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It is suggested that using only 1 lm of silicon, sculpted in the form of a modulated nanowire
photonic crystal, solar power conversion efficiency in the range of 15%–20% can be achieved.
Choosing a specific modulation profile provides antireflection, light trapping, and back-reflection
over broad angles in targeted spectral regions for high efficiency power conversion without solar
tracking. Solving both Maxwell’s equations in the 3D photonic crystal and the semiconductor
drift-diffusion equations in each nanowire, we identify optimal junction and contact geometries
and study the influence of the nanowire surface curvature on solar cell efficiency. We
demonstrate that suitably modulated nanowires enable 20% efficiency improvement over their
straight counterparts made of an equivalent amount of silicon. We also discuss the efficiency of a
tandem amorphous and crystalline silicon nanowire photonic crystal solar cell. Opportunities for
“hot carrier” collection and up-conversion of infrared light, enhanced by photonic crystal
C 2012 American Institute of
geometry, facilitate further improvements in power efficiency. V
Physics. [http://dx.doi.org/10.1063/1.4752776]
I. INTRODUCTION

Crystalline silicon is the most widely used semiconductor in photovoltaics technology1–3 due to its abundance, nontoxicity, and good matching between its electronic bandgap
and the solar spectrum. Silicon is an indirect-bandgap semiconductor with relatively low absorption in the near infrared.
To compensate the wide variation of absorption length with
wavelength, the thickness of silicon solar cells has typically
been hundreds of microns. This leads to cost issues, since
commercial high quality silicon is required to extend the carrier diffusion length to collect generated carriers before they
can recombine. Thin film cells technology is one possible
direction to reduce the cost, using a thin absorber layer.1
Since carriers only have to be collected within a distance of
a film thickness, poor quality silicon can be used. However,
the efficiency of such cells is low because of significant
reduction in light absorption. While typical efficiency of
commercially available wafer-based silicon solar cells is
15%–20%, the best efficiency of thin-film silicon solar cells
is around 10%.4,5
Traditional methods to increase absorption inside solar
cell include the use of antireflective quarter-wave layers or
surface texturing.6,7 Antireflective surface textures have
been studied for a wide range of size-to-wavelengths ratios
combining numerical solution of Maxwell’s equations with
effective medium and geometric optics approximations in
the long- and short- wavelength limits.7 Recently, photonic
crystals have been considered in thin film photovoltaics for
their ability to trap and localize the light.8–10 These include
1D, 2D,11–14 and 3D photonic crystals, consisting of different
size gratings15,16 or nanohole arrays.16,17

a)
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Another promising architecture consists of silicon nanowires.4,18 Here, one advantage is the use of a radial junction
geometry where light absorption and carrier collection are
decoupled, greatly increasing collection efficiency for silicon
of poor quality.19–23 A second advantage is that silicon nanowire arrays can be designed to have very low reflectance and
efficiently absorb incident light.24–27 Recently, sinusoidaly
modulated nanowires were proposed as a combination of
nanowire and 3D photonic crystal geometries.28 Such modulation can lead to strong light trapping effects due to the phenomenon of parallel interface refraction.29
In this paper, we consider both optical and electronic
properties of modulated nanowires and demonstrate their
advantage relative to straight nanowires. We identify optimal
junction and contact geometries and study the effect of the
surface curvature on the power efficiency of resulting photonic crystal solar cell. We show that modulation of the
nanowire surface leads to a baseline efficiency of 15% using
only 1 lm of equivalent bulk thickness of silicon. We also
suggest an improved modulated nanowire using amorphous
and crystalline silicon to form a tandem solar cell with
18.4% efficiency. The collection of hot carriers generated
near the top of the nanowire and the reduction of nonradiative recombination near the contacts can lead to considerable
further improvement in efficiency.
II. SOLAR ABSORPTION IN MODULATED NANOWIRE
PHOTONIC CRYSTALS

