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Thin metal films alone or incorporated in a multilayer stack structure with dielectric films are good
candidates of terahertz absorbers necessary for achieving the maximum responsivity in
microbolometer devices. However, the design and optimization of these absorber structures depend
on the knowledge of the complex refractive index of metal films in the terahertz frequency range,
which is not easy to measure or determine from experiment. This paper presents a novel method that
allows fast and reliable extraction of the complex refractive index from terahertz time-domain
spectroscopy. It starts with terahertz time-domain transmission measurements, followed by Fourier
transforms to obtain the transmission spectrum in the frequency range of 0.1-3 THz, and finally an
extraction process using the enhanced “on-the-downhill” algorithm. Some experimental examples
are given, all of which show good agreement with theoretical calculations. This extraction method,
combined with the scattering matrix model, can help design and optimize complicated absorber

structures for terahertz microbolometers. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2970161]

I. INTRODUCTION

Microbolometers are promising candidates for real-time
terahertz imaging applications due to their low cost, room-
temperature operation, and possibility of fabricating very
large focal-plane arrays. For the maximum responsivity, each
element in an array must be provided with a thermal ab-
sorber to convert incoming terahertz radiation into heat. Im-
proving the optical performance of absorber structures for
thermal detectors has been an old topic of research and two
efficient solutions have been proposed. A single metal film
can absorb at most 50% of the incident radiation.'” This
absorption shows a quite constant value over the whole in-
frared (IR) band, and that explains the wide use of such films
as efficient IR absorbers.’ Another promising solution is to
form a quarter-wavelength (\/4) structure™ by backing a
thin metal film with a perfect reflector at N/4 per optical
distance, which can be adjusted using certain dielectric films.
These N/4 structures can increase the absorptivity from the
50% demonstrated in the single metal film absorbers to
nearly 100%.

The design and optimization of the above absorber struc-
tures for terahertz microbolometers require a through knowl-
edge of the complex refractive index of thin metal films in
the terahertz spectral region. However, unfortunately most
previous work that focused on the absorption theory of bo-
lometers calculated the absorption using either the complex
refractive index of thin metal films in the near- or mid-IR
spectral region6 or the complex refractive index of bulk
metal films.” These values cannot be used to investigate the
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absorption of bolometers in the terahertz spectral region as
the complex refractive index of thin metal films is a sensitive
function of the type and thickness of the metals and fre-
quency. If the thickness of these thin metal films (nanometer
range) is comparable to the metal grain size, bulk values of
the complex refractive index or Drude model estimates from
bulk measurements are not valid. Therefore in order to model
the optical performance of thin-film metal absorber struc-
tures in the terahertz spectral region, we need to develop an
efficient measurement technique and a data extraction
method to obtain the complex refractive index of thin metal
films.

We present in this paper a very fast and reliable extrac-
tion of the complex refractive index of nanometer-thick
metal films from terahertz time-domain spectroscopy (TDS).
Terahertz TDS is a powerful spectroscopic technique that
generates and detects terahertz radiation in a synchronous
and coherent manner.® Using ultrashort electromagnetic
pulses, terahertz TDS has given access to the complex refrac-
tive index of a wide range of materials, such as
semiconductors,9 superconductors,10 dielectrics,1 !
polymers,12 pharmaceuticals,13 and liquids.14 We demon-
strate here that terahertz TDS can even be used to character-
ize ultrathin metal films in the terahertz frequency range. The
scattering matrix technique presented also allows the absorp-
tion of thin disordered films to be calculated where the
Drude model is not valid.

Il. THEORY

Consider a sample of thickness L with two flat and par-
allel surfaces [medium 2 in Fig. 1(b)], placed between two
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FIG. 1. Optical path of the terahertz beam in terahertz TDS for the (a)
reference measurement and (b) sample measurement.

media, 1 and 3 (see Fig. 1). It assumes that all these three
media are magnetically isotropic and have linear electromag-
netic responses. The terahertz beam (plane wave with linear
polarization) passes through the sample from medium 1 to
medium 3 at normal incidence. With the above assumptions,
the spectral component at angular frequency w of the electric
field of the terahertz wave transmitted from medium 1 to 3
without the sample [Fig. 1(a)] is given by

Fref(w) = n(w)TB(w)Dair(w’L)E(w)a (1)

where 7(w) is a term including all the transmission, reflec-
tion, and dephasing coefficients in media 1 and 3, E(w) is the
electric field of the terahertz wave emitted by the photocon-
ductive emitter that serves as the terahertz source in terahertz
TDS, T,,(w) is the transmission coefficient from medium a
to medium b, and D,(w,d) is the dephasing coefficient in
medium a over a distance d. The transmission and dephasing
coefficients can be given by

Tab(w) =_ a~ > (2)
n, + ny,
D, (w,d) = exp{—jﬁa%i} , (3)

where 711,=n,—jk, is the complex refractive index of medium
a, which depends on the angular frequency w, with n, and «,
being the real and imaginary parts of the refractive index,
respectively.

