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An Anti-Reflection Coating for Silicon Optics at
Terahertz Frequencies

A. J. Gatesman, J. Waldman, M. Ji, C. Musante, and S. Yngvesson

Abstract—A method for reducing the reflections from silicon 10 xm). Alumina-loaded epoxy has been used with good re-

optics at terahertz frequencies has been investigated. In this study, sults as an AR coating for silicon lenses [1]. However, the epoxy
we used thin films of parylene as an anti-reflection (AR) layer for iy 4terig| suffers from large absorption loss above 1 THz [2]. En-
silicon optics and show low-loss behavior well above 1 THz. Trans- | 3h full d both sid f a sili ind
mittance spectra are acquired on double-sided-parylene-coated, g _ert[ ] has successfully coated bot . Sides or a silicon window
high-resistivity, single-crystal silicon etalons between 0.45 THz With 20 um of LDPE (» = 1.52) to achieve AR performance at
and 2.8 THz. Modeling the optical behavior of the three-layer A = 118 um. Other common plastics such as Mylar and Kapton
system allowed for the determination of the refractive index and  are potential candidates because their refractive indices are close
gb;orptlon coefflpler)t of parylene at these frequencies. Our data to the required value of/nsjicon ~ 1.85; however, such mate-
indicate a refractive index, n, of 1.62 for parylene C and parylene . o .
D, and a reasonably modest absorption coefficient make these ”.a,ls may be difficult to gpply t.o small, curved optics SL_JCh_aS a
materials a suitable AR coating for silicon at terahertz frequen- silicon lens. New materials, with the necessary refractive index
cies. Coatings sufficiently thick for AR performance reduced and low-loss behavior, must be found which can be deposited in
the average transmittance of the three-layer system by<10% yniform layers at least10 um thick. Vacuum-deposited pary-

compared to a lossless AR coating with an ideal refractive index. lene, a material which is primarily used as a conformal encapsu-

Index Terms—Anti-reflection, parylene, silicon, terahertz. lant in the electronics industry, is one such candidate. Parylene
is a thermoplastic polymer which has many attractive properties
I. INTRODUCTION such as thermal stability, good adhesion properties, chemical in-

ertness, and low water absorption.
SNGLE layer thin films are routinely used as a means of parylene C films have been successfully used between 1 and
uppressing the reflection of electromagnetic radiatia\THz as AR coatings on germanium lenses for the ISO satellite
from a surface. The success of such a technique depends URject [4]. The parylene-coated lenses were optimized for max-
how close the thin film’s refractive index is to the require¢mum broadband sensitivity of a detector field-lens assembly.
value, as well as the amount of electromagnetic loss encoufiansmission of uncoated germanium in that frequency range
tered in the thin film. At normal incidence, the total power fronfs 4794 Parylene C coatings were used to substantially in-
surface reflection from an optical component at wavelengthcrease the transmittance of the optics with transmission peaks
can be made zero if approaching 90%. Another device which would benefit signif-
nar = /g ) icantly from Iow-lc_)ss AR coatings at terahertz frequencies is
the superconducting hot-electron bolometer (HEB) [5]. These

and 9 DA sensitive detectors of terahertz radiation typically use small sil-
tar = (2m+1) m=0,1,2 ) (2) iconlenses to focus radiation onto an antenna-coupled detector
dnar element. All HEB measurements above 1 THz have been im-

wheren g andn, are the refractive indices of the anti-reflecplemented without the use of AR-coated focusing lenses; this
tion (AR) layer and the optical component, respectively,iangd results in a=30% reflection loss at the silicon lens surface. De-
is the thickness of the coating. The thickness of the AR laytactor noise temperatures could be improved by 20-30% with
can be any odd number of quarter wavelengths, and typicallyflie use of a low-loss AR coating. The ability of parylene to
A /4n ag thick to minimize effects of electromagnetic loss.  be applied as a uniformly thick, conformal coating would make

