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ABSTRACT 

We report ordered, high aspect ratio, tapered Si microwire arrays that exhibit an 

extremely-low angular (0o to 50o) and spectrally averaged reflectivity of <1% of the 

incident 400 nm - 1100 nm illumination.  After isolating the microwires from the 

substrate with a polymer infill and peel off process, the arrays were found to  absorb 

89.1% of angular averaged incident illumination (0o to 50o) in the equivalent volume 

of a 20 micron thick Si planar slab, reaching 99.5% of the classical light trapping 

limit between 400 nm - 1100 nm. We explain the broadband absorption by 

enhancement in coupling to waveguide modes due to the tapered microstructure of 

the arrays. Time-resolved microwave photoconductivity decay measurements yielded 

charge-carrier lifetimes of 0.75 µ s in the tapered microwires  resulting in an implied 

Voc of 0.655 V. The high absorption, long charge-carrier lifetimes, and high aspect 

ratio in these ordered microwire arrays make them an attractive platform for high 

efficiency thin-film crystalline Si solar cells and as well as for the 

photoelectrochemical production of fuels from sunlight. 

 

Keywords: Silicon, Microwires, Reflection, Absorption, Waveguide, ICPRIE, Carrier Lifetime, 
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Reaching towards the ultimate conversion efficiency limits for Si photovoltaics is of considerable 

fundamental and practical interest, and motivates research on thin Si solar cells with high minority 

carrier lifetimes and extremely efficient light management. While the limiting efficiency 1 for a 

single-junction crystalline Si solar cell under 1 sun illumination of 29.8% constrained only by free 

carrier and Auger absorption losses 2, record experimental Si cells have reached efficiencies as 

high as 25.6%3. To achieve higher efficiencies, lower surface recombination velocities must be 

achieved in structures with very efficient light management that enable a reduced bulk 

recombination by virtue of reduced absorber volume in the solar cell.  Current high-efficiency Si 

solar cells utilize intrinsic amorphous silicon (i-a-Si) 4or Al2O3 
5 surface passivation layers that 

produce very low surface recombination velocities, so that the cell performance is typically limited 

by the bulk carrier lifetime. Consequently, a further decrease in bulk recombination could lead to 

yet higher cell efficiencies. Heterostructure with intrinsic thin layer (HIT) Si solar cells have 

demonstrated an efficiency enhancement by the use of thinner substrates 4.  In such HIT cells, the 

dark current due to recombination is reduced compared to the current under illumination, 

increasing the quasi-Fermi level. Use of even thinner substrates would be desirable in order to 

reduce the bulk recombination volume, but the indirect band gap of Si yields reduced absorption 

in very thin samples.  Additionally, the surface/bulk ratio increases as the substrate becomes 

thinner. The optimal Si cell thickness thus depends strongly on the achievable surface 

recombination velocities as well as on the ability to achieve enhancements in light trapping. 

Optoelectronic transport calculations indicate that with realistic surface recombination velocities, 

and high bulk material quality, efficiencies as high as 24.4% could be achieved in a 10 µm thick 

cell 6 if the light trapping were at the 4n2 Lambertian limit 7.  Previous demonstrations of thin film 

crystalline Si cells with effective thickness under 50 m with various light trapping schemes 



include: 20.62% efficiency in a 35µm device3, 19.1% in a 43µm thick device 8, 16.8% in a 20µm 

thick device 9, 15.7% 10 and 13.7% 11 in 10µm thick devices . 

Various nanostructured antireflection and light-trapping strategies have been explored for thin-

film crystalline Si 12 13. Some recent studies have shown limitations in light-trapping structures 

arising from parasitic absorption, as opposed to limitations in the Si absorber material of the cell. 

Hence structuring the absorber layer to maximally harvest light while minimizing parasitic 

absorption and reflection losses, is required to maximize absorption in thin crystalline Si solar cells 

14. Si microwire arrays facilitate light absorption near the 4n2 limit for very small Si planar 

equivalent thicknesses, 15 with reports of absorption exceeding the 4n2 limit near the band edge.  