As shown recently,28 modulated silicon nanowires exhibit better solar absorption than their optimized straight
counterparts. These modulated nanowires, arranged in a
square lattice photonic crystal with period a ¼ 0:35 lm, consist of three sections (see Fig. 1). The top section is tapered
in the form of a cone to provide an effective graded average
refractive index for incoming light. Sinusoidal radial
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method31 with the help of Electromagnetic Template Library.32
We assume that the entire solar radiation is collapsed into a normal angle of incidence with linear polarization along the direction connecting neighboring nanowires (oblique incidence case
can be simulated with the help of our FDTD iterative technique33). We use the standard FDTD scheme, where a plane
wave impulse is directed onto the nanowires array, fields are
recorded, transformed to the frequency domain and normalized
to the incident spectrum, to calculate frequency dependent
absorption at each point r inside a nanowire
aðx; rÞ ¼

FIG. 1. Silicon nanowire array solar cell includes an ITO top contact and
metallic back contact. The nanowires are embedded in a protective SiO2
background which is textured at the top to reduce reflection of sunlight. Different scale for vertical and horizontal dimensions is used. Scale for texture
and ITO is not preserved.

modulation of the middle section leads to a 3D simple cubic
photonic crystal with enhanced photonic density of states in
the solar spectrum. Coupling of sunlight to photonic modes
from nearly any incident angle occurs through the phenomenon of parallel interface refraction.29 The bottom section of
the nanowire serves as a chirped photonic crystal back reflector for light not already absorbed in the upper sections.
For each section (Fig. 1), the nanowire radius as a function of vertical position z is given by rðzÞ ¼ a r0 þ hz
ðr1  r0 Þ þ rm cosð2pz=az Þ, where r0 and r1 are radii at bottom and top section positions, rm is amplitude of the modulation (r0 , r1 , and rm are normalized to the period a), h is
height of the section, and az is the lattice constant along
z-axis. The coordinate z increases from 0 (bottom of the
section) to h (top of the section). Parameters for each section
are:
(i)

(ii)
(iii)

cone on the top of the nanowire to minimize reflection, r0 ¼ 0:233 þ 0:06, r1 ¼ 0, rm ¼ 0 (no sinusoidal
modulation), h ¼ 1:385 lm;
modulation in the middle to enable strong light trapping,
r0 ¼ r1 ¼ 0:233, rm ¼ 0:06, h ¼ 2:92 lm, az ¼ 0:73 lm;
a chirped modulation in the bottom to provide back
reflection, r0 ¼ 0:43, r1 ¼ 0:233, rm ¼ 0:06, h ¼ 1:2lm,
az ¼ 0:3lm.

The silicon nanowire photonic crystal is fully embedded
in a textured silica slab (refractive index n ¼ 1.5). This additional packaging in a silica background provides mechanical
stability and protection to the overall device. The bottom
metal contact is modelled as a perfect electric conductor
which reflects all incoming light. The top contact is an
indium tin oxide (ITO) film of the width 100 nm (refractive
index n ¼ 1.8) touching each nanowire cone (Fig. 1). This
contact could be further architectured into a Venetian blind
geometry to further reduce reflection losses.30
We calculate solar absorption inside the nanowire photonic crystal using the finite-difference time-domain (FDTD)

x  ImðeÞjEðx; rÞj2
:
c  Re½Einc ðx; rÞ; Hinc ðx; rÞ

(1)

Here c is the speed of light in vacuum and x is the frequency
of light, e is the silicon dielectric function.
We use a subpixel smoothing technique34 to eliminate
any staircase effect caused by our rectangular FDTD mesh.
This technique significantly improves FDTD accuracy for
arbitrary shaped scatterers. For reducing numerical reflection
from the artificial absorbing perfectly matched layer
(PML),31 we use additional back absorbing layers technique.35 Experimental data on the silicon dielectric permittivity eðxÞ is taken from Ref. 36. The frequency dependence
of eðxÞ is assigned in FDTD by considering a modified Lorentz approximation, where the dielectric polarization
depends both on the electric field and its first time derivative.37 This model provides an accurate fit to the response of
crystalline silicon to sunlight over the wavelength range
from 300 to 1000 nm, while conventional Debye, Drude, and
Lorentz approximations fail.37 Our fitting of the silicon
dielectric function utilizes an open MATLAB program.38
We assume that each absorbed photon of energy larger
than the silicon electronic bandgap leads to generation of an
electron-hole pair. The electrons and holes are assumed to
rapidly lose energy by scattering from phonons and occupy
energy levels near the conduction and valence band edges,
respectively. Subsequently, the electron and hole dynamics
is described by the drift-diffusion model.39,40 The total
charge carrier generation rate is obtained by integration of
the calculated absorption aðk; rÞ with incident solar Air
Mass 1.5 Global Spectrum 41 intensity IðkÞ over the wavelength range of 350 – 1000 nm
GðrÞ ¼

