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V
ertical nanopillar (NP) solar cells are
of great interest because they would
allow for ultimate light trapping and

excellent charge separation. They could
therefore achieve potentially higher effi-
ciency than thin film planar cells, with the
added merits of minimal use of materials
and much lower process cost.1�6 However,
NP fabrication for solar cells has quite strin-
gent requirements when compared to fabri-
cation for nanoscale electronics and opto-
electronics. These requirements include (i)
cost-effectiveness of the nanopatterning pro-
cess for fulfilling the less than a dollar perwatt
criterion; (ii) a “nano” pillar diameter in the
range of hundreds of nanometers for max-
imizing light trapping; and (iii) a low-tempera-
ture process to prevent deformation of
inexpensive substrates such as glasses and
polymers. Popularmethods for the fabrication
of NP solar cells have included both bottom-
up techniques, such as vapor�liquid�solid
(VLS) growth,4,5 and top-down patterning,
throughpolymeror silicananospheremasks,1,2

other masks formed by self-assembly pro-
cesses,7,8 or lithography.9�11 VLS growth is
an excellent method to form NP solar cells.
However, it requires single-crystal silicon (c-
Si) Æ111æ layer transfer and photolitho-
graphic methods to form the metal cata-
lysts, both increasing the process cost.
Furthermore, the VLS growth temperature
is relatively high (>800 �C), which makes it
incompatible with many glass and polymer
materials. One top-down approach to form
NPs is to coat a substrate with polymer or
glass nanobeads that act as etch masks.1,2

Nanobead synthesis may increase process
cost, and furthermore, such materials are
not desirable in patterning glass substrates
due to their low etch selectivity compared
to metallic materials. A self-masked dry
etching technique may be a simpler top-
down NP formation approach,7,8 using, for

example, a reactive gas mix that forms SiC
nanoparticles on a Si substrate which then
act as an etch mask. Although such self-
masking has been demonstrated for c-Si
substrates, a similar principle could be used
to pattern glass substrates by modifying the
chemistry and plasma. Nanoimprint lithogra-
phy and nanomolding have recently been
introduced for nanopattern transfer for
photovoltaic (PV) fabrication.9�11 They have
worked successfully at relatively low tempera-
tures but require multiple process steps,
which may increase manufacturing cost.
In this paper, we propose a photolitho-

graphy-free nanopatterning method that
meets the above three requirements,
making it well-suited for PV applications.
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ABSTRACT

We introduce a cost-effective method of forming size-tunable arrays of nanocones to act as a

three-dimensional (3D) substrate for hydrogenated amorphous silicon (a-Si:H) solar cells. The

method is based on self-assembled tin nanospheres with sizes in the range of 20 nm to 1.2 μm.

By depositing these spheres on glass substrates and using them as an etchmask, we demonstrate

the formation of glass nanopillars or nanocones, depending on process conditions. After

deposition of 150 nm thick a-Si:H solar cell p-i-n stacks on the glass nanocones, we show an

output efficiency of 7.6% with a record fill factor of∼69% for a nanopillar-based 3D solar cell.

This represents up to 40% enhanced efficiency compared to planar solar cells and, to the best of

our knowledge, is the first demonstration of nanostructured p-i-n a-Si:H solar cells on glass that is

textured without optical lithography patterning methods.

KEYWORDS: a-Si:H solar cells . self-assembled tin nanospheres . nanopillars .
nanocones . three-dimensional solar cells
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Themethod is based on the use of tin (Sn) nanospheres,
which self-assemble during rapid thermal annealing
(RTA) of Sn films on glass substrates and show great
size tunability from tens of nanometers to micro-
meters. This is a low-temperature process, due to the
low melting point of Sn (232 �C), allowing great free-
dom for choosing substrates that cost less than Si. We
will show that slow morphological changes of Sn
nanoparticles due to Sn oxidation allow a very high
density of nanospheres to form during annealing. We
can therefore form dense arrays of Sn nanospheres
with diameters in the hundreds of nanometer range on
glass substrates, then use them as an etch mask for
deep reactive ion etching (DRIE) to form NPs. Finally,
we use chemical etching to taper the NPs into glass
nanocones (NCs). These NCs are not themselves used
as the active PV materials, but instead are used as
building blocks for three-dimensional (3D) thin film
hydrogenated amorphous Si (a-Si:H) solar cells. The
device structure is shown schematically in Figure 1:
aluminum-doped zinc oxide (ZnO:Al) is deposited on
top of the glass NCs as a front electrode, followed by
150 nm thick single junction a-Si:H p-i-n stacks. We will
show up to 40% enhancement on conversion effi-
ciency from these 3D a-Si:H solar cells, compared to
planar cells at the same absorber thickness. We will
show that the enhancement ismainly due to enhanced
short circuit current, and we will also show a surpris-
ingly high (record) fill factor of ∼69% from the same
single junction device. To the best of our knowledge,
this is the first demonstration of a high-performance
lithography-free 3D a-Si:H solar cell on a glass NCs.