However to date, Si microwires fabricated by vapor- liquid-solid growth methods using metals 

such as Au or Cu as growth catalysts have not demonstrated high minority carrier recombination 

lifetimes,  since these metals can produce defects that reduce the bulk recombination lifetime in Si 

16 17.  

We demonstrate here that Si microwires with high minority carrier bulk lifetimes can be 

fabricated by cryogenic inductively coupled plasma reactive ion etching (ICPRIE), which is 

predominantly a chemical etch, and demonstrate that the etching conditions can be modified to 

taper the Si microwire shape to achieve high aspect ratio arrays with near 4n2 light trapping and 

extremely low angle- and spectrally-averaged low reflectivities.  Electrodynamic simulations 

indicate that the tapered Si microwire structure facilitates highly effective coupling of incident light 

into waveguide modes, and yield high optical absorption. 

High aspect ratio pillar structures with high precision have been fabricated in Si wafers by a 

cryogenic ICPRIE for various solid state device applications 18. Aluminum oxide (Al2O3) is a 

nearly ideal etch mask with nearly 1:1000 selectivity, which can be used to achieve structures with 



high aspect ratios as high as 20:1 19. The high aspect ratio tapered microwire arrays shown in Fig. 

1a are fabricated from high lifetime (>1ms) float zone grown Si wafers via photolithography 

followed by ICPRIE and standard Si surface cleaning methods 20. The resulting structure features 

wires with tip radius of curvature of 25 nm, bottom base diameter of 7 µm, and a height of 75 µm, 

in a square lattice with 7 µm pitch.  

Angle-dependent reflectance measurements were performed using tunable monochromatic 

radiation from a supercontinuum laser and a Si photodetector 15. Figures 1b and 1c show the 

measured wire array reflectance on linear and log scales, respectively, from 400 nm – 1100 nm, 

while the angle was varied from 00 to 50o. Averaged over 0o to 50o and over the range 400 nm-

1100 nm, the integrated reflectance was 0.98% for uncoated Si wire arrays and 0.97% for arrays 

coated with SiNx dielectric layers. The tapered microwire arrays thus act as nearly ideal 

antireflection surfaces, not only at normal incidence but also at oblique incidence angles even 

without any anti reflection coating. The angular reflectance without and with SiNx anti reflection 

coating is shown in Fig. 1c, and d and Fig. 1e, and f respectively in linear and log plots.  The 

surface reflectance is comparable- -and in some cases lower than-- typical black Si front-surface 

texturing methods 21 22 23.  Notably, low reflection was achieved at wavelengths near the Si band 

gap, i.e., 1000 nm – 1100 nm, where Si has a large absorption length. In the 1000 nm – 1100 nm 

wavelength range, the reflection varied from 3.6% at normal incidence to 2.7% at 50o for uncoated 

wires, which may be limited by reflection from back surface of the sample. In the 400 nm – 1000 

nm range, the reflection varied from 0.7% - 0.5%. Although not all previous work has reported 

angular averages for reflectance, the present result of <1% angular averaged reflection is to our 

knowledge a record for low reflectance silicon structures, and  compares very favorably to other 



methods for reducing reflection in the range 400 nm – 1100 nm, the wavelength range of interest 

for Si-based solar cells. 

In order to experimentally measure absorption in tapered microwire arrays without effects due 

to the substrate, the uncoated arrays were embedded in polydimethylsiloxane (PDMS), by spin 

coating followed by curing such that Si microwires were completely embedded in the polymer. 