ð kmin
kmin

k
IðkÞaðk; rÞdk:
hc

(2)

2pc
Here photon energy is hc
k , wavelength k ¼ x , h is the
Planck’s constant.
Since solar light is a sum of all possible polarizations,
angular averaging
ð
1 2p
Gðr cosu; rsinu; zÞ  du;
(3)
Gðr; zÞ ¼
2p 0

is a good approximation for the solar generation rate
Gðr cos u; r sin u; zÞ.42,43
The maximum achievable photocurrent density
(MAPD), in which all generated carriers are assumed to be
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collected, is calculated by integrating the generation rate (2)
over the silicon nanowire volume Vs
ð
MAPD ¼ eGðrÞdr:
(4)
Vs

Here e is the electron charge. The case of 100% solar absorption over the 350 – 1000 nm range in crystalline silicon corresponds to MAPD ¼ 42:3 mA=cm2 .
In Fig. 2, we present the calculated absorption profile
aðk; r; zÞ for various wavelengths and the total generation
rate G(r, z) after angular averaging. Cleary, most of the bluish part of solar spectrum is absorbed in the nanocone, while
longer wavelengths propagate to the modulated sections.
MAPD for our modulated nanowire is 27:7 mA=cm2 . For an
optimized straight nanowire photonic crystal with r ¼ 0.233
and h ¼ 6:3 lm (height is chosen to use the same amount of
silicon as for considered modulated nanowire) the MAPD
drops to 20:7 mA=cm2 in our solar cell geometry (Fig. 1).
III. ELECTRONIC PROPERTIES OF MODULATED
NANOWIRES

and generation rates, Ji , Di , and li are current densities, diffusion coefficients, and mobilities, i ¼ n, p.
The generation rate profile, calculated using Eqs. (1)
and (2), is used as an input to the continuity equations (6).
Angular averaging of the generation rate (3) allows to reduce
dimensionality of the problem from 3D (x, y, z) to 2D (r, z).
To solve the Poisson and continuity equations numerically,
we use zeroth order radial finite differences scheme.42
In our calculations, we use silicon parameters found in
Ref. 19.
(i)
(ii)
(iii)

As in earlier literature,19 we consider only ShockleyReed-Hall (SRH) recombination from a single-trap level at
intrinsic Fermi level which lies near the middle of the
bandgap

To simulate photocurrent inside modulated nanowire,
we simultaneously solve the Poisson equation and continuity
equations for electrons and holes
q
r2 w ¼  ðp  n þ ND  NA Þ;
e

(5)

rJn ¼ rJp ¼ qðR  GÞ;

(6)

Jn ¼ qDn rn  qln nrw;

(7)

Jp ¼ qDp rp  qlp prw;

(8)

where w is the electrostatic potential, q is the elementary
electronic charge, e is the dielectric function, n and p are
electron and hole densities, ND and NA are concentrations of
ionized donors and acceptors, R and G are recombination

R¼

np  n2i
;
sp ðn þ ni Þ þ sn ðp þ ni Þ

(9)

where ni is intrinsic charge carriers concentration. We
choose the lifetime of the minority electrons in the p-region
equal to the lifetime of minority holes in the n-region
In ﬃthe following, we consider the diffusion length
sn ¼ spp .ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ln ¼ sn Dn as a independent variable. Including Auger and
radiative recombination1 in our model for R results primarily
in a change of the diffusion length Ln . Rather than adding
these other recombination channels into the microscopic
expression (9), for simplicity we subsume these processes
into the overall diffusion length Ln .
We impose surface recombination velocity of
100 cm s1 at the Si-SiO2 interface, as found in available
experimental data.2,22 Contacts are assumed to be ohmic
with a much larger surface recombination velocity of
105 cm s1 , as found in Ref. 19.
We use highly doped region (Na ¼ 5  1018 cm3 ) with
thickness 50 nm near bottom contact (back surface field).
The interface between the higher and lower doped regions
behaves like a p-n junction, where the resulting electric field
makes a potential barrier to minority carrier flow to the surface.1 This reduces the impact of the contact surface recombination on short circuit current density Jsc and open circuit
voltage Voc . As verified numerically, we find improvements
on the order of 5% for our geometry compare to non-using
back surface field.
We consider three different p-n junction geometries
(Fig. 3):
(i)