RESULTS AND DISCUSSION

Formation of Self-Assembled Sn Nanosphere and Hemisphere
Arrays. Sn solders are used at length scales of hundreds of
micrometers in joining techniques to formball grid arrays
on copper at the back endof the line in a complementary
metal-oxide-semiconductor process.12�14 Since Sn-based
materials have a strong tendency to be oxidized, a
strong antioxidizer, or “flux”, is applied to the Sn to

make it dewet from the substrate and transform into
spheres (spheroidization) upon annealing around
250 �C.12�14 The flux is typically composed of diethylene
triamine pentaacetic acid, tetrakisethylenediamine, and
glycerol ethoxylate, which together mechanically crack
the surface Sn oxide and inhibit the Sn surface from
subsequentoxidation.Onanonwettingsurface, this results
in the formation of complete Sn spheres upon melting.15

For our experiments, we require Sn structures in the
tens of nanometers to micrometer range. It is not
possible to form spheres out of micrometer thick-
ness Sn layers without applying flux because the
Sn oxide surface layer significantly slows diffusion of
Sn atoms, preventing rearrangement into the equilib-
rium shape.12�14We therefore formed Sn nanospheres
by first depositing 10�120 nm thick Sn films on glass
substrates using thermal evaporation at room tem-
perature. We then heated the films in a rapid thermal
annealing (RTA) furnace under a N2 flow at tempera-
tures from 150 to 450 �C for 10 s using flux and
compared with the same anneal without flux. It is
well-known that Sn does not wet the glass surface

Figure 1. Schematic of the 3D a-Si:H solar cell fabricated on
glass NCs.

Figure 2. Morphology of Sn nanoparticle arrays with dif-
ferent thicknesses, annealing temperatures, and oxidation
conditions: (a�f) 90 nm thick Sn filmswith flux, annealed for
10 s at 150, 200, 220, 230, 250, and 300 �C, respectively;
(g�k) 10, 25, 50, 90, and 100 nm thick Sn films, respectively,
with no flux, annealed at 300 �C; (l) 120 nm thick Sn filmwith
no flux, annealed at 450 �C; (m) magnified view of (f) to
highlight the facets seen on the surface of the Sn spheres
after cooling. (n) Average diameter of hemispheres in (g�l)
as a function of Sn thickness.
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and does not intermix with SiO2.
16 Therefore, it can be

expected that the interfacial energy of Sn/SiO2 is so
great that there is a strong tendency for spheroidiza-
tion of thin film Sn deposited on glass.

Figure 2a�f shows the resulting morphologies for
flux-coated 90 nm thick Sn films after 10 s of RTA at
various temperatures from 150 to 300 �C. An abrupt
morphological change in the Sn particles is evident at
230 �C, the melting temperature of Sn. Spheres form
above the melting point (Figure 2e,f), while lens-like
particles form below the melting point (Figure 2a�c).
Near the melting point, spheres and partially spheroi-
dized hemispheres (lenses) coexist (Figure 2d). Over
the entire temperature range, Sn particles do not
appear to wet the glass surface, implying that the
interfacial energies of both solid Sn/glass and liquid
Sn/glass are too high for Sn to form a continuous film
on the glass surface. We expect that the activation
energy for diffusion in the liquid is significantly lower
than that in the solid due to the lower bonding energy
of atoms in the liquid.17 Thus, the different morpholo-
gies for solid and liquid particles suggest that a kinetic
limitation at temperatures below the melting point
prevents the solid Sn particles from rearranging into
spheres to minimize the surface area. Instead, solid
state diffusion appears to favor the formation of a lens-
like morphology with surface facets, where lower
surface energy lattice planes are exposed to the
vapor. Even the complete spheres show small facets
after cooling (Figure 2m), similar to those observed in
other metal systems.18,19 Precise analysis of the crys-
tallographic orientations could be followed in future
work.

