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Silicon Nanowires

e Arrays of silicon nanowires (SINWs) have been shown to have
less than 1% reflectance over the peak solar radiation
wavelength range by increasing the optical path length of light.

« The optical properties of SINW arrays have been shown to be
directly dependent on the diameter, pitch, and height of the
wires.
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So here is a little background on silicon nanowires in general. Arrays of silicon nanowires have been shown to have very low optical reflectance over the peak solar radiation wavelength range. As you can see in the figure, this is mainly due to the internal reflection between wires and the increased optical path length of incoming light. The optical properties of silicon nanowire arrays have been shown to be directly dependent on the nanowire diameter, pitch, and height, showing the importance of having independent control over each parameter.


Sitlicon Nanowire Solar Cells

e The reduced reflection of SINW arrays, along with
light trapping, band gap tuning, charge separation,
and carrier collection benefits makes them of interest
to be used as the active region of a solar cell.
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Because of these improved optical properties, along with numerous other benefits, silicon nanowire arrays are of interest to be used as the active region of a solar cell. There are two main types of solar cell geometries that can be made with silicon nanowires, a standard axial junction, as seen on the left, and a radial junction, as seen on the right. The radial junction is preferred, and has been shown in previous work to have increased efficiency over the axial case mostly due to the shortened carrier collection distance.


e
Nanosphere Lithography

Hexane

e Charged polystyrene
nanospheres are self
assembled into a
non-closed packed
monolayer at the
hexane-water
Interface.

o Different diameter
NS can be injected at
the interface at

i 1 40 different densities to

# of “Regezetee independently tune

— Xegezogel the arrangement.
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Beginning with a bare silicon substrate, nanosphere lithography is used to provide the pattern for the nanowires that will be fabricated. Charged polystyrene nanospheres are injected at the interface between hexane and water; they self-assemble into a non-closed packed monolayer at the interface, primarily due to long range electrostatic forces. Nanosphere lithography is a versatile patterning method, the pitch of the nanosphere array can be independantly tuned by injecting more or less nanospheres at the interface, and a variety of different nanosphere diameters can be used. To transfer the nanosphere pattern, the substrate is withdrawn through the interface, collecting the nanospheres, which are bound to the substrate due to their charged surface.


e
Pattern Transfer

 Gold iIs evaporated over the nanosphere array,
then the nanospheres are removed, resulting in a
nanoporous gold mask to be wused In the
following metal-assisted chemical etching step.
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With the nanospheres transferred to the substrate, gold is deposited over the nanosphere array, and the nanospheres are removed, leaving behind a nanoporous gold mask that will be used for the following metal-assisted chemical etching step.


Metal-Assisted Chemical Etching

« Simple, low cost, top-down method of fabricating silicon
nanostructures.

e H,0O, Is reduced at the gold in a cathodic reaction,
generated holes are injected through the gold, oxidizing
the underlying silicon, which is dissolved by HF, causing
the gold to sink into the substrate as etching proceeds.

HF:H202:Ethanol
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Metal-assisted chemical etching is a simple, low-cost, top-down method of fabricating silicon nanostructures. The substrate with the nanoporous gold mask is immersed in a solution of hydrofluoric acid, hydrogen peroxide, and ethanol. The peroxide is reduced at the gold surface in a cathodic reaction, generating holes which are injected through the gold, causing the localized oxidation of the underlying silicon. The oxidized silicon is dissolved by the HF, causing the gold to sink into the substrate as etching proceeds. 


s
Metal-Assisted Chemical Etching
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This etching process is limited by both the concentration of peroxide in the solution, as well as the concentration of HF in the solution. The peroxide concentration determines the rate of oxidation of the silicon, while the concentration of HF determines the rate of etching of the oxidized silicon. The gold thickness also plays a role in limiting the rate of reaction, with thicker gold films inhibiting the rate of hole injection through the gold, ultimately leading to slower etch rates. Here, the concentration of the peroxide is the varied, with a fixed HF concentration, and a fixed gold thickness, making the etch rate highly defendant on the peroxide concentration. As seen in the figure, the reaction is limited by the peroxide, and a greater concentration of peroxide leads to a faster rate of oxidation, and a faster etch rate. 


