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Back-side reflectance of high T, superconducting thin films
in the far infrared
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We have measured the far-infrared reflectance of ;YXBgO,_s high T. superconductingHTS)

films, for radiation incident on the substrate siack-side illuminatiop in the spectral region from

15 to 650 cm?® and at temperatures between 10 and 300 K. The HTS films were deposited on Si
substrategwith YSZ/CeQ 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 19898 American Institute of
Physics[S0003-695098)04039-X

Optical modulators have important applications in re-temperatures by using a heater and a temperature controller.
mote sensing, spectroscopy, and other terahertZhe angle of incidence was fixed at 7.5°, close to normal
technologies. A new device concept was recently proposedincidence. The reflectance was measured using a Au mirror,
that uses high-temperature superconductid@S) films as  which has a reflectance greater than 0.995 in the far infrared,
intensity modulators for far-infrared radiatiéithe HTS in-  as the reference. The expanded uncertainty of the reflectance
tensity modulator utilizes the abrupt change of the reflecis estimated to be 0.095% confidence possibly due to the
tance of HTS thin films as they switch from the supercon-jarge oscillations in the spectra caused by interference ef-
ducting to the normal state. The change between the twgcts.
states can be made extremely fast by using pulsed currentor The YBCO film and buffer layers were deposited by
optical excitations. Calculations show that the change in the pulsed laser ablation in an optimized temperature and gas
reflectance of the film/substrate composite is much great€l, ironment® The 12 mmx12 mm substrate was cut from a

for radjatjon .inc.ident on the fsubs.trate sifimck side th_an large Si wafer. The thickness of the substrate was approxi-
for radiation incident on the film sideAlthough the optical mately 204um, determined from the refractive index of Si

properties of HTS materials have been investigated by MaNY¥nd the interference fringes measured with a spectrometer.

groups, most studies are for crystals and opaque fifths. Th&a thickness of the film was 35 nm, determined from the

Some researchers have also measured the transmittance a . . . .
; : ) . eposition time and previously calibrated growth rate. The
film-side reflectance of HTS films on various substrates. . =

as-grown film had a critical temperatuifg of 88 K. How-

14 : . .
Genzelet al™* studied the reflectance of a thick HTS film by ever, after a back-side cleaning process removed the Ag

placing a Si wafer on the top of the film and observed the e that d to hold th bstrate in the d ii
optical resonance effect caused by multiple reflections insigfaste that was used 1o ho € substrate in the deposition

the Si wafer. At present, however, there exist no data on th&na@mber, thél; of the YBCO film dropped to~82 K. De-
back-side reflectance of thin HTS films. tailed discussions of the experiments are given by Kumar

In the present work, a Fourier transform spectrometeft a|'1.5 . .
was employed to measure the back-side reflectance of a Figure 1 presents the back-side reflectance of the film/
YBa,Cu;0,_ 5 (YBCO) film deposited on a Si substrate with substrate composite at 300, 200, 100, 50, and 10 K. The
two buffer layers: YO,-stabilized ZrQ (YSZ) and CeQ. reflectance oscillates with a free spectral range-@fcm 2,

The dielectric buffer layers have negligible effect on the op-caused by the interference effects in the Si substrate. Here,
tical properties of the film/substrate composite because thethe free spectral range is equal fov=1/(2n.ds), where
thicknesses are much less than the waveletijithe mea- Ns~3.4 is the refractive index of Si ardi (cm) is the thick-
sured spectral range extended from 15 to 650%tmith a  ness of the Si substrate. In the normal state, the average
spectral resolution of 1 cit. A 4.2 K liquid-He-cooled bo-  reflectance over a free spectral range, is nearly constant for
lometer measured the spectrometer output signal. The spe@! temperatures. However, the fringe contrast, defined as the
men was mounted in a liquid He cryostat sealed with poly-difference divided by the sum of the maximum and mini-
ethylene windows. The specimen was maintained at fixednum reflectances, decreases from 300 to 200 K and then
increases from 200 to 100 K. Furthermore, the peak locations
3Author to whom correspondence should be addressed. Electronic maifOf the interference maxima and mimina interchange be-
zzhang@cimar.me.ufl.edu tween 100 and 300 K. These effects are caused by the

0003-6951/98/73(13)/1907/3/$15.00 1907 © 1998 American Institute of Physics



1908 Appl. Phys. Lett., Vol. 73, No. 13, 28 September 1998 Zhang et al.

1 o T T U T T

i Thin Line: Data at 50 K
Thick Line: Data at 200 K
Dotted: Calculated at 50 K

o8t i s

04

REFLECTANCE

REFLECTANCE

02F

4 * ¥ ) i

1 L L L 1 0 40 80 120 160 200 240
20 30 40 50 60 70 80 WAVE NUMBER (cm™")

WAVE NUMBER (cm™)

. . . . FIG. 2. Reflectance at 200 and 50 K in the region from 15 to 240%cm
FIG. 1. Back-side reflectance of the film/substrate composite at different

temperatures.

The reflectance increases significantly in the supercon-
temperature-dependent changes of the reflection coefficiefICting state, as seen from Fig. 1. The fringe contrast is
of the film. much greater below, due to the optical resonance effétt.