While the lens-like morphologies obtained below
themelting temperature show a relatively uniform size
distribution, aggressive morphological evolution takes
place in the liquid Sn at higher temperatures. Particle
coarsening is evident, as manifested by the non-
uniform distribution of sphere sizes. This becomes most
prominent at 300 �C, well above the melting tempera-
ture, with a large variation in particle size visible in
Figure 2f.

Isothermal anneals result in a similar morphological
evolution, from the two-dimensional film to lens-like
shapes, which then transform into spheres showing a
broader size range (Figure 3a). It is noteworthy that Sn
lenses were obtained even at 150 �C, well below the
melting temperature. This morphology has not been
observed for micrometer scale solder balls.12�14 We
believe that it is technologically significant that one
can achieve nanoscale templates at such low tempera-
tures, implying great flexibility in choosing polymer
and glass substrates for further patterning processes.

When flux was not applied to the Sn surface, RTA
temperatures slightly above the melting point do not
result in the ball-up of nanometer scale Sn films (not
shown). This is consistent with the behavior observed

for micrometer scale Sn-based solders, in that the Sn
layer cannot be agglomerated without applying a
flux.12�14 However, supplying further thermal energy
to the nanometer scale Sn films by an RTA well above
the melting point, for 10 s under a N2 ambient at
300 �C, leads to the formation of Sn hemispheres, even
without flux (Figure 2g�k). Complete spheroidization
was not observed for that short annealing time. The
annealing ambient does not seem to affect the results,
whether it is a hot plate anneal in air, RTA in N2, or even
annealing at a vacuum level of 1 � 10�5 Torr. This is
presumably due to the high oxidation rate of the Sn
surface without flux,20 and it appears that ultrahigh
vacuum conditions would be necessary for full control
of the Sn surface oxidation.

In order to explore the range of sizes available from
this nanopatterning technique, we examined the ef-
fect of Sn film thickness over the range of 10�120 nm,
without flux and for an RTA at 300 �C for 10 s. Results
are shown in Figure 2g�k. Dense arrays of hemisphe-
rical Sn particles were formed for Sn films thinner than
100 nm (Figure 2g�j). Interestingly, above 100 nm,
hemispheres do not form (Figure 2k), which suggests
that higher temperatures or longer times are required.
Hemispheres are in fact obtained for 120 nm thick Sn
films when annealed at a higher temperature of 450 �C

Figure 3. Morphological change of Sn nanoparticles as a
function of the isothermal RTA times indicated: (a) 90 nm
thick Sn films annealed at 230 �Cwithflux; (b) 90 nm thick Sn
films annealed at 300 �Cwithout flux; (c) average Sn particle
density as a function of annealing time with and without
flux.
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(Figure 2l). The size range of the self-assembled Sn
hemispheres is quantified in Figure 2n. A monotonic
increase in an average diameter is observed from 20 to
400 nm, as the thickness of a 300 �C annealed Sn film
increases, and larger particle sizes of 1.2 μm can be
obtained with thicker Sn films and higher annealing
temperatures. Thus, we can obtain hemispheres at
high density with diameters ranging from 20 nm to
1.2 μm by appropriate choice of deposition and an-
nealing parameters. In contrast, VLS NPs grown from
Au particles that are formed by agglomerating
(thinner) Au films have a lower density, especially after
coarsening to increase the Au size.21 Additionally, the
broad range of feature sizes offered by Sn is in contrast
to the 10�50 nm nanodomains routinely obtained by
block copolymers.22

