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Characterization of Si Nanostructured Surfaces
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ABSi’RACT

Surface texturing of Si to enhance absorption particularly in the IR spectral region has been extensively investigated.
Previous research chiefly examined approaches based on geometrical optics. These surface textures typically consist of
pyramids with dimensions much larger than optical wavelengths. We have investigated a physical optics approach that relies
on surface texture features comparable to, or smaller than, the optical wavelena@hsinside the semiconductor material. Light
interaction at this are strongly dependent on incident polarization and surface profile. Nanoscale textures can be tuned for
either narrow band, or broad bhnd absorptive behavior. Lowest broadband reflection has been observed for triangular
profiles with Iinewidths significantly less than 100 nm. Si nanostructures have been integrated into large (- 42 cmz) area solar
cells, Internal quantum efficiency measurements in comparison with polished and conventionally textured cells show lower
efllciency in the UV-visible (350-680 mu), but significantly higher IR (700-1200 nm) efficiency.
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1. INTRODUCTION

Surface texturing aimed at enhanced absorption in Si has been extensively investigated. Si has a large absorption coefficient
in the visible, albeit, it also has a high reflection coefficient. Reflection losses are reduced by applying anti-reflection (AR)
films to a Si surface2. AR films have a resonant structure that limits their effectiveness to a narrow range of angles and
wavelengths. An effective alternative has been geometrical texturing3 of a Si surface combined with appropriate AR fihn
stack. Besides reducing the external reflectance, geometrical texturing schemes also improve absorption near the bandgap by
obliquely coupling light into the semiconductor. Si exhibits weak absorption near the band edge because it has an indirect
transition bandgap. The oblique coupling of light improves optical absorption by increasing the optical path length.
Geometrical texturing schemes can also improve optical absorption in thin Si samples by means of “light trapping.” Light
trapping refers to enhanced optical absorption through the confinement of light withii the semiconductor. Optical
confinement occurs when the obliquely coupled light is incident upon a surface at an angle greater than the critical angle.
Using geometrical optics considerations, the maximum enhancement in optical absorption of a textured sheet with refractive
index n compared to a planar sheet is 4n2 4.

Enhanced optical absorption due to textured surfaces can also be analyzed with statistical optics. Using this ap roach,
f’Yablonovitch found the same result that the effective absorption can be enhanced by as much as a factor of 4n over a planar

sheet?, where n is the refractive index. However, in order to reach this Iimitj the surface texture must fully randomize incident
light to fill internal optical phase space. Deckrnan et al.: have demonstrated that optimum random textures have dimensions
slightly larger than the wavelength of light in the material. If the lateral dimensions of the microstructure are too large, light
is specularly reflected reducing internal randomization, and if the lateral dimensions are much smaller than the wavelength of
light, scattering is not effective again reducing internal randomization. Therefore, in order to optimize absorption, a precise
balance between randomness and microstructure dimensions has to be maintained. If instead of a random surface, a
periodically textured surface such as a grating is used, the absorption maybe enhanced beyond this statistical limit over a
limited spectral range. The basic physics of this approach has been described by Sheng et al.; in terms of a rough analogy
between interactions of photons with a periodic structure, and interactions of electrons with a periodic lattice in a crystal. The
effect of the periodic structure is to create peaks in the particle density of states at one set of frequencies at the expense of
gaps at the others keeping total integrated number of states fixed. By choosing grating parameters such that the gap in p(o)
falls below the absorption edge, peaks in p(o)) above it, photon states from non-absorbing region are transferred to the
absorbing region. In this way, p(a)) can be enhanced beyond the statistical limit.
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be carefi,dly controlled. This paper will
properties for as-processed 308L and
micro structural evolution.

describe the WireFeed process, the resultant material
304L stainless steel, and modeling results of the

WireFeed Process

Figure 1 shows a schematic of the initial prototype WireFeed system. The system
consists of a CW 600W Nd:YAG laser, a 4-axis computer controlled positioning system, and a
wire feed unit (5). The positioning system and wire feed unit are mounted inside a box with
localized gas purge capability. During fabrication, the workpiece and surrounding area are
purged with argon to minimize oxidation of the workpiece. The laser beam is brought into the
box through a window mounted on the top of the box and directed to the deposition region using
a six inch focal length lens. The wire feed unit is designed to inject the wire into the molten pool
from one side, and the lens and wire feed unit move as an integral subsystem.
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for Focusing Unit
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Figure 1: Schematic of the prototype
WireFeed system showing laser perpendicular
to substrate and wire feed from side.
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Figure 2: Schematic of improved
system with three laser beams at
120° placement surrounding wire.

Geometries are written into a series of tool path patterns to build each layer. This file is
combined with other commands to drive the laser, the positioning stages, and the wire feed unit
to produce the desired component one layer at a time, starting f?om the bottom of the part. A
solid substrate is used as a base for building the WireFeed object. The laser beam is focused
onto the substrate to create a weld pool in which fine wire is injected, typically 250 micron
diameter. The substrate is moved beneath the laser beam to deposit a thin cross section, thereby
creating the desired geometry for each layer. After deposition of each layer, the wire feed
mechanism and focusing assembly are incremented in the positive Z-direction, building a three
dimensional component layer additively.



