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Abstract. Optical transmittance by 2D macroporous silicon structures was investigated in direction
parallel to pores. Absolute photonic band gap was measured for wavelengths between one and two
optical periods of macroporous silicon structure. For wavelengths less than optical period of macropores
there are an essential reduction in transmittance of electromagnetic radiation to (3—6)1073 apparently
the homogeneous material and the step formation. Transmission spectra of macroporous silicon as well
as steps were explained by a model of directed and decay optical modes formed by macroporous silicon
as a short wave-guide structure with a large contrast in dielectric constants of the macropore and the

silicon matrix.
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1. Introduction

Optical transmittance of 2D periodical photonic structures
was investigated theoretically and experimentally in [1-10].
Especially, transverse and longitudinal electromagnetic
wave components were measured and calculated for 2D
macroporous silicon in direction perpendicular to pores [5—
8]. For E-polarized light in (10)-direction an opaque region
was observed between 1 and 2 zones and 34 zones [5]. But
in [1] there was found that E-polarized radiation was not
transmitted by the 3 band of a square lattice of dielectric
cylinders due to symmetry constraints. Neglecting the gap
region, the overall transmittance decreases with increasing
wave numbers from 20 % at 50 cm ™! to 2 % at 500 cm™!. This
decrease was explained in terms of scattering of rough sur-
faces. Really, transmitted intensity decreased by factor 3 in
the 30 mm range and it stayed approximately constant in-
side the gap in the range 40 um when metal cone behind the
sample was removed. So, in accordance to [S] macroporous
silicon structures are effective media for long waves and
strong scatters for short electromagnetic waves.
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Optical transmittance of 2D periodic structures was in-
vestigated for parallel to rods (out-of-plane) direction theo-
retically only [9-11]. By the use of the plane wave method
Maradudin in [9] have calculated the dispersion curves
(photonic band structure) of electromagnetic wave propa-
gation in a structure consisting an infinite array of parallel,
long triangular lattice of air cylinders. The propagation vector
k of electromagnetic waves in this structure has a nonzero
component k, parallel to rods. The structure studied nu-
merically posses a band gap between 3 and 4 zones com-
mon to waves of both E- and H-polarization for propaga-
tion in plane parallel to the rods. A new absolute band gap
opens up below the first band for non-zero k., whose width
increases linearly with increasing k.. In[11] the transmis-
sion of electromagnetic waves propagating in 2D photonic
crystals for out-of-plane incident angle as high as 85° was
studied. There is a full calculated photonic band gap for
both E- and H-polarization for dielectric constant ratio higher
than 12.25. So the aim of our work is experimental investiga-
tion of optical transmittance by 2D macroporous silicon
structures in direction parallel to pores.
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2. Experimental

The starting material consisted of n-type silicon (100)
with 2-5 Q-cm resistivity. Macropores with diameters
D, = 1-15micron were formed due to the generation and
transfer of nonequilibrium holes to the n-Si
electrochemically treated surface as a result of the opti-
cal band-to-band electron-hole generation [12-13]. The
electrolyte was 5 weight percent hydrofluoric acid. Pa-
rameters of samples are presented in Table 1.

Optical transmittance was measured using IR Fourier
spectrometer IFS-113, IR spectrophotometer Specord M85
and He-Ne laser. Absorption coefficient a was recalcu-
lated taking into account the measured absorbance value
Iy/I,s (Iy—incident irradiation, I, — transmitted irradia-
tion) and the adsorbance value of reference silicon plates
Iy/Is; (Is; - irradiation intensity, transmitted through ref-
erence silicon plate).

