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This work presents the absorptance of high-temperature superconducting YBa Cu O2 3 7 - d
I 1( )YBCO films, deposited on Si substrates, in the far infrared from 15 to 95 cm

( ) (wav elength from 667 to 105 m m at temperatures of 100, 200, and 300 K i.e., in the
)normal state . Our experiments show a significant difference in the absorptance for

radiation incident on the film side as compared to radiation incident on the substrate side.

Interference fringes associated with the Si substrate are observ ed from the measurement and

used to analyze the interaction of radiation with the film ± substrate composite at the

interface. The film thickness is found to hav e a strong effect on the absorptance of the

film ± substrate composite, especially for radiation incident on the substrate side.

s .High-temperature superconducting HTSC thin films have been used to

w xconstruct highly sensitive infrared radiation detectors 1 ] 5 . These devices operate

above liquid-nitroge n temperature using a HTSC film as the sensing element.

Knowledge of the amount of radiation absorbe d within the film is crucial for the
detector design. A larger absorptance yields a higher responsivity and detectivity as

w xwell as a smaller noise equivalent power 2, 6 . The absorptance of the HTSC film

depends not only on the wavenumber of the incident radiation and temperature of

the film ] substrate composite but also on the thickness of the film and properties

of the substrate. Analyse s of radiative properties of YBCO films are presented

w xmostly for thick films 7, 8 , which have an absorptance that is small compared to
that of thin films. Considering that high absorptance in the YBCO film is a crucial

requirement in the construction of radiation detectors, there is a need to deter-

w xmine the absorptance of thin films. Phelan et al. 9 investigated the thickness-
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NOMENCLATURE

c speed of light in vacuum « dielectric function0
8s .s 2.9979 = 10 m r s « high-frequency dielectric constanth

d thickness, m k imaginary part of the refractive index
1 r 2 y 1s .i y1 n frequency, cm

y 1n real part of the refractive index n plasma frequency, cmp
y 1N refractive index D n free spectral range, cm

r reflection coefficient f phase change in the substrates

R reflectance

t transmission coefficient

T transmittance Subscripts

T critical temperature, Kc

a absorptance f film, film side
y 1g scattering rate , cm s substrate, substrate side

d complexphase change in the film 0 vacuumf

dependent absorptance of YBCO films deposited on MgO substrate s. Their mea-
s y 1 .surements are in the wavelength region from 10 to 50 m m 1000 to 200 cm at

room temperature.

Higher absorptance of the film ] substrate composite occur when radiation is
s . w xincident on the substrate side backside illumination 2 . Backside illumination

requires that the substrate be transpare nt in the measured spectral region. Silicon

is an ideal substrate for the fabrication of HTSC bolometers because of its high

w x w xthermal conductivity and infrared transparency 3, 4 . Kumar et al. 10 presented

transmittance and reflectance of YBCO films on Si substrates and obtained

complex dielectric functions of the YBCO film at different temperature s.
s .In the present study, the absorptance of a YBCO film 35 nm thick

s .deposited on a Si substrate f 200 m m thick is obtained from the transmittance

and reflectance spectra measured at temperatures of 100, 200, and 300 K in the

spectral region from 15 to 95 cmy 1. Because of the interference effects in the Si

substrate, the absorptance depends strongly on the wavenumber. The dielectric

w xfunction determined by Kumar et al. 10 is used to model the absorptance, which

is then compared with the measured results. Furthermore, the effect of film
thickness on the absorptance of the film ] substrate composite is investigated.

1 EXPERIMENTS

The YBCO films were deposited by pulsed laser ablation on a double-side -

polished Si wafer approximate ly 200 m m thick. A 20-nm-thick yttria-stabilized
s .zirconia YSZ film and a 10-nm-thick CeO film were deposited on the substrate2

prior to the deposition of the YBCO film, in order to grow high-quality supercon-

ducting film. The thickness of the YBCO film is 35 nm, determined by previous

calibrations of the deposition rate . The YBCO films formed this way are a ] b plane
s .oriented with a critical temperature T of 88 K. The critical temperature droppedc
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w xby a few K after a backside cleaning process. Detailed descriptions were given in 4

w xand 10 .
The transmittance spectra of the specimen were measured using a slow-scan

Michelson interferometer with a mercury-arc source. A liquid-he lium-cooled Si

bolometer and lock-in electronics were used to measure the output signal. The

spectral resolution was approximately 0.5 cmy 1. A liquid-helium-cooled cryostat

was used to cool the sample. Polyethylene windows, which are transparent in the

far-infrared region, were used to seal the cryostat. Silicon diode sensors were used
to measure the temperature s of the cold finger and the specimen. The temperature

is displayed and controlled by a temperature controller. The reflectance was

measured using a fast-scan Fourier transform spectrometer with a resolution of 1

cmy 1. A gold mirror was used as the reference for the reflectance measurements.