FIG. 2. Left, optical absorption profile inside modulated nanowire for chosen wavelengths (max ¼ 10ðlmÞ1 , linear color bar scale). Right, corresponding carrier generation rate (2) (max ¼ 1010 ðlmÞ3 s1 , linear color bar
scale). Averaging over polar angle u is performed. Different scale for vertical and horizontal dimensions is used.

doping concentration Nd ¼ Na ¼ 1018 cm3 ,
electrons and holes mobility ln ¼ 270 cm2 V1 s1 ,
lp ¼ 95 cm2 V1 s1 ,
diffusion coefficient Dn , Dp is calculated using the
Einstein relation D ¼ kTe l (temperature T is assumed
to be 300 K).

(ii)

“curved” radial junction. This junction consists of two
parts: bottom horizontal part at the distance 0:1 lm
from the bottom contact, and side part at the distance
0:05 lm from the modulated nanowire surface;
straight radial junction which is obtained from curved
radial junction by removing modulation;
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FIG. 3. (i) curved radial, (ii) straight radial, and (iii) axial junction geometries. Different scale for vertical and horizontal dimensions is used.

(iii)

axial junction that separates nanowire by two layers
of equal height.

Geometry (i) corresponds to the largest junction area,
whereas geometry (iii) corresponds to the smallest one. As
an illustration, we present the photocurrent distribution for
the curved radial geometry in Fig. 4.
We calculate the short circuit current density Jsc (Fig. 5)
and open circuit voltage Voc (Fig. 6) for each of the three
junction geometries. The short circuit current density Jsc is
calculated as the current flux through the contact (bottom or
top) normalized to the square lattice unit cell area a  a.
The curved radial junction exhibits the highest value of
Jsc in comparison to the straight radial and axial junctions
(Fig. 5). In the latter two cases, generated carriers must traverse a longer distance to the junction where they become
separated. The difference in Jsc for these three junctions

FIG. 4. Photocurrent density distribution inside modulated nanowire for
curved radial junction geometry (for visualization purposes length of arrow
corresponds to the photocurrent density multiplied by the distance from the
nanowire axis). Different scale for vertical and horizontal dimensions is
used.

J. Appl. Phys. 112, 074327 (2012)

FIG. 5. Short circuit current density Jsc as a function of diffusion length Ln
for different junction geometries. The curved radial junction yields the highest short circuit current density.

becomes smaller as the diffusion length, Ln , increases, and
tends to nonzero constant value as Ln ! 1. For high diffusion lengths most of the recombination occurs at the metal
contacts. The curved radial junction yields the largest Jsc
since carriers are more likely to “escape” recombination at
the contacts and reach the junction where they become separated. At the same time, in the case of axial junction geometry, top contacts represent an obstacle for carriers generated
at the top of the nanowire and moving to pn-junction, which
negatively influences the photocurrent.
The axial junction provides the best open circuit voltage
Voc (Fig. 6), while results for curved and straight radial junctions are almost the same (we plot results only for curved radial junction). This can be explained by the negative
influence of forward-bias recombination current1 on the open
circuit voltage Voc . Forward-bias recombination current is
caused by recombination of excess carriers at the depletion
region. The value of this current is higher if the depletion
(and therefore junction) region is more developed. Therefore, a less developed junction area produces a higher open
circuit voltage Voc . This explains higher values of Voc for
axial junction geometry compare with radial one.
The recombination current is inversely proportional to
the carrier lifetime in the depletion region and therefore the
silicon quality there. Consequently, using silicon of high
quality in the depletion region around the junction improves