The arrays were peeled off of their substrate using a razor blade, to produce flexible films with 

embedded Si microwires 24-25. These films were placed on a nearly ideal Lambertian back 

scattering BaSO4 (6080 White Reflectance Coating; LabSphere) coated sample holder in an 

integrating sphere, and reflection (R) measurements were performed. The absorption (A) was 

calculated from the reflectance (R) data by using A = 1 – R. Fig. 2a and 2b show the peeled off 

PDMS films with embedded, tapered Si microwire arrays. Fig. 2c shows the absorption calculated 

from the reflection measurement in the integrating sphere from 400 nm – 1100 nm while the angle 

was varied from 0o to 50o. Averaged over 0o to 50o, such films showed an integrated absorbed 

solar spectrum photon flux as high as 89.1%, demonstrating the remarkable absorption properties 

of these tapered microwire arrays at various incident angles in the solar spectrum of interest. The 

effective planar thickness of these polymer-embedded arrays calculated assuming a truncated 

cone with tip radius of 25 nm, base radius of 3.5 µm, and a height of 70 µm is ~20 µm. Fig. 2d 

shows a comparison of the absorbed solar flux under normal incidence to the 4n2 light -trapping 

limit 26 for a 20 µm thick Si slab, after correcting for reflection from the PDMS/air interface 

(~3%). The total calculated photon flux absorbed at normal incidence was 99.5% of the limit for 

an equivalent thick Si slab. The absorption was slightly below the 4n2 limit for most of the solar 

spectrum, and exceeded the limit at wavelengths near the Si band gap (1050 nm – 1100 nm). Fig. 

3 shows angular averaged reflection from Si substrate with tapered microwires etched into in red, 



and angular averaged absorption in tapered microwire arrays embedded in PDMS in blue plotted 

in 400 nm – 1100 nm wavelength range, summarizing the reflection and absorption 

measurements.  

The exceptionally low reflectivity of the arrays arises from the tapered wire geometry. The fill 

fraction of the arrays at the light-incident interface is less than 0.01% and increases extremely 

gradually along the extended length of the tapered microwires. The remarkable optical 

characteristics – minimal reflection and high absorption-- of the tapered Si microwire arrays cannot 

be completely explained by either effective medium concept or ray optic analysis especially at 

wavelengths near band gap of Si, and requires a wave-optical analysis for quantification. From 

this, the measured absorption is seen in this case to arise from efficient coupling of incident light 

into waveguide modes in the wires. We employed a combination of full wave electromagnetic 

simulations and analytic waveguide analysis to develop an understanding of the array optical 

properties. The strong symmetry overlap of specific waveguide modes also contributes to the low 

reflectivity, and is discussed in more detail below. Bloch modes, which often result in reflection 

bands,27,28,29 play an insignificant role in these structures due to an inter wire spacing that is much 

larger than the optical wavelength. Consequently, each tapered microwire acts as an independent 

optical antenna and waveguide, consistent with previous findings 30,31,32.  

The high absorption arises from a combination of coupling into waveguide modes and the length 

of the microwires. Many groups have studied and demonstrated enhanced absorption in Si 

nanowire arrays due to coupling into waveguide modes with large extinction cross 

sections.33,34,35,36 However even with careful optical design, Si nanowire array absorption have 

smaller absorption than for planar Si absorbers, owing to the indirect gap and consequent low 

absorption coefficient of Si. Our microwire structures also capitalize on waveguide modes for 



optical absorption enhancement, while simultaneously incorporating long optical path lengths to 

achieve near-unity absorption. Efficient coupling into the optical waveguide modes of the Si 

microwires is the critical factor in the remarkable optical properties of these arrays. 

Three-dimensional full field electromagnetic wave simulations of tapered microwire arrays 

were performed to characterize the waveguide modes. The simulation procedure is explained in 

detail in the methods section. Fig. 4 displays carrier generation cross-sections for tapered 

microwires at incident wavelengths of 400, 600, 800, and 1000 nm, respectively. Fig. 4 e-h show 

complete wire cross sections on a logarithmic scale, marked with light blue squares indicating the 

bounds of Fig. 4 a-d, which focus on the upper portion of the wire and are shown in linear scale. 