When the sample is inserted between media 1 and 3
[Fig. 1(b)], the spectral component at angular frequency w of
the electric field of the terahertz wave transmitted through
the sample is

Fsample(w) = 77(0)) X T12(w) X Dz(w,L) X T23(w)

X E(w) X 2 [Rys(w) X D3(w,L)
k=0

X Rzl(w)]k, (4)
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where R, () is the reflection coefficient at the a-b interface,
which can be given by

Sl

Sl

a

b (5)

Rab(w) = +

:Fl
)

The Fabry—Pérot effect in the sample (forward and backward
reflections between the two flat and parallel surfaces) is rep-
resented by the term of summation.

The complex transmission coefficient of the sample,
Tgampie(®), can be obtained by dividing the signal with the
sample [Fgmpe(w)] by the signal without the sample
[Fref(w)]:ls

T ' (w) — Fsample(w) - 2ﬁZ(ﬁl + ﬁS)
e Fref(w) (71 + iy ) (7t + ii3)
L
Xexp|:_j(ﬁ2_ﬁair wT:|FP(a)), (6)
where FP(w) represents the Fabry—Pérot term given by
1
FP(w) = — .
Ny—np \[ ny,— i3 _ oL
- (ﬁ)(ﬁ) X €XP[— 21712—}
ny, +ny ny, +ny C

(7)

The complex transmission coefficient (including both ampli-
tude and phase) of the sample can be measured experimen-
tally by the terahertz TDS. Then the complex refractive in-
dex as a function of frequency can be self-consistently
determined using an algorithm called “on-the-downhill”
method, which solves the complex Eq. (6) with an accuracy
set by the user.

lll. ON-THE-DOWNHILL METHOD

One of the most efficient methods to solve a root finding
problem is to use the Newton—Raphson algorithm.15 Unfor-
tunately, this method could diverge easily if the function that
we are looking for roots is oscillating. That is the case of the
real and imaginary parts of T, .(w) as a function of n, and
K,. Therefore, the Newton—Raphson method is applicable
only if one starts the calculation with values of n, and «,
very close to the final solution.

In contrast, the on-the-downhill method imposes no re-
quirement on the starting values. The only restriction is that
the function that we intend to find roots must be analytical.
This method was originally proposed by Ward'” to solve any
arbitrary analytical complex equation, f(z)=f(x+y)=0. In-
stead of searching for the zeros of f(z), this algorithm defines
a new function W(x,y)=|R(x,y)|+|I(x,y)|, where R(x,y) and
I(x,y) are given by f(z)=f(x+jy)=R(x,y)+jl(x,y), and
searches for its zeros. This function is smooth and can be
visualized as a surface always above the xy-plane. It is im-
mediately seen that the zeros of f(z) are also zeros of W(x,y)
and vice versa. The searching process involved in this
method is based on the theorem that if f(z) is analytical, then
W(x,y) has no minimum value such that W+ 0. By working
with the function W(x,y) instead of f(z), advantages may be
taken of the above theorem.
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The algorithm of the original on-the-downhill method
can be described as follows. Let P,(x;,y;,W;) be any point
of the surface W. If W,=0, z;=x,;+/y, is a root of f(z).
Otherwise a neighboring point P,(x,,y,, W,) exists for which
W, <W,. This point is said to be “downhill” from the first
point, hence the name on-the-downhill. This process repeats
until a final downhill P,(x,,y,,W,) is reached for which
W,<A where A is a prescribed small positive number (for
example, 1 X 107°), which determines the accuracy by which
a root (xg,yp) is to be approximated. Theoretically, this
method always converges toward a root provided that at least
one root of f(z) exists within a certain finite region of the
xy-plane. However, in practice, it may fail to find a zero if
any point in the downhill sequence Py, P,,... is a saddle
point or trapped in a hollow or a valley.

