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Optical properties of a nanoporous array in silicon
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We demonstrate an approach for producing an array of hanopores on a silicon surface. The methods
used combine nonlithographic pattern transfer and chlorine plasma etching to pre@éGcem

diam holes up to Jum in depth. The near-normal specular optical reflectance of these
systematically modified surfaces is found to decrease dramatically with pore depth across the entire
2.0—-6.0 eV photon energy range studied. We adapt an effective medium approximation to model
specular reflectance taking into account diffuse scattering by the nanopatterned surface.
Micro-Raman measurements show a systematic intensity increase with pore depth. The observed
dependence suggests that both insertion and extraction are enhanced by the nanopatt@0dag. ©
American Institute of Physic§DOI: 10.1063/1.1831541

Currently, there is substantial interest in the formationphotodetectors. Texturing of Si surfaces, on the micron scale,
and properties of nanometer scale structures. Research in tiigs already been applied to enhance absorbance of solar cell
area spans a wide array of interests in nanodots and nanovnaterial’
ires for electronic, magnetic, and optoelectronic  In this article, we apply plasma processing to produce
applications: In addition, photonic arrays for controlling the arrays of nanopores in silicon with smooth top surface prop-
path of light as it travels inside waveguides are of currenf'ti€s. By systematically varying the etch time, different pore
interest Lithography has been the preferred method to pat_olepths are obtained. We study the optical properties of the

terning structures. Below 100 nm, both deep ultravidlay) resulting textured surface using reflectance and Raman spec-

and electron-beam lithography are successfully applied fotrroscoples. The reflectance decreases significantly across the

. 2 . i . entire spectral range studied. We model our results using an
patterning. The former is limited in ultimate feature size by P 9 9

diffract hile the latter is limited in the total effective medium approximatio(EMA). The Raman scatter
: rap lon, while the fatter 1s limited in the total area one Canintensity exhibits a dependence that is consistent with trans-
practically pattern.

_ ) _ mission enhancement of both the excitati@msertior) and
Recently, a nonlithographic approach to patterning hagne emissior(extraction of light over the bulk starting sili-

been developeﬁThe approach relies on the self-assembly of;gp.

a regular array of nanopores through an aluminum template  The nanoporous alumina template procedure has been
under anodization. An aluminum oxide membrane is prodescribed elsewhefeln this article, we use templates pre-
duced consisting of cylindrical arrays of nanosized poresared with pores~50 nm in diameter. The entire template
with diameters ranging from 10 to 200 nm. When preparedegion is circular with diameter~-1 cm. Plasma etching is
under special conditions, it has been demonstrated that thearried out in a commercial system employing combined in-
pores can exhibit a very high level of orderiﬁg.hese two ductively coupled plasma and reactive ion etchﬁﬂ'gﬁe ba-
factors, small feature size and high level of ordering, makesic Ch etching conditions are summarized in Table I. Fol-
nanoporous alumina an attractive template for patterning itowing the plasma etch, the alumina template is removed by
nanofabrication. We have recently demonstrated that this ajt hot phosphoric and sulfuric acid wet etch. Figui@) 1
proach can be used in combination with plasma etching t§hOWs & plan-view scanning electron microgr&SeMm) im-

transfer the nanopore pattern in the aluminum to a generig9€ ©of the silicon surface following this procedure for a
substraté 3 min plasma process. Clearly seen is the honeycomb array

What has not yet been thoroughly investigated is theOf pores, which have been etched into the silicon. The pore
. diameter is~60 nm, consistent with the intended value from

effect nanopores, produced on an optical surface, have on thﬁ . .
. . . . . the alumina templates. Figurgb) shows a SEM cross-
basic optical properties of the material. Prior work has ad-

d d extracti fici f Siand ultraviolet section following etching for 2.5 min. Vertical pore profiles
ress7e. extraction €fliciency of organiand ultraviolet o evident, verifying a highly directional etch. The aspect

(UV)" light emitting diodes and reflectance properﬁelﬂ

Ref. 8, specular reflectance was seen to drastically decrease, ) ) -

. . . . TABLE I. Basic etching conditions.

likely due to the irregular surface properties, which enhance

diffuse reflectance. Improvements in insertion and extractiomp|asma parameter value

efficiencies, based on coatings or texturing, have technologi=

cal implications in the areas of optoelectronic sources and-" POWer s00w
RIE power 200 W
Chamber pressure 8 mTorr
dauthor to whom correspondence should be addressed; electronic maitl,/Ar flow rates 15/5 sccm
mark.holtz@ttu.edu
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(M) used for our reflectance measurements. In order to model
the reflectance measurements, we adapt the Maxwell—
Garnett EMAM We note that several EMAs were examined,
and exhibit similar trends to what is discussed below. Ac-
cording to the Maxwell-Garnett EMA, the effective complex
dielectric constant for cylindrical shapesgpores oriented
perpendicular to a surface is given by

& - & & — Egj
pore” Eeff ore” €sSi
5 (1)

= Tpore )
Epore T Eeff €poreT Esi

whereeg; is the photon-energy dependent, complex dielectric
function of Si. Foreg; we use the values from Ref. 12. Quan-
tity f,oreis the area fraction of pores in the nanoporous layer.
The values off,, are found from SEM imagefFig. 1(a)]