In the normal state, the dielectric function of the YBCO At 10 and 50 K, the average reflectance increases as the
film can be modeled by a simple Drude model in the far-vave number decreases. The difference in the back-side re-
infrared region. In the far-infrared region where the wavefl€ctance between the normal state and the superconducting
number is much smaller than the electron scattering rate, thefat€ IS extremely large at Cef}"’_"n wave numbers. For ex-
real part fi;) and the imaginary part«;) of the refractive ample, the reflectange at22 cm “increases by a factor of 2
index are approximately the same, that is, fr_orn_ 100 to 50 K. This _exp_enmentally demonstrgtes the fea-

sibility of using HTS thin films for the construction of far-
infrared modulators.
' 1 Figure 2 shows the reflectance at 200 and 50 K at wave
numbers up to 240 cit (the measured spectral region ex-
wherew (cm?) is the wave number angl (uQ2 cm) is the  tends to 650 cm?). The predicted reflectance using a two-
dc resistivity!’ In this case, the reflection coefficient of the fluid model (discussed belowat 50 K is also shown as the
film for incidence from the substrate side is purely regl:  dotted line. As the wave number increases, the antireflection
=(ns—1-y)/(ns—1+y), wherey=37.6®;/pqc[dr ("M)  effect becomes weaker and the fringe contrast for the 200 K
is the film thiCkneS}SiS the dimensionless admittance of the data increaseS, because the wave number is closer to the
film in the Hagen—Rubens limif:*® For normal incidence, electron scattering rateyt~400 cnit at 200 K). The calcu-
the reflectance of the film/substrate composite for radiationated reflectance agrees well with the measured reflectance at
incident on the substrate side can be obtained by tracing thgo K below 80 cm!, considering the experimental uncer-
multlply reflected waves in the Si substrate. The expreSSiOfainty_ The measured fringe contrast is smaller than pre-
is simplified whenry, is real, as is the case here. Then, dicted, suggesting that the spectral resolution used in the
(1-1))(1-r2) ex.pgriments may be ins.ufficient near the sh_arp interference
_ s s b , ) minima. The calculated interference pattern is unchanged at
1+rgri+2rgry cog4mrngds) wave numbers from 100 to 240 ¢ty but the measured
wherer=(1—ng/(1+ny) is the Fresnel reflection coeffi- fringe contrast decreases as the wave number increases. This
cient at the vacuum/substrate interfaédf y=n,—1, then decrease can be explained by the partial coherence of the
reflected waves inside the Si substratahe effects of the

r,=0; the film serves as an antireflection coating that elimi- di d thick it £ th bstrate b
nates the interference fringes in the back-side reﬂectanc%eam lvergence and thickness variation ot the substrate be-

spectrumt® This is the case with the 200 K data, wheggis ~ COMe Stronger at higher wave numbgts. .

close to 550u() cm. The reflectance iB~0.3, equal to that The d";‘?"”'c functione(z) of the YBCO film can be
at the vacuum/substrate interface. Becauge0, the inter- modeled as:

ference minima will be located at=mAw» and maxima at

v=(m+ 3)Av if r,<0, wheremis an integer; this is the case e(v)=(ni+ing)?=en—fs
at 300 K. As the temperature is decreased, the electrical re-

sistivity decreases and the admittance increases. Below 2QGhere f is the fraction of superconducting electronf (

K, r,>0, and the interference maxima areiatmAv and =0 in the normal stade e€,(~100) accounts for high-
minima atv=(m-+3)Av. The thickness of Si is almost in- frequency and mid-infrared contributionsy, is a
dependent of temperature, and its refractive index is taken ttemperature-independent plasma frequency, and the

be 3.42 at 300 K, 3.405 at 200 K, 3.395 at 100 K, and 3.3%cattering rate that depends only on temperature. These pa-
at 50 and 10 K>2°The actual spectra are a little more com- rameters were obtained at different temperatures by compar-
plicated because of the finite electron scattering rate. Thing the calculated transmittance with the measured Hata.
antireflection effect may be further explored to enhance th&he results are,=6700 cml; f,=0.35at 10 K and 0.25 at
absorptance of the YBCO film for the design of infrared 50 K; y=600, 400, 230, 150, and 190 cfhat 300, 200,
detectorsl?2 100, 50, and 10 K, respectively. There exists a large fraction
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(a) PSRN HTS far-infrared intensity modulators. Notice that the

e 300K —— 200K —o— 100K -&--50 K —o— 10K ] .
1 . change from the superconducting state to the normal state
A Substrate Side

can also be achieved using a large electric current or optical
irradiation. The intensity of the reflected radiation can be
rapidly modulated by changing the film material between the
superconducting state and the normal state. The reflection
coefficient of the film for incidence from the substrate has a
strong effect on the fringe pattern and contrast. An antire-
flection effect has been observed at 200 K for the measured
specimen. The simple two-fluid model can be used in the
very far infrared (below 100 cm?). However, at higher
WAVE NUMBER (em™) wave numbers, the interference fringes in the substrate have
been suppressed due to partial coherence between multiply
reflected waves. Future research is needed to study the effect
of electric current and optical excitations on the back-side
reflectance.
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