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P-type macroporous silicon for two-dimensional photonic crystals
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Macroporous silicon with two-dimensional periodicity has been produced by electrochemical
etching, using ap-type doped silicon substrate. The structure shows photonic energy gaps in the
infrared region, as demonstrated by variable angle reflectance measurements. The agreement
between measurement and band calculations confirms the high quality of the samples. The use of an
optimized electrolyte allows the fabrication of very high quality samples, with high aspect ratio and
low roughness both at the surface and on the pore walls. The best results are obtained with aprotic
and protophilic solvents. ©2002 American Institute of Physics.@DOI: 10.1063/1.1515127#
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I. INTRODUCTION

Photonic crystals have attracted much interest in rec
years.1–3The term photonic crystal indicates a structured m
terial whose dielectric constant exhibits translation symm
try. Theoretical and experimental investigations show t
such symmetry introduces energy bands in the photon
persion which are reminiscent of the electronic band str
ture in electronic crystals. Suitable bases and lattices can
lead to forbidden energy gaps in photonic crystals. Phot
with energy within such gaps cannot propagate through
material, thus suggesting possibilities for novel light-guidi
structures and devices. A combination of photonic and e
tronic devices might be the optimal solution for a number
applications.4,5 Therefore, techniques that allow fabricatio
of photonic crystals in Si hold the prospect of integration
photonic devices within complementary metal–oxid
semiconductor~CMOS! technology.

One way to fabricate two-dimensional photonic cryst
in Si is by electrochemical anodization. The resulting ma
rial is commonly referred to as macroporous Si.6 Spatial two-
dimensional~2D! periodicity of pores can be obtained b
defining a pattern of etch pits on the surface before anod
tion, for example, by photolithography. In this way, period
arrays of equal cylindrical pores can be fabricated in a sin
pass, with constant diameter and very large aspect ratios
with pore depths hundreds of times larger than the pore
ameters.

Large aspect ratios are possible because anodizatio
intrinsically an anisotropic process. In fact, according to
widely accepted etching model,7 anodic dissolution of Si re-
quires the presence of positive carriers~holes! at the Si–
electrolyte interface. Also, during anodization, a spa
charge region~SCR! is set at the Si–electrolyte interfac
The holes must cross the SCR to keep the etching go

a!Electronic mail: bettotti@apha.science.unitn.it
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Since the SCR is thinner and the electric field is larger in
pore tip regions, etching at the pore tip is faster than alo
the pore wall.8

The anisotropy of the anodization can be strongly e
hanced inn-type substrates, because holes are minority c
riers, and their concentration can be modulated over a w
range by external means. If no such external means are
ploited, the hole population is negligible everywhere in t
Si crystal, and the etching proceeds at a low rate. Howe
the etch rate increases if extra hole population is gener
far from the pore region and diffuses towards the pores~e.g.,
by illuminating the backside of the wafer!. By limiting hole
generation, it is possible to collect the hole current co
pletely at the pore tip. The etching at the pore wall is alm
fully quenched in this case, and the aspect ratio can reach
amount of hundreds as above mentioned.9 On the other hand,
in p-type Si, the hole density cannot be controlled in the p
wall regions, and the macropores can only achieve the as
ratio allowed by intrinsic anisotropy.9

It is interesting to investigate the anodization ofp-type
macroporous Si in order to obtain larger pore aspect rat
Using p-type in place ofn-type substrates has a number
advantages. First, the setup does not need illumination of
backside of the wafer to generate holes. Seco
macroporous Si could further serve as the substrate for
noporous silicon, whose formation also requires hole inj
tion. An active medium could be then introduced into t
pores by impregnating a nanoporous sponge.10 Third, p-type
substrates are largely preferred for CMOS processes,
they are a natural choice for easier integration of photo
devices ~e.g., waveguides, filters, etc.! with conventional
electronics.

In this article we report experimental results that sh
how it is possible to grow very high aspect ratio photon
structures onp-type macroporous silicon using aprotic pr
tophilic solvents, and how the dissolution mechanism of t
substrate allows one to engineer the final aspect of
6 © 2002 American Institute of Physics
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macroporous lattice. The formation of photonic crystals
demonstrated by optical reflectance measurements.

