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Abstract— This paper presents a method how to manufacture
a low loss window applicable for THz frequencies. The window Comparison of Different THz Windows
is made out of high resistivity silicon 8kQ2cm, n = 3.42 and « =
0.1/cm). Reflective loss due to the impedance mismatch between 10
the substrate and free space is overcome by etching (Bosch-
process) rectangular grooves of depth\/4 into the substrate as
an antireflection (AR) layer. Simulation of the AR-layer was done 0.8
by using a transmission line analogue and theScatterprogram
written by R. Padman. FTS measurements yield a transmittance
greater than 96% at 2.1 THz and a bandwitdh of 400 GHz (1.9-
2.3THz) with 90% transmission.
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extremely high dielectric constants. For these materials, AR-
coatings are needed to minimize reflection losses. This can _ o
be done by coating both window surfaces with a materigf’ 2%5711) PTThlfgegﬁnal Epo Tak 30 %fOpP;Fgufr't‘fd&?: é;}%‘ftTeCQ’Sta'
of thickness\/4 and refractive indexi4r = /n. Coatings 301 and 2&m PTFE. (2) Calculation for Parylene coated silicon: 2438
with the required dielectric constants are very rare. UnfoParylene, 52im silicon and 24.38m Parylene. (3) Measured (FTS - Bruker)
tunately, most of them have poor transparency in the THZNSmsission of 1.28m HDPE. (4) Simulated data of #n Mylar.
frequency range (e.g. PE, Parylene, Teflon) leading to high
absorption losses. Precisely manufactured HDPE windows are
only slightly worse than a Parylene coated silicon window
(for example) in the THz range (1). In addition, AR-coatings Theories to calculate 1D or 2D AR-structures are given by
are not always easily applicable to the window substrafd][2] and [3]. In both cases, the topology models the dielectric
Especially in the case of cryogenic temperatures, glued avnstant of the substrate, thus artificial dielectrics can be
sintered materials may peal off under temperature cycling. Fidesigned. It should be noted, that 1D structures are polarisation
1 gives an overview of appropriate THz window designs. dependent and birefringent [4], whereas 2D structures are not.
A second method to match the impedance of the windowRaguin et al[1] developed the 2nd order effective medium
material to free space is to design artificial dielectrics with theory (EMT), which allows the calculation of the dielectric
refractive index of,/n by cutting a well defined topology of constant of rectangular grooves as a function of the filling
\/4 depth into the substrate. The generated dielectric constéatttor f = b/p (see Fig. 2). The groove geometry is defined
is a function of the filling factor and can be calculated. The@s shown in Fig. 3.
ries for 1D structures like rectangular-, multistep-, triangular- The groove depthd equals a quarter wavelength of the
and sin-wave-grooves [1][2] and 2D structures like rectangléwident wave ) in the window material:
and holes [3]. are known. For wavelengths up to 400 GHz,
grooved HDPE can be fabricated with common manufacturing d—= Ao 1)
techniques such as CNC milling. However, the needed sub- 4y/ns

wavelength structures of about 6 microns at 1.9 THz are quite, grating equation sets an upper bound on the period-to-

difficult to manufacture conventionally. . . _ . wavelength ratio, since the 2nd order EMT is only valid as
Rectangular grooves were manufactured into high reS|st|qu(ng as only the zeroth diffraction order propagates:
silicon by using the Bosch-process to keep the fabrication

process simple and to get high transmission at THz frequen- P 1 @
cies. Ao T B(ns +ni)
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Relation between Refractive Index and Filling Factor Comparison of Transmission Line and Scatter Simulation Methods
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Fig. 2. Dependency between the filling factor and the resulting refracti\'/:ég;l_?_iz %Emulalti;); Of?%ggt‘;z?gi"w"r(i:eam) \évfi)néjow. 299%”;@(1”::?
index for an incident TE and TM wave. For calculation see [1 : 0 = Looum,). ota 1= 1P = 30.04m, 9= .oUm

relf) [1] d = 21pm and 319 = 10, i.e.p = 3.6um, b = 0.8um andd = 21um.
The maximum error using the transmission line analogue is only 2% within
the band pass of 90% transmission.

n Padman [5], is used. But a comparison of both simulation
methods for a 1.9THz window shows, that the error introduced
n. by the transmission line model is small fgt < 1. At
2.075THz the error is only 1%, accompanied by a 10GHz
frequency shift of the extremum (see Fig. 5). The error is a
Fig. 3. Rectangular grooves as an example of a polarization dependent $9nsequence of Eq. 2, since for the given period-to-wavelength
structure matching the impedance of the substrate with refractive ind¢a  ratio at 1.9THz,5 drops under unity for frequencies greater
free spacerf;). Groove pitchp, depthd and tooth widthb. The incident wave thqn 1.9THz. At 2 075THZ3 decreases te- 0.93. Identical
propagates i-direction with rotation anglg with respect to the groove pitch . n ) ) . . T
vector, simulation results are achievable if (for example)> 10 at
the design frequency.
_ _ The Scatter program also allows the computation of the
The design constans, describes how much smaller theransmission for different angles, But as can be seen in Fig.
ratio p/Xo is than the critical valuel/(ns + n;). For ease g, the groove orientation with respect to the E-field vector is
of manufacturing3 should be close to unity. Values ofless not critical. Misalignment of° yields 3% loss only.
than Unity a”OW the propagation Of hlghel’ dif‘fraCtiOI’l Ol’derS, Much more critical is the groove depth Tak|ng Eq 1

hence 2nd order EMT fails. into account, one can see that the frequency of maximum