The above dilemma can be solved by using an enhanced
version of the on-the-downhill method.'® Let Zp=X;+jy; be

the kth iteration in the downhill sequence. Then three new
o) ) €)

test points Zir1r Zgro and 7y, are calculated by
z,(<1+)1 =z, + de/%I?, ()
z,(i)] =Zxt del®, )
2 =z + e/, (10)

where o represents the step length between two consecutive
iterations, « defines the angle between the center arm rela-
tive to the x-axis, and @ is the angle between the center arm
and the two other arms. In this work an equilateral pattern is
defined with =0 and 6=120°.

If a point P, (xps1sYeers Weey) calculated from the
above three test points is found to be lower than the point
P(x;, v, W), then the next downhill point P,,, is searched
in the direction determined by a line Q; to Q;,y, where O,
and Q. are the projections of P, and P, on the xy-plane.
Thus the angle « is changed to a value given by

s el — 2k Ll ~ Lk (11)
|2ke1 = 2l 6

Moreover, accordingly the arms are directed forward by set-
ting 6=45°. This ensures that the test points are always
searched in the neighboring region of the current downhill
where the probability of finding the next downhill is greatest.
In this way the speed of convergence can be greatly in-
creased.

On the other hand, if no points are found lower to be
than the current downhill P,, special approaches have to be
adopted to continue the downhill process. It is impossible to
determine from the fact that W, ;> W, whether the point P,
is trapped in a hollow or a valley (or a saddle point), and it
has been shown that the approaches in these two situations
are different.'* Our solution is to always at first assume that
the current downbhill point is in a hollow. Thus the step length
4 is reduced by a prescribed factor (6.0 in this work), and if
a downhill P, is found, the above “forward search” proce-
dure is continued from this point. If, however, a lower point
is still not found, the above assumption that the current
downhill is trapped in a hollow is abandoned, and instead we
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assume that this downhill is in a valley (or a saddle point).
Accordingly, the original step length is restored to avoid
slow convergence, and the pattern for searching the three test
points is rotated by setting a a new value (for example, 25°
in this work) but keeping 6 equal to 120° to maintain the
equilateral pattern. If a lower point is found, the forward
search procedure is continued as described above; if not, it is
again assumed that this downhill is in a hollow, which is so
narrow that the first reduction in step length is not sufficient.
Therefore, a further reduction is performed and, if this still
does not find a lower point, the pattern is rotated to a new
angle (for example, multiples of 25°) to introduce extra
arms. In this way, the search process is continued by chang-
ing between reductions in the step length and rotation of the
pattern. It avoids unnecessary reductions in & in a valley
unless this valley is extremely narrow and therefore increases
the speed of convergence.

IV. EXPERIMENT

The thin metal films were evaporated onto 600 um
thick high-resistivity bulk silicon substrates. These substrates
provide low absorption with relatively flat monotonic fre-
quency responses between the 0.1 and 3 THz frequencies of
interest. For each evaporation session, the metal films were
evaporated simultaneously on a bare silicon substrate and a
photoresist-covered sample, which was prepatterned by stan-
dard optical lithography process. The thickness of the metal
films was monitored during evaporation with a calibrated
quartz crystal monitor. The actual thickness was measured on
those prepatterned samples by a Dektak surface profiler. In
this work, a number of metal samples, including Ti, NiCr,
and Au thin films of different thicknesses, were fabricated
and characterized. These metals were chosen for character-
ization due to their promising use as the terahertz absorbers
and the ease of evaporation in our clean room.

The refractive index of the silicon substrate was mea-
sured by terahertz TDS prior to the metal film evaporation,
which is almost constant (n=3.42) over the whole frequency
range of measurement (0.1-3 THz). The terahertz TDS setup
used in this work is a standard transmission mode of TDS."
A Ti:sapphire laser provides visible/near-IR pulses of 12 fs
duration at a center wavelength of 790 nm with a repetition
rate of 76 MHz. The output is split into two parts: a 300 mW
pump beam is focused onto the surface of a biased GaAs
photoconductive emitter for terahertz generation and a 25
mW beam acts as the probe beam for -electro-optic
detection® using a 0.5 mm thick ZnTe crystal. The variable
delay stage, which provides the time delay between the tera-
hertz pulse and the probe pulse, is scanned over a distance of
7.5 mm, providing a spectral resolution of 0.015 THz. A
signal-to-noise ratio of 10° is achieved by using a lock-in
detection scheme. Data acquisition and processing are con-
trolled by a computer program. For each sample, we made
20 measurements over which an average was taken to im-
prove the accuracy of the measurements.