The reflectivity of this mirror, which is greater than 0.995 in the far-infrared

region, was taken to be unity. Calibrations with a bare Si wafer indicated an
s .expanded uncertainty 95% confidence of 0.1 for both transmittance and re-

flectance measurements. Hence, the combined expanded uncertainty in the absorp-

tance is 0.14. The unusually large uncertaintie s are possibly due to interference

w xeffects in the sample 10 .

Figure 1 shows the measured absorptance at various temperature s for radia-

tion incident on both the film side and the substrate side. The measured absorp-
tance data are much noisier near the cutoff wavenumbers. The interference

pattern appears to be independent of the wavenumber except for the data at 300 K,

where the absorptance decreases with the wavenumber below 40 cmy 1. This could

have been caused by the uncertainty in the transmittance measurement. The

interference fringes are caused by the Si substrate, because the free spectral range
s .D n i.e., the frequency interval between adjacent interference maxima of slightly

y 1 s .y 1greater than 7 cm is consistent with that calculated from 2n d , where n iss s s

the refractive index and d is the thickness of silicon.s

For radiation incident on the film side, there is very little change in the

absorptance from 300 K to 100 K. The fringe-average d absorptance , defined as

1 n q D n r 2
s . s . s .a n s a n 9 d n 9 1HD n n y D n r 2

is between 0.21 and 0.29, where n is the wavenumber. The peak locations shift

slightly toward higher wavenumbers as the temperature decreases, because of the
change in the refractive index of silicon with temperature.

The absorptance is greater for radiation incident on the substrate side than

for radiation incident on the film side. For the backside illumination, the absorp-

tance increases as temperature decreases, as shown in Figure 1b. The average

absorptance is 0.4 at 300 K, 0.48 at 200 K, and 0.55 at 100 K. There is a phase shift

of p rad in the absorptance spectra between 300 K and 100 K; in other words, the
interference maxima at one temperature correspond to the absorptance minima at

the other. Furthermore , the spectrum at 200 K has no distinct interference fringes.

The experimental data are compared with theoretical calculations given in the next

section.
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Figure 1. Measured absorptance of YBCO film for radiation
s . s .incident on: a the film side; b the substrate side.

2 ANALYSIS

s .The dielectric function « n of YBCO can be modeled as the sum of the

Drude term, « , which accounts for the temperature-dependant free carrierDrude

absorption and a real constant « that accounts for the mid-infrared and high-h

frequency contributions. The Drude term is

n 2
p

s .« s y 2Drude 2n q i n g

where n is the temperature-independent plasma frequency and g is the tempera-p

ture-dependent scattering rate. Considering that phonons and mid-infrared band

have little contribution to the far-infrared region below 100 cmy 1, the value of « h
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w xis set to be 100. Kumar et al. 10 obtained n and g values by fitting the calculatedp

transmittance to the measured spectra. The fitted value of n is 5700 cmy 1 , while gp

is 600, 400, and 230 cmy 1 at 300, 200, and 100 K, respectively. The complex

refractive index of the YBCO film is related to the dielectric function by N sf

X s .n q i k s « v , where n and k are the real and imaginary parts of thef f f f

refractive index.

