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We demonstrate the use of a confinement mask to control the etch depth gradient in nanopatterned crystalline silicon. The gradient
is set by controlling the clearance gap of the mask. We also develop a wafer-scale model that accounts for etchant transport, flow,
and surface reaction in order to predict etch depth profiles for two different masks. Results from the model reveal that the gradient
is best achieved by varying the clearance between nanometer and micrometer scale in a periodic fashion. The results are
qualitatively validated with experimental demonstration and observation.
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Solar energy production has increased steadily in recent years,
especially in the residential sector.' However, barriers remain in
installation and material cost. In the case of crystalline silicon (c-Si)
solar cells, the material cost comprises as high 30—40 percent of the
total cost.” Typical bulk c-Si panels use 130-300 um thick wafers
and require a sturdy support such as glass which contributes to a
higher cost of installation due to weight. Using thinner c-Si films
(less than 50 ym) would reduce material and installation costs as
they can be supported with a light-weight polymer-based substrate.
However thinner c-Si films reduce light absorption and thereby
decrease photovoltaic efficiency of the panel. One viable approach to
enhance light trapping is to engineer topological nanostructures on
the c-Si cell surface.

Various light trapping schemes have been studied, includin
metal nanoparticles,” nanowires/nanoholes,* random corrugation,”
and periodic diffraction gratings.®™!' Metal nanoparticles can en-
hance absorption in a photoactive film by efficiently scattering light
into it. However, the particles themselves typically absorb significant
fraction of incident light. Nanowires/nanoholes can also increase
absorption, but their large surface area tends to increase charge
carrier recombination. Random corrugation is currently the most
cost-effective and widely used scheme in commercial solar cells.
However, the random nature of the structures makes it difficult to
control and optimize the optical and electrical properties. In
comparison, periodic diffraction gratings enable systematic optimi-
zation and control of these properties. Though fabrication of the
periodic structures increases the manufacturing cost, the advantages
of the efficiency enhancement and the evenness in product quality
that come from precise control of the structures, are crucial for future
improvement of solar photovoltaics.

One efficient light trapping structure using periodic diffraction
gratings in c-Si photovoltaics is inverted nano-pyramid arrays,
which are the focus of our study.”'® However, manufacturing
nano-pyramids arrays over a large area of wafers is challenging
due large number of uniform features needed. For example, a
periodicity of several hundreds of nanometer amounts to
~1.8 x 10' uniform features over a 6 inch wafer. One route to a
scalable manufacturing process to pattern c-Si surfaces is illustrated
in Fig. 1. First, a surface of a [100] c-Si wafer is patterned with a
lithography method, such as interference lithography,'>'? that
results in a 100 nm thick silicon oxide mask with ~350 nm wide
holes with 700 nm pitch. The c-Si [100] plane exposed by holes is
then etched away in KOH solution.'* The etching in turn exposes
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other crystalline planes, such as the [111], which are etched at a
much slower rate due to anisotropicity of the reaction.'”> After the
[100] plane under the holes is completely etched away, the resulting
nanostructure takes on the form of inverted nanopyramids with a
periodicity of 700 nm. Further improvement in the light-trapping
capability can be realized by introducing a second periodicity by
etch depth gradient to the inverted nano-pyramids, as shown by
Hassan et al.'® Such double-periodic structures would have wide
applications in meta-surface photonics.!” The second periodicity is
introduced in the wet etching step as shown in Fig. 2. The left part of
the figure shows the patterning of the 700 nm periodic nanopyramids
outlined in previous paragraph. The right shows fabrication of a
confinement mask with a 250 ym pitch as a mean to introduce the
second periodicity. Here we consider two configurations of the
confinement masks, labeled as masks 1 and 2, as shown in Figs. 3b
and 3c. Mask 1 has 100 nm clearance on the 50 xm circular regions
and 7 pm on the rest. Mask 2 has the opposite clearance profile, viz.
7 pm on the circles and 100 nm on the rest. The purpose of the
confinement is to limit the rate of etchant and by-product transport
such that a concentration gradient forms along the exposed c-Si
surface which can lead to periodic variation of etch depth.
Determining optimum confinement mask and etch conditions to
enable the desired etch depth gradients can be aided by the
predictive wafer-scale model that we develop in this study.

Prior modeling efforts of wet etching processes mostly focus on
predictin§ the pattern of flow and species transport at a single feature
level.'®!” To the author’s knowledge, no modeling work has been
reported that accounts for multiple features or at the wafer-scale due
to prohibitive computational cost. Our approach to enable wafer-
scale simulation is to use a reduced-order model described in Wafer
Scale Development . The model is used to predict etch depth under
two confinement masks and with different orientation with respect to
gravity. The results are reported in Resulrs and Discussion and their
comparison to the experimental work are covered in Comparison
with Experiment.