Nanowires

« Hydrogen peroxide concentration is varied to obtain a controlled
etch rate of 150 »m/ . .

Optical reflectance of SINW arrays studied as a function of nanowire
diameter, pitch, and height in order to determine which
arrangement should be chosen to fabricate solar cells.

MacEtch
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Nanowires are generated with this metal-assisted chemical etching (or MacEtch) process, with a recipe chosen to obtain a controlled etch rate of approximately 150 nanometers per minute. The nanoporous gold mask can be seen on the left, and after the MacEtch, wires are created, as seen on the right, with the gold film visible at the base of the wires. The optical reflectance of different nanowire arrays was studied as a function of nanowire diameter, pitch, and height, in order to determine which arrangement should be used to fabricate solar cells.


NW Reflectance Measurements

Nanowire diameter = 300 nm, pitch = 900 nm
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Here is the optical reflectance of a bare silicon wafer, averaging around 35% over this wavelength range.


NW Reflectance Measurements

Nanowire diameter = 300 nm, pitch = 900 nm
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The nanowire arrangement that was chosen for solar cells was 300 nanometer diameter wires at 900 nanometer pitch. With half micron tall wires, the reflectance is significantly decreased down to around 15%.


NW Reflectance Measurements

Nanowire diameter = 300 nm, pitch = 900 nm
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At around two micron tall wires, the reflectance is less than 5%.


NW Reflectance Measurements

Nanowire diameter = 300 nm, pitch = 900 nm
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And at around three microns tall, the nanowire array reaches well below 1% reflectance.


NW Reflectance Measurements

Nanowire diameter = 300 nm, pitch = 900 nm
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With additional height, the reflectance is further reduced, and is nearly zero at just over five micron tall wires. These measurements were repeated for three other nanowire arrangements, and can be seen on my poster.


Remaining Process Flow

o After patterning the nanoporous gold mask with nanosphere
lithography and etching the wires with metal-assisted chemical
etching, the remaining process flow involves monolayer doping,
wire encapsulation, and deposition of contacts.

Al
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The remaining process flow after the nanosphere lithography and MacEtch steps includes gold removal, monolayer doping to form the p-n junction, encapsulation in PMMA, and deposition of the contacts.


e
Monolayer Doping

o Self assembly of phosphorus containing molecules
allows for formation of ultra-shallow junctions.

« Expected 50 nm junction depth from Silvaco
simulations.

n-type
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Monolayer doping, as you just learned, is fueled by the self-assembly of phosphorus containing molecules on the silicon surface, which allows for formation of ultra-shallow junctions. With a drive in time of only 30 seconds, a junction depth of approximately 50 nm is expected from simulations, forming a radial p-n junction, as shown in the figure. The cut out on the right is a top down view, showing the radial junction inside the wires.


-
PMMA Encapsulation

Nanowires
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The encapsulation of the nanowire array begins with the wires, and the application of PMMA.


-
PMMA Encapsulation

Nanowires Spin Coat
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The PMMA is spin-coated thicker than the nanowire array, causing them to be unseen by the SEM.


PMMA Encapsulation

« PMMA is etched in O, plasma at a rate of 300 "™/ _ ..

Nanowires Spin Coat Etch Back

ILA-IA-N
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After etching in an oxygen plasma, the tips of the wires are revealed to allow for electrical contact with the ITO.


-
Deposition of Contacts
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After the PMMA is etched back, the transparent conductor, (Indium Tin Oxide) or ITO, is sputtered over the exposed tips of the nanowires. The ITO is sputtered with pure argon after a pre-sputter step in both oxygen and argon, which acts to fully oxidize the target before the actual deposition. The transmission of the 200 nanometer thick ITO layer can be seen here, showing greater than 50% transparency over the entire wavelength range. The ITO deposited was conductive, and measured sheet resistance values were as low as 28 ohms per square. After the ITO is deposited, the backside of the device is etched with an SF6 / Argon plasma to etch through the MLD junction formed on the back of the substrate, after which, aluminum is evaporated as the back contact. The final step of the process flow is to deposit a relatively thick layer of gold as the top contact of the device that will be used for probing in testing.


e
Solar Cell Structure

Depletion Region

Gold

o [

Aluminum
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Here is a cross sectional view of the final solar cell structure showing the contacts, doping, and expected depletion region.


