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Two-dimensional terahertz photonic crystals fabricated by deep reactive
ion etching in Si
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Two-dimensional terahertz photonic crystals were manufactured from Si using deep reactive ion
etching. Arrays of square holes with widths of @00 um and lattice constants of 14025 um

were etched through 500m-thick wafers with high resistivity. Stop bands with transmittardés

and widths>200 GHz were observed near 1 THz for light with an electric field vector in the plane
of the wafers(TE polarization. The observed stop bands are close to TE photonic band gaps
predicted by a two-dimensional calculation. ZD03 American Institute of Physics.

[DOI: 10.1063/1.1588375

Photonic crystal§PC9 have band gaps where light can- performed by a Plasma-Therm™ 770-ICP. After the DRIE,
not propagate. Introducing defects in PCs can creatthe wafers were removed from the carrier wafer with ac-
waveguides and resonant cavities for frequencies in the bargione, and the remaining SiQvas removed with HF.
gap! These waveguides and cavities can be on the order of a Transmission spectra were measured with a Bruker IFS
wavelength. There has been much work on fabricating pho66vs Fourier transform infrared spectromet&TIR). An
tonic crystals for frequencies below 100 GHz and for infra-8—9 K() cm Si wafer was cleaved to the approximate dimen-
red and optical frequenciés.By comparison, there has been sions of the samples and was used as a reference. Light was
relatively littte work on PCs for terahertz frequencfes?  coupled into the edge of the samples by a 2D Winston
Recent advances in THz detection and generation are leadif@ncentratot’ Another 2D Winston concentrator recolli-
to new technologies for imaging, communications, andmated light that exited the other edge. A piece of THz ab-
chemical detectioh®!*Filters, waveguides, and cavity reso- SOrbing foam was pressed against each side of the sample.

nators based on THz PCs may become important Compo'[his eliminated any path for stray light to travel through both
nents of emerging THz technology. Winston concentrators without traveling through the sample.

In this letter, we report the fabrication of two- Parabolicf/4.5 mirrors were used to focus and collect the
dimensional(2D) THz PCs made by deep reactive ion etch-light from the Winston conq_entratprs. A wire grid polarizer
ing (DRIE) in Si. DRIE enables the etching of Si with ver- W8S placeq betlween the exﬁmg \(Vlns.ton concentrator and the

nearest mirror in the FTIR to distinguish between the TE and
TM modes. A cold low-pass filter with a 3-dB cutoff of 60
cm ! was placed in front of a composite Si bolometer de-
tector.

tical sidewalls and high aspect ratibsUnlike anisotropic
wet etching, DRIE is not limited to crystallographic plartés.
This will make possible the fabrication of THz PC structures

with circular holes and fractional edge dislocatidfs. Figure 2 shows spectra of power transmitted through the

The P.C were made fr.om h|gh--re.‘3|st|y|-(§3—9 K cm) reference and tha=100-um sample for TE and TM polar-
500-um-thick Si wafers. High-resistivity Si is transparent at izations. The general shape of the spectra represents a con-
THz frequencies with an index of refraction of 3.42. ' 9 P P P

) . volution of the intensity spectra emitted by the FTIR source
Square holes with W.'dthw of 80 (1_00) pm were eiched with the transmittance of the samples, the beam splitter, and
through the wafer using DRIEsee Fig. 1 The holes were

arrayed in a square lattice with a lattice constantf 100
(125 wm that consisted of 10 by 10@0) unit cells. The
sample size was 8 by 11 mm. THz radiation was coupled into
the edge of the sample, which served as a slab waveguide.
The first step in the fabrication was to deposit b of
SiO, by plasma-enhanced chemical vapor deposition on the
Si wafers for use as a hard mask during the DRIE. Next, 250
nm of Ni were evaporated for use as a mask during the
etching of the Si@ hard mask. The Ni mask was made by
contact photolithography and a Ni wet etch. Conventional
RIE was used to etch the Sj@o produce the hard mask for
the DRIE. Afterwards, the Ni was completely removed by
immersion in the Ni etchant. The wafers were bonded with