FIG. 6. Open circuit voltage Voc as a function of diffusion length Ln for different junction geometries. The axial junction yields the highest open circuit
voltage.
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Voc , even if the silicon quality elsewhere is small19 (but it
does not influence Jsc ). To demonstrate this we simulate
the curved radial junction using a high diffusion length Ln
¼ 100 lm in the region 5 nm around the junction (Fig. 6).
Due to the small surface recombination velocity at the
Si-SiO2 interface (100 cm s1 ), the curvature of the nanowire surface does not influence Jsc and Voc . Increasing
the surface recombination velocity at the Si-SiO2 interface
from 100 cm s1 to 1000 cm s1 leads to only slight reduction in Jsc and Voc (1%–2% for curved radial junction,
Ln ¼ 100 lm). Most of the surface recombination occurs at
the contacts where the surface recombination velocity is
about 105 cm s1 . Therefore increasing the contact area will
reduce Jsc and Voc , since generated carriers are more likely
to recombine at the contacts before reaching the junction. To
demonstrate this, we simulate a curved radial junction
assuming that the top contact covers the entire upper half
surface of the nanowire z  htot =2, where htot is the nanowire
height, and coordinate z increases from 0 (bottom of the
nanowire), to htot (top of the nanowire) (see dotted curve at
Figs. 5 and 6). On the other hand, changing the top contact
position without changing its surface area has negligible
influence on Jsc and Voc , but only redistributes the photocurrent density.
We now compare the power conversion efficiency of solar cells based on modulated nanowires, straight nanowires
(r ¼ 0.233, htot ¼ 6:3 lm, radial junction), and a planar cell
(htot ¼ 1:07 lm). The height in both cases is chosen to use
the same amount of silicon as in the modulated nanowires.
We use a radial junction geometry for both types of nanowires. The generation rate for nanowires is obtained using an
independent FDTD simulation of Maxwell’s equations. We
consider generation rate profiles obtained for the following
geometries: nanowires are resting on (1) perfect electric conductor (as assumed before) or (2) semi-infinite quartz substrate (refractive index n ¼ 1.5). The generation rate for the
planar cell is obtained using Beer’s law for absorption and
assuming no reflection from front (perfect antireflective coating) and back sides of the cell, as in Ref. 19. The calculated

J. Appl. Phys. 112, 074327 (2012)

efficiency as a function of diffusion length is plotted in Fig.
7. Results for the planar cell are in excellent agreement with
results obtained analytically.19 Straight nanowires are much
more efficient than the planar cell due to enhanced absorption and the use of the radial junction. The efficiency advantage is more significant for small diffusion length due to the
radial junction. Modulation of the nanowire surface leads to
further efficiency improvement because of better light trapping. Modulated nanowire solar cells improves the efficiency
by about 10% or 20% relative to straight nanowires for cases
when nanowires are resting on perfect electric conductor or
quartz substrate correspondingly. Note that chosen parameters of the nanowire modulation are optimized for the second
geometry case.28 Use of the chirped modulation in the bottom part of the nanowire provides back reflection mechanism
and prevents the light propagation into the quartz substrate.
Modulation of the nanowire can be optimized for the first geometry as well to achieve higher efficiency.
In summary, using modulated nanowire solar cells
improves the efficiency by about 20% relative to straight
nanowires. The overall power conversion efficiency is about
15% provided that the diffusion length exceeds a few microns.
Further improvements in efficiency are suggested below.
IV. EFFICIENCY ENHANCEMENTS

Nanowires can be synthesized using two materials with
different lattice constants, and other parameters.44,45 This
makes them suitable for tandem solar cells. Amorphous silicon and crystalline silicon have bandgaps well suited for tandem cells (1.7 eV and 1.12 eV, respectively). Such tandem
cells have been studied previously for a planar geometry.46
The absorption coefficient of amorphous silicon is about an
order of magnitude greater than in crystalline silicon at visible wavelengths. However, amorphous silicon has poor
transport properties with a short carrier diffusion length and
carriers photogenerated in p or n layers are unlikely to contribute to the photocurrent. To overcome this problem a p-i-n
junction with undoped or intrinsic region is used.1 The built-