Control of the morphology between hemispheres
and spheres is possible by additional annealing. The
morphological evolution of Sn hemispheres with an-
nealing time is shown in Figure 3b at a fixed tempera-
ture of 300 �C and with an initial film thickness of
90 nm. The hemispherical Sn nanoparticles tend to
dewet the glass surface as the annealing time in-
creases. Dewetting (i.e., a wetting angle larger than
90�) becomes clear after 60 s, and spheres were
eventually formed after 3 min of annealing. In contrast,
for flux-coated Sn particles, only 10 s RTA at 230 �C is
required to form complete spheres (Figure 3a). The
faster oxidation rate of Sn without flux is primarily
responsible for the slowing of the morphological evo-
lution because Sn oxide acts as a diffusion barrier for Sn
atoms.12,13,20 As shown in Figure 3c, particle densities
are significantly reduced as the annealing time in-
creases because of particle coarsening, and the rate
of density decrease is clearly faster for the flux-coated
samples, even at the lower annealing temperatures,
because of enhanced Sn diffusion. Regardless of
whether flux is applied, the nonwettability of Sn on
glass is confirmed by these experiments. The slow
morphological evolution rate obtained without flux
offers particularly good control over the morphologies
of the Sn nanopatterns and allows excellent choice of
the Sn nanosphere density.

Formation of Glass NPs and NCs. The great flexibility in
forming different nanotemplates described above al-
lows us to fabricate glass NPs with a variety of sizes and
shapes. We achieve this by performing DRIE on the
glass substrates through the Sn patterns. We aimed
at obtaining templates with diameters in the hun-
dreds of nanometer range as cost-effective building
blocks for nanostructured thin film a-Si:H solar cells
with high light trapping capability.3,6 Several glass
NP templates are shown in Figure 4d�f and were
formed via DRIE through the mask patterns in
Figure 4a�c, respectively.

DRIE first forms NPs, but glass NPs themselves
cannot be used as the templates for subsequently

grown ZnO:Al electrodes and a-Si:H p-i-n stacks. This
is because these layers are deposited through plasma
processes which are known to be nonconformal and
would therefore result in thicker layers on the top of
the NPs compared to the side walls. Instead, a conical
shape is more desirable with tapered tops for the
pillars. Cones are also more beneficial than pillars in
terms of light trapping capability.23 We therefore
tapered the glass NPs after DRIE by isotropic wet
chemical etching using a diluted HF dip. Typically, Sn
hemispheres remain on top of theNPs directly after the
DRIE step, but they are automatically removed during
the HF tapering process. As shown in Figure 4g, as
etching takes place, the top diameter of the NPs tapers
to result in NCs.

3D a-Si:H Solar Cell Fabrication on Glass NCs. 3D c-Si NP
solar cells have already been clearly demonstrated by
several studies.1,2,4,5 For example, c-Si NP p�n junction
solar cells formed on c-Si substrates etched through
silica nanosphere masks show efficiencies above 5%
and fill factors (FF)∼55%,1,2 while c-Si NP p�n junction
solar cells based on VLS NPs show conversion efficien-
cies up to 7.9% with FF 65%.4 However, c-Si NP solar
cells whose efficiency exceeds that of planar control
cells have apparently not yet been demonstrated. This
is mainly due to the poor FF of the c-Si NP solar cells (by
comparison, the typically reported FF of c-Si planar
solar cells is∼80%24). This reduction in FF is considered
to be a result of the increased surface area of the active
PV materials, combined with improper surface
passivation.5 To avoid these issues, instead of using
NPs as PV activematerials, we therefore propose to use

Figure 4. Morphology of NPs and NCs formed from differ-
ent templates. (a�c) Sn particle masks formed by annealing
(a) 90 nm thick Sn filmswith flux at 250 �C, (b) 90 nm thick Sn
films without flux at 300 �C, and (c) 120 nm thick Sn films
without flux at 450 �C. (d�f) NPs formed by DRIE of glass
substrates through the masks in (a�c), respectively. DRIE
was performed in 100 mTorr CF4 gas flow and a power
density of 425 mW/cm2 for 30 min. (g) Morphology change
from columns to cones formed by 45 min DRIE of (c)
followed by wet chemical etching for the times indicated
using 50:1 diluted HF.
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the glass NCs described above as templates for sub-
sequent fabrication of 3D thin film a-Si:H solar cells. The
structure of 3D a-Si:H p-i-n cells on NCs, where the NCs
serve only as templates to deposit the a-Si:H, has two
advantages over c-Si NP solar cells: the surface of the
a-Si:H film itself is already completely passivated by
hydrogenation, and generated carriers can be col-
lected more efficiently with p-i-n rather than p�n
configurations.25 The a-Si:H on NC concept has already
been proven to work by Naughton et al.,6 by forming
n-i-p a-Si:H stacks on lithographically patterned c-Si NC
templates coated with metal contacts (Ag�Au�Ti).
Although these structures used an expensive c-Si
substrate and an n-i-p configuration which is undesir-
able for manufacturing (see below), they demon-
strated a remarkable efficiency of 8% and a FF of
65%. Considering that the typically reported FF of
a-Si:H single junction cells is ∼70%,25 this is a signifi-
cant accomplishment. For a-Si:H solar cell technology,
the “superstrate” configuration, with p-i-n layers on a
glass substrate coated with transparent conducting
oxide, is more commonly used than the n-i-p on metal
(substrate) configuration, as employed by Naughton
et al.6 This is because a superstrate configuration is fully
compatible with laser-scribing for monolithic module
integration and already provides effective encapsula-
tion of the front of the cells.26 The superstrate config-
uration has recently been used to demonstrate 10.3%
efficient a-Si:H/μc-Si:H tandem cells on nanostructured
ZnO:Al,27 lithographically fabricating an inverse form
of ZnO:Al NPs (Swiss cheese ZnO:Al) on glass sub-
strates. Nonlithographic superstrate configurations re-
main to be demonstrated.

