pulse
duration is TFWHM=2\*'ET). The orientation of the ampli-
tude vector p is determined by the polarization of the optical
beam and orientation of the crystallographic axes of the
sample. We will consider the general case with all three com-
ponents p,, p,, and p, included.

The nonlinear polarization Py, acts as a superluminal di-
pole that excites free-space and surface waves. The surface
waves propagate from the optical spot along the semiconduc-
tor surface y=0 and form the usual Cherenkov cone (wedge)
in this plane. The pattern of the excited surface waves can be
represented as a superposition of plane surface waves propa-
gating under different angles ¢ (see Fig. 1). Each partial
wave has an in-plane wave vector 4 and angular frequency w
that are determined by matching the phase velocity of the
wave along the z axis vf,’h:w/ (h sin @) and the velocity of
the optical spot V (see Figs. 2(a) and 2(b)). This matching
condition gives the cone angle ¢ < a in which surface waves
exist.

The radiation generated by the moving nonlinear polariza-
tion Py can be found from Maxwell’s equations, which
have the following form for the fields in the semiconductor
(y<0):
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FIG. 2. (a) Kinematic diagram (in-plane wave number /& versus
frequency w) which illustrates phase-matching between the moving
nonlinear source and the generated SPP. The intersection of the
dispersion curve for SPP and the line w/h=V sin ¢ gives the fre-
quency wy of the partial SPP propagating at the angle ¢. The maxi-
mal frequency for SPPs is @),=w,(1 +sal)‘1/2. (b) Normalized fre-
quency o,/@®, (solid lines) of the partial surface wave and
stationary frequency w,/@, (dashed lines) as functions of ¢ for
£9=12.9 (GaAs) and B=1.01, 1.1, and 1.3 (values shown near cor-

responding curves).

VxE=- T2 (3a)
=- a
& ¢ g
JE 4 4
VX B—@———WeNv+—W_]NL, (3b)

c d¢ ¢

where the nabla operator V; has components (d/dx, d/dy,
~V19/0€) and jy; =Py /J€ is the nonlinear current. The
equation for electron motion is

v
m— =-¢E. (4)
9
In Eq. (4), we neglected collisions that do not affect our
results significantly if the excited SPPs have small damping.
We also neglected the contributions to the currents from the
optically created carriers for two reasons. First, the carriers
are created only in a narrow and thin (compared to the SPP’s
wavelength) strip behind the optical spot. Second, their den-
sity is assumed to be small compared to the background
density N. In vacuum (y>0), we use Egs. (3a) and (3b) with
N=0 and gy=1.

III. SOLUTION IN FOURIER DOMAIN

To solve Egs. (3a), (3b), and (4), we apply Fourier trans-
forms with respect to & and x to these equations. We arrive at
the following equations for the field Fourier transforms (w
and g are the Fourier variables that correspond to ¢ and x,
respectively):

&E ~ lw~ &_Ez i£~ W~

dy c dy

in E, B
—1i =—
1% §

)P &)
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L~ o~ iwe~ 4Tw~~

igB, - VBX = TE}, + _c GFd(y)p,,
&Ex L~ dlwe~ 4Tmio~~

- —igBy=—E .+ ——GFd\y)p.,
dy c c

where the dielectric function &(y,w) is &,=g(1 —wﬁ/a)z) in
the semiconductor (y<<0) and unity in vacuum (y>0),
5(g)=(€L/2\577)exp(—g2€2l/4) is the Fourier transform of
G(x), and F(w) is the Fourier transform of F(&). For ex-
ample, for the Gaussian pulse (2) we have

7
r
F ((U) ,—exp( ) . (6)
2T 4
We proceed by solving Egs. (5) in the homogeneous re-
gions (y<<0 and y>0). The solutions are a superposition of
p-polarized waves with

_ - C,exp(— k,y), y>0,
B,=0, E,= { o XK,y (7)
C,exp(k,y), y<0,
and s-polarized waves with
- - D, exp(— K >0,
£-0, B~ pl=ry), ¥ ®)
i D,exp(k,y), y<O0,

where k,=[g’—w?’c?(1-82)]"*> and « —[g - wc 2(8
—32)]"2. Other field components in the waves can be found
by using Egs. (5). We match the solutions (7) and (8) by the
boundary conditions

i ~~ ~ Amiw ~~ -
[B ]_ TGprs [Bx]:_ c Gsz’ [By]:O,
©)
~ 4Tig ~ ~ d7miw ~ ~
[Ex]= Gpr’ [E]_ G py,
€p Ve,

that arise after integrating the equations across the boundary
at y=0; the square brackets denote the change of the en-

closed quantity at the interface y=0, for example, [B,]

:§x|y:0+—§x|y=0-. We note that the component E), behaves
like ~&(y) due to the presence of p,.