Wafer Scale Model Development

The model aims to capture species transport and reaction at
disparate length scales set forth by the vertical and lateral dimen-
sions. The wafer area addressed in this work is 0.4 cm x 0.4 cm, as
shown in Fig. 4, which is three orders of magnitude larger than the
clearances of both masks 1 and 2. Disparate length scales also occur
in the lateral direction due to dual periodicity of the nano-patterned
c-Si and the confinement masks viz. inverted nano-pyramids with
700 nm pitch vs clearance profile with 250 pm. Within each
nanopyramid, the rate of mass transport is much faster than the
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Figure 1. Fabrication of crystalline silicon with 700-nm pitch inverse nanopyramids.
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Figure 2. A process flow for fabricating a double periodicity structure in c-Si wafer using a physical mask for transported limited KOH etching.

rate of reaction. Specifically, the etching rate is several orders of
magnitude slower than the diffusion rate, viz. um per hour'’ vs mm
per second. Therefore the concentration within the nano-pyramid can
be considered well-mixed at any instance without loss of accuracy,
even with confined flow. The disparate length scales between the
vertical and lateral direction also necessitates the thin-film approx-
imation such that the species conservation equation can be averaged
along the vertical direction, which can stated mathematically as
follows:

9.
nli
ot

+ v - (hWVnp) = DV - (hVip) + ji- [1]

h is the spatially varying clearance between c-Si and confinement
mask, p, is mass concentration of species i per unit volume, vy is
mass-averaged liquid lateral convective velocity, Vi is gradient in
lateral direction, D; is Fickian diffusivity, and j; is in-flux/out-flux
due to etching reaction at the wafer. Seidel et al.'” proposed the
overall surface reaction as:

Si + 20H™ + 2H,0 — 2H, + SiO,(OH)™~ [2]

Our model only tracks species concentrations in the liquid phase, i.e.
KOH, H,0, H,, and SiO,(OH)~ ~. The rate of reaction R depends on
the local surface orientation and concentration. At plane (100), its
expression is given by:

Rio = ko[H2 O [OH ™ exp (_k—?) [3]

[H, O] and [OH] are molar concentration of water and KOH, k is
Boltzmann constant, and T is temperature. Rate constant ky, and
activation energy E, values for (100) plane are reported by Seidel et
al."” to be 2480 (rm/hour)(mole/liter) *25 and 0.595 eV respec-
tively. The etching reaction rate at plane (111) is insensitive to local
concentration?® and considered to be a function of temperature only.
Within a unit cell shown in bottom of Figs. 3b and 3c, only half of
the silicon surface is available for etching reaction due to the silica
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Figure 3. Confinement masks detailed features.

coverage introduced after interference lithography patterning. As
etching progresses, that fraction decreases over time to form the
inverted nano-pyramid. Our approach is to average the reaction rate
over the whole unit cell by multiplying the rate R with the available
area fraction ¢:

Ravg =Ry [4]

The area fraction ¢ evolves with the extent of etch because of the
geometric relationship between etch depth and the remaining c-Si
surface. For the (100) plane, area fraction is governed by:

1 t
p) = @y — ﬁfo Rigo(¢hdt' [5]

¢, s the initial area fraction available over the unit cell, which in this
case is 0.5, and Ay is initial c-Si area exposed to the etchant within
the unit cell, which corresponds to an area of circle with radius of
175 nm. The average etch rate Ry, which is given in the units of
length per time, can be related to the mass flux of silicon jg; by
multiplying it with its bulk density pg;, i.e.

finement mask and c-Si highlighted
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Figure 4. Model geometry and boundary conditions.
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Figure 5. Comparisons of etch depth and KOH concentration profiles between masks 1 and 2. Etch depth is expressed in nm and the KOH concentration in terms
of mass per volume with unit of g cm~3. Mask 2 with its higher density of 100-nm-clearance regions present heightened mass transfer limitation in etchant
supply from the bath leading to more disparate etch depth profile compared to Mask 1 in which its etch depth variation is negligible.
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mass transfer limitation does not persist which leads to a uniform etch depth.