The absorptance within the Si substrate is negligible because it is of high
s .purity resistivity of 10 V m . The Si thickness is determined from the interference

patterns in the measured transmittance and reflectance by assuming that n s 3.42s

at wavenumbers from 10 to 100 cmy 1, because the thickness of Si can be assumed

w xconstant with negligible thermal expansion 11 . The calculated transmittance and

reflectance are then compared with the measured spectra to determine the n ats

lower temperatures. The results are n f 3.405 at 200 K and 3.395 at 100 K. Thes

far-infrared dielectric constants of YSZ and CeO are approximately 25 and 17,2

w xrespective ly, with negligible absorption 12 . Initially, we have used the matrix
method to compute the radiative properties of the sample film consisting of four

layers: a 35-nm YBCO film, a 20-nm YSZ layer, a 10-nm CeO layer, and a2

w x204- m m Si substrate 13, 14 . Because the buffe r layers are very thin and dielectric

in nature, it was found that they have no effect on the radiative properties of the

sample film. Our calculations also show that the angle of incidence of the infrared

beam, less than 10 8 , has negligible effects on the transmittance and reflectance . In
order to explain the observed features in the absorption spectra, simple equations

for the radiative properties are derived here, considering a thin absorbing film on a

thin dielectric substrate.

Let d and d be the thicknesses of the film and substrate, respective ly, andf s

s . s .N s n q i k be the complex refractive index of vacuum j s 0 , film j s f , andj j j

s .substrate j s s . Note that N s 1 and N s n . At normal incidence, the com-0 s s

s . s .plex Fresnel reflection and transmission coefficients are r s N y N r N q Njk j k j k

and t s 1 q r , where j, k s 0, f, or s. The transmission and reflection coeffi-jk jk

s .cients of the film for infrared beam coming from the vacuum subscript a and
s . w xfrom the substrate subscript b are 13

i d f i2 d f s .t s t t e r 1 y r r e 3s . s .a 0 f f s f 0 f s

i d f i2 d f s .t s t t e r 1 y r r e 4s . s .b s f f 0 f 0 f s

i2 d f i2 d f s .r s r q r e r 1 y r r e 5s . s .a 0 f f s f 0 f s

and

i2 d f i2 d f s .r s r q r e r 1 y r r e 6s . s .b s f f 0 f 0 f s

where d s 2 p n N d is the complex phase change in the film. The transmittancef f f

and reflectance are

2i f st t ea s0
s .T s 7

i2 f s1 y r r eb s0
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2i2 f ss .r q t t y r r r ea a b a b s0
s .R s 8f i2 f s1 y r r eb s0

2i2 f sr q r e0 s b
s .R s 9s i2 f s1 y r r eb s0

where f s 2 p n n d is the phase change in the substrate, which is responsible fors s s

s i2 d f . sthe interference fringes. It can be shown that t t y r r s e y r r r 1 ya b a b f 0 f s
i2 d f .r r e . The absorptance for incidence on the film side is a s 1 y R y T,f 0 f s f f

and the absorptance for incidence on the substrate side is a s 1 y R y T.s s

In the far-infrared limit, where the wavenumbers are much smaller than the
s .scattering rate , « given in Eq. 2 becomes purely imaginary, with an absoluteDrude

value much greater than « . Furthermore, in the normal state, d is much smallerh f

than the radiation penetration depth in the film. It can be shown that r is real andb

schanges from negative , when the sheet resistance i.e., the dc resistivity divided by
.the thickness of the film is greater than ; 157 V , to positive , when the sheet

w x s . 2resistance is smaller than ; 157 V 10, 15 . From Eq. 9 , if r s 0, R s r f 0.3b s 0 s

is the reflectance at the vacuum ] substrate interface and is independent of the

wavenumber. This explains why a at 200 K has no distinct fringes. The dcs

resistivity of the YBCO film decreases with temperature . Thus, r is positive at 300b

K but negative at 100 K. This sign change results in a phase shift of p rad in the

absorptance spectra.

The absorptance calculated from the above equations is compared with our

experimental results in Figure 2. Because the reflectance for radiation incident on

the film side is greater than that for backside illumination and the transmittance is

the same in both cases, the absorptance is greater for the backside illumination.
The predicted and measured absorptance values match closely, considering the

experimental uncertainty, except for the interference patte rn in a at 200 K. Thes

actual phase at 200 K is very complicated because the electron scattering rate of

w xthe YBCO film may be complex and dependent on the wavenumber 16 .