As a result, we arrive at the following expressions for the
mode amplitudes:

47GF 5 »’ w
C,= A g +V py+ik, ng+VPz , (10a)

( +2 )] (10b)
i\ gpat L) |

470GF (w
DU=Dp=— ‘_/px_gpz > (10c)

(K, + K,)

where A(w)=¢,k,+ K.
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FIG. 3. Singularities and paths of integration in the complex w
plane for the inverse Fourier transform. The branch points w
=%w;, correspond to the double-valued functions «, and k,, re-
spectively. The poles w=+w, determine the excited partial surface
wave. The integration path Cj is the original inverse transform path
along the real axis; C; and C, are the closed integration contours
used for £<0 and £>0, respectively.

IV. TERAHERTZ SURFACE WAVES

With the solution in the Fourier domain at hand (7), (8),
and (10a)—(10c), we now transform it to the usual &x do-

main. In taking the inverse transforms of Ey,
E/(x,y,§)= | dg f do ¢“E (w,g,y),  (11)
—o0 CO

we choose the integration path C, (see Fig. 3) along the
entire real axis on the Riemann sheet in the complex w plane,
where the real parts of «, ,(w) are positive to ensure decay of
the fields at y— +o. The branch cuts due to double-valued
functions «, ,(w) run along the real axis from the branch
points +w,, with w,=c|g|(1-8%)7"2, and *w,, with o,
=(c2g2+80w12,)”2(80—,8‘2)‘”2, to infinity. The path C, passes
below the poles +w, of Ey(w, g,y) and runs along the lower
side of the branch cuts to satisfy the radiation condition
o Im k, ,>0.

For the evaluation of the inverse transform on w it is
convenient to close the integration path C in the lower half-
plane for ¢<0 (contour C; in Fig. 3) and in the upper half-
plane for £>0 (contour C, in Fig. 3). The contours C, , are
similar to that we used earlier in Ref. 17, but the poles and
branch points are given by completely different expressions.
When integrating along the contour C,; (for £<0), the entire
response is given by the integrals along two semi-infinite
straight lines tilted at an angle of 45° with the axes. These
integrals contribute only to the near fields both in vacuum
and in the semiconductor. When integrating along the con-
tour C, (for £€>0), the integrals along the tilted lines con-
tribute to the near fields, whereas integrals along the branch
cuts on the real axis give the outgoing radiation in vacuum
and in the semiconductor; the residue contributions at the
poles +w; determine the excited partial (with definite g) sur-
face wave. Additionally, in the semiconductor (y<<0) the

electric field transform Ey have poles at w, [see Eq. (10b)]
that describe Langmuir oscillations excited behind the opti-
cal spot. These oscillations are similar to the wakefield ex-
cited by a laser driver in the gaseous plasma in plasma-based
accelerators.'®
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Let us focus on the excitation of the surface waves. The
frequency of the partial surface wave is given by the position
of the poles xw,. Its amplitude is determined by the values of
the residues calculated at the poles. The poles are given by
the roots of the equation A(w)=0, i.e., &,k,+k,=0, which is
the well-known dispersion equation for surface waves. This
equation can be reduced to the form

ngzw_zzsp(sp"' 1)_1_B_2’ (12)

and has two solutions w==*w,. Using the relation between
the components g and w/V of the SPP’s in-plane wave vector
and the propagation angle ¢, i.e., g=wV~! cot ¢, it is conve-
nient to express the frequency w, through the angle o,

~ \/ 1-Bsin’ ¢
W, = W, A RN
S 1—,8251n2qo(1+80]) !

(13)

Figure 2(b) shows the frequency w, as a function of the
propagation angle ¢ for gy=12.9 (GaAs) and different S.
The low-frequency SPPs, which are weakly localized and
have large group velocities, propagate at large angles, ¢
— a. The waves with frequencies close to the largest pos-
sible frequency @,, which are strongly localized and have
very small group velocities, propagate at ¢=0.