II. EXPERIMENT

We studied the formation of macroporous Si onp-type
100-oriented substrates with three different doping lev
~0.1–0.2, 2–4, and 7–15V cm! in order to demonstrate th
existence of photonic gaps in the infrared~IR! spectral re-
gion. The electrolyte was optimized as described in ear
reports11 using ethanol or two different organic aprotic pr
tophilic solvents: dimethylformamide~DMF! and dimethyl-
sulfoxide~DMSO!. All solutions were prepared starting from
HF 48 vol % in water and analytical grade reagents. Gen
ally the composition of the electrolyte used is HF 4 M, d
luted in ethanol, DMSO, or DMF. Etching was performed
an electrochemical cell, made of Teflon, with an area
posed to the electrolyte of 0.2 cm2.12

Both random and periodical macroporous Si were st
ied. For random samples, the Si surface was directly etc
after cleaning in ethanol. For periodic structures, an etch
mask was defined on the silicon surface using photolithog
phy. Subsequent wet etching in KOH produced etch pits w
a square shape. The final cross section of macropores
comes circular, indicating that in the plane perpendicula
pore axis anodization proceeds isotropically.

The samples were characterized by scanning elec
microscopy~SEM! analysis using a JEOL 6100. The SE
images of random structures were analyzed by a two-
procedure. First, a transparent raster image was supe
posed on the SEM image. This bitmap image was elabor
to produce a black and white image. In this way, we mi
mized errors due to application of a single threshold filt
Due to the limited gray-tone scale, a single threshold fi
cannot distinguish between pores that do or do not deve
in depth. The image was then processed by ScionImage S
ware Ver. 4.1b to obtain pore size distributions.

Optical characterization of the ordered macroporo
samples was performed by variable angle reflectance~VAR!
from the sample surface. VAR yields the photonic ba
dispersion.13–15. After polishing the sample surface to re
move the etch pits, the VAR was measured in the spec
range of 0.2–1 eV by a Fourier-transform spectrome
~Bruker IFS66! at a spectral resolution of 1 meV and angu
resolution of61°. The plane of incidence was chosen to
perpendicular to the sample surface and the angle of i
denceu was varied in the range of 5.4°–59.4° in steps
5.4°. A liquid-nitrogen-cooled photoconductive HgCdTe w
used as the detector and a silver mirror was used as
absolute reflectance reference. The photonic crystals had
angular lattice symmetry. Measurements were done for l
incident along theG–K orientation of the 2D crystal, both in
transverse electric~TE! and transverse magnetic~TM! polar-
izations by a polypropylene wire grid polarizer. In order
test the quality of the macroporous samples, the meas
dispersion of the photonic bands was also compared w
photonic bands calculated by means of standard plane w
expansion.16,17
Downloaded 29 Nov 2002 to 193.206.68.13. Redistribution subject to A
s

ls

r

r-

-

-
ed
g

a-
h
e-

o

n

p
m-
ed
-
r.
r
p
ft-

s

d

al
r

r

i-
f

he
tri-
ht

ed
th
ve

III. RANDOM MACROPOROUS SILICON

On Si wafers, anodic dissolution yields random pore d
tribution where the pore dimension varies randomly and
pore size depends on the doping density. To compare di
ent electrolytes and to determine the average propertie
the resulting structures, their morphological properties ver
etching conditions were studied.

As an example, Fig. 1 shows histograms of pore area
random macroporous samples obtained on 2–4V cm p-type
doped Si wafers. Remarkably, the mean area and its distr
tion were dependent on the specific organic electrolyte u
but not on the etching current density.

The silicon etching rate was strongly dependent on
solvent used~Fig. 2!. The main difference in etching rat
concerns the comparison between ethanoic and DMSO s
tions. From the data of Fig. 2~a!, we could estimate etch rate
of 0.1 and of 0.7mm/min for ethanoic and DMSO electro
lytes, respectively, associated with a 10 mA/cm2 current den-
sity. This is a significant difference. A comparison betwe
the organic solvents@Fig. 2~b!# showed a small difference in

FIG. 1. Mean area vs current density. 2–4V cm p-Si, HF 4 M, etching time
900 s. Top: DMF; bottom: DMSO.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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etch rate, always less than 50%, and evidence of a reduc
in the etch rate for DMSO when the current was increas

Another difference between the DMF and the DMS
electrolytes was the range of density of current span. Us
DMF and current density lower than 10 mA/cm2 it was not
possible to obtain macroporous structures that retain p
topology in depth, instead of what was obtained with DMS
In addition, with DMSO the mean area was about 0.45mm2

~pore radius of 0.38mm! and the filling factor was betwee
27% and 37%, whereas with DMF the mean area was ab
0.8mm2 ~pore radius of 0.5mm! and the filling factor was
between 35% and 42%.