Shape Fabrication

Initially, test matrices were developed and implemented to identi~ the key factors
controlling the WireFeed process. The key processing variables include: laser power, wire feed
rate, wire feed direction and angle, and traverse velocity. From previous work with LENS (6),
laser power, wire feed rate, and traverse velocity are the key factors to control deposition in direct
metal fabrication. Along with those tests, extra experimental studies were required to
understand the relationship between the wire and the weld pool for the system shown in Figure 1.
This study included varying the wire feed direction, wire feed height (w.r.t. the substrate), and
insertion angle. Diagnostic tools, such as high magnification video camera techniques, were
used to monitor and understand the wire/molten pool interaction.

From these studies, it was determined that the wire must intersect the molten pool in such
a manner to maintain stability along the solidification fi-ont. If the wire is inserted too high (w.r.t.
the substrate or previous layer), it does not remain connected with the pool; if the wire is
inserted too low, the wire either stubs on the substrate/layer or is pushed around by the force of
the weld pool. After choosing the intersection point, the insertion angle and direction must be
determined. An insertion angle of 45 degrees maintains the best stability, and uniform deposition
is only maintained with wire insertion perpendicular to the deposition direction. The
consistency of build is not maintained if the wire is inserted either from the trailing or leading
edge of the weld pool, because the molten pool has difficulty forming and maintaining the bead
as the source material or energy moves away.

Since the process was highly dependent on the position of the wire in relation to the
deposition direction, a new system was configured to remove this geometric processing
constraint. As shown in Figure 2, the wire is fed down the center and the laser beam is split into
three beams (by use of fiber optics) to surround the wire. The laser heads are stationed 120

degrees apart from each other. Now, the wire always enters the pool at the ‘hot spot’ and there

are no constraints on direction of travel. This new design was imperative for complex part

fabrication.

From the process variable experiments, the laser wire deposition parameters were
optimized to demonstrate feasibility of part fabrication. Test matrices were added to understand
how layer thickness and hatch (fill) spacing affected part fabrication. Process studies to control
the wire feed during layer increments for simple block shapes were a major activity. After a
layer is fabricated in a serpentine draw pattern, the laser shutter closes, and the focusing and wire
feed subsystems must increment in the positive Z direction to fabricate the next layer. Before the
Z increment, the wire must reliably detach from the part. This knowledge is required for
complex part fabrication with increasing area complexity.

Various shapes with increasing complexity are shown in Figure 3. We have fabricated
four types of geometies: 1) uni-directional fabrication using a rotary stage to build hollow
cylinders (Figure 3a), 2) hi-directional patterns to fabricate walls, and 3) with au understanding
of wire detachment, hatch spacing and layer thickness, it was possible to fabricate dense,
rectangular shapes from 308L stainless steel (Figure 3b). Finally, we have initiated complex part
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fabricatiori with the challenge of building two cubes, where each layer is deposited side by side
(Figure 3c). This was only possible with the new WireFeed system design shown in Figure 2.
All shapes possess 100’%utilization of the wire, where the material inserted into the molten pool
is directly used to produce a part. WireFeed parts are quickly fabricated, between 0.5 to 1 hour
per cubic inch.

(b)

Figure 3: (a) cross-sectional micrograph of uni-directional fabrication, (b)
block fabrication with wire detachment between layers, and (c) complex part
fabrication with start and stop capability in each layer.

Materials Characterization

Mechanical Behavior
Coupons were machined from the as-processed 308L stainless steel for room temperature

tensile testing, where the pull direction is parallel to the build plane in the WireFeed system
(longitudinal). All samples had densities greater than 98%. The results for WireFeed-processed
material is compared to typical annealed material in Table I. With grain size refinement, the
WireFeed material possesses strengths greater than annealed, where the yield strength is 58 ksi as
compared to 35 ksi for the annealed material. However, the ductility remains consistent with
elongation values of 65-75Y0,which are slightly higher than the annealed values (55-65’XO).High
strengths and hardness with retained ductility is a good combination for WireFeed-processed
material.
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Table I. Room temperature mechanical properties for as-processed 308L
stainless steel compared to typical annealed material.

Property WireFeed Annealed
material

I Hardness I 87HRB I 80HRB I
Microstructure feature size 4 Micron 40 Micron

Tensile strength (Yield) 58.2 ksi 35 ksi
Tensile strength (Ultimate) 94.2 ksi 85 ksi

Ductility (Elongation) 64.9% 55%
Ductility (Reduction in area) 74.6’XO 65’%0

The effect of deposition style was studied for 304L stainless steel material. Two types of
patterns were fabricated: 1) longitudinal and 2) cross hatch where every other layer is deposited
90 degrees to the previous layer. The results are shown in Table H. Both deposition patterns
show similar strength properties, with yield values much greater in comparison to annealed
material. However, there is a trade-off with a decrease in ductility, especially for the cross hatch
pattern style. Any flaws in adhesion between layers would be more evident in the cross hatch
deposition material because the weak layers are perpendicular to the tensile pull direction.
Overall, the material properties for these stainless steel alloys show benefit in strength values
compared to traditional annealed material and in some cases the ductility is maintained.