We show below our superstrate demonstration of
3D a-Si:H p-i-n stacks on NC textured glass substrates,
formed by self-assembly without costly or complex
patterning. Figure 5a shows the starting glass NCs, and
Figure 5b,c shows the finished 3D a-Si:H solar cell
stacks on glass NCs. The PV films were deposited in
the following sequence: (i) 120 nm ZnO:Al as a front
contact, (ii) 10 nmpþ μc-SiC:H, (iii) 130 nm intrinsic a-Si:
H, (iv) 10 nm nþ a-Si:H, (v) 120 nm ZnO:Al/50 nm Ag to
act as a back-reflector as well as a bottom contact, and
(vi) 2 μm ZnO:Al as a protection layer. The quoted
thicknesses were measured from the side wall of the
NCs. We find that deposition of the 2 μm ZnO:Al
protection layer to completely fill the gaps between
the NC solar cells is helpful for mechanical strength
since the probes used for measurements tend to break
freestanding NCs.

The J�V characteristics of the finished cells were
measured under 1 sun illumination of the glass sub-
strates. The measured J�V curves and solar cell para-
meters are shown in Figure 5d and Table 1,
respectively. As a control, p-i-n stacks with thicknesses
of 200 and 150 nm were deposited on untextured
planar ZnO:Al films on glass substrates (200 and

150 nm thick planar cells are indicated as “planar 1”
and “planar 2”, respectively, in Figure 5d and Table 1).
These thicknesses were chosen to encompass the
thickness variation of the 3D a-Si:H p-i-n layer, from
150 nm at the side wall to 200 nm at the NC tips (with
the fraction of side wall areas obviously significantly
higher than tip areas). Figure 5d compares the J�V of
samples with and without NCs. Short circuit currents
(JSC) obtained from the 150 and 200 nm thick planar
cells are 8.0 and 8.8mA/cm2, respectively, whereas that
from the 150 nmNC cells is 12.6 mA/cm2. Compared to

Figure 5. (a) Glass NC template formed under the condi-
tions shown in Figure 4g with 10 min etching; (b) full a-Si:H
solar cell stack; (c) single glass NC showing the full a-Si:H
solar cell stack in cross section. (d) J�V curves of a-Si:H
single junction solar cells on glass NCs and on planar
substrates coated with ZnO:Al front electrodes. (e) Reflec-
tance of a-Si:H films on glass NCs and planar substrates.

TABLE 1. Parameters of a-Si:H Single Junction Solar Cells

on Glass NCs and on Planar Substrates Coated with ZnO:

Al Front Electrodes

cell type efficiency (%) FF (%) JSC (mA/cm
2) VOC (mV)