3 THE EFFECT OF FILM THICKNESS

The film thickness has a significant effect on the absorptance , especially for

w xthe backside illumination 2, 9, 14 . The radiative properties of the film ] substrate

composite are calculated using the equations given in the previous section by

varying d . The predicted absorptance at 100 K between 40 and 60 cmy 1 is shownf

s .in Figure 3. For a bare Si substrate, the transmittance maximum T s 1 and themax

s .reflectance minimum R s 0 are located at n s m D n , where m is an integermin

s .y 1 y 1and D n s 2n d s 7.234 cm with n s 3.395 and d s 203.6 m m, whereass s s s

s .T and R are at n s m q 1 r 2 D n . The maximum of a is located nearmin max f

s y 1 .m D n such as 43.4, 50.6, and 57.9 cm in Figure 3a . The fringe-average d

absorptance and the fringe contrast increase with the film thickness up to d f 20f

nm, and then decrease as d is further increased. The competing effects of af

decreasing transmittance and an increasing reflectance as d increases result in anf

optimized d where the absorptance is maximum.f
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Figure 2. Comparison between the measured and calculated absorp-
s . s . s .tance at: a 300 K; b 200 K; c 100 K.
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s . s .Figure 3. Calculated a a and a b at 100 K for film thicknessf s

d s 5, 20, 40, 70, and 300 nm.f

As shown in Figure 3b, the value of the optimized d is different for thef

backside illumination as compared to that for incidence on the film side. The
s .maximum of a is near m D n for d - 20 nm and switches to near m q 1 r 2 D ns f

for d ) 20 nm. Note that r f 0 at d s 20 nm, where an antireflection effectf b f

occurs at the substrate ] film interface. The maximum absorptance and the fringe-

averaged absorptance continue to increase beyond d s 20 nm. The averagef

absorptance reaches a maximum of ; 0.6 when d s 70 nm and the absorptance atf

s .m q 1 r 2 D n is ; 0.91 for 90 nm - d - 120 nm.f

The absorptance at 6.5 D n s 47.02 cmy 1 and 7 D n s 50.64 cmy 1 is plotted as

functions of d in Figure 4. It is surprising to see that a s a at 50.64 cmy 1. Afterf f s

s . s .a detailed examination of Eqs. 8 and 9 , it can be shown that R s R iff s

s .f s m p , that is, exp i2 f s 1. This is true even for opaque films. The existences s
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Figure 4. Effect of the film thickness on the absorptance at 47.02
y 1 y 1cm and 50.64 cm .

of wavenumbers where R s R can be used in practice to check the measurementf s

uncertainty. It can be seen from Figure 2 that a s a at wavenumbers equal tof s

m D n . The change in absorptance with d can be understood better by plotting thef

transmittance and reflectance at 6.5 D n and 7 D n , as shown in Figure 5. Note that

T decreases but R increases as d increases. When r s 0, which corresponds tof f b

d f 20 nm, R is approximate ly 0.3 and independent of the wavenumber. Becausef s

the wave reflected by the backside of the film interferes with the wave reflected by
the surface of the substrate , R at 47.02 cmy 1 continues to decrease as d iss f

Figure 5. Transmittance and reflectance versus film thickness.
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s .further increased above 20 nm. At wavenumbers equal to m q 1 r 2 D n , there

exists a minimum R when d f 90 nm.s f

4 CONCLUSIONS

This work presents the absorptance of thin YBCO films deposited on

transpare nt Si substrates in the far-infrared region at temperatures of 100, 200, and

300 K. The absorptance for backside illumination is found to be greater than that

for radiation incident on the film side. Reflection at the interface of the film and

substrate can greatly influence the fringe patte rn of the observed absorptance

spectra. Theoretical calculations using a simple Drude model are in good agree-
ment with the measured absorptance. The effect of the film thickness on the

absorptance is studied by calculating the radiative properties of the film ] substrate

composite as functions of d . There exists an optimal thickness for which thef

absorptance is maximum, although such a thickness for incidence on the film side

is different from that for incidence on the substrate side. Furthermore , the

optimized film thickness depends on the wavenumber due to interference in the
substrate. At certain wavenumbers, the optimized absorptance for backside illumi-

nation can be greater than 0.9 at 100 K with a film thickness in the range from 90

to 120 nm. The absorptance data and analyses presented here for transpare nt

substrates such as Si and for the case of backside illumination will facilitate the

design of infrared detectors based on YBCO films. Experimental and theoretical

investigations of the absorptance of YBCO films in the superconducting state will
be presented in the future .