Summing the residue contributions from the poles
=+, to the internal integral (11) and changing the integra-
tion variable g— w by use of Eq. (12) in the external integral
(I11), we arrive at the following expression for the electric
field of the excited surface waves in vacuum (y>0):

0’ &2G|F|e™"
gle, = 1(e, + 1)?

x> {(‘Iﬁ + %>cos(w§ Fex—1)
¥ B w

. 167 (“r
E\(x,y,8) =~ do
0

C

=L in(wE T gx- w)], (14)
V-—g,-1

where i is the phase of F such that F(xw)=|Flexp(Fi)
[#=0 for the Gaussian pulse (2); see Eq. (6)]. The function
g(w) should be substituted into Eq. (14) from Eq. (12) (only
positive g should be taken). The electric field of the surface
waves in the semiconductor E;(x, v,&), y<0, can be found
from Eq. (14) by replacing exp(—fcvy)—w;l exp(k,y).
Equation (14) gives the expansion of the electric field
Ej(x,y,§) into plane surface waves that propagate from the
laser path to x— + (outgoing waves) and toward the laser
path (incoming waves). At large &, only the outgoing waves
survive; the incoming waves interfere destructively. As a re-
sult, a farfield pattern of the outgoing radiation will be
formed at large & An asymptotic evaluation of the integral
(14) for large & using the stationary phase method gives
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s 2m wSSioéolf ole”" v
Ey(x,y,é) =~ C3 | " -1 1 2
g0x| go(g,0— Digy + 1)

Pz C80Px
X K_“—“ )cos[wof—g0|x|—1//0

B o

- fsgn(g;;)] - —”%sin[wog— golxl - o
4 V=g,0—1

p0—

-—fsgﬂgs]}, (15)

where the upper (lower) sign is taken for x>0 (x<<0), g”
denotes the second derivative with respect to w, and zero
subscripts imply that all variables that depend on w are taken
at the frequency w, for which

d
o (w&—glx[ =) =0, (16)
®
or (for =0)
dg _VE_
do |l = cot ¢. (17)

In Eq. (17), ¢ is a half-apex angle of the cone with its apex
on the moving laser pulse (Fig. 1); evidently, this angle co-
incides with the propagation angle of a partial plane wave.
Figure 2(b) shows the stationary frequency w as a function
of ¢. For the cone that subtends the largest angle ¢=«, the
frequency tends to zero, whereas wy— @, for ¢— 0. Thus,
the frequency of surface waves arriving at a fixed observa-
tion point far from the laser path increases with time ap-
proaching asymptotically ®,.

Typical distributions of the electric field E,(x,&) of the
excited surface waves and near fields in the plane y=0 cal-
culated on the basis of Eq. (11) for different orientations of
p, beam parameters €, and 7, and spot velocities B are
shown in Fig. 4. The field distributions exhibit several inter-
esting features. First, while for p oriented along Z the field
pattern is symmetric with respect to x=0 (Fig. 4(a)), for p
along X+Z it becomes strongly asymmetric (Fig. 4(b)). This
allows one to control the direction of surface wave emission
by varying the polarization of the optical beam or the beam’s
orientation relative to the crystallographic axes of the semi-
conductor. Interestingly, the symmetric radiation pattern is
similar to that obtained in Ref. 8 for Cherenkov radiation in
a homogeneous dispersive medium with a Lorentzian reso-
nance. Second, the radiated fields behind the optical spot
decrease in magnitude and fade more rapidly with & (for a
fixed x) when the transverse size €, or/and duration 7 of the
laser pulse are increased (Figs. 4(c) and 4(d)). Finally, the
opening angle of the Cherenkov cone increases if B ap-
proaches unity (Fig. 4(e)), in accord with the kinematic pre-
dictions of Sec. II.

To explain the dependence of the radiation pattern on the
parameters of the laser pulse, it is necessary to study the
spectral distribution of the radiated energy.
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To find the total energy radiated into the surface waves
per unit length of the laser path, we integrate the energy flux
per unit area far from the laser path over infinite intervals of
coordinate y (-0 <y<+) and time £ (0<£&<). To find
the +x-component of the Poynting vector .,

:J_rc(47'r)‘1EyBZ, we use Eq. (14) and the inverse transform

of EZ. On integrating S, ,, we obtain the total energy radiated
in +x directions,

W= f " w)do, (18)
0

where wi(w) is the spectral density of the radiation,

327T4w48[,62|ﬁ|2 p% ~ (& . cgpx)2
g,+1 \B o '

wi(w) =
c3g(8; —1)v- g,— 1

(19)

According to Eq. (19), the energy radiated by the p, com-
ponent of the nonlinear polarization is added to the energy
radiated by p, and p, (g, <-1 for surface waves). Thus, there
is no interference between the surface waves radiated by p,,
on one hand, and p, . on the other hand [see also Eq. (14)].
On the contrary, the waves emitted by the components p, and
p. can interfere and produce an asymmetric radiation pattern
(Fig. 4(b)) in which the energies radiated in +x directions
[Eq. (19)] differ significantly.