The role of the solvents in the silicon etching mechani
is not yet clear.7 There are at least two facts to consider:~i!
DMSO and DMF solvate differently the ions in the solutio
in a way more effective than water and ethanol;18,19 ~ii ! the
polarization of the semiconductor–electrolyte interface
modified by the presence of aprotic solvents.7 This could
influence the extent of the SCR inside the semicondu
since the extension of the double layer inside the electro
is changed. A rough estimate of the interface polarizat
could be made by simply looking at the voltage across
cell during the anodic etch. Even though the measurem
were not referred to a third electrode, we believe that
values are significant because of the great difference in
area of the working (0.2 cm2) and counter (20 cm2) elec-
trodes and the low polarizability of the platinum
counterelectrode.20,21 In water the junction bias was abou
0.8 V; with DMF it increased to about 1.4 V, and in DMS

FIG. 2. Etch rate dependence on solvent, etching time, and current de
In ~a! the current density was kept constant at 10 mA/cm2. In ~b! the etching
time was kept constant at 900 s. Both are onp-Si 7–15V cm. The error bars
on the depths determined are 0.1mm.
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the junction bias was 20 V. DMSO acts as a better solvent
HF with respect to DMF in macroporous silicon formatio
both because it produces pores in a larger range of cur
densities and because it forms smaller pores in rand
samples. Thus, DMSO is promising for obtaining photon
crystals with a gap at 1.5mm.

IV. ORDERED MACROPOROUS SILICON

Pre-patterned substrates anodized using the etha
electrolyte always exhibited significant pore wall etching. O
the contrary, the use of aprotic solvents showed very in
esting effects. It was possible to reduce the resistivity of
substrate from more than 10 to 0.1V cm where high aspec
ratio periodic structures can be formed. In addition, using
same lithographic mask, different structures could be
tained using different etching conditions. The influence
the change of electrolyte was studied using a square lattic
etch pits with lattice constants from 10 to 1mm and with a
ratio pore diameter/lattice constant equal to 2. When p
terned 7–15V cm substrates were etched with the ethan
solvent, the etch pits developed into macropores. Inter
ingly, for a lattice constant of 10mm, pores in an interstitial
position have also been obtained@Fig. 3~a!#. No pre-
definition of etch pits was required for such interstitial pore
The pore in the interstitial position appeared whenever
thickness of the wall between two adjacent pores was la
than twice the depletion width of the electrolyte/silicon jun
tion. At this stage no reliable measurements of the depth
the interstitial pores have been made. Evidence of lat
etching is also evident when a tilted view of the macroporo
sample is observed@Fig. 3~b!#.

The sample surface became undulated. In addition,
square lattice of the pores turned into a square lattice
pillars when the lateral growth of pores was such that nea
pore walls were consumed. Figures 3~c!–3~e! show progres-
sive dissolution of the pore walls for decreasing lattice co
stants from 4 to 2mm. The structures obtained using th
ethanoic electrolyte do not have high aspect ratio becaus
widening of the pores.

This picture changed when aprotic solvents like DMF
DMSO were used due to the more anisotropic characte
the attack, as shown in Fig. 4. No evolution from the pore
the column lattice was observed, at least not at the scal
these dimensions. This indicates diminished importance
the lateral etching. On the square lattice with large latt
parameters, like the one shown in Fig. 4~a!, a random distri-
bution of small macropores formed in the interstitial regio
of the ordered lattice of large macropores. The macrop
dimension is determined by the etch pits in the ordered
gion and by the substrate resistivity in the region where r
dom macropores occur. This effect has been named the p
imity effect and was studied in Ref. 22.