3. Results

Accodingly to Maradudin results [9] in two-dimensional
periodic structure with period a absolute photonic band
gap forms at A = 1.5A, (A, — is the optical period of the
photonic structure, equaled to (a — D,)e’? + D, ) by 2D
photonic structure with £ = 13 and the cylinder volume V'=
0.84. Soucoulis calculations [11] predicted photonic band
gap formation common for H- and E-polarization of electro-
magneticirradiationat A=1.2A, ate=12.3and '=0.73. We
measured absorption bands at A = 1.5\, (sample 2 from Ta-
ble), A=1.1A, (sample 4, Fig.1) and for A = A, (sample 6).
Obtained results correlate qualitatively with calculations
[9,11]. Absolute band gap below the first band was not
measured. So macroporous silicon structures are effective
media for long electromagnetic waves, as in [5].
Absorption spectra of macroporous silicon with differ-
ent pore diameters and concentration have common fea-
tures at A < A, (Fig.2a). There is an essential reduction in
transmittance of electromagnetic radiation with a shorten-
ing of the wavelength. Recalculated absorption coefficient
isequaled 300500 cm™!, as in Fig.2b. Really, for earlier meas-

Table. Characteristics of macroporous silicon samples
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Fig. 1. Transmittance of electromagnetic waves propagating in 2D
macroporous silicon structure parallel to macropores (sample 4).

urements at A =1.15 pm and A = 3.39 um of He-Ne laser
optical transmittance of the macroporous structure was 3—
60003 apparently homogeneous material [7]. At short wave-
lengths A < D, the optical transmittance slightly grows.
Transmission spectra contain steps or oscillations, as in
Fig. 3. The step frequency in the long-wave part of the
spectrum is proportional to the distance between the pores
(Av'~a- D,, fig. 4a), but in the short-wave region it is
proportional to the diameter of the pores (AV* ~ D,,, Fig. 4b).
The frequency intervals of the steps are related via
AvS/Av =4 for the commensurable quantity a — D,and D,

Sample# Type of structure i, micron  D,,micron  N,-10°,cm?  V,artbun. @D, micron A, micron
1 Arbitrary 80 1 75 0.06 28 10.8

2 Periodical 70 2 4 0.14 2.8 11.1

3 Arbitrary 140 25 47 023 2.1 10.3

4 Periodical 75 3 50 0.35 1.8 84

5 Arbitrary 150 35 3R 0.37 1.6 94

6 Periodical 120 5 12.5 0.25 39 18

7 Periodical 80 6 15.6 0.78 20 134

8 Arbitrary 170 10 6.3 0.50 2.6 18

9 Periodical 40 12 50 0.57 2.1 194
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Fig. 2. (a) Transmittance spectra of macroporous silicon structures:
1 — sample 1, 2 — sample 3. (b) Spectral distribution of the effective
absorption coefficient: / — sample 1, 2 — sample 3, 3 — silicon plate.

Transmission spectra of macroporous silicon as well
as the formation of the steps can be explained by a model
of directed and radiated optical modes. Macroporous sili-
con is a short wave-guide structure with a large contrast
in dielectric constants of the pores and the silicon matrix
(Fig. 5). The full electromagnetic field of optical wave-
guides can be represented as the sum of fields of directed
modes, transferring energy of radiation over a infinite
distance in a spatially stable regime, and fields of radia-
tion in a spatially nonstable regime [14-16]. For short
wave-guides, the second component plays a vital role.
Thus the field of radiation consists of flowing (refracting
and tunnelling) modes and spatial modes of radiation.
The basic difference between the directed modes and ra-
diated modes lies in the establishment of the latter, requir-
ing the field to vanish for the distance z — oo [15]. The
modes of radiation correspond to frequencies lower than
the cut-off frequency. For real values of the longitudinal
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Fig. 3. (a) Long-wave steps in the transmission spectrum of the sam-
ple 5. (b) Short-wave steps in the transmission spectrum of the sam-
ple 5. (¢) Oscillations in the transmission spectrum of the sample 1.
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Fig. 4. (a) Dependency of the long-wave step frequency Av! on
the distance between pores @ — D,,. (b) Dependency of the short-
wave step frequency Av* on the pore diameter D,.