REFERENCES

1. P. L. Rechards, Bolometers for Infrared and Millimeter Waves, J. Appl. Phys., vol. 76,

pp. 1 ] 24, 1994.

2. Z. M. Zhang and A. Frenkel, Thermal and Nonequilibrium Responses of Superconduc-

tors for Radiation Detectors, J. Supercond., vol. 7, pp. 871 ] 884, 1994.

3. Q. Li, D. B. Fenner, W. D. Hamblen, and D. G. Hamblen, Epitaxial YBa Cu O2 3 7-y

Bolometers on Micromachined Windows in Silicon Wafers, Appl. Phys. Lett., vol. 62, pp.

2428 ] 2430, 1993.

4. J. P. Rice, E. N. Grossman, and D. A. Rudman, Antenna-Coupled High-T Air-Bridgec

Microbolometer on Silicon, Appl. Phys. Lett., vol. 65, pp. 773 ] 775, 1994.

5. R. C. Chen, J. P. Wu, and H. S. Chu, Bolometric Response of High-T Superconductingc

Detectors to Optical Pulses and Continuous Waves, J. Heat Transfer, vol. 117, pp.

366 ] 372, 1995.

6. G. L. Carr, M. Quijada, D. B. Tanner, C. J. Hirschmugl, G. P. Williams, S. Etemad,

B. Dutta, F. DeRosa, A. Inam, T. Venkatesan, and X. Xi, Fast Bolometric Response by

High T Detectors Measured with Subnanosecond Synchrotron Radiation, Appl. Phys.c

Lett., vol. 57, pp. 2725 ] 2727, 1990.

7. D. B. Tanner, and T. Timusk, Optical Properties of High-Temperature Superconductors,
s .in D. M. Ginsberg ed. , Physical Properties of High-Temperature Superconductors, vol. 3,

chap. 5, World Scientific, Singapore, 1992.

8. Z. M. Zhang, T. A. Le, M. I. Flik, and E. G. Cravalho, Infrared Optical Constants of the

High-T Superconductor YBa Cu O , J. Heat Transfer, vol. 116, pp. 253 ] 257, 1994.c 2 3 7



ABSORPTANCE OF THIN YBa Cu O FILMS2 3 7- d 15

9. P. E. Phelan, G. Chen, and C. L. Tien, Thickness-Dependent Radiative Properties of

Y-Ba-Cu-O Thin Films, J. Heat Transfer, vol. 114, pp. 227 ] 233, 1992.

10. A. R. Kumar, Z. M. Zhang, V. B. Boychev, D. B. Tanner, L. R. Vale, and D. A.

Rudman, Far-Infrared Transmittance and Reflectance of YBa Cu O Films on Si2 3 7y d

Substrates, Proceedings of the ASME Heat Transfer Division, HTD-Vol. 361 ] 2, pp.

99 ] 109.

11. E. V. Loewenstein, D. R. Smith, and R. L. Morgan, Optical Constants of Far-Infrared

Materials, 2: Crystalline Solids, Appl. Opt., vol. 12, pp. 398 ] 406, 1973.

12. J. M. Phillips, Substrate Selection for High-Temperature Superconducting Thin Films,

J. Appl. Phys., vol. 79, pp. 1829 ] 1848, 1996.

13. P. Yeh, Optical Waves in Layered Media, chaps. 4 and 5, Wiley, New York, 1988.

14. Z. M. Zhang and M. I. Flik, Predicted Absorptance of YBa Cu O r YSZ r Si Multilayer2 3 7

Structures for Infrared Detectors, IEEE Trans. Appl. Supercond., vol. 3, pp. 1604 ] 1607,

1993.

15. S. W. McKnight, K. P. Stewart, H. D. Drew, and K. Moorjani, Wavelength-Independent

Anti-Interference Coating for the Far-Infrared, Infrared Phys., vol. 27, pp. 327 ] 333,

1987.

16. K. F. Renk, Far-Infrared Spectroscopy of High Temperature Superconductors, in A. V.
s .Narlikar ed. , Studies of High Temperature Superconductors, vol. 10, pp. 25 ] 62, Nova

Science Publishers, New York, 1992.