AR coatings of this type are routinely achieved in the visiblg0ating the small, curved surface of a HEB silicon focusing lens
and infrared spectral regions (e.g., Mgén glass, SiO on sil- poss_lble. I_t has been shown_theore_mcally [6] _that a umfo_rm AR
icon, and ZnS on germanium) where such materials can be §8&1ing thickness on a hemispherical lens gives essentially the
plied with conventional thin film deposition techniques. At teraS@me efficiency as an optimized coating of variable thickness
hertz frequencies, difficulties are encountered when depositifyh @ difference of less than 0.5%. Irwin [7] has used parylene

materials at the thickness required for AR behaviorz( > @S @n AR coating on silicon at mid-infrared wavelengths in the
construction of dielectric-spaced resonant mesh filters. He re-
M ot received Feb 10. 2000: revised May 24. 2000 ports both refractive index and absorption coefficient data for
anuscript receive epruary y , revise ay , . . . . .
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M. Ji, C. Musantg, anq S. Yn_gves_son are with the Department of Electriqgy his application at those frequencies. Chen [8] studied the
and Computer Engineering, University of Massachusetts, Amherst, MA 01003 . L
USA. performance of a parylene-coated metal mesh filter at mid-in-

Publisher Item Identifier S 1051-8207(00)06509-0. frared wavelengths and reported a refractive index of 1.65. In

1051-8207/00$10.00 © 2000 IEEE



GATESMAN et al: AN ANTI-REFLECTION COATING FOR SILICON OPTICS 265

| t B T e L
I

0.6

0.4

Silicon transmittance

0.6-] m
04 :J ] M

0.2

0.2

Parylene C/ Silicon transmittance

0.4 0.8 12 1.6 2.0 2.4 04 0.8 12 1.6 2.0 2.4 2.8
Frequency (THz) Frequency (THz)

Fig. 1. Under-resolved terahertz transmittance of an uncoated high-resistiiig. 2. Terahertz transmittance of a high-resistivity & 20000 €2-cm)
(p > 20000 ©2-cm) 1011xm thick silicon substrate. 10114:m thick silicon substrate coated with 24.0n of parylene C on both
sides.

this letter, thin coatings of parylene C and parylene D were used
as AR coatings on high-resistivity silicon optics. Types C and
D were chosen because of their higher dielectric constant com-

A

pared with parylene N. The refractive index and absorption co- £ i vuuw
efficient were found by studying the transmittance spectra ofthe £ v
parylene-coated silicon. § 06 V '
= 049 !
Il. MEASUREMENTS E
2 02
Two 25-mm-diameter silicon etalons, polished to a thickness
of 1011 »m, were coated with parylene C and parylene D by 0

0.4 0.8 1.2 1.6 2.0 2.4 238

Specialty Coating Systems, Inc., Clear Lake, WI, to a thickness Frequency (THD)

of 24.0psm and 26.5:m (both sides), respectively. High-resis-
tivity (p > 20000 chm)’ smgle?crystal SII,ICon was chosen a‘?—ig. 3. Terahertz transmittance of a high-resistivity & 20000 §2-cm)
the substrate material because its properties were well-knowAgit1 ;. m thick silicon substrate coated with 26:8n of parylene D on both
terahertz frequencies [9], and its low-loss behavior would pernsites.
the loss of the parylene to be estimated.

