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Characterization of thin polymer films using terahertz time-domain
interferometry
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An interferometer for broadband single-cycle THz pulses is developed based on the Michelson
configuration. Total internal reflection of THz pulses in high-resistivity silicon prisms provides a
nearly 180° phase shift of one arm relative to the other to achieve destructive interference. We show
that due to automatic compensation for laser fluctuations by the interferometer, it is possible to
measure the index and absorption of thin-film samples with more accuracy than is achievable with
standard THz time-domain spectroscopy. We demonstrate characterization of the complex index of
refraction of 2um thick Mylar (polyestey films. By measuring the signal amplitude directly in the
time domain, the interferometer can be used for rapid measurements of film thickness with a
resolution of better than Am. © 2001 American Institute of Physic$DOI: 10.1063/1.1389823

The measurement of thin filthss one of the enabling by the second beam splitter. A second parabolic mirror col-
roles of optics in modern day industnAccurate measure- limates the superposition of the two THz pulse trains which
ment and control of film thickness are critical to applicationsare then incident on the 5@m receiver antenna. Thin-film
from semiconductor processing to food packaging. Howeversamples are placed in the sample arm in the position shown
well developed optical techniques such as variable angle Fig. 1.
spectroscopic ellipsometry and phase-contrast microscopy In THz TDS, a sample with complex refractive index,
are not applicable for measurement of opaque films. n(w)=n,(w)—in;(w), is placed in the THz beam and the

The recently developed techniques of THz time-domairelectric field Eg,,{t) transmitted through, or reflected
spectroscopyTHz TDS?! and THz tomography have been  from? the sample is measured. The sample is then removed,
shown to be capable of performing measurements on, anahd a second reference scan is measufeg(t). The nu-
images of, samples which are opaque in the visible and neamerical Fourier transform of the time dependent data yields
infrared regions of the spectrum. The utility of THz TDS is the complex amplitude spectf,m{®) and E,e(w). The
limited in the case in which the sample is very thin, or has aatio of the sample spectrum to the reference spectrum deter-
low index and absorption, since it is very difficult to distin- mines the phase and amplitude shift of the THz pulse inter-
guish changes in the THz pulse caused by the sample fromicting with the sample. Assuming a transmitted pulse going
those caused by long term fluctuations in the driving lasethrough a sample of thickness
source or experiment. Using standard THz TDS, lif
films of polyimide have been characterizeth transmission
measurements, rapid sample dithering has permitted differ-
ential measurements of parylene-N filfh&n interferometer CH';
incorporating the Gouy phase shift has permitted reflection Réseivét
measurements of voids in Teflon as small as J21&’

The experimental setup consists of a Michelson type in-
terferometer configuration inserted into a standard THz TDS Silicon
system as shown in Fig. 1. The THz source is a coplanar Beam Splitter
transmission line biased at 404)which generates freely
propagating pulses of THz electromagnetic radiafiarhe
radiation emitted covers a 0.3—1.5 THz bandwifitee the
reference spectrum in Fig(l®] and is collected by a silicon
lens and collimated by a parabolic mirror. The THz beam
(shown by thick linesis split by a 0.35 mm thick silicon
beam splitter into reference and sample pulse trains. The two
THz pulse trains are incident on silicon right angle prisms
which act as roof reflectors. One face of the sample arm
prism is coated with a 60 nm thick layer of aluminum depos- Transmitter
ited by thermal evaporation. After passing through the

prisms, the separate THz pulses are again made coincideRiG. 1. Diagram of the THz interferometer. The beam splitters are indepen-
dently adjustable and the prisms can be translated into the directions indi-
cated by the arrows. The incidence angle on the prism fagesind ¢,)
@E|ectronic mail: kridnix@okstate.edu is 0°.
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with ko= w/c. With the power absorption coefficient given 40
by a=2wn;(w)/c, both the real part of the refractive index
and the absorption spectra are determined from the ratio of
the measurements. For samples with high index the Fresnel
transmission coefficients,,(w) and t,;(w), on the input
and output faces, respectively, must be inclutfed. ]
In the THz TDS system shown in Fig. 1, the THz pulse -40 +

is split into both sampleEg,m{t), and referencek,¢(t),

204

-204
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pulses and a single measurement returns the superposition

E(t) =Esam{t) + E(ef(t). The measured fields from each arm -80 +

are the_n given by the incident field multiplied by the F_r_esnel 0 2 4 & & 10 1
coefficients along the beam path. The Fresnel coefficients 54

are defined as?, for reflection andt{, for transmission
where the subscript “12” corresponds to an air—silicon inter-
face and “21” to a silicon—air interface at incident angle
The Fresnel coefficientyy, is the reflection coefficient at the
silicon—metal interface. By rotating the prisms to minimize
the time delay, the interferometer is aligned &g=45° and
0,=60,=0° and for this optimal alignment;= 65=45°.
Contrary to intuition, the silicon—metal reflectiarfy,, has a
value of +1 when the field is polarized in the plane of inci-
dence(P).!* The complex coefficients; = —0.983+0.186
corresponds to total internal reflection witty; |=1 with a
phase angle of 169.7°. The sample transmission function,