All absorption profiles indicate light coupling into waveguide modes, but the modes are less 

obvious at λ=400nm (Fig. 4a and 4e), due to strong absorption above the direct gap of Si. Below 

the direct gap of Si, the waveguide characteristics become more apparent. Absorption occurs 

primarily in the microwire core, indicative of guided mode propagation in the wire, and exhibits 

semi-periodic longitudinal intensity oscillations that scale with incident wavelength, indicative of 

mode propagation. Additionally, the existence of significant intensity near the lower end of the 

microwire in the λ=1000 nm profile demonstrates long distance waveguide mode propagation to 

the bottom of the microwire, enabling near-unity absorption for wavelengths near the Si band edge. 

Simulations show that the reflection is <1% at wavelengths below 1000 nm agreeing with the 

measurements. 

Detailed mode analysis reveals that light couples into the set of first azimuthal order waveguide 

modes, HE1n, as illustrated for λ=1000nm illumination in Fig. 5. As previously reported,37,38 

efficient coupling occurs into this set of modes due to the strong overlap in symmetry between the 

incident plane wave and the in-plane mode field profiles. Fig. 5a displays a longitudinal cross 



section marked with horizontal dashed lines colored to indicate their correlation with the radial 

cross sections in Fig. 5b-g; the radial cross sections correspond to the first six HE1n modes, in 

ascending order. As expected, the first order HE11 mode appears at the top of the wire, and the 

higher order modes appear in sequence, as radius increases.  

 

          

(2) 

The dispersion curves for these modes were calculated from the eigenvalue equation (Eqn. 2) 

for cylindrical dielectric waveguides,39where Jm and Hm are the cylindrical Bessel and Hankel 

functions of the mth order, k0 is the free space wavevector, kcyl(kout) is the transverse wavevector 

inside(outside) the cylinder, β is the mode propagation constant, εr,cyl (εr,out) and µ r,cyl(µ r,out) are the 

relative dielectric permittivity and permeability inside(outside) the cylinder, and a is the cylinder 

radius. Fig. 5h and Fig. 5i show the dispersion curve for a Si waveguide (n=3.577), in its tradition 

form, k0a(βa), and a non-traditional form, mode index vs. radius, respectively. The mode color key 

in Fig. 5h is consistent throughout the figure. The dashed lines on Fig. 5i indicate the radius of the 

mode cross sections in Fig. 5b-g, revealing that the modes are most prominent between a mode 

index of 1 and 2. This moderate mode index is due to a tradeoff between ease of free space coupling 

and mode confinement mediated-absorption. Mode profiles, propagation constants and radius 

range are all consistent with analytic waveguide theory. These observations demonstrate the 

critical role of waveguide modes in the optical characteristics of the tapered microwire arrays. 

In order to evaluate quality of tapered microwires and estimate the Voc, transmission electron 

microscopy (TEM) and lifetime measurements were performed. Electron microscopy images of 

the sidewall shown in the Fig. S1 (see supplementary information) shows minimal surface damage 

due to etching, and no lattice damage in the bulk, as expected from the low forward power (5W) 



and predominantly chemical nature of the dry etching process. The carrier recombination lifetimes 

were measured for tapered microwire arrays passivated by Al2O3 coated-microwires by atomic 

layer deposition (ALD) 5, 40 using a custom-built microwave photoconductive decay lifetime tool 

with a Nd:YaG laser illumination source operating at 1064 nm. 30-120 µJ energy pulses of 5 ns 

and spot size of 3 mm diameter at 50 Hz frequency were used for these measurements, as illustrated 

in Fig. S2 (see supplementary information). The cleaning process steps and the measurement 

technique of these tapered microwires are detailed in the methods section. Al2O3 passivated 

tapered microwire arrays were embedded in PDMS and peeled from their respective substrates 

using a razor blade. During the measurements, the fractured back surfaces of the peeled microwires 

were passivated in situ using 5.8M HCl, after a 20s damage removal etch in 3.6M KOH at room 

temperature. Lifetimes of 0.75 µ s were measured in these arrays. An analytical model was 

implemented to estimate surface recombination velocity (SRV), implied Voc, and the 

corresponding maximum efficiency achievable from the carrier lifetime measurements. The SRV 

achieved was estimated to be 150 cm/s, with the corresponding implied Voc to be 0.655 V, and the 

maximum efficiency achievable to be 22.2%. The model is described in detail in the Methods 

section. The tapered microwire arrays are surface recombination limited and a further decrease in 

SRV to 5 cm/s is shown to enhance the lifetime to > 15 µ s, and the maximum achievable 

efficiency to > 25%.      