Submillimeter-wave spectra were acquired using a Bruker
IFS 66v Interferometer configured with a Hg-lamp source,
Mylar beamsplitter, and a LHe-cooled Si bolometer detector. Theoretical modeling of the spectra in Figs. 2 and 3 was per-
Unpolarized, power transmittance measurements were acquit@ined by using the Fresnel equations and a standard matrix cal-
under vacuum to minimize the influence of atmospheric watéglation technique [11]. Typically, the refractive index and ab-
vapor at these frequencies. Samples were oriented away fré@ption coefficient of a single layer of low-loss material can be
normal incidence by 1-2to prevent reflected radiation fromdetermined at terahertz frequencies from transmission spectra
reentering the interferometer which can result in measuremégtich as Fig. 1) provided that the material thickness is known
errors. Fig. 1 shows an under-resolved transmittance spectr@fgl not too large. In the situation here, the refractive index, ab-
of one of the high-resistivity silicon etalons prior to coatingsorption coefficient, and thickness of the parylene film are all
The gradual downward trend of the spectrum’s transmittangBknown. Even though there are three unknowns, it is still pos-
at higher frequencies is due to loss in the silicon. From th#ple to independently determine each of these film parameters
and prior research on silicon at these frequencies [10], Wf@m the transmittance data of Figs. 2 and 3. As shown by (1),
were able to determine the terahertz behavior of the uncoatb@ AR wavelength is determined by the productak times
silicon substrates. Figs. 2 and 3 show the transmittance fafz- This, however, poses no difficulty in the independent deter-
the parylene C and parylene D coated silicon, respectivefjination ofnsr andtsr because it i3 r alone that impacts
AR behavior can be observed at approximately 1.9 THz féfie width of the transmittance envelop at the AR wavelength.
the parylene C coated silicon and 1.7 THz for the paryleride following steps were used to determings, car, andéar
D coated silicon. The two frequencies do not coincide due & the parylene films from the spectral transmittance data.
slight differences in coating thicknesses. These experimentall) An initial theoretical model was generated by using the
data, along with the knowledge of the properties of silicon, known properties of silicon, the film thickness provided
allowed for the determination of the refractive index and by the coater, a guessed value for the film’s refractive
absorption coefficienty, of parylene C and parylene D. index, and a film absorption coefficient of zero.

Il ANALYSIS
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TABLE | experimental transmittance could be established. Uncertainty in
TERAHERTZ OPTICAL PR&F;EYFETE'EE o ,\;‘SS'L'CON SUBSTRATE AND the parylene’s absorption was estimated from the experimental
accuracy of the transmittance data. Accuracy of the data of
Torahors Refractive ien] Absorprion Costiiem — Fig;. 2 and 3 are estimated. to Hel% which is typical of
n (1/om) at 2 THz far-infrared FT—IR spectra with a stable source and detector.
uncoated silicon 3.4160 = 0.0005 <02 1011 pm # 1 pm The £1% accuracy of the transmittance data resulted in a
+20% uncertainty in the parylene’s absorption. Estimates for
the error innar, aar, andtar are given in Table I. Uncertain-
parylene D 1.62 £ 2% 7% 20% 265 pm = 5% ties in the silicon’s refractive index, absorption, and thickness
did not have a significant impact on the determination of the
parylene’s properties.
2) The refractive index was varied until the width of the
transmittance envelop at the AR wavelength was modeled

parylene C 1.62 + 2% 11 +20% 24.0 pym * 5%

IV. CONCLUSIONS

correctly.
3) The film thickness was then adjusted until the experi- We have successfully used thin films of parylene as an AR
mental and modeled AR wavelengths matched. coating for silicon optics at terahertz frequencies. The mea-

4) Finally, loss was added to the parylene coating until sured refractive index of = 1.62 is not optimal for silicon,
good match between the absolute transmission was @fhich prefers an AR coating to have a refractive index c&
tained. 1.85; however, excellent AR performance was still observed.

It was in this fashion that the optical properties and thicknesxur data indicate that parylene C and parylene D with their rea-
were obtained for the parylene C and parylene D films frosonably modest absorption coefficients would each make a suit-
transmittance data alone. A summary of the terahertz optiedle choice for an AR coating for silicon at terahertz frequen-
properties of parylene C and parylene D along with the silicaties. Coatings sufficiently thick for AR performances&? THz
substrate is given in Table I. reduced the average transmittancedf0% compared to a loss-

A refractive index ofn = 1.62 was found for both parylene less AR coating with an ideal refractive index. Coating thickness

C and D, and it was observed to be independent of frequeneguirements and uniformity issues, however, may prohibit the
between 0.45 and 2.8 THz. A value of= 1.62 is lower than use of parylene for AR coatings belowl THz.
the ideal value of 1.85; however, excellent AR performance was
still observed. For the parylene C sample, the average transmit-
tance (averaged over a few fringes) at 1.9 THz reached 89%. Of o o _
the 11% difference from unity, loss in the silicon accounted for [1] N. G. Ugras, J. Zmuidzinas, and H. G. LeDuc, "Quasioptical SIS mixer
1-2% loss in the parvlene accounted for 6%. and the remainin with a silicon lens for submillimeter astronomy,” Hroc. 5th Int. Symp.