The extraction process starts with two terahertz time-
domain transmission measurements, a reference one with the
bare silicon substrate and a sample one with the substrate
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FIG. 2. (Color online) (a) Temporal terahertz waveform and (b) its corre-
sponding Fourier-transform amplitude spectrum of the reference (bare Si
substrate) and the sample (substrate covered by 21 nm Ti film).

covered by the thin metal film. This is followed by taking the
ratio of the Fourier transforms of both time-domain signals
to eliminate the substrate contribution and lead directly to the
terahertz transmission spectrum of the metal film. The final
step is concerned with the extraction of the complex refrac-
tive index using the on-the-downhill method, which is imple-
mented in MATLAB in this work.

V. RESULTS AND DISCUSSION

Typical temporal waveforms and the corresponding
Fourier-transform amplitude spectrum of the terahertz pulses
for both the reference (bare silicon substrate) and the sample
(substrate with 21 nm Ti) are shown in Fig. 2. The useful
bandwidth is 0.03-3 THz and is mainly limited by the fre-
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FIG. 3. (Color online) Real parts of the refractive index of thin metal films
of different thicknesses: (a) Ti, (b) NiCr, and (c) Au.

quency response of the 0.5 mm thick ZnTe detector. The
complex refractive index of the metal films versus frequency
was determined from the experimental transmission spec-
trum using the on-the-downhill method. Figures 3 and 4
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FIG. 4. (Color online) Imaginary parts of the refractive index of thin metal
films of different thicknesses. (a) Ti, (b) NiCr, and (c) Au.

show, respectively, the real and imaginary parts of the refrac-
tive index of Ti, NiCr, and Au films for different thicknesses.

For small thicknesses (below 5 nm), both the real and
imaginary parts of the refractive index are weak and constant
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FIG. 5. (Color online) Measured sheet resistance of thin metal films of
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377 Q.

over most of the measurement frequency range, which is
characteristic of dielectric behavior. For thicker films, the
real and imaginary parts of the refractive index vary more
strongly with frequency, which is characteristic of metallic
behavior. This change in behavior occurs when the film be-
comes continuous, which is expected at some critical thick-
ness of order of the grain size of the metal. These ultrathin
metal films consist of grains that are isolated when the thick-
ness is far below this critical value. In this regime, only poor
electrical conduction is allowed through hopping21 and there-
fore the film displays an electrically insulating, dielectric be-
havior. On the other hand, when the thickness is much larger
than the critical value, those grains are in good contact and
lead to a metallic response. For thicknesses around the criti-
cal value, hopping or percolation conduction dominates and
film behavior shows a transition between those above two
re:gimes.21 These characteristics have been confirmed by the
measurement of film sheet resistance against thickness using
the classical four-probe van der Pauw technique. Figure 5
shows the sheet resistance as a function of film thickness for
various metals. It can be seen clearly that a transition of
several orders of magnitude in the value of sheet resistance
occurs for each metal. At small thicknesses, the sheet resis-
tance is of the order of 10° (), similar to an electrically
insulating dielectric material, while at much larger thick-
nesses, the sheet resistance rapidly reduces to below 100
and decreases with the film thickness, which is characteristic
of metallic behavior.

The validity and accuracy of our extraction method can
be checked by comparing the experimental transmission
spectrum obtained from the terahertz TDS with the theoreti-
cal calculations based on the scattering matrix model,*
which takes the complex refractive index as an input. The
scattering matrix model treats the amplitudes of the electric
vectors in successive media in a matrix notation, which gen-
erally can be used to characterize the optical performance of
any multilayer structures consisting of an arbitrary number
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FIG. 6. (Color online) Transmission spectrum of (a) Ti, (b) NiCr, and (c) Au
thin films of different thicknesses: experimental data (X) and theoretical
calculation (-).

of optical layers. Another attraction of this model is its ease
of implementation by computer programs. In this work, a
simple and efficient MATLAB program is implemented to cal-
culate the transmission spectrum with the extracted complex
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FIG. 7. Schematic or the three-layer optical system simulated by the scat-
tering matrix model.

refractive index and the film thickness being input param-
eters. Figure 6 shows the comparison results for Ti, NiCr,
and Au films of different thicknesses. The good agreement
between the experimental and theoretical transmission spec-
tra in all samples demonstrates that our extraction method
based on terahertz TDS can provide an efficient and accurate
approach to determine the complex refractive index of ultra-
thin metal films in the terahertz spectral region.