Interstitial pores form in lattices with shorter period~6
mm! when using aprotic solvents compared to the minim
period required with ethanoic solution~10 mm!. This is fur-
ther evidence of the reduction of the space charge region
DMSO or DMF.

ity.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. SEM images of ordered macropore samples obtained onp-type doped Si with 7–15V cm resistivity with HF 3 M ethanoic solution. The etching
current was 10 mA/cm2 for 2400 s. The lattice constants are~a! 10, ~b! 6, ~c! 4, ~d! 3, and~e! 2 mm.
h

ic
c
la
d

n-
tio
th

an
a
is

ere
art-

d in
otic
so-
the

d an
not
ur-
the
By reducing the lattice parameter, better control of t
square macropore lattice was obtained@Figs. 4~c!–4~e!#. It is
interesting to note that the lattice with the smallest latt
constant of 1.5mm @Fig. 4~e!# never developed with ethanoi
solutions. The ethanoic solutions tended to dissolve the
tice completely, also because of the long etching time nee
to produce small pores.

The proximity effect occurred for smaller lattice co
stants in more conductive substrates when aprotic solu
was used. Again, this could be considered a result of
different SCR: in the sample shown in Fig. 5~a! the thickness
of the pore walls is greater than the sum of the two SCR
interstitial pores, whereas for the same lattice parameter
etching conditions no interstitial pore forms in a more res
Downloaded 29 Nov 2002 to 193.206.68.13. Redistribution subject to A
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tive substrate like the one in Fig. 4~c!. In 2–4 V cm sub-
strates, no macropores formed when ethanoic solutions w
used. On the contrary, with the organic solvent all the st
ing patterns we defined could be transferred~Fig. 5!.

Another important difference between samples etche
ethanoic solutions with respect to those etched with apr
solutions is the planarity of the surface. When ethanoic
lutions were used, an enhancement of the etch rate at
corners of the square lattice was observed, which cause
undulated texture of the sample surface. This effect was
noticed with aprotic solvents. In this case a flat sample s
face was obtained which suggests effective passivation of
silicon surface exposed to the solution.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 4. SEM images of ordered macropore samples obtained onp-type doped Si with 7–15V cm resistivity with HF 4 M DMSO solution. The etching curren
was 10 mA/cm2 for 900 s. The lattice constants are~a! 10, ~b! 6, ~c! 4, ~d! 3, and~e! 2 ~right! and 1.8mm ~left!. The lack of some macropore in~e! was due
to little development of the mask in the lithographic process.
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V. PHOTONIC CRYSTALS ON p-TYPE SILICON

The superior performance of the aprotic electrolyte c
be used to obtain photonic crystals withp-type doped Si. A
triangular lattice of etch pits was written on high resistiv
substrates~7–15V cm! with different lattice parameters. B
electrochemical etch, the lattice was transferred into Si. F
ure 6 shows two examples. The structures are very reg
with a maximum aspect ratio of about 40. This aspect rati
not the limiting value for these etching conditions. In t
literature values as large as 100 have been reported.23 A com-
parison is possible with macroporous silicon obtained
n-type doped substrates.24 The main difference we notice
concerns the final shape of the etch pits defined by the
Downloaded 29 Nov 2002 to 193.206.68.13. Redistribution subject to A
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KOH etching. Onp-type doped samples the walls are almo
vertical even near the surface, whereas on then-type doped
substrate inverted pyramidal shaped pores are observed
the etch, which are remnants of the initial pits. This is due
the more anisotropic etch forn-type than forp-type sub-
strates, even when aprotic electrolytes are used forp-type
substrates.

To test the photonic properties of the structures obtain
variable angle reflectance measurements from the sam
surface were performed. Figure 7 shows the results fo
sample etched in DMF. Results are given for TE- and T
polarized light incident along theG–K orientation. As previ-
ously reported and discussed forn-type macroporous S
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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based photonic crystals,24 the angular dependent reflectan
is characterized by prominent step-like features that disp
well-defined dispersion as a function of the incidence an
u. These are associated with the excitation of photonic mo
in the photonic crystal and may be regarded as ‘‘absorpti
processes that give rise to spectral line shapes simila
those of one-dimensional~1D! critical points in semiconduc
tors. Each structure in reflectance marks the onset of a
fracted beam which propagates in the material whenever
frequencyv of the incident wave and the parallel wave ve
tor ki5(v/c)sinu match those of an allowed photonic mod
in the photonic crystal. Notice in particular the strong featu
at 0.3 eV at the lowest angle of incidenceu55.4° for both
TE and TM polarizations: this corresponds to a mode t
has the same symmetry of the light field at theG point.17,24