The spectral density of the radiated energy is shown in
Fig. 5 for p=pz and different ¢, and 7. For p along X and ¥,
the spectrums are qualitatively similar. Figure 5(a) allows
one to understand the distinctions between the radiation pat-
terns shown in Figs. 4(a) and 4(c). Indeed, the total radiated
energy (that is equal to the area under the curve of the spec-
tral density in Fig. 5(a)) is less for w,f,/c=10 than for
w,l /c=3 (see also Fig. 6(a)). Furthermore, for w,(,/c
=10 the plane waves with frequencies significantly smaller
than @, (0.3<w/®,<0.7) are predominantly excited. The
group velocities of such waves (see dashed curve in Fig.
5(a)) are close to the speed of light and, therefore, the waves
move rapidly from the laser path. For w,€, /c=3, the plane
waves with frequencies close to @, are excited efficiently.
These waves have large transverse wave numbers g(w) [see
Eq. (12)] and small group velocities (Fig. 5(a)). The slow-
ness of the emitted waves leads to the slowness of energy
spreading in the lateral directions. This explains the slow
fading of the oscillations near the laser path in Fig. 4(a). The
slowness of the waves may affect an experimental observa-
tion of the radiation because collisional losses can attenuate
the radiation before it reaches the receiver. When the laser
width decreases below w),€ | /¢~ 3, the peak in Fig. 5(a) nar-
rows and moves closer to @,. Consequently, the total radi-
ated energy drops rapidly (Fig. 6(a)) and the waves with
negligible group velocities are excited.

Similarly, the dependence of the spectral density on 7
shown in Fig. 5(b) explains the distinctions between the ra-
diation patterns given in Figs. 4(a) and 4(d). For relatively
long laser pulse with w,7=6, the total radiated energy is less
than for w,7=2 (see also Fig. 6(a)) and the fast waves that

14
leave rapidly the laser path are predominantly excited. In the
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FIG. 4. (Color online) Snapshot of the electric
field Ey(x,€) at y=0 (normalized to pw,/c) for
(a) p=pz, B=1.1, wp€l/c=3,rwp7=2; (b) the
same as in (a) but p=p(X+2)/\2; (c) the same as
in (a) but w,€, /c=10; (d) the same as in (a) but
w,7=6; (e) the same as in (a) but B=1.02. The
background dielectric constant is g;=12.9
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opposite case, when the pulse duration decreases below
w,7=2, the peak in Fig. 5(b) narrows, decreases in magni-
tude, and moves closer to @,. This results in a reduction of
the total radiated energy (Fig. 6(a)) and a decrease of the
group velocities of the excited waves (Fig. 5(a)).

Figure 6 shows that there exist optimal parameters ¢ | and

7 that can maximize the total radiated energy W;. Interest-
ingly, for p=pX and p=py (not shown) the total radiated
energy W; does not tend to zero when ¢, —0 (Fig. 6(b)).
This can be explained by an interplay of two processes: the
infinite growth of the spectral density peak with €, —0 and
the shrinkage of the peak’s width. However, this singularity
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FIG. 5. Spectral density of the radiated energy wi(w) (normal-
ized to p*/ @ ) for (a) w,7=2 and different values of w,€  /c shown
near correspondmg curves; the dashed curve shows the group ve-
locity v,/c as a function of frequency; (b) w,€, /c=3 and different
values of w,7 shown near corresponding curves; the curve for
,7=6 is magnified tenfold. The background dielectric constant is
£9=12.9 (GaAs) and B=1.1.

of the spectral density has little application in practice be-
cause it occurs at w— @, and, therefore, corresponds to the
excitation of the waves W1th negligible group velocity and
high Ohmic losses (Sec. I). There is no such singularity for
p=pZ; the magnitude of the peak in Fig. 5(a) tends to a finite
value with € | — 0, and due to the narrowing of the peak, the
total radiated energy tends to zero (Fig. 6(a)).