FIG. 1. SEM pictures of the nanoporous array on(&itop view of nan- using a straightforward C.OmraSt fllte.r and nOt”.]g tm@g‘e
oporous array after 3 min etching. Average pore diameted nm.(b) Per- +fg=1. The value Offpore is seen to increase with process
spective angle view of nanoporous array after 2.5 min etching. Depth ofime due to a slight isotropic etch component. The dielectric
pores~500 nm. function found from Eq(2) is used to calculate the complex
refractive indexigs and, subsequently, the specular reflec-
ratio for nanopores etched into Si is as high as 20:1 in théanceRgy, near normal incidence by considering the nan-
experiments reported here. When considering that the etcloporous layer as a thin film atop the underlying substrate, as
ing was through the Zum thick template plus the silicon, the illustrated by the inset to Fig. 2.
process aspect ratio is significantly higher, up to 40:1 in our  Reflectance spectra calculated using this approach do not
experiments. Cross sections such as in Fi) Were used to  diminish as rapidly as the measured results, particularly in
determine etch deptid) of the nanopores into the silicon. the UV part of the spectrum. Although the top remaining Si
Reflectance measurements were performed at a 5° extesurfaces appear to be smooth after etching, there is still some
nal angle of incidence over photon energies from 2.0 taoughness which will produce diffuse scattering. To account
6.0 eV. In Fig. 2 we show measured reflectance spectréor this, we adopt a simple approach, in which incident light
(solid curves for the starting bulk Si wafer and after etching is reflected by a rough surface with interface widthvhich
nanopores to several depths. The principal spectral featurés analogous to the root mean squared surface roughness. For
do not shift substantially with depth of the nanopores, indi-a transparent interface width material, calculation using the
cating that the post etch Si crystal is not extensively damFresnel relations results in a reflectance correction factor
aged by the proceég.lnterestingly, we see the reflectance to —472¢%/\?> wheno<<\. In our case we must account for an
diminish across the entire range of the spectrum. We notepaque interface region, since the presence of this surface
also that the reflectance continues to decrease with depth, fopughness will influence the reflectance more where optical
the range of nanopore etch depths studied here. absorption is strong. We thus weight the above correction
Intuitively, we expect the reflectivity to decrease follow- factor with a term which represents a measure of the inter-
ing etching simply because reflecting surface is removed. Action between the light and the pore medium according to
straightforward linear model is, however, inadequate sincev(d)=1-exg—2a«d). This function is negligible when is
the pore diameters are smaller than the wavelength of lighgémall (near IR and visiblg and approaches unity in the UV
where absorption is strong. In the following calculation, we

PN S —— ' ' ] use the optical absorption coefficient of bulk silicon, which
A Id _ _"C":laci‘l‘;f:d does not differ significantly from the calculated values for

08 J_H Eq ] the effective medium. The final specular reflectance spec-
Si

trum is thus obtained using

(2)

477202}
G

R= REMA|: 1-w(d)

Reflectance

whereR is the reflectance calculated from the EMA. Results

of this calculation are shown for different pore depths in Fig.

2 (dashed curvesValues of the surface roughness used for

these calculations ranged from 18 to 32 nm, with the larger

20 30 40 50 6.0 values for deeper etches. This is reasonable, since erosion is
Photon Energy (V) attributed to the small plasma etch isotropy, and longer etch

times lead to higher erosion. In Fig. 2 we truncate the calcu-

FIG. 2. Reflectance spectra of the starting bulk Si material and after etchingated spectrum at-5 eV The EMA calculation above this
nanopores to several depttsolid curve$. Results of the EMA calculation ’

are shown as dashed curvemsed Layer construction used for the EMA Photon energy range is not valid _Since the wavelength ap-
model. proaches the pore diameter. Basic agreement between the
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extraction also proportional t@l-R) =~ (1-fg). Combined,

-} = 457.9nm 400 T these two effects produce an expected intensity enhance-
450 ment, over that of bulk Si, in approximate proportion to
——450 nm 2 . . :
- --350 nm 200 (1-fg)°. The inset to Fig. 3 shows this dependence as the
—~-=-150 nm solid curve. Agreement between the observed and calculated

| oo Bulk Si P dependence is satisfactory, confirming that the nanoporous
surface enhances both insertion and extraction efficiencies.
In summary, we have systematically etched nanopores
into bulk silicon with ~60 nm pore diameter and varying
depth up to~1 um. Reflectance spectroscopy reveals this
surface modification to provide a broadband reduction in re-
flectance. The reflectance is adequately described using a
Maxwell-Garnett EMA which has been modified to account

Intensity

i R R I ) R 1 .
480 500 510 520 530 540 550 560 for roughness of the silicon surface remaining after the etch
Raman Shift (cm™) process. The model shows excellent agreement with the mea-
surements across the valid spectral range, and reproduces the
FIG. 3. Micro-Raman spectra of starting bulk Si and after etching to severabverall reduction seen in reflectance. The effects of the anti-
pore depths(Insey Dependence of Raman intensity with the remaining Si (aflection surface on combined insertion and extraction are

area fraction studied using Raman scattering. The intensity is found to

depend strongly on the remaining silicon area fraction, sup-

measured and calculated spectra is excellent, suggesting thdting the notion that both insertion and extraction are en-
the EMA, when coupled with this approach to account forhanced by the nanopore surface treatment.
diffuse scattering, is an acceptable approach for modeling the
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