Jsi = RavgPs;

Fluxes of other species can be computed using stochiometric
coefficients according to the reaction, Eq. 2, and their molecular
weights M;:

Jon— = ZMA/OI;?]'&‘ [6]
Jmo = 2MMLSZ:)J'&' [7]
Jsioyomy— = 71/"1&#211)"].& [8]
Jmy = 72?‘2’?&- [9]

The convective velocity, vy, results from the flow driven by
buoyancy force due to lateral concentration gradient (and hence
density gradient). In accordance to thin gap approximation, we use
the Reynolds lubrication equation to describe the flow field?":

h% + VH . (hV[I) + J=0 [10]

2

h
vii = —(=Vip + pg)

12u [t

Here, p = ZiN: , C; is total mass concentration, J is net total mass
out-flux due to surface etching reaction, p is liquid viscosity, p is

pressure, and g is gravitational acceleration. As shown in Eq. 11, the
lateral gradient of species concentration C;, hence the associated
density gradient, drives the convection flow as long the gravitational
acceleration g is not perpendicular to the nano-patterned c-Si
surface.

Boundary conditions for the species conservation Eq. 1 are as
follows: At the opening to the etch bath, which is located at the left
and top edges in Fig. 4, we assume that the solution is well mixed
and the etchant byproducts are dispersed away such that the
concentration of each species is fixed. Symmetry conditions are
enforced at other boundaries, i.e. no net flux of each species is
permitted. The lubrication flow Eq. 10 requires boundary conditions
on pressure. We set the pressure to atmospheric when the direction
of gravity is perpendicular to the nano-patterned c-Si surface. In
other cases, the pressure values are adjusted accordingly.

The equations above are solved with Goma 6.0,?? an open-source
finite element software originally developed by Sandia National
Laboratories. Simulation results are discussed next.

Results and Discussion

First we performed simulations with the c-Si surface oriented
perpendicular to the direction of gravity such that buoyancy driven
flow does not play a role in the lateral transport. The etch bath
concentration is set to at 20% KOH solution. A comparison of etch
depth and KOH concentration between masks 1 and 2 at different
times is shown in Fig. 5.

After 50 s, the outer edges form complete nano-pyramids with
etch depth of 247 nm due to fixed solute boundary condition there. In
the interior, at a distance greater than 0.5 mm from the edges, the
etch depth varies in periodic fashion corresponding to the clearance
profile of the masks. Regions with 7 um clearances have deeper etch
than that of 100 nm, but the difference is more pronounced in mask
2. This indicates that the etch depth in the interior is controlled
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Figure 7. Etch depth profile comparisons between horizontal and vertical orientations. Etch depth is expressed in nm and the KOH concentration in terms of
mass per volume with unit of g/cm?. The effect of mask orientation with respect to gravity does not lead to significant differences in etch profile for masks 1 and
2, which suggest that the buoyancy flow induced by density gradient is unimportant in the operating conditions studied.

primarily by the inventory of limiting reactant, which is KOH in this
case. Mask 2 results in greater area fraction of 100 nm gap and
therefore lower initial volume of KOH than mask 1. As etching
progresses past 50 s, more than 80% of KOH in 100 nm regions is
consumed and the etch rate is slowed down, leading to a shallower
etch. Mass transfer from neighboring 7 um regions help alleviate the
KOH depletion, but not significantly. Additionally, a small gap in
the 100 nm regions hinders KOH transport.

The contrast of etch depths with mask 2 persists at longer etching
times, i.e. t=200s, and complete inverted nano-pyramids are
formed in 7 ym regions together with shallow or incomplete nano-
pyramids at the 100 nm region as shown in Fig. 6b. In the same time
frame, KOH concentration is depleted to near zero, especially in the
100-nm regions, leading to persistent incomplete nano-pyramids. In
contrast, etch depth with mask 1 becomes more uniform at longer
etch time as the diffusion barrier of KOH is much lower which leads

to uniform KOH distribution away from the edge. These two trends
indicate that etching with mask 1 occurs in reaction-limited regime
and with mask 2 in transport-limited regime.

One possibility to slow down the diffusion further is to induce
buoyancy-driven flow in opposite direction. This effect is examined
by performing simulations of etching in orientations such that the
direction of gravity is parallel with the c-Si nanopatterned surface.
The calculated etch depths at different times are compared with
results in Figs. 5 and 6, as shown in Fig. 7.

Etching with mask 2 is not affected by the orientation of gravity
due to the predominantly small clearance. That is, the resistance of
lubrication flow is proportional to the clearance height to the third
power, hence the buoyancy driven flow induced by local concentra-
tion gradient is suppressed. On mask 1, the effect of gravity is only
observed near the boundaries where the concentration difference and
the clearance height are the largest. This indicates that the effect of
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Figure 8. Schematic of experimental setup and the resulting patterned c-Si using KOH etch bath in a confinement mask.

gravity is negligible in controlling etch depth gradient. Varying
clearance profiles and their average spacing is far more effective at
controlling etch-depth gradients.