Solar Cell Test Results

. Dark I-V Curves

« The short (1.6
um) wire
device showed
slight
rectification.
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As for the actual test results, the planar device fabricated with the same contact stack showed rectification as seen in the dark IV curve here. The short wire device with 1.6 micron tall wires also showed rectification, however, it is not the behavior expected from a typical p-n junction diode.


e
Solar Cell Test Results

Light I-V Curve for Planar Device
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The short wire device also showed some light-generated current, although not as much as the planar device. With an very low open circuit voltage and short circuit current density, the NW device does not show significant light-generated current as would be expected with a true p-n junction. Additionally, 7 micron tall wire devices, did not show any rectification nor light-generated current, and acted more or less as resistors.


-
Possible Devices Issues

 Lack of surface passivation likely results in
surface charge depletion along the nanowire

sidewalls, leading to degraded device
performance.

 For longer wires, increased surface area might
have led to non-complete coverage of the
dopant molecule in the MLD step, resulting
In no junction formation.

« High contact resistance, unable to sinter
packside contact with current process - the
oresence of PMMA restricts the processing
temperature to < 250 °C.
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So there are a few things that could explain the poor nanowire device performance. There was a lack of surface passivation on the nanowires, which likely resulted in surface charge depletion along the nanowire sidewalls, ultimately leading to degraded device performance. In the case of the longer wire devices, the increased surface area of the wires may have led to incomplete coverage of the dopant molecule in the MLD step, resulting in no junction formation. And finally, there was high contact resistance, due to the inability to sinter the backside contacts, since having the PMMA present restricts processing temperatures to below around 250 degrees C.


-
Conclusions

 Silicon nanowires were successfully fabricated
with nanosphere lithography and metal-
assisted chemical etching in a “new-to-RIT”
process.

o Optical reflectance of different NW
arrangements was studied as a function of
NW height.

 Diode behavior was not observed with the
NW devices as expected. There are a few
things that could have happened, but more
work i1s needed to determine which is the
most likely.
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In conclusion, silicon nanowires were successfully fabricated with a combination of nanosphere lithography and metal-assisted chemical etching in a “new-to-RIT” process. The optical reflectance of different nanowire arrangements was studied as a function of nanowire height by changing the nanosphere lithography and MacEtch parameters. Finally, diode behavior was not observed with the nanowire devices as expected. There are a number of things that could have happened, such as the wires being doped but fully depleted, the surface charge depletion on the nanowire sidewalls hindering device performance, or that the p-n junction wasn’t actually formed, meaning that the photocurrent generated was only from the ITO – silicon junction. More work is needed to determine which of these things actually happened, however, it is safe to say that diode behavior was not observed as expected.


e
Future Work

Do an extended study with monolayer
doping on the silicon nanowire arrays (or use
lon Implantation).

o Alter process so that backside aluminum

contact can be sintered, this would
significantly decrease the contact resistance.

e Try different surface passivation techniques,
Al,O,, Si;N,, SIO,, etc. to prevent the surface
charge depletion along NW sidewalls that iIs
degrading device performance.
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To address and prove that these issues are the reason for the poor device performance, future work could include an extended study with the MLD process on the silicon nanowire arrays to better characterize the effect of the geometry on the self-assembly and drive-in of the dopants. Additionally, for the entirety of this project, the ion implanter was out of service. Future work could use the ion implanter to form an axial junction at the beginning of the process instead of using the MLD method. The process could also be altered slightly to allow for sintering of the backside contact, to reduce the contact resistance in the device. Finally, different surface passivation techniques could be tested, such as alumina, silicon nitride, or silicon dioxide coatings on the wires to prevent the surface charge depletion along the nanowire sidewalls that may be degrading device performance.
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