FIG. 7. Efficiency as a function of diffusion
length Ln for different cells of the same volume
of silicon (cell geometries are depicted on the
right side). For the planar cell a perfect antireflection coating is assumed. A radial junction is
used for the straight nanowire and a radial curved
junction is used for modulated nanowire, see
Fig. 3(i).
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in bias is dropped across the undoped region, creating an
electric field there. Carriers photogenerated in the undoped
region are driven by this electric field to produce a photocurrent. Recently, the optical 47–50 and electronic49–51 properties
of amorphous silicon nanowires and nanocones have been
studied.
In our geometry, it is advantageous to use an amorphous
silicon region throughout the nanocone at the top of the
nanowire. Our crystalline silicon nanowires already absorb
95% of photons with energy higher than the electronic
bandgap of amorphous silicon. Therefore using amorphous
silicon at the top of the nanowire does not increase the overall amount of absorbed sunlight. It simply redistributes the
carrier generation profile along the nanowire. The height of
the amorphous silicon segment is chosen such that the same
amount of photocurrent is produced in the amorphous and
crystalline silicon layers. Employing separate radial p-i-n
and p-n junctions for each segment yields two solar cells
connected in series within each nanowire. Adjacent n-doped
and p-doped regions of these subcells can be heavily doped
to form a tunnel junction between the subcells. Current
passes through the tunnel junction between the subcells by
quantum tunneling.1 According to Kirchoff’s law, photocurrent in the resulting tandem cell is equal to the photocurrent
in each subcell, while the total voltage is a sum of subcell
voltages. For a crystalline silicon subcell with radial junction
we expect Voc ¼ 0:62 V (see Fig. 6), whereas for the amorphous silicon subcell we expect Voc ¼ 0:9 V, according to
recent experimental49,50 and numerical51 results. Therefore,
the total open circuit voltage is 1.52 V. Photocurrent in the
tandem cell is one half that of the initial crystalline silicon
nanowire cell, since the same amount of sunlight is absorbed
by the two subcells. Therefore, we obtain a 22.6% efficiency
improvement relative to the initial crystalline silicon nanowire, corresponding to a tandem cell with 18.4% efficiency.
Another way to improve the efficiency of modulated
nanowires is by harnessing “hot” electrons before they lose
energy by thermalization.1,3,52 One can see from Fig. 2 that a
large fraction of high energy (blue and green) solar spectrum
is absorbed in the nanocone segment of our nanowires. These
high energy photons will produce hot carriers with energy
far above the bottom of the electronic conduction band of silicon. Since hot carriers thermalization distances are typically
of the order of tens of nanometers,3 such carriers can reach
the top contact with incomplete thermalization.
Finally, we note that for diffusion lengths longer than
the nanowire length, photogenerated carriers tend to recombine mostly at the contacts, since the surface recombination
rate at the contacts is much higher than at Si-SiO2 interface.
If recombination at the contacts is radiative rather than nonradiative, this generated light can be coupled to photonic
crystal modes, trapped inside nanowires array, and reabsorbed efficiently to regenerate electron-hole pairs. We estimate this effect indirectly by simulating decreased surface
recombination at contacts. For modulated crystalline silicon
nanowires with curved radial junction geometry, the efficiency improves from 15% to 20% if the surface recombination velocity at the contact is 100 cm s1 and diffusion
length Ln ¼ 100 lm. More accurate modelling of the photon
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recycling effect requires coupling and self-consistency
between the electromagnetic and electronic simulations.53
The possibility of achieving small surface recombination velocity at the contacts by passivation with an intrinsic amorphous buffer layer has recently been presented.54
In conclusion, modulated nanowire photonic crystals
offer a number of opportunities for combined photonic and
electronic management to greatly increase solar cell power
conversion efficiency. Using only 1 lm of equivalent bulk
thickness of silicon it is possible to achieve power conversion efficiencies in the range of 15%–20%, either matching
or surpassing the efficiencies of solar cells requiring up to
300 lms of high quality silicon. A striking and unique feature of our modulated silicon nanowire photonic crystals is
that their MAPD and efficiency remain nearly the same for
sunlight incident over angles ranging from normal incidence
to about 60 off-normal.28 This implies that solar tracking by
mechanical re-orientation of the solar cell is, for the most
part, not required. This is particularly valuable for tandem
solar cells where a current matching condition must be maintained between the subcells as the angle of direct solar illumination varies. The power conversion efficiency calculated
in this paper represents only a baseline efficiency for photonic crystals consisting of 1 lm of silicon. Further enhancements in efficiency are likely to arise from “hot carrier”
collection effects within the nano-cone regions of our solar
cell design. Opportunities also arise from the “slow light”
modes of our photonic crystal architecture. Such modes are
known55 to enhance nonlinear optical effects such as photon
up-conversion and down-conversion.3 This type of solar
spectrum reshaping within the photonic crystal likewise
facilitates power efficiencies beyond the standard ShockleyQueisser limit3 of roughly 33%.
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