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Back-side reflectance of high Tc superconducting thin films
in the far infrared
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We have measured the far-infrared reflectance of YBa2Cu3O72d high Tc superconducting~HTS!
films, for radiation incident on the substrate side~back-side illumination!, in the spectral region from
15 to 650 cm21 and at temperatures between 10 and 300 K. The HTS films were deposited on Si
substrates~with YSZ/CeO2 buffer layers! by pulsed laser ablation. The extremely large temperature
dependence of the reflectance experimentally demonstrates the feasibility of using HTS films to
construct far-infrared intensity modulators. In this letter, we present the measured results, as well as
an analysis based on thin-film optics and a simple two-fluid model. ©1998 American Institute of
Physics.@S0003-6951~98!04039-X#
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Optical modulators have important applications in
mote sensing, spectroscopy, and other terah
technologies.1 A new device concept was recently propos
that uses high-temperature superconducting~HTS! films as
intensity modulators for far-infrared radiation.2 The HTS in-
tensity modulator utilizes the abrupt change of the refl
tance of HTS thin films as they switch from the superco
ducting to the normal state. The change between the
states can be made extremely fast by using pulsed curre
optical excitations.3 Calculations show that the change in t
reflectance of the film/substrate composite is much gre
for radiation incident on the substrate side~back side! than
for radiation incident on the film side.1 Although the optical
properties of HTS materials have been investigated by m
groups, most studies are for crystals and opaque films4–6

Some researchers have also measured the transmittanc
film-side reflectance of HTS films on various substrates.7–13

Genzelet al.14 studied the reflectance of a thick HTS film b
placing a Si wafer on the top of the film and observed
optical resonance effect caused by multiple reflections ins
the Si wafer. At present, however, there exist no data on
back-side reflectance of thin HTS films.

In the present work, a Fourier transform spectrome
was employed to measure the back-side reflectance
YBa2Cu3O72d ~YBCO! film deposited on a Si substrate wit
two buffer layers: Y2O3-stabilized ZrO2 ~YSZ! and CeO2.
The dielectric buffer layers have negligible effect on the o
tical properties of the film/substrate composite because t
thicknesses are much less than the wavelength.15 The mea-
sured spectral range extended from 15 to 650 cm21 with a
spectral resolution of 1 cm21. A 4.2 K liquid-He-cooled bo-
lometer measured the spectrometer output signal. The sp
men was mounted in a liquid He cryostat sealed with po
ethylene windows. The specimen was maintained at fi
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temperatures by using a heater and a temperature contro
The angle of incidence was fixed at 7.5°, close to norm
incidence. The reflectance was measured using a Au mi
which has a reflectance greater than 0.995 in the far infra
as the reference. The expanded uncertainty of the reflect
is estimated to be 0.1~95% confidence!, possibly due to the
large oscillations in the spectra caused by interference
fects.

The YBCO film and buffer layers were deposited b
pulsed laser ablation in an optimized temperature and
environment.16 The 12 mm312 mm substrate was cut from
large Si wafer. The thickness of the substrate was appr
mately 204mm, determined from the refractive index of S
and the interference fringes measured with a spectrome
The thickness of the film was 35 nm, determined from t
deposition time and previously calibrated growth rate. T
as-grown film had a critical temperatureTc of 88 K. How-
ever, after a back-side cleaning process removed the
paste that was used to hold the substrate in the depos
chamber, theTc of the YBCO film dropped to'82 K. De-
tailed discussions of the experiments are given by Kum
et al.15

Figure 1 presents the back-side reflectance of the fi
substrate composite at 300, 200, 100, 50, and 10 K.
reflectance oscillates with a free spectral range of'7 cm21,
caused by the interference effects in the Si substrate. H
the free spectral range is equal toDn51/(2nsds), where
ns'3.4 is the refractive index of Si andds ~cm! is the thick-
ness of the Si substrate. In the normal state, the ave
reflectance over a free spectral range, is nearly constan
all temperatures. However, the fringe contrast, defined as
difference divided by the sum of the maximum and min
mum reflectances, decreases from 300 to 200 K and t
increases from 200 to 100 K. Furthermore, the peak locati
for the interference maxima and mimina interchange
tween 100 and 300 K. These effects are caused by
il:
7 © 1998 American Institute of Physics
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temperature-dependent changes of the reflection coeffic
of the film.

In the normal state, the dielectric function of the YBC
film can be modeled by a simple Drude model in the f
infrared region. In the far-infrared region where the wa
number is much smaller than the electron scattering rate
real part (nf) and the imaginary part (k f) of the refractive
index are approximately the same, that is,

nf'k f'S 2.9983107

nrdc
D 1/2

, ~1!

wheren (cm21) is the wave number andrdc ~mV cm! is the
dc resistivity.17 In this case, the reflection coefficient of th
film for incidence from the substrate side is purely real:r b

5(ns212y)/(ns211y), where y537.67df /rdc@df ~nm!
is the film thickness# is the dimensionless admittance of th
film in the Hagen–Rubens limit.15,18 For normal incidence,
the reflectance of the film/substrate composite for radia
incident on the substrate side can be obtained by tracing
multiply reflected waves in the Si substrate. The express
is simplified whenr b is real, as is the case here. Then,

R512
~12r s

2!~12r b
2!

