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We fabricate and measure graded-index “black silicon” surfaces and find the underlying scaling law
governing reflectance. Wet etching �100� silicon in HAuCl4, HF, and H2O2 produces Au
nanoparticles that catalyze formation of a network of �100�-oriented nanopores. This network grades
the near-surface optical constants and reduces reflectance to below 2% at wavelengths from 300 to
1000 nm. As the density-grade depth increases, reflectance decreases exponentially with a
characteristic grade depth of about 1/8 the vacuum wavelength or half the wavelength in Si.
Observation of Au nanoparticles at the ends of cylindrical nanopores confirms local catalytic action
of moving Au nanoparticles. © 2009 American Institute of Physics. �DOI: 10.1063/1.3152244�

Photovoltaic cells and photon detectors incorporate anti-
reflective single or multilayer thin films deposited on the
semiconductor surface. However, subwavelength surface tex-
ture on silicon is known to produce “black silicon” with a
broadband antireflection at a far wider acceptance angle than
single or multilayer antireflection films.1–5 This nanometer-
scale texture also increases the Si surface area for other
applications.6–8 Black silicon texture has been produced by
techniques including laser-chemical,1 electrochemical,2 and
reactive-ion etching.9 Some techniques produce regular
nanoscale “moth-eye” texture10 but random textures can sup-
press reflection equally well. Stephens and Cody �SC� �Ref.
11� proposed that an optical-constant gradient eliminates the
sharp air-silicon interface which would reflect electromag-
netic radiation. Porous features must be much smaller than
the wavelength, �, of the incident light. Nanoscale features
are therefore needed to suppress reflection down to 300 nm
for photovoltaic devices.

Because black Si needs nanoscale features, nanotechnol-
ogy fabrication methods should be beneficial. For wide-
spread application to photovoltaic technology, these tech-
niques should also be inexpensive. In this letter, we describe
two distinct single-step etch techniques that use gold nano-
particles �or a nanoparticle-producing compound� mixed
with HF and H2O2 to produce black silicon. Previous work-
ers have used evaporated nanoscale Au islands,3 plated gold,4

or deposited silver5 nanoparticles to produce textured silicon
but these techniques would likely be costlier than our single-
step etch processes.

SC �Ref. 11� provided computer solutions for reflection
from several graded-density surface texture models of silicon
and of glass. They scaled the incident � by the grade depth
and found that the computed reflectance from several density
graded layers were functions of the depth-scaled �. However,
SC �Ref. 11� did not investigate the universality of this scal-
ing. While intuitively appealing, the scaling of � by depth is
neither proven generally nor tested experimentally. For this
letter, we measure the spectral dependence of reflectance,
R���, at intervals during the black etch and determine the

grade depth, d, of the nanoporous surfaces by scanning elec-
tron microscopy �SEM�. We find that R decreases exponen-
tially with d /� according to a robust scaling law.

Both black Si etchants are made by mixing
HF:H2O2:H2O in the ratio of 1:5:2 with an equal volume of
an aqueous gold-containing solution. The resulting HF and
H2O2 dilutions in water are the same as previously used to
black-etch Si.3 Without added gold, we observe no R change.
For black Si, we mix 5 nm colloidal gold particles in water
�5�1013 /ml, Ted Pella� into an equal volume of the 1:5:2
solution in a beaker containing the silicon wafer and stir
ultrasonically. The minimum reflectance is reached in about
15 min. As a faster and less expensive alternative, we cover
the silicon wafer with 0.4 mM HAuCl4 solution and then add
an equal quantity of the 1:5:2 HF:H2O2:H2O solution. Mini-
mum reflectance is reached in less than 2 min. The formation
of gold nanoparticles due to reduction of HAuCl4 by the
hydrogen peroxide12 is indicated by a rapid purple coloration
of the solution.13 We have confirmed nanoparticle formation
by placing a droplet of the used etch solution onto a trans-
mission electron microscopy �TEM� grid and imaging the
20–100 nm diameter particles. Surface gold contamination
from either etch can be removed3 in I2 /KI or aqua regia. We
are able to black etch Si of various orientations, dopant
types, and resistivities but results reported here are all on
polished �100� surfaces of p-type 1–2 � cm B-doped Czo-
chralski Si wafers. Our chemicals are all complementary
metal-oxide-semiconductor reagent grade �Mallinckrodt
Baker� and are diluted with 10 M� cm de-ionized water.

After black etches of different duration, we measure total
hemispheric reflectance spectra in air on a Varian Cary 6000i
spectrophotometer with an integrating sphere. Etch depths
are determined by digitally analyzing SEM images taken of
cross sections of the etched wafers by computerized correla-
tion analysis of pixel intensities along lines parallel to the
etched surface. Higher electron emission from near-surface
regions may result in systematic error up to about 20 nm in
the thickness of the density-graded layers.

Figure 1 shows typical SEM images of the �011� fracture
plane after each etch. Nanopores are very dense near the
surface and often cluster into wider pores. Progressively
fewer long nanopores extend more deeply, resulting ina�Electronic mail: howard.branz@nrel.gov.
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density-graded surface layers; quantitative analysis of a TEM
cross section of a HAuCl4-etched sample reveals that the
density increases roughly linearly with depth. Figure 1�a�
shows that etching 15 min with 5 nm colloidal Au creates
high-aspect-ratio nanopores with diameters of 20–50 nm, as
deep as 500 nm. The nanopores follow �100� vectors from
the surface into the wafer, with infrequent perpendicular
turns to �010� and �001� directions �arrows�. Figure 1�b�
shows that 80 s etching in the HAuCl4 solution produces a
similar morphology, with narrower nanopores, 5–20 nm in
diameter and up to 200 nm long.