(z-axis) component f3 of the wave-vector k, in cladding
(0 < B<ky) the «propagation» mode of radiation is formed,
and the parameter of the mode O = p(82—k»2)"? in the
cladding is imaginary. The radiation mode is defined by
a modified cylindrical Bessel function K,(Q) and corre-
sponds to the scattering waves moving away from the wave-
guide. If the real and imaginary part of Bsatisfy the corre-
sponding conditions B =0 and0 < < oo, then the mode
is called «decay». For the imaginary value of b the mode
parameter W = p(k,2— B2)"2is a real quantity for k,2 <
<|B? < k;* and corresponds to the directed mode with
diminishing amplitude, proportional to IP(W) e, where
(W) —modified Bessel function [16].

In the short-wave spectral region the directed optical
modes form on macropores, because the step growth of
transmittance takes place for A< D), (fig.3b). So macropores
present themselves as wave-guides of a metal type (the
walls of the macropores are enriched with electrons [17]).
For normal incidence of electromagnetic irradiation on
macroporous structures there might be sliding radiation
incidence on macropore walls. It is known, that for sliding
incidence of radiation on conductive surface the absorp-
tion coefficient for TM (p) waves is 10>~10* times greater of
absorption coefficient for TE (s) waves [16]. So TE modes
are formed on conductive macropore walls with ordern =1,
because the first directed mode is formed for A = D, [14].

In the middle region D, <A <A, it is possible the di-
rected mode formation for the silicon wave-guides and de-
cay mode formation for the macropores. Such modes are
formed in the same medium (the silicon matrix) and differ by
the sign of the radius p only (Fig. 5), so the formation of
shelves is possible. The amplitude of the total wave in the
direction z is defined by a cylindrical functions J,S(Q)e/* +
+1p(-Q)e

In the long-wave spectral region A > A, decay appar-
ently Si matrix modes are formed with the mode param-
eter QSi = ikpSi nSi(COS'ﬁsz 1)1/2.
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Fig. 5. Cross section of macroporous silicon structure with pore radius p, and radius of wave-guide on silicon matrix Qg;
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The increase in the diameter of macropores up to the
value D, > (a — Dp)ng; modifies the transmission spectrum.
In this case the region of the decay mode formation corre-
sponds to A > D, and the directed modes are formed for
A <a - D,. Thus, in contrast to the structures with pore
diameters D), ~ (a— D,,)ng; for samples with large macropore
diameters the decay modes are formed on pores, and the
directed modes are formed on the silicon matrix. For struc-
tures with small pore diameters (D, =1 um) the transmission
spectrum oscillations in the region of wavelengths A <A, are
measured only.

Conclusions

Absolute photonic band gap was measured at wavelengths
between one and two optical periods (A, < A < 2A,) of
macroporous silicon structure in accordance to calcula-
tions [9,11]. The absorption spectra of macroporous sili-
con with different diameters and concentrations of pores
have common features. For wavelengths less than optical
period of photonic structure there are an essential reduc-
tion in transmittance of electromagnetic radiation to
(3-6)073 apparently the homogeneous material and steps
formation. For A < D), the optical transmittance slightly
grows. In the short-wave spectral region the directed op-
tical modes form on macropores. In the middle region
D, <A <A,itis possible the directed mode formation on
the silicon waveguide and the decay mode formation on
macropores. In the long-wave spectral region A > A, de-
cay apparently Si matrix modes are formed. The increase
in the diameter of the macropores up to the value D, >
> (a - D,)ng; modifies the transmission spectrum, decay
modes are formed on pores, and the directed modes are
formed on the silicon matrix. So transmission spectra of
macroporous silicon as well as the steps were explained
by a model of directed and decay optical modes formed
by macroporous silicon as a short waveguide structure
with a large contrast in dielectric constants of the pore
and the silicon matrix.
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