Our extraction method, combined with the scattering
matrix model described above, can be used to help design
and optimize thin-film metal absorbers for terahertz microbo-
lometers. By using the values of the complex refractive in-
dex and the thickness of the thin metal films, we can calcu-
late the absorption, transmission, and reflection spectrum
simultaneously based on the scattering matrix model. We as-
sume that the thin metal films are on top of a transparent Si
layer, which is the case for the microbolometer devices using
thin metal films as the absorbers and high-resistivity Si ma-
terials as the sensing elements. Therefore, it has been mod-
eled as a three-layer optical system (see Fig. 7), with air
(with a refractive index of 1), metal film (with a complex
refractive index extracted as above), and high-resistivity Si
(with a refractive index of 3.42) being the corresponding
constituent layers. It is also assumed that the absorption hap-
pens only in the thin metal film; thus, only the thickness of
this layer is needed to do the calculation. On the other hand,
the complex refractive index of all the three layers has to be
provided as input parameters for the scattering matrix model.

Figure 8 shows the calculated absorption spectrum
(transmission and reflection spectra are not shown) in the
frequency range of 0.1-3 THz for Ti, NiCr, and Au samples
of different thicknesses (corresponding to those samples of
which the complex refractive index has been extracted from
the terahertz TDS). Based on these calculations, we can de-
termine the optimal thickness for each metal type at which
the maximum possible absorption can be achieved. For ex-
ample, we can conclude from Fig. 8 that the 8 nm Au film
can lead to the highest and most stable absorption of 22% in
the frequency range of 0-3 THz among all the metal samples
we have measured. These information, together with some
other physical parameters such as thermal mass, electrical
conductivity, and lateral heat conductivity of the metal films,
are essential for designing the optimal structures of real de-
tectors.

It is worth mentioning that the optical properties of thin
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FIG. 8. (Color online) Calculated absorption of (a) Ti, (b) NiCr, and (c) Au
thin films of different thicknesses from the scattering matrix model.

metal films can be discussed in a straightforward way in the
frame of the Drude model of free electron charge carriers.
For thin metal films on a dielectric substrate it is then
straightforward to derive modified Fresnel reflection and
transmission coefficient from an energy balance:*

J. Appl. Phys. 104, 053110 (2008)

TABLE I. Calculated absorption of Ti, NiCr, and Au thin films of different
thicknesses from the measured sheet resistance using the Drude model.

Thickness Sheet resistance Absorption
(nm) (9))
4.5 3.8X10° 0.0001
Ti 9 465 0.12
21 22 0.15
3 2.7X10° 0.0001
NiCr 15 62 0.22
34 38 0.19
1.5 2.2X%10° 0.0003
Au 8 46 0.2
10 22 0.15
ny cos 6;—n, cos 6,—f
rop= s (12)
ny cos 6;+n, cos 6,+f
2n, cos 6; (13)

2=
ny cos 0;+n, cos 6,+ f’

where r;, and t, are the reflection and transmission coeffi-
cients for an electromagnetic wave impinging on a boundary
between two dielectric materials with complex refractive in-
dices n; and n,, covered with a thin metal film with a sheet
resistance R, 6; and 6, are the incident and transmitted
angles, and f is the ratio of the vacuum impedance Z,
(377 Q) and the sheet resistance f=Z,/R,. By using this
modified reflection and transmission coefficients, the reflec-
tion, transmission, and absorption of a thin metal film on a
dielectric substrate can be calculated easily.

Table I shows the calculated absorption of Ti, NiCr, and
Au films of different thicknesses using the Drude model and
the measured sheet resistance. For all the thicknesses, the
calculated absorption is nearly frequency independent. In
contrast, the scattering matrix model gives frequency-
independent absorption only for certain thicknesses (see Fig.
8). For other samples (21 nm Ti, 34 nm NiCr, and 10 nm Au)
the absorption shows a strong dependence on the frequency.
One possible explanation for these discrepancies is that the
Drude model is only valid if the samples have clear bulk
properties when the thicknesses are well above the threshold
criteria for bulk metallic properties. Far below the transition
regime, the films consist of separated grains with poor elec-
trical conduction and display a dielectric behavior, thus lead-
ing to the failure of the Drude model. Far above the transi-
tion regime, the films can be regarded as completely
homogeneous films composed of closely contacted grains
and display a metallic behavior. Around the transition at cer-
tain critical thickness, hopping (percolation) conduction
dominates and the Drude model fails again. These distinct
regimes have been well demonstrated by our calculations.