11r s
2r b

212r sr b cos~4pnnsds!
, ~2!

where r s5(12ns)/(11ns) is the Fresnel reflection coeffi
cient at the vacuum/substrate interface.19 If y5ns21, then
r b50; the film serves as an antireflection coating that elim
nates the interference fringes in the back-side reflecta
spectrum.18 This is the case with the 200 K data, whererdc is
close to 550mV cm. The reflectance isR'0.3, equal to that
at the vacuum/substrate interface. Becauser s,0, the inter-
ference minima will be located atn5mDn and maxima at
n5(m1 1

2)Dn if r b,0, wherem is an integer; this is the cas
at 300 K. As the temperature is decreased, the electrica
sistivity decreases and the admittance increases. Below
K, r b.0, and the interference maxima are atn5mDn and
minima atn5(m1 1

2)Dn. The thickness of Si is almost in
dependent of temperature, and its refractive index is take
be 3.42 at 300 K, 3.405 at 200 K, 3.395 at 100 K, and 3
at 50 and 10 K.15,20The actual spectra are a little more com
plicated because of the finite electron scattering rate.
antireflection effect may be further explored to enhance
absorptance of the YBCO film for the design of infrar
detectors.21,22

FIG. 1. Back-side reflectance of the film/substrate composite at diffe
temperatures.
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The reflectance increases significantly in the superc
ducting state, as seen from Fig. 1. The fringe contras
much greater belowTc due to the optical resonance effect.14

At 10 and 50 K, the average reflectance increases as
wave number decreases. The difference in the back-side
flectance between the normal state and the supercondu
state is extremely large at certain wave numbers. For
ample, the reflectance at'22 cm21 increases by a factor of 2
from 100 to 50 K. This experimentally demonstrates the f
sibility of using HTS thin films for the construction of far
infrared modulators.

Figure 2 shows the reflectance at 200 and 50 K at w
numbers up to 240 cm21 ~the measured spectral region e
tends to 650 cm21). The predicted reflectance using a tw
fluid model ~discussed below! at 50 K is also shown as th
dotted line. As the wave number increases, the antireflec
effect becomes weaker and the fringe contrast for the 20
data increases, because the wave number is closer to
electron scattering rate (g'400 cm21 at 200 K!. The calcu-
lated reflectance agrees well with the measured reflectan
50 K below 80 cm21, considering the experimental unce
tainty. The measured fringe contrast is smaller than p
dicted, suggesting that the spectral resolution used in
experiments may be insufficient near the sharp interfere
minima. The calculated interference pattern is unchange
wave numbers from 100 to 240 cm21, but the measured
fringe contrast decreases as the wave number increases.
decrease can be explained by the partial coherence of
reflected waves inside the Si substrate.23 The effects of the
beam divergence and thickness variation of the substrate
come stronger at higher wave numbers.24

The dielectric functione~n! of the YBCO film can be
modeled as:4,5

e~n!5~nf1 ik f !
25eh2 f s

np
2

n2 2~12 f s!
np

2

n~n1 ig!
, ~3!

where f s is the fraction of superconducting electrons (f s

50 in the normal state!, eh ('100) accounts for high-
frequency and mid-infrared contributions,np is a
temperature-independent plasma frequency, andg is the
scattering rate that depends only on temperature. These
rameters were obtained at different temperatures by com
ing the calculated transmittance with the measured da15

The results arenp56700 cm21; f s50.35 at 10 K and 0.25 a
50 K; g5600, 400, 230, 150, and 190 cm21 at 300, 200,
100, 50, and 10 K, respectively. There exists a large frac

nt
FIG. 2. Reflectance at 200 and 50 K in the region from 15 to 240 cm21.
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of normal electrons at very low temperatures, which may
explained by the existence of thin layers near the substra
the surface that are not superconducting as well as defec
the film. Similar results have been reported for thin HT
films.8–10

The reflectance for radiation incident on the substr
side and on the film side are computed using a transfer
trix method. The results are shown in Fig. 3. The predic
back-side reflectance is consistent with the measured va
at all temperatures. At 10 K, however, the predicted refl
tance has much lower minima than the measured, which
be attributed to the insufficient resolution and the partial
herence effect.

For incidence on the film side, the locations of the
flectance maxima and minima depend little on temperatur
the normal state, but shift significantly from the normal st
to the superconducting state. The fringe contrast decreas
the temperature is reduced. This is explained by the red
tion of the radiation penetration depth in the YBCO film wi
decreasing temperature. Note that the wave that is refle
by the back surface of the substrate must pass twice thro
the film before it could interfere with the wave reflected d
rectly from the film. At 200 K, the wave reflected by the fil
and that reflected by the back surface of the Si substrate
still interfere. Measurements of film-side reflectance ag
well with the calculated values in the normal state. Ad
tional measurements are being performed for the film-s
reflectance in the superconducting state.

For the first time, the reflectance of HTS film has be
measured for radiation incident on the substrate side.
large change in the back-side reflectance from the super
ducting state to the normal state at certain wave numb
experimentally demonstrates the feasibility of construct

FIG. 3. Calculated reflectance at different temperatures:~a! back side;~b!
film side.
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HTS far-infrared intensity modulators. Notice that th
change from the superconducting state to the normal s
can also be achieved using a large electric current or op
irradiation. The intensity of the reflected radiation can
rapidly modulated by changing the film material between
superconducting state and the normal state. The reflec
coefficient of the film for incidence from the substrate ha
strong effect on the fringe pattern and contrast. An ant
flection effect has been observed at 200 K for the measu
specimen. The simple two-fluid model can be used in
very far infrared ~below 100 cm21). However, at higher
wave numbers, the interference fringes in the substrate h
been suppressed due to partial coherence between mu
reflected waves. Future research is needed to study the e
of electric current and optical excitations on the back-s
reflectance.
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