The dark field TEM �Tecnai TF20-UT� image inset in
Fig. 1�b� shows a Au nanoparticle left at the end of a nano-
pore after etching for 100 s in the HAuCl4 mixture. Energy
dispersive x-ray spectroscopy in the TEM of several such
nanoparticles confirms they are Au. We conclude that the
nanopore formation mechanism is Au catalyzed14 in both our
etchant mixtures; catalytic decomposition of H2O2 at the Au
nanoparticle surface causes rapid local oxidation of the sili-
con, which is followed by HF etch of the SiO2 �Ref. 15� to
produce nanopores a few times larger than the nanoparticle
size. Because the �100� surface is far more vulnerable to
oxidation than is the �111� surface,16 the nanoparticle moves
into the silicon mainly along �100�, �010�, and �001� direc-
tions, driven by some combination of Brownian motion, ul-
trasonic agitation, and bubbles of gaseous reaction products.

Figure 2 compares the total reflectance spectra of a pol-
ished �100� Si wafer to identical wafers etched in the 5 nm
colloidal Au solution for 900 s and in the HAuCl4 solution
for 20–180 s. Black Si R rises at ��1000 nm where the
wafer becomes optically transparent, due to light reflected
from the wafer back surface and sample holder. Figure 2
shows that R from the sample etched with colloidal Au is
below about 8% from 300 to 1000 nm; other such samples
had R below 5%. The HAuCl4 black etch reduces �100� sili-

con surface reflectance to below 2% and other surface orien-
tations to below 10%.

We convert the HAuCl4 black-etch time series R�� , t� to
the depth dependence R�d� at several values of � to reveal
the optical physics of graded density black-Si layers. The
inset of Fig. 3 shows that reflections of the shortest � light
are suppressed after the shallowest etches, with progressively
longer � suppressed by deeper density grades. A slight recov-
ery of the R below 400 nm, beginning after about 90 s, is
likely due to development of larger-scale surface features
that scatter incident short-wavelength light.

In Fig. 3, we plot on semilog axes the reflectances �nor-
malized to the polished wafer� after HAuCl4-solution etching
for times from 10 to 90 s. The abscissa of each curve is now
d /�; we plot reflectivity versus the inverse of � scaled by the
grade depth of each individual sample. Reflectance curves
taken after the shortest etch times appear at the upper left
corner �small d, high R�. Ignoring the data below 400 nm
where the scattering effects apparently become important
�blue curves in Fig. 3�, reveals a robust scaling law for R

FIG. 1. Cross-sectional SEM images of the �100� Si surface etched in �a�
colloidal Au solution for 900 s, with arrows indicating nanopores entering
the �011� cleavage plane. �b� HAuCl4 solution for 80 s, with dashed lines
indicating extrema of the density-grade depth found by computerized pixel
correlation analysis. Inset to �b� is dark-field TEM �100-nm scalebar� of a
nanopore and Au particle �indicated by arrow� produced by HAuCl4 solution
etching.

FIG. 2. Reflectance spectra taken after etching in HAuCl4 black-etch solu-
tion for 80 s �SEM of Fig. 1�b�� and other times, as indicated; additional
spectrum taken after 900 s etch in colloidal Au solution �SEM of Fig. 1�a��.
Inset shows R at indicated wavelengths, normalized to the polished wafer
�d=0�, vs density-grade depth, d.

FIG. 3. �Color� Reflectance of Si after HAuCl4 solution etches lasting
10–90 s �10 s intervals�. Each curve is labeled by its density-grade depth. R
is normalized to polished wafer �d=0� and plotted vs d scaled by �. Due to
light scattering, blue tails of each R curve ���400 nm� are not included in
the exponential fit �solid line� to the rest of the data.
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between 400 and 1000 nm �red curves�. The reflectance of
the etched wafer falls exponentially with increasing d /�
from the polished Si values of R0���,

R�d,�� = R0���e−C·�d/��. �1�

A best fit to Eq. �1� of the data on all curves between 400 and
1000 nm yields C�7.8, and this fit line is plotted in Fig. 3.
As the density-grade depth increases with etch time, R de-
creases exponentially with a characteristic depth of about
� /8.

The collapse of all R��� curves in Fig. 2 onto a universal
R�d /�� curve in Fig. 3 demonstrates that the ratio of the
thickness grade depth to � is the critical dimensionless pa-
rameter controlling the suppression of surface reflectance.
The excellent fit of the decay curves means that Eq. �1� pro-
vides a robust scaling law valid when scattering effects are
unimportant. Reflection at optical density steps depends
upon an interface sharp compared with �. For reflection at
the shortest wavelengths, only a very abrupt density grade is
“sharp.” A nanopore or grade depth of �250 nm is required
to reduce R /R0 to below 5% out to 1000 nm. This estimate
sets the required grade depth nearly equal to the wavelength
of the light in the Si itself �index 3.5–5.5�, a rule-of-thumb
applicable to producing black surfaces in other materials by
surface density grading.

In conclusion, we demonstrate two nanoparticle-based
etchants for Si which form a graded-density black silicon
surface layer of a network of nanopores. Surface reflectance
can be as low as 2% from 300 to 1000 nm, with no antire-
flection coating. As the density-graded layer grows deeper,
the reflection of progressively longer wavelength light is
suppressed. Reflectance spectra taken from a grade-depth se-
ries reveal a universal exponential decay of the reflectance

when plotted against d /�. The characteristic decay depth of
the grade is about � /8.
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