In conclusion, the tapered microwire arrays fabricated in this work demonstrate superior light 

trapping properties with <1% angular averaged reflection, and absorption reaching the 4n2 light 

trapping limit due to enhanced coupling of incident light into the waveguide modes. These 

microwires show no bulk damage and minimal surface damage that can be removed by surface 

cleaning after fabrication. We measured carrier lifetime in these microstructures by microwave 



detected photoconductivity measurement, and measured lifetimes of 0.75 µ s for wires under ALD 

deposited 20 nm thick Al2O3 sidewall passivation with 5.8M HCl back surface passivation. In this 

work the performance of the arrays is limited by surface recombination and therefore further 

improvement in surface passivation methods to these arrays can push the performance of these 

arrays to reach Voc > 0.7 V and maximum possible efficiency > 25%. Future devices using these 

tapered microwire arrays can be envisioned, such as all back contact solar cells 5, 11, 40-41 similar to 

previous demonstrations with an ultrathin Si substrate 42 or as a flexible solar cell with a convention 

back contact and a transparent front contact 25. Due to the high surface area and superior light 

trapping these tapered microwires are also excellent candidates for applications in 

photoelectrochemical cells and enhancing electrode efficiencies 43.     

     

METHODS 

 

Fabrication of tapered microwire arrays: High lifetime (> 1ms) FZ grown Si wafers were 

photolithographically patterned into a square grid with 3µm circles of 200nm thick Al2O3 mask 

evaporated over it separated by 7µm. SF6/O2 etch chemistry was used in Oxford DRIE System 

100 ICP/RIE to perform the etching. Etching was performed at low capacitive coupled power of 

5W to reduce damage due to momentum of ions. A high inductively coupled power of 900 W was 

used to increase the number of ions in the plasma to reach high rates of chemical etch. During 

etch the SF6/O2 ratio was increased from 70 sccm/5 sccm to 70 sccm/6 sccm in steps of 0.5 sccm 

of O2 every 30min. The chamber was maintained at a temperature of -120 oC and a pressure of 10 

mTorr during the etching process. Post etching the wafers were dipped in buffered hydrofluoric 

acid solutions to etch away the Al2O3 mask. The samples were then cleaned using modified RCA1 

and RCA2 cleaning processes 20. SiNx was deposited over the Si wire substrates by plasma 



enhanced chemical vapor deposition (PECVD) using an Oxford Instruments Plasmalab System 

100. Silane and ammonia gas chemistry was used at 350 oC and 1 torr at previously optimized 

conditions for microwire arrays 15.   

 

Sample preparation for absorption measurements:  

Tapered microwire arrays were embedded in Polydimethylsiloxane (PDMS) by spin coating a 1:1 

by weight solution of Toluene : PDMS at 500 rpm so that all the wires were completely embedded 

in PDMS to avoid any damage to the tip while handling. The sample was heated on a hot plate at 

a temperature of 1200C for 5 hours. The tapered wire arrays embedded in PDMS were peeled off 

the surface using a razor blade to obtain flexible films as shown in Figure 3 (a). 

 

Simulation procedure for optical properties: Rigorous 3D full field electromagnetic wave 

FDTD simulations of tapered microwire arrays were performed using a commercial software 

package, Lumerical FDTD. The arrays were constructed using the 3D rectangular simulation 

region with periodic boundary conditions along x and y axes to depict 7µm square lattice of the 

arrays, and infinite boundary conditions rendered as perfectly matched layers (PML) along z axis. 

