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TERAHERTZ DISPERSIVE SPECTROSCOPY
FOR THIN-FILM STUDY VIA SURFACE-PLASMON -
BULK WAVE INTERFERENCE *

A new technique for terahertz (THz) dispersive spectroscopy of thin films employing surface plasmons (SP) has been
developed. The technique is based on the SP’s complex refractive index K strong dependence on the transition layer opti-
cal constants and employs interference in parallel beams of bulk and surface waves. It is remarkable for its accuracy and
enables investigators to determine both parts of K in one measuring procedure. Devices implementing the method may be
whether of static or dynamic character; the latter requires measuring time equal at least to one pulse duration.

Keywords: surface plasmons, terahertz radiation, far infrared, dispersive spectroscopy, thin films, interference, free-
electron laser.

B. B. I'epacumos, b. A. Kus3es, A. K. Hukutnn

TEPATEPITIOBASI JUCIIEPCUOHHA SI CIIEKTPOCKOIIHSI
JJIS1 HCCJETOBAHMS TOHKHUX INIEHOK C IOMOIIBIO HHTEP®EPEHITAN
MOBEPXHOCTHOI'O INIA3BMOHA C OFBEMHOM BOJIHOM

Pa3paboran HOBBIIf METOA TepareplOBO AUCIIEPCUOHHON CHEKTPOCKOIUH TOHKUX IUICHOK, UCTIONIB3YIOLIHN MOBEpX-
HOCTHBIEC ILIa3MOHBI. MeToJl OCHOBBIBAETCSI Ha CHJIBHOM 3aBUCHMOCTH KOMIUIEKCHOIO IIOKa3aTels MpeJoMIICHHs K IO-
BEPXHOCTHOT'O IJIA3MOHA OT ONTHYECKHX KOHCTAHT IIEPEXOJHOTO CJIOS U HUCIONB3YeT HHTEP(EPEHINIO B NapaJUICIbHBIX
IMy4Kax 0ObEMHON M MOBEPXHOCTHOH BOJIH. MeTox sBIAETCS O4YEHb TOYHBIM M MO3BOJSIET OMPENENITh 00€ JacTu K 3a
OJIHO U3MEpEHHe. Y CTPONCTBA, HCIONB3YIOIINE JaHHBIH METOJ, MOTYT ObITh CTATHYECKUMU U JTUHAMUYECKHMH, NIPUIEM
HOCJIeTHHE TPeOyIOT BpeMEHU U3MEpEHHs, 110 KpaifHel Mepe, paBHOE 0JJHOMY UMITYJIbCY TOBTOPEHHSI.

Kniouesvie cro6a: TOBEPXHOCTHBIE IUIA3MOHEI, TEPArepIioBOe H3TyUCHHUE, JalibHee HH(PAKpaCHBIH Auana3oH, JUCTIep-
CHOHHAsI CIIEKTPOCKOMHSI, TOHKHE IIEHKH, HHTep(EpeHIHs, Jla3ep Ha CBOOOJHBIX AJIEKTPOHAX.

Introduction py, establishes the dielectric properties of a
medium as a function of frequency, in other

Dispersive spectroscopy (DS), sometimes words it determines frequency dependences of
called “dispersion” or “dielectric” spectrosco- optical constants’ (refractive n and absorption k
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indexes) as a result of amplitude-phase mea-
surements employing a wide-band continuous
or tunable monochromatic radiation source [1].

A few decades ago a new powerful method
for optical study of conducting surfaces was
developed [2]. The method is based on genera-
tion of surface plasmons (SP), a kind of surface
electromagnetic waves, by probing radiation.
SP field has its maximum at the sample’s sur-
face and decreases exponentially with moving
away from it. This is the main reason why SP
characteristics (propagation length L, phase
velocity V,, and air penetration depth ) are
very sensitive to optical properties of the sur-
face and its transition layer. Having determined
the SP complex refractive index x=«"+ i-K”,
employing the measured L= (2k,x”)" and
Von=C/K (here k,=2m/A, A - wavelength and
C — speed of the radiation in free space), one
can calculate two unknown parameters of a
film at the surface or optical constants of the
metal substrate. Therefore SP are widely used
in studying surface of metals as well as for their
refractometry, bringing good results in the visi-
ble and middle infrared (IR) spectral ranges.

As for the far IR spectral range, specifically
for the terahertz (THz) region, SP characteris-
tics are very similar to those of a plane wave in
air (with a refractive index n): the difference
(K'-n) < 10%, L amounting to meters, and o
reaching centimeters [3]. Due to these peculiar-
ities, the process of SP excitation at a clear
metal surface is rather embarrassing, which
results in very low transformation efficiency
(from hundreds to thousandths of a percent) of
bulk radiation in SP. On the other hand, the SP
features at THz frequencies stipulate unaccept-
ably low measurement accuracy both for L and
Voh

The situation reverses if we cover the sam-
ple surface with a layer that results in redistri-
bution of the SP field from air into the metal.
This results not only in rising transformation
efficiency, but in increase of k" and decrease of
L as well as makes their measurement accura-
cies tolerable and the SP spectroscopy tech-
nique in a whole efficient at THz frequencies.

In this paper we discuss effective technique
for determining k" and ¥” via THz SP and bulk
wave (BW) interference. Mastering this tech-
nique is important for the following reasons:
1) there is no other optical methods of investi-

gating films with thickness d << A at THz fre-
quencies; 2) reflectometry and ellipsometry
practically cannot be used for spectroscopic
study of conducting surfaces and their transi-
tion layers due to the very high reflectivity of
metals in the far IR.