nanocones 7.6 69 12.6 879
planar 1 5.9 71 8.8 932
planar 2 5.3 72 8.0 931
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planar solar cells, a substantial efficiency enhancement
of up to 40%was obtained. The efficiency enhancement
is due to a∼50% increase in JSC, even though the open
circuit voltage (VOC) of the NC solar cells is reduced by
up to∼10%. We attribute the JSC increase to enhanced
light absorption at theNC solar cells, as supported by the
near-zero reflectance measured from NCs and shown in
Figure 5e, aswell as an increasedvolumeof absorbers per
unit area. (Under the assumption that cones are closely
packed and have an aspect ratio of 1.5:1, the volume of
absorbers on the NC substrates is approximately 3.4
times greater than that on planar substrates.) This is a
substantial improvement even compared to solar cells on
conventional textured transparent conducting oxides
such as APCVD SnO:F and LPCVD ZnO:B, where
25�35% JSC enhancement has been obtained.11,28 A
surprisingly high FF of 69%wasmeasured, which is close
to that obtained from planar solar cells. A similar shunt
resistance was obtained for both planar and NC cells,
showing the similar slopes of the J�V curves at JSC.When
compared to the 65% FF obtained in the substrate
configuration,6we suggest that the improved superstrate
FF here is due to a reduced shunt rather than a reduced
series resistance. We believe that p-i-n deposition on
ZnO:Al, as used here, could reduce the chance of
cell contamination from the Ag�Au�Ti contacts as used
in the substrate configuration.6 Compared to the FF
obtained from c-Si NP solar cells, the higher value
obtained here reflects the inherent hydrogen passivation
of the a-Si:H surface. Finally, we note that this is the first
demonstration of highly performing a-Si:H p-i-n cells on
litho-free nanostructures, to our knowledge. This result

could imply that the benefit fromusing 3D structures will
be greater for a-Si:Hmaterials compared to c-Simaterials.

We expect that increasing the thickness of the p-i-n
stacks, if the same∼40% enhancement over planar cells
couldbemaintained,would lead to recorda-Si:H solar cell
efficiencies. However, the diameter (<1 μm) of the glass
NCs used in this study is too small to accommodate
thicker PV stacks. For further improvement in efficiency,
therefore, it is worthwhile to increase the cone diameter
to over a micrometer and correspondingly increase the
distance between cone tips by optimizing the initial Sn
deposition and annealing conditions.

CONCLUSIONS

Wehavedemonstrated3Da-Si:H solar cells onglassNCs
that were fabricated from glass substrates patterned via

self-assembled Sn nanosphere masks. Dense Sn patterns
with sizes ranging from tens of nanometers to a micro-
meter could be obtained on glass, depending on process
conditions, with Sn in the form of either spheres or hemi-
spheres.DRIE through thehemispheremasks results in the
formation of glass NPs, and subsequent wet chemical
tapering forms glass NCs. Three-dimensional a-Si:H solar
cells created on NC patterned substrates showed record
FFs of 69% and substantial efficiency improvements of up
to 40%compared to planar solar cells. These results clearly
show the beneficial effects of nanostructuring for effi-
ciency enhancement of solar cells. Although the 3D solar
cells have so far been limited to a-Si:H basedmaterials, the
patterning method described here could be applied to
other PVmaterials, potentially achieving improved perfor-
mance through low-cost processing steps.

METHODS
Sn Nanosphere Formation. Snwas deposited in a thermal evapora-

tor at a vacuum level of 5 � 10�5 Torr with thicknesses ranging
from 10 to 120 nmon borofloat glass substrates using a deposition
rate of 0.5 nm/s. To form pure SiO2 layers, 2 μm thick SiO2 was
deposited on the borofloat glass substrates using plasma-
enhanced chemical vapor deposition (PECVD). In order to form
nanospheres, 10% flux diluted in isopropyl alcoholwas spin-coated
on the Sn surface at 3000 rpm. Annealing was then performed in a
RTA chamber under a N2 flowing ambient. For nanohemisphere
formation, as-depositedSn filmswere loaded into theRTAchamber
immediately after thermal evaporation and annealed.

Glass NP and NC Formation. After forming the desired Sn
nanopatterns, DRIE was performed in a 100 mTorr CF4 gas flow
using a power density of 425mW/cm2. This DRIE process results
in the formation of glass NPs. Subsequent dipping into 50:1
diluted HF solution tapers the top ends of the pillars leading to
formation of glass NCs.

a-Si:H Solar Cell Fabrication. a-Si:H solar cells were fabricated on
glass NCs by depositing boron and carbon-doped pþ (window
layer) μc-SiC:H, undoped instrinsic a-Si:H (absorber layer), and
phosphorus-doped nþ a-Si:H, at 250 �C in a PECVD chamber with
the following thicknesses: 10 nm pþ, 130 nm i, and 10 nm nþ.
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