Table II. The effect of deposition pattern on room temperature mechanical
properties for as-processed 304L stainless steel.

Property Longitudinal Cross Hatch Annealed
Pattern Pattern 304L

Tensile strength (Yield) 75.9 ksi 76.1 ksi 42.8
Tensile strength (Ultimate) 104.2 ksi 102.0 ksi 95.9

Ductility (Elongation) 48.3’XO 34.6’%0 56.0
Ductility (Reduction in area) 40.O’XO 32.8% ---

Microstructures
Metallographic analysis reveals dense, fine grain microstructure for 308L stainless steel

produced by the WireFeed process as shown in Figure 4. Figure 4(a) is a cross-sectional view of
a line drawn by the WireFeed process. Typical microstructural features are on the order of 4
microns, due to the high solidification rate in the WireFeed process. Figure 4(b) is a top view
showing one fill line and two partial lines (interfaces between lines marked at A). The fine
microstructural features show directional solidification behavior resulting in textured features.
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(a)

Figure4: Typicalticrostructures for308L stainless steel, where (a)is aview
inside a fabrication line (450x) and (b) is a view of three lines fabricated in a
layer.

Simulation of Coarsening in WireFeed Microstructure

Components manufactured by the WireFeed process have unique microstructure. The
prediction and control of these microstructure is important to tailoring the components to their
respective application. We have extended the previously developed 2-D simulation (7) of
coarsening during WireFeed to 3-D. A kinetic, Monte Carlo model was used to simulate
coarsening in the presence of a non-linear, dynamic temperature profile. This model utilizes a
cubic lattice populated by a canonical ensemble of domains. The equation of state is the sum of
bond energies between unlike neighboring domains and simulates grain growth in response to
capillary forces of the grain boundaries. The simulation was adapted to 3-D by extending the
neighbor interaction energies fi-omX- and Y-directions to X-, Y- and Z-directions. The mobility
of the grain boundaries scales with temperature in the simulations. The temperature profile used
in the simulations is the Rosenthal solution to a moving point source of heat given by

*m-T=[$]..p(~(xp+,p))

where T~ = melting temperature, T is temperature at rP, the distance from the center of the laser
spot and X-P,the distance from the laser spot along the direction of travel and are:

and x is the laser travel direction, z is depth, vt is the current laser position along the x-direction,
u is the heat transfer efficiency, Q is heat input, k is conductivity and C is heat capacity. The
temperature profile at the surface is shown in Figure 5.

–-.— ,-,.—>r-—---c---- ., . . e—— -- - -..-.— . . .— —. .- ——.. -.— .— ..—



Figure 5. Rosenthal temperature profile at the surface, with heat
source moving along the X-direction.

The results of the 3-D simulations are shown in Figures 6a and 6b, with simulated
microstructure of grains after a laser has passed across at velocity v = .01 and v = .02
sites/MCS, respectively. The laser travel direction is from right to left, and features of the same
shades are grains. The microstructure show that the grains grew faster in the center region,
which is the hottest area and much slower at the outside cooler region as was expected since
grain boundaries have higher mobility at higher temperatures. The elongation of the grains was
dependent on the velocity of the laser. At slower laser velocity, grains are highly elongated as the
grain boundary mobility is able to keep pace with the laser. At high laser velocity, the grains
were smaller and less elongated because the laser velocity was faster than the grain boundary
mobility. Furthermore, the direction of grain elongation was perpendicular to the Rosenthal
isotherm as seen in Figure 6b. The microstructure in Figure 6b are similar to those of actual
WireFeed microstruc~es as seen in Figure 4b.

(a)

Figure 6: Simulated microstructure of grains at two laser velocities:
(a) 0.01 sites/MCS and (b) 0.02 sites/MCS (where MCS = Monte Carlo Step).
Laser travel direction is from right to left.
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Conclusions

With the WireFeed process, high fabrication rates (one hour per cubic inch) can be
achieved with 100°/0 utilization of feed material. As-processed stainless steel parts have
strengths greater than traditional annealed material, but with retained ductility if there are no
flaws (porosity) during fabrication. Preliminary modeling of the WireFeed process shows the
correlation between the laser beam profile and raster speed with the resulting microstructure.
The WireFeed system is simple in design, requiring only a localized gas purge to removed
unwanted oxidation during fabrication. This allows for easy part removal and change of wire
material. Future work will develop complex geometry fabrication, where the theoretical model
will be able to predict the resulting microstructure for a given material and process conditions.
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