o, pary : o, and 9 Space Terahertz Technology994, p. 125.
3-4% was due to parylene C’s nonideal refractive index. For the[2] J. w. Lamb, “Miscellaneous data on materials for millimeter and sub-
parylene D sample, the average transmittance at 1.7 THz was millimeter optics,”Int. J. Inf. Millim. Wavesvol. 17, no. 12, p. 1997,
91%. Of the 9% diiff f ity, the loss in the sili Dec. 199,

0. the 9% di eren_ce rom unity, the loss in the silicon ac- [3] C.R. Englert, M. Birk, and H. Maurer, “Antireflection coated, wedged,
counted for 1-2%, loss in the parylene accounted for 4%, and  single crystal silicon aircraft window for the far-infrared2EE Trans.
the remaining 3-4% was due to parylene D’s nonideal refrac- _ Geosci. Remote Sensingl. 37, p. 1997, July 1999.
ive index. In the case where only a single AR layer is required, la) & Sohupert, private communication,
tive index. In . > only g Yy QUIred, 5] E. Gerecht, C. F. Musante, Y. Zhuang, K. S. Yngvesson, T. Goyette,
such as a silicon hemispherical lens for a HEB, total absorption  J. Dickinson, J. Waldman, P. A. Yagoubov, G. N. Gol'tsman, B.
losses due to the parylene would be orig—3%. M. Voronov, and E. M. Gershenzon, “NbN hot electron bolometric

Th b ion f | c dD deled with mixers—A new technology for low-noise THz receivertfEE Trans.

e a sorptlo_n_ or pary! e_ne a_n W_ere mo eledwithan  vicrowave Theory Techvol. 47, p. 2519, Dec. 1999.
absorption coefficientyar, linearly increasing with frequency [6] M. J. M. van der Vorst, “Integrated lens antennas for submillimeter-wave

from =3 cm~! to 18 cnT! and from=2 cm~! to 11 cnt! applications,” Ph.D. dissertation, Tech. University Eindhoven, The
velv. b 0.45 and .8 THz. The thick ' fth Netherlands, 1999.
respectively, between 0.45 and . z. The thicknesses of e p G 3. irwin, P. A. R. Ade, S. B. Calcutt, F. W. Taylor, J. S. Seeley,

films provided by the coater were larger than the thicknesses R. Hunneman, and L. Walton, “Investigation of the dielectric spaced

found by modeling the data. The coater reported thicknesses of  [esonant ngg filter designs for PMIRRaT. Phys, vol. 34, no. 6, pp.

2_7-2Um an(_j 32.3um for the parylene C and D filr_ns,_res_pec- [8] P. A. Chen, “The performance of dielectric coated mesh filtér,Inf.
tively, by using a step profilometer. Optical modeling indicated Millim. Waves vol. 8, no. 1, p. 29, Jan. 1987.

slightly lower thicknesses of 24,m for parylene C and 26.5 [9] A. J. Gatesman, R. H. Giles, and J. Waldman, "High-precision reflec-
tometer for submillimeter wavelengths]” Opt. Soc. Amer. Brol. 12,

pm for parylene D which agreed well with micrometer measure- 5> " ‘215 "February 1995.
ments of 22.5:m and 28.0:m for the two films, respectively. [10] A.J. Gatesman, “A high precision reflectometer for the study of optical

Uncertainties in the parylene’s thickness and refractive index  Properties of materials in the submillimeter,” Ph.D. dissertation, Univ.
Massachusetts, Lowell, 1993.

vyer_e determined by independently V_arying each parameter a ijl] R. M. A. Azzam and N. M. Basharé&llipsometry and Polarized
finding the range of values over which a reasonable fit to the  Light Amsterdam, The Netherlands: North-Holland, 1977.
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