Figure 7 shows the optimal parameters ¢ 1 and 7 maxi-
mizing the radiated energy Wy and the maximal energy W,
as functions of g for different orientations of the nonlinear
polarization. One can conclude from Fig. 7 that the compo-
nent p, is the most appropriate for the excitation of THz
surface waves. Indeed, for S=1.2 the maximal energy is
greater for p, than for p, or p,. Furthermore for p, and 1p, the
optimal parameters are small: o, € /c<1 and wpr <1.5;
therefore, the components p, and p, generate predominantly
the waves with w~ @, and negligible group velocities (Fig.
5). These waves are of no practical interest due to their high
damping.

We have discussed so far the properties of the generated
SPPs for various orientations of the nonlinear polarization
vector p. Our next step is to relate p to the amplitude E, of
the electric field of the optical pulse and estimate the effi-
ciency of the optical-to-terahertz conversion. We assume that
the laser beam is p polarized. This polarization, according to
the Fresnel formulas, provides a larger value of the electric
field in the transmitted wave than s polarization. This is par-
ticularly important for grazing incidence (7/2—-a<1),
which is the regime we should use to get close-to-unity val-

L 7N Wsl

FIG. 6. The total radiated energy W* (normalized to p?) as a
function of €, and 7 for: (a) p=pZ; (b) p=pX. The background
dielectric constant is £g=12.9 (GaAs) and B=1.1.
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FIG. 7. (a) Optimal parameters w,{ i/ ¢ (solid lines) and pr*
(dashed lines) maximizing the total radiated energy as functions of
B for different components of p (shown near corresponding curves).
(b) Maximal energy W,,,, (normalized to p?) as a function of 8

when the spot polarization is p,, p,, Or p..

ues of B (see above). Essentially, due to a rather high value
of the refractive index n of GaAs at optical frequencies (n
~3.7 at 800 nm; the imaginary part is approximately ten
times less) the refraction angle 7y is small (y<<16°), even for
grazing incidence. Therefore, the electric field E; of the
transmitted wave is almost parallel to the z axis (E,>E,,
Fig. 8(a)). We relate E, to p via the nonlinear optical suscep-
tibility tensor (with the only nonzero components d;,=ds
=ds)" and the penetration depth of the optical beam in the
semiconductor €. A (110) surface of GaAs seems to be the
most appropriate for the observation of the physical effects
predicted above for two reasons. First, by changing the azi-
muthal angle 6 (Fig. 8(a)) this surface allows one to maxi-
mize |p,| at §=55° (Fig. 8(b)) to get the maximal energy
yield. Second, it can provide p,=p., p,~0 at =75° (Fig.
8(b)) to create an asymmetric radiation pattern (Fig. 4(b))
and more directional emission.

To estimate the conversion efficiency it is convenient to
introduce the coefficient 7, that relates the energy W, of
SPPs and the peak intensity /, of the incident laser pulse,

W= W+ W=y, with ly=—E.  (20)

Figure 9(a) shows the coefficient 7, as a function of the
incident angle « for the case of the optimal orientation of
GaAs crystal §=55° and for w,/27=8 THz (doping concen-
tration  N=~6.4x10" cm‘q) w0, 1c=10 (€ pwim
=21In2¢, =100 um), and w,T= 2 (TrwaM =66 fs). The

(a) X (0 6- ~
y A | Py
0.0
-0.6
1 p
-1.2 T T T
[110]] 0° | 300 60° | 9b°

6 (deg)

FIG. 8. (a) Geometry of the (110) GaAs surface. (b) Compo-
nents of the vector p (normalized to d14E,2€_V) as functions of the
azimuthal angle 6.
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FIG. 9. (a) The coefficient 7, as a function of the incident angle
a. (b) Oscillogram E\(t) at x=50c/w,, y=0, and z=0 for a=78"
(B=1.02). The other parameters for both figures are specified in the
text.

transmission of the incident field to the semiconductor (n
=3.7 for GaAs) was calculated using the Fresnel formulas.
We also used d;4,=66 pm/V?*?! and €,=1 um.** The func-
tion 7,(@) reaches a maximum 7,~ 1.8 X 1073 J cm3/W? at
a=78° (B~1.02). Thus, for a laser intensity of I,
=50 GW/cm?, we can obtain a rather high energy W,~4.6
X 1071 J/cm and conversion efficiency W,/ W;~6 X 10~ of
the incident optical energy W;=I,m€ | 7 cos a. This efficiency
is less than the one reported in the literature for the free-
space radiation.”! However, the energy density of the surface
waves decays with the distance from the surface. Therefore,
the electric field on the surface can be rather strong. Figure
9(b) shows the oscillogram of the field E,(7) at x=50c/w,,
y=0, and z=0 for 8=1.02; the other parameters are the same
as for Fig. 9(a). In Fig. 9(b), the field strength reaches a
rather high magnitude of 0.2 kV/cm. Figure 9(b) also shows
that the frequency of the oscillations increases noticeably
with time in the beginning of the oscillogram and then re-
mains constant. This is in accord with the prediction of the
stationary phase method (Fig. 2(b)).