Comparison with Experiment

The computer simulations show that the KOH wet etch rate of
¢-Si can be limited by transport of reactants and byproducts when
etching is performed within a limited volume defined by a confine-
ment mask. Because the dimension of patterns in the confinement
mask is much larger than that of nanostructure, various shapes of
patterns can be clearly defined by conventional lithography. An
advantage of our approach is that we can separately design
independently the nano-structures in a c-Si layer and the macro-
structures in a confinement mask. For example, we can easily change
symmetry of an inverted nano-pyramid array with double periodicity
by independently rotating a KOH wet etch mask on a c-Si layer.® In
addition to this, the fabricated confinement mask can be combined
with various orientations with respect to the c-Si layer. Also, the
confinement mask can be slanted on the c-Si using two different

thicknesses of spacer layers on edges, and this method can introduce
a gradual change in nanostructure.

As a demonstration of our approach, we fabricated double-
periodicity, inverted nano-pyramid structures using a confinement
mask with gap clearance profiles of mask 2. A fabrication process
flow is shown in Fig. 2. The confinement mask was patterned on an
inexpensive glass slide with lithography. The pattern is a square
lattice of 50 ym diameter holes with 250 um periodicity. Then,
regions not covered by photoresist (PR) were etched by HF, and the
depth of circular grooves was about 7 um. The magnified image of
the fabricated confinement mask is shown in Fig. 3a. The use of
glass slide is not ideal for large area fabrication due to its surface
roughness being comparable to the confinement mask gap. However
for C-Si wafer used in the experiment, which is in the order of
milimeters, the non-uniformity introduced by the glass slide does not
appear to affect the nanopattern significantly.

To make a nano-pattern on a c-Si wafer, we deposited a silicon
oxide (SiO,) layer on a c-Si wafer by plasma-enhanced chemical
vapor deposition (PECVD) as a mask for potassium hydroxide
(KOH) etching. We sequentially spin-coated a 160-nm-thick
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anti-reflection (ARC iCON-16, Brewer Science) layer and a
500-nm-thick negative photoresist (NR7-500P, Futurrex) film on
Si0,/c-Si for interference lithography. We used Lloyd’s mirror
interferometry with 355-nm-wavelength-light (YAG-Nd laser,
Infinity 40-100, Coherent Inc..) to pattern the prepared substrate
(PR/ARC/SiOy/c-Si).

Reactive ion etching (RIE) was performed for transferring
patterns in the photoresist film to the SiO2 KOH etch mask. A
100-nm-thick Si3N4 spacer was placed in between the confinement
mask and c-Si wafer. The stack of c-Si wafer and confinement mask
with spacer layers was filled with the 20% KOH solution before
immersed in the etch bath with the same concentration for 310 s at
50 °C to fabricate an inverted nano-pyramid structure with double
periodicity. The 50 °C temperature was found to be ideal in terms of
etch rate; it was fast enough that complete nanopyramids are formed
in less than 3 minutes, but not too fast that can cause them to
collapse. Figure 8a shows a schematic of the experimental setup of
the etch bath with the confinement mask. Optical photograph of the
patterned C-Si is shown in Fig. 8b and the SEM images of the
inverted nano-pyramid array with double periodicity are shown in 8c

The left SEM image shows clear circular boundaries where the
transition occurs between the mass transfer limited region (outer
circle) and the surface reaction limited region (inner circle). The
right figure shows a magnified SEM image of the boundary. The
fully developed inverted nanopyramid with apex is shown in left,
and the base of pyramid not fully developed is shown in right. This
pattern is consistent with etch depth profiles prediction shown in
Fig. 6b.

Conclusions

We have demonstrated the use of a confinement mask to control
etch depth gradient in nano-patterned c-Si. The gradient is achieved
by restricting mass transfer of the etchant thereby slowing down etch
rate at the desired regions. Periodicity of the gradient is set by
controlling clearance gap profile of the mask which can be achieved
with lithography. The experimental demonstration qualitatively
agrees with our prediction of etch depth profile for a mask
configuration. In future work, we will deploy the model to optimize
the periodicity for light trapping enchancement.

In this work, we assume that hydrogen produced in etching
reaction are dissolved in the liquid while in the experiment, we
observe presence of hydrogen bubbles. These bubbles can poten-
tially affect the uniformity of the etch profile by masking the c-Si
surface®?** thereby slowing the reaction locally. However, that
effect is found to be negligible at the experimental condition used in
this study and therefore not included in the analysis. Should that
effect become important in the future work, we would incorporate it
in the model.
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