T«(w) is given by o 2 4 & 8 10 12
) ) Time (ps)
To(w)=tigts exp{—iko[n(w)—1—inj(w)]d},  (2)
FIG. 2. Measurement of the THz signal in tk® reference arm{dashed

where t;g and tg; are the Fresnel coefficients far=0° line) and sample arr(solid line). The dotted line represents the sample arm

and we assume the sample index is small so Seconday‘e” the sample is placed in the arth) The measured signal with no
. . ample in the beari4(t) is shown as a solid line and the signBl,ea{t),

reflections can be ignored. with a 2 um thick Mylar film (dashed ling

With the reference arm phase defined to be 0° and

Ts(w)=1, Eref( @) =0.24E4(w) and Esam;(w) he i f h df d

= 0.24E,(w)T(w)exp(10.3°). This phase shift arises Fo.rt e interferometer, the measured frequency depen-
from the frequency independent Fresnel reflection coefficient€t SIgNalEre ) +Esamfw) can be written as

which has comple.x value for total internal r_eflection'. The Emead @) = Eefl 0){1—exp( —iko[n(w)—1]d

temporal phase shift has been observed previously with THz

pulsest? Due to this phase shift between the arms, even un- +id(w))}, 3

der optimal alignment conditions complete destructive inter- h h d the ind d ab i fth
ference of the THz wave forms is impossible to achieve. AVNEre we have assume € Index and absorption ot the

—t 16
numerical analysis for this system shows that the best extinéampletar? sn;)altlhs?hthe?'{s():;osl_hl. Tr:jgﬁphase termb(wl)l,
tion possible in the time domain is approximately 2.5% ofaccounts for bo € 1U.5° phase dilerence as well as a
the signal propagated by one arm. frequency dependent term accounting for small misalign-

The measured pulses in the reference dEmg(t), and ments Qf the sample.armb(c_o) is determined by taking a
sample armEg,n{t), obtained by blocking one arm and 3°&" w:t(p(:)o sample in the interferometB (w) = Erel @)
measuring the signal in the other arm are shown in Fig. 2 X(1-€ ). Mgasurements of .the refgrence arm pulse,
The measured signalpointy in the sample arm is also Efef(“’)’ and the mterferometer_ signal V\."tEt“eaf(w)’ and
shown when a 2um thick Mylar® sample is placed in this without, Eq)(w) , a sa_mple permit determination of the com-
arm. The small value oky(n—1)d makes these two THz plex refractive index:
pulses_nearly |nd|st|ngg|shablg. FigurébPshows the mea- _ —i Epmeal ©) — Eg ()
sured interferometer signal with both the sample and refer- n.(w)—in;(w)= ﬁln E — +1|+1.

; ; 0 o(@) = Eref )
ence arms open. The measured peak to peak signal here is (4)
3.5% of the difference between the peaks of the reference
and sample arms measured individually. The slight additionafFor thin samples of low indeXg[ n(w)—1]d<1 which per-
signal over the 2.5% calculated minimum is attributed tomits expanding the exponential in E¢3) as a serie§,
slight misalignments of the THz beam. The signal measuredxpk)=1+x. The complex index can then be calculated by
with both arms open and a nominallyx& Mylar film as a  dividing the measured signal by the reference when the
sample E..{t), is shown in Fig. ?). phase shift®(w), is known:
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EmLi(‘w)zkoni(w)dnLiko[nr(w)—1]d+i<D(w). (5) 801 (a) .
Eref(w) 1 {
THz interferometry is capable of determining small < 7

changes in the film thickness-index product directly from the = a0

time-domain data without measurement of the full THz °::’

pulse. The effect of a film of indexa=ny+An(w) with O 204

An(w)<<ny andalL <1, and thicknesg], is to shift the THz 3’ 0l

pulse in time by an amourtt=d(n—1)/c for a single pass

of the THz pulse through the film ankt=2d(n—1)/c for a -20

double pass. In this case, with no sample in the beam, the

measured electric field in the reference arm giverEQy(t) '400 ] . : 3 10 12

and that of the sample armEg,m(t)=—E.(t)+Eqe(t), Time (ps)

where E4(t) is the small residual time signal due to the \

phase shift®(w). Inserting the sample shifts the pulse in the
sample arm by an amounit. With the time shift, the mea-
sured signal i€ ,0.{t) =E(t) — Eef(t—At) + E¢(t). With

§
§
§
\
.
§
§

S
\
N
the knownEg(t) subtracted from the data, the time shifted = §
reference pulse can be expanded in a Taylor series with only ‘: § Reference
the first order terms being retained for smatl. In this case 3 § Amplitude
c \ \\Spectrum
Emeadt) = Ere(t) ~ Eref(t— A =AtE[(1), (6) N\
| BN \
where the prime corresponds to the time derivative. The §§\Q
guantity At=d(n—1)/c can be determined by numerically §E\\\
integratingE,e2{t) and determining\t by a comparison to 0. _ 10
the known reference pulse. The film thickness-index product Frequency (THz)

?AZZZJP;SUS?QSQEI:]e(:irte)(:tpr/ogotﬂgrﬂ?_'nza:nttoe r:‘r:ozzeie?.f the FIG. 3. (a) Measur'ed reference pulgsolid line) E (t) and_the fit_of the
' o . measured pulse with background phase subtracted followin¢GEwith At

To demonstrate the measurement sensitivity of the interef 10.5 fs. (b) Measured real refractive indetupper solid ling and
ferometer we measure free standing films of nominalyn2  absorptioxxlength (lower solid ling determined using Ed5). The dotted
thick films of DuPont type C Myldt polyester film*® The Irlgfi r'esntcr;e 1}22 é”iec’t‘r:lfa':"ny'ar g‘tel GHz while the dashed curve is the
film, stretched taut to eliminate wrinkles, was mounted on a puise sp piuce.
frame placed in the sample arm of the interferometer. The ) )
film thickness, independently measured at several points on _1he authors would like to thank D. Grischkowsky for
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