Surface-plasmon —
bulk wave interferometer

The principle idea of interferometric SP
spectroscopy described in [4] can be realized
with a modified Michelson interferometer
where monochromatic radiation in one of the
shoulders passes part of its path in the form of
SP accumulating information about the sample
surface. The information is contained in the
interference picture formed by two bulk waves:
the reference one and the wave produced by the
SP due to diffraction at the sample’s edge.
However, accuracy of this method was found to
be insufficient as the beams interfere at a large
angle, making the period of the pattern compa-
rable with the wavelength.

We have developed a simpler and more ef-
fective scheme of THz SP dispersive spectro-
meter, involving interference in parallel instead
of converging beams: one of which is the SP
beam itself, while the other is a bulk radiation
produced on the matching element when trans-
forming the incident light into the SP.

The interferometer (Fig.1) functions as fol-
lows. By mirrors 2 and 3, radiation of source 1
is directed towards the edge of screen 5, spaced
from the specimen 4 plane surface by a dis-
tance h, controllable in the limits from 5A to
20A. Due to diffraction, the radiation is partial-
ly transformed to SP and BWs, propagating at
various angles from the surface. Among this set
of BWs there is a wave with a wave vector pa-
rallel to the surface and field overlapping with
the SP field. The BW and SP run along the sur-
face with different phase velocities since k¥’ is
larger than the BW refractive index » in air 6.

As a result of the Joule loses, the SP intensi-
ty decreases exponentially with the absorption
factor o=k, x” (here k,=2m/A). Having cov-
ered the same distance x, the BW and SP meet
detector 7 (on a moveable platform 8) and ac-
quire phase incursion differing in value by the
magnitude AQ = k.x-(x’-n). Being coherent,
the BW and SP interfere with each other and
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Fig. 1. Scheme of the SP interferometer employing interaction of surface and bulk beams

Fig. 2. Interferogram for the structure ~

“Al —Ge layer 0.7 um thick - air” at
A=100 um

illuminate the detector’s sensitive element with
the intensity / described by the expression:

I(x) =1, + I, exp(-a.-x) +

+2~\/Il~12~exp(—oc~x)-cos(A¢), (1)
here I is the BW intensity, independent on the
distance x; I, is the SP intensity right under
screen 5 when x=0.

The period A of the registered interference

pattern (interferogram) is constant and linked to
K’ by the evident formula:

K =n+AA. 2)

The SP absorption index k” can be calcu-
lated by putting the intensity values measured
in two different interferogram maxima in the
following formula':

K" =2-In ‘/7 \r/[k

x)]. 3

! Formula derivation is presented in the Appendix.

5 10 15 20 25 30

here x; and x, are the coordinates of corres-
ponding maxima, x,>x.

On putting the found values of x” and ¥” in
the SP dispersion equation for a three-layer
structure [2], unit 9 computes two parameters
of the structure: either both the thickness and
refractive index of the transition layer or the
complex dielectric permittivity of its material.
Note that the contrast of the interferogram can
be controlled by changing the distance / from
the screen edge to the specimen surface in the
limits from 5 to 20A.

To illustrate the technique let us consider
the following example. Suppose we have to
determine the dielectric permittivity €, of a 0.7
um thick germanium (Ge) layer, deposited on
an aluminum (A/) substrate at A=100 wm using
the method. Assume that the screen’s position
ensures I,=I,, i.e. the intensity of the BW prop-
agating parallel to the surface equals the SP
intensity under the screen. The surrounding
medium is air (n=1.00027). The calculated de-
pendence I(x) for the interferogram in this case
is depicted in Fig.2. In the calculations we used
the Drude model for Al dielectric permittivity.
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From the graph presented it follows that: 1)
A=10.675 cm, which according to (2) corres-
ponds to k’=1.00121; 2) the resulting intensities
in the first 7,, and the second I,, maxima,
reached at the distances x;=10.565 c¢m and
x,=21.240 cm, are equal to 3.275 and 2.739,
accordingly. Putting the values of 1,1, 1,2, x;
and x, into (3), we get K’=6.3-107.

At the final stage of the execution procedure
the SP dispersion equation for a three-layer
structure is solved relatively to €g.. Thus in the
example considered we obtain that Ge permit-
tivity at A=100 um equals to €5,= 16+i-0.008.

Having done similar measurements and cal-
culations for other A one can determine €, in
the whole THz range. Note that there is still no
other optical method able to determine thin
layer spectra at THz frequencies.
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Appendix

Suppose we have measured intensity /,,; and
I, in two maxima of the interference pattern
corresponding to distances x; and x, run by the
SP. With regard to the fact that for maxima
A@ =27b (here b — is an integer) these intensi-
ties in accordance with formula (3) may be de-
scribed as follows:

L= I,-1,, +21,-1,
Im2=11+l22+2w111'122 ,

here I, — is intensity of the bulk wave, I;; and
I,, — are intensities of the SP at coordinates x;
and x,.

Solving these equations relatively 15, and I,

we get:
b= (VI ~1;)
In=(JI,,~J1) -

In view of the exponential SP field decay we
can express I, through I, on assumption that
x1<xy: Ip = Ly-exp(-0-Ax), here o = ko X7 — is
the SP’s absorption coefficient, Ax=x,-x;. Whe-
refrom it follows that: o-Ax = In(I,,/1,,).

and

and

Substituting the expressions for Iy, I; and o in
the last equation we get the required formula

3).
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