V. TERAHERTZ FREE-SPACE RADIATION

In the previous section we discussed the kinematic prop-
erties and excitation efficiencies for the surface waves that
spread from the path of the optical spot but remain confined
to the surface. In addition to these waves, the spot will gen-
erate waves that will leave the surface and produce free-
space radiation both in the semiconductor and in vacuum.
These waves will form a Cherenkov cone that is asymmetric
with respect to the y=0 plane. All properties of the free-
space radiation are described by the integral along the branch
cuts along the real axis of the integration contour shown in
Fig. 3. Figure 10 shows a typical distribution of E| on the
surface and in vacuum. At small distances from the spot, the
surface and free-space waves interfere significantly and can-
not be separated. At large distances they become separated
and form two radiation patterns.

By integrating the Poynting vector of the free-space radia-
tion emitted in the +x directions in vacuum and representing
the radiated energy as W, = nulg, we can compare the conver-
sion efficiency for these waves with that for the surface
waves. The efficiencies as functions of the incident angle «
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FIG. 10. (Color online) Snapshot (r=0) of the electric field
E(x,y,z) on the GaAs surface (y=0) and in the vacuum (y>0) for
the same parameters as in Fig. 9(b).

are plotted in Fig. 11. Almost for the whole range of « the
energy emitted into vacuum exceeds that of the surface
waves. This difference is particularly large for small angles
when the optical spot moves with the velocity exceeding
significantly the speed of light (V/c— o when a—0). This
limit corresponds to the case when the spot creates instanta-
neously a line of nonlinear polarization. The line emits ra-
diation that propagates almost perpendicularly to it, i.e., the
cone angle approaches zero. The low excitation efficiency
for the surface waves in the limit «—0 can easily be ex-
plained. The instantaneously created line produces surface
waves that propagate in the +x directions. The electric field
of such waves has only x and y components. Therefore, these
waves cannot be excited by the z-polarized source. However,
at grazing incidence the energy of the surface waves be-
comes comparable to that emitted in vacuum and can even
exceed it slightly.

VI. CONCLUSION

To conclude, we have predicted and analyzed the excita-
tion of THz surface waves on a semiconductor surface by a
short optical pulse. The pulse was assumed to be focused in
one direction and produce an optical spot that moves along
the surface with superluminal velocity. The presence of non-
linearities in the semiconductor should give rise to a moving

New (10722 J.em®/wW?)
1.0 4

0.8
061
0.4

0.2+

0.0

FIG. 11. The coefficient 7, (curve 1) as a function of the inci-
dent angle « for the same parameters as in Fig. 9(a). The depen-
dence 7,(a) (curve 2) is shown for comparison.
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pulse of nonlinear polarization, which in turn will emit Cher-
enkov waves in the THz spectral range. By doping the semi-
conductor one can introduce SPPs that will be excited as part
of the Cherenkov radiation.

In the present paper, we assumed that nonlinearity comes
from optical rectification in bulk. This allowed us to estimate
the excitation efficiency and to find the orientation of the
surface and incident angles that give the most efficient exci-
tation of the surface waves. However, the possibility to ex-
cite THz surface waves is not limited to optical rectification
and will exist in many other situations when the spot creates
a time-dependent variation in polarization on the picosecond
scale. Among those, we mention surface-induced optical
rectification>?3 or ultrafast current creation.'” In the latter
case, the source would be a spatiotemporal distribution of
surface currents rather than a moving pulse of nonlinear po-
larization. While the theory developed in this paper describes

PHYSICAL REVIEW B 72, 195336 (2005)

the excitation of surface waves for all the mentioned mecha-
nisms, the excitation efficiencies will differ. We also empha-
size that the generated surface wave does not have to be a
SPP, the case treated in the paper. The excitation scheme and
developed theory are applicable to other surface waves, for
example, surface phonon polaritons and surface exciton po-
laritons.

Finally, the proposed technique, in addition to its potential
use as a THz source, can be a useful tool to study THz
properties of clean semiconductor surfaces as well as to
probe the properties of materials deposited on surfaces.
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