1. SIMULATION transmission at a design frequency of 1.9THz is shifted by

. . e o : .~ 80GHz per depth variation.
Simulation of the artificial dielectric is possible by using a perpm dep

simple transmission line analogue (Fig. 4), as longjas 1
for any wavelength in a given frequency range, angle 0°
and thek-vector is perpendicu|ar to the surface. The KOSMA single pixel 1.9THz heterodyne HEB-receiver
The transmission line method can not be properly used whefigannel on GREAT, operated on the SOFIA airborne obser-
(3 drops belowl in the analyzed frequency band, becausétory, needs a low loss THz window, because observation
higher-order diffraction waves start to propagate. In this catigie on the stratospheric telescope is expensive. Loss from
the transmissivity should be calculated by solving Maxwellthe cryostat window should be as low as possible, no more
Equations. Here, the FORTRAN-Co@eatter written by R. than10%. Due to safety reasons the window must support a
pressure load of 3.5bar with a clear aperture of 25mm.

IV. DESIGN CONSTRAINTS

artificial dielectric window material artificial dielectric V. MEASUREMENTS
free space impedance Z impedance Z impedance Z free space
impedance 20|~ d\e\ec:re\g%?n‘stante die\ecsﬁg%‘;‘n‘stame [ die\ecsﬁg%ﬁ‘n‘stame impedance Z0 . . . .
foss L loss L loss L First, a stress analysis of a fixed mounted /27 thick
silicon wafer under a pressure load of 3.5bar at a clear aperture
Fig. 4. Transmission line of 256mm was made. A subsequent single burst test approved
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Transmission with Different Groove Orientation FTS-Data and Theoretical Transmission of Grooved Silicon
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Fig. 6. Loss due to misalignment of the grooves with respect to tilg. 8. Measured FTS data of our first dry-etched silicon cryostat window
polarization vector of the incident wave (3% loss fof only!). Scatter for THz-frequencies. Theoretically predicted transmission for a structure of b
simulation data with3; = 1, i.e p = 35.5um, b = 6.5um andd = 21ym. =6m, p = 35.5m and d = 20m on 527m thick silicon is overlaid.
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Fig. 9. SEM picture of our first low loss THz window. The rectangular
groove AR-structure can be seen.

Fig. 7. FTS measurements yield a refractive indexnof= 3.42 and an

ahsorption of).1/cm. for 3k<em silicon. ion etching process ensured the accuracy needed for the

structure & 1um for all dimensions) and kept the fabrication

) ) ) . process simple. Fig. 8 shows fitted data=€ 35.5um, b =

the preceding calculations and yielded a possible pressure '%ﬁ% and d = 20um) together with measured FTS data of

greater than 4bar. our first device. As can be seen, maximum transmittance of
In a next step, the refractive index and the absorption giore than 96% could be achieved. The 90% transmission

high resistivity silicon was measured by using a Bruker FTS;nqwidth was found to be 400GHz. An SEM image of the
(see Fig. 7). The values obtained for the refractive index aggbhed grooves is shown by Fig. 9.

absorption aren; = 3.42 and @« = 0.1/cm, appropriate

for the manufacture of a 1.9THz window with up to 98% VI. CONCLUSION
transmittance, when reflective loss is minimized by a losslessRectangular grooves, working as an AR-coating, were man-
AR-layer. ufactured into high resistivity silicon3Qcem, n = 3.42

Based on the theory [1] a rectangular groove AR-structuaed oo = 0.1/¢m). Silicon was used to keep the fabrication
for high resistivity silicon was calculate@d(= 1 at 1.9THz: process simple (Bosch-process) and to get high transmission
p = 35.5um, b = 6.5um andd = 21um). The transmission at THz frequencies. The topology was simulated by using
was simulated with theScatterprogram. Then, the groovesa transmission line analogue and R. PadmS8catter pro-
were dry-etched by using the Bosch-process. The dry reactgram. Theoretical predictions and FTS measurements of our
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first 1.9THz device are shown in Fig. 8. As can be seen,
transmittance was found to be more than 96% at 2.1THz
and the bandwidth within 90% transmission was 400GHz
(1.9-2.3THz). The band pass shift to higher frequencies is a
consequence of the etched groove depth, which is difficult to
control. In addition, the etched tooth widthis a little bit
smaller than calculatedsm instead of6.5um), leading to

a slightly different filling factor, hence to a smaller refractive
indexn 4r as needed for a perfect matching layer.

The mechanical design constraints, clear aperture of 25mm

under a pressure load of 3.5bar, are satisfied. The result of a
single burst test yields a possible pressure load greater than
4bar.
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