resist to a 4-in. Si@-coated carrier wafer, and the DRIE was

FIG. 1. Scanning electron microscope picture of a PC withl25 um and
w=100 um. The PC cannot be cleaved because of the holes through the
3Electronic mail: njukam@physics.ucsh.edu wafer. It must be broken, hence the jagged sidewalls.
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FIG. 4. Photonic band structure for 2D square lattice witla=0.8. Solid
(dashedl lines show first and second TEM) bands. The insert shows the
irreducible Brillouin zone of a 2D square lattice.
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holes andv/a=0.8 were computed using the MIT Photonic-
Bands™ softwaré®?! The first and second TE and TM
FIG. 2. Power transmitted through reference wagrand(c), and PC(b) bands of the 2D PC are shown in Fig. 4. The structure has a
and(d), ;Of g%hthgz'af;?fdifltgg Txin%”g(z)a?:tl JE(C_) ;(;‘dg) ?r']fseés TE band gap with a width of 0.16/a, and a very small TM
gﬁg\?v. sTar?wple, light golarization,/;nd wire grid polalgzer. AIIMof .the figures b_and Qap with a Wldth of 0.00/a. In thelT-X direction, the

have been rescaled for visual clarity. direction of propagation for these experiments, the structure
has a TE gap extending from 0.21a to 0.41c/a and a
smaller TM gap extending from 0.28a to 0.26c¢c/a. The

filters. A small dip in the TM spectrumiFig. 2(b)] is ob- . N i
served at 0.83 THz that is not present in the TM referencéﬂlcuIated 2D TE gap in the-X direction and the total TE

spectrum[Fig. 2(a)]. When the polarizer is rotated to select g:ﬁsfgrr] both samples are shown as lines in Fig. 3 for com-
the TE modes, a large stop band in the spectrum of the PC R For.both samoles. the stop bands are close to the pre-
observed near 1 THz in Fig(® that is not present in the TE pies, P b

. : dicted values for the total TE gaps. However, the THz radia-
reference spectruifiFig. 2(c)]. The TE transmittance spectra tion propagated mostly in thE-X direction. Thus. the sto
(sample/referenge of the a=125-um and a=100-um 'on propag yi rection. 1nus, P

samples are shown in Fig. 3. A stop band in which the transpand Is expected to correspond to e band gap, which
mittance dips to<1%, is visible for both samples. extends to lower frequencies. From tlicnumber of the

The band diagrams of a square 2D lattice with squar@eam and the air-Si index misr_natc_h, we estimate the range
of angles sampled from tHé-X direction in the plane of the
wafer is 2°.

The dip at .83 THz in the TM spectra in Fig(®2 may
correspond to the smaller TM gap. Interestingly, this dip is
near the lower edge of the TE stop band. This would be
expected from Fig. 4, because theX TM gap is close to the
lower I'-X TE band edge. However, both the TM dip and the
lower stop-band edge occur at higher than expected frequen-
cies.

We attribute the discrepancy between the predicted 2D
gaps and measured stop bands to two factors. The first,
which we believe is the most important, is that the samples
were made of 50Qem-thick wafers in order to have suffi-
cient throughput. At THz frequencies, these wafers support
several slab waveguide modes that have a component of the
wave vectork, perpendicular to the plane of the waveguide.
For a given wave vectdt, this will reduce the magnitude of

Frequency (THz) its in-plane component of the wave veci@rwhere 82+ k2
=k?. This decreases the effective in-plane index of refrac-
FIG. 3. Transmittance of 2D PCs for TE-polarized light propagating in thetion Nesr=CcBlw of the slab mode. It can be showthat for

I'-X direction. Solid line(dotted ling is for the crystal witha=100 xm and : :
w=80 um crystal @=125 um andw=100 um crysta). The horizontal any mode with frequency, wave vectork, and index of

lines correspond to the calculated 2D TE band gap and the TE band gap kEfractionn(r), if the index is decreased by a factsuch

the T-X direction. thatn’ (r)=n(r)/s, then the mode with wave vectkris still
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