From experimental reflectance spectra, the dispersio
the photonic bands in a given direction can be extracted
plotting the energy positions of the observed step-like f
tures versus the parallel wave vectorki . Two-dimensional
photonic bands are commonly separated inE modes~field
componentsEz, Hx, Hy) and H modes ~field components
Hz, Ex, Ey) according to mirror symmetry with respect to th
xy plane, i.e., the plane perpendicular to the holes.17 How-
ever, since either TE-polarized or TM-polarized incide
light can interact with bothE andH modes,24 a better com-
parison with calculated bands is obtained when the photo
bands are classified according to mirror symmetry with
spect to the vertical plane of incidence, i.e., the plane
polarization of the incident lightwave. Photonic bands e

FIG. 5. SEM images of ordered macropore samples obtained onp-type
doped Si with 2–4V cm resistivity with HF 4 M DMSO solution. The
etching current was 10 mA/cm2 for 900 s. The lattice constants are~a! 4 and
~b! 1.8 mm.
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tracted from TE-polarized reflectance are therefore compa
to bands which are odd with respect to this mirror plan
while those extracted from TM-polarized reflectance a
compared to bands, which are even.

The analysis is shown in Fig. 8, where the measu
dispersion of photonic bands for TE polarization~odd
modes! and TM polarization~even modes! is shown together
with the calculated one for theG–K direction. For the calcu-
lations the parameters of the photonic crystal extracted fr

FIG. 6. SEM images of ordered macropore samples obtained onp-type
doped Si with 7–15V cm resistivity with HF 4 M~a! DMSO ~b! DMF
solution. The etching current was 10 mA/cm2 for 1800 s. The lattice con-
stant is 2mm.

FIG. 7. Experimental reflectance of sample DMF17~lattice constanta
52 mm, air fractionr /a50.3) for light incident along theG–K orientation
for ~a! TE polarization and~b! TM polarization. Vertical bars mark the
positions of 2D photonic modes for 5.4° and 59.4°.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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SEM analysis were used. The remarkable agreement betw
the experimental points and calculated bands of proper pa
as well as the observation of peculiar features typical of
photonic band structure, i.e., anticrossing between band
the same symmetry, clearly demonstrate the high quality
thesep-type macroporous silicon photonic crystals.

VI. CONCLUSIONS

The main difference between etching ofp- and n-type
silicon by HF stems from lateral growth of the pores. Late
growth is almost absent inn-type Si while it is present in
p-type Si. This means that the final macroporous structu
on p-type Si are influenced by the current density, the
concentration, and the duration of the etching process.
eral growth is large when ethanoic solutions are used.
deed, pillar lattices can be obtained by a square lattice of
pits. On the contrary, the addition of a suitable organic el
trolyte to HF allows one to produce good photonic crysta
with aspect ratio comparable to that obtained in then-type
substrate. Although a detailed explanation of this effec
still under debate, here we pointed out the role of the
creased space charge region. We tested two aprotic solv
DMF and DMSO. Both solvents give high quality macropo
samples. However, DMF is more hazardous than DMSO
the etch rate is smaller for DMF than for DMSO. Hen
DMSO appears to be a better choice. Variable angle refl

FIG. 8. Solid points: Measured dispersion of the photonic bands der
from structures in reflectance spectra; solid and dashed lines: photonic b
separated according to parity with respect to the plane of incidence.~a! TE
polarization, odd modes;~b! TM polarization,H modes. The dispersion o
free photons is indicated by dotted lines.
Downloaded 29 Nov 2002 to 193.206.68.13. Redistribution subject to A
en
ity
e
of

of

l

s

t-
-

ch
-
,

s
-
ts,

d

c-

tance shows the good quality of the photonic crystals p
duced and is confirmed to be a suitable technique with wh
to characterize 2D photonic crystals.
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