A. Thin electrically insulating films

For the thinnest films used in this work (4.5 nm Ti, 3 nm
NiCr, and 1.5 nm Au), the film thicknesses are well below
the grain size and therefore not continuous. The electrical
conductivity is dominated by hopping conduction and perco-
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lation with large electrical sheet resistances, consistent with
electrically insulating behavior.”' The Drude model is there-
fore not valid in this regime, but the scattering matrix model
does allow calculation of the absorption of the films. The
calculated values from the Drude model in Table I are sig-
nificantly different from those obtained by the scattering ma-
trix method. While some frequency dependence is demon-
strated by the scattering matrix model, the amount is very
small and relatively insignificant compared to errors in the
measured input data.

B. Films close to metal-insulator transition

For films near the metal grain size (9 nm Ti, 15 nm NiCer,
and 8 nm Au), the films are very close to a metal-insulator
transition, and at room temperature there will be significant
thermally activated hopping between grains providing elec-
trical conduction.”’ While at elevated temperatures, the high
thermally activated hopping may provide high enough elec-
trical conductivity that the Drude model may provide quali-
tative correct results, strictly speaking, only the scattering
matrix model is valid in this regime. If samples are cooled to
lower temperatures, then the Drude model will not be able to
calculate the correct optical properties of the films as the
electrical conductivity will reduce exponentially with
temperature.ZI Previously a scaling model has also been used
to explain the optical properties of thin films comparable to
the grain size,”** which provides similar results to the work
in this paper. The key result in this scaling model®* was that
microscopic length scales, much smaller than the optical
wavelength, determine the optical responses of materials at
mid- and far-IR (terahertz) wavelengths. This work also
demonstrated that both the Drude and effective-medium ap-
proach models should fail for films in this regime.24‘25 The
work in this paper on similar Au films demonstrates qualita-
tively similar properties for the optical properties of the films
as demonstrated in Ref. 24. One issue discussed in Ref. 24 is
the change in sheet resistance between the original fabrica-
tion and a couple of months later when Fourier-transform IR
measurements were used to measure the optical properties.
In such thin granular films, the optical properties of the films
appear to be highly sensitive to aging, oxidation, and surface
cleanliness issues.

C. Thick metallic films

For the thickest films (21 nm Ti, 34 nm NiCr, and 10 nm
Au), the films started to behave as bulk metallic films, and so
both the Drude and scattering matrix models should be valid
above a particular film thickness close to these film thickness
values. A frequency dependence is expected for bulk electri-
cally conducting films as free carrier absorption should
dominate the optical properties26 while the films are still thin
enough not to absorb all the radiation, and so the lower fre-
quency absorption should be greater than the high frequency
absorption as demonstrated in Fig. 8. This is most pro-
nounced for the thickest film in the study, that of the 34 nm
of NiCr, suggesting that the true bulk optical responses at
these frequencies require films that are significantly thicker
than the grain size in the films. A complete understanding of
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this thickness would require a significantly larger number of
film thicknesses to be studied, which is beyond the scope of
the present paper.

The scattering matrix model combined with the mea-
surement of sheet resistance against film thickness can help
us better understand the behavior of metal film absorptions.
Furthermore, it can help us determine the optimal thickness
of various metal films at which the maximum absorption of
50% can be obtained. This information, along with consider-
ations for low thermal mass and high reproducibility of ther-
mal absorbers, can help us choose the most appropriate metal
and film thicknesses for achieving the maximum responsivity
in microbolometers.

VI. CONCLUSIONS

We have presented a novel method that allows reliable
and real-time extraction of the complex refractive index of
nanometer-thick metal films from terahertz TDS. This
method involves terahertz time-domain transmission mea-
surements, followed by Fourier transforms to obtain the
complex transmission spectrum in the frequency domain,
and finally an extraction process using the enhanced on-the-
downhill algorithm. We have demonstrated its validity on
three experimental examples (Ti, NiCr, and Au films), all of
which have shown good agreement between experimental
measurements and theoretical calculations. We have also
demonstrated its use in designing and optimizing thin-film
metal absorbers for terahertz microbolometers. This extrac-
tion method, combined with the scattering matrix model, can
find a wide range of applications in the design and charac-
terization of terahertz optical systems.
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