In the simulation region tapered microwires had a top diameter of 50nm, bottom diameter of 7µm, 

and height of 75µm. Palik material data provided by Lumerical was used for modelling the 

material as Si. Single wavelength infinite plane wave sources at four different wavelengths 

(400nm, 600nm, 800nm, and 1000nm) were used with a long pulse time of 50fs to simulate steady 

state behavior. Generation rate in these structures was calculated using built in CW-generation 

(continuous wave generation) rate analysis group was used to obtain electron hole pair generation 

profiles at steady state under illumination. 



 

Implied VOC calculation: 

The model was implemented in Microsoft Excel, using VBA to iteratively solve the 

transcendental equations for steady state carrier concentration. Thickness, surface recombination 

velocity, Shockley-Reed-Hall lifetime 44, and auger lifetime 45 in the bulk were input parameters. 

The model included the effect of wire arrays via including surface area enhancement factor and 

light trapping enhancement factor of 4n2. Material parameters were input and recombination rates 

were calculated using the workbook. In order to calculate the carrier lifetime, implied Voc, and 

limiting efficiency, generation was first calculated assuming simple Beer-Lambert absorption 

using the optical properties for silicon tabulated by Green at al. 46. Next, recombination was 

calculated using the empirical model developed by Richter et al. to describe Auger recombination 

47, surface and Shockley-Reed-Hall recombination were calculated as described in 48 using the 

input surface recombination velocity and bulk minority carrier lifetime as free parameters. Once 

steady state generation and recombination were calculated, the voltage was calculated from the 

excess minority carrier concentration, as described in Eq. 1. Finally, an efficiency was extracted 

using the total generation as the Jsc and calculating a fill factor using the empirical model for a 

device without series resistance or shunting developed by M.A. Green 49. In this model an intrinsic 

doping density (ni) of 9.7 x 109 cm-3, donor doping density (Nd) of 1017 cm-3, and radiative 

recombination coefficient (Brad) of 4.7 x 1015 cm3s-1 were used. This model provides an estimate 

for the absolute maximum achievable efficiency. It neglects resistances within the device. 
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Figure 1: (a) Si substrates with tapered microwire arrays etched via ICPRIE. The inset shows the 

morphology of the tip of a tapered microwire, (b) and (c) show the reflectance (0.98%) of Si 

substrates with tapered microwire arrays measured using an integrating sphere plotted on a linear 

scale and log scale respectively. (d) and (e) show the reflectance (0.97%) of the arrays with a SiNx 

anti-reflection coating 

 

 

 

 

 

 



Figure 2: (a) Optical photograph of the films with tapered microwires embedded in PDMS, (b) 

cross section SEM of the film, (c) absorption measured in the film in the range 400nm – 1100nm 

while varying the angle of incidence from 00 to 50o, and (d) comparison of absorbed photon flux 

at normal incidence with classical light trapping limit absorption of a 20 µm thick slab 

 

 

 

 

 

 



Figure 3: Plot of angular averaged reflection from Si substrate with tapered microwires etched 

into it is shown in red, and in blue is the plot of angular averaged absorption in tapered microwire 

arrays embedded in PDMS     

 

 

 

 

 

 

 

 

 

 

 



 

Figure 4: Longitudinal cross sections of power absorption for Si microwires at 400 (a,e), 600 (b,f), 

800 (c,g), and 1000 (d,h) nm wavelengths, respectively; (a-d) upper portion of microwire with 

linear intensity scale; (e-h) complete microwire with logarithmic intensity scale; light blue squares 

correspond to expanded cross sections in (a-d); different relative scales are used for each figure to 

highlight modes 

 

 

 



 

Figure 5: Detailed mode analysis of upper portion of a tapered microwire at λ=1000nm; mode 

color key in (h) is applied throughout the figure; (a) longitudinal absorption cross section with 

dashed lines indicating radial cross sections; (b-g) radial cross sections, exhibiting HE1n modes; 

(h) traditional dispersion curves for HE1n modes for n=3.577; (i) non-traditional dispersion curves, 

converted from (h) for λ=1000nm. 

 

 


