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1 Introduction Electrical current collection at the front 
side of optoelectronic devices typically requires covering a 
fraction of the area of the device with metallic conductors, 
thus sacrificing a fraction of the incoming light. Transpar-
ent conductive oxides such as indium tin oxide (ITO) can 
also be used, but these present a similar compromise be-
tween electrical conductivity and optical transparency 
while having the added problems of indium scarcity and 
material brittleness [1, 2]. Due to technological constraints, 
the width of the metallization fingers is typically larger 
than a few microns [3]. The spacing of the fingers must 
always be kept large in proportion to finger width in order 

to minimize optical shadowing losses. Thus, both the  
finger width and the finger spacing are typically much lar-
ger than the light wavelength, and the shadow factor can be 
directly obtained as the ratio of the geometrical area taken 
up by the contact metal to the area of the device. If those 
constraints are overcome, as the finger width is reduced to 
subwavelength dimensions, ray tracing optics fails to pro-
vide an adequate description of the system, and the effec-
tive shadow factor can only be obtained through wave op-
tics or experimental measurements [4]. Wang et al. have 
self-consistently solved the electrical and optical parts of 
the problem to study light harvesting by subwavelength 

We demonstrate high optical transmission in solar cell con-
tacts based on nanowire arrays with subwavelength spacing.
The photocurrent results obtained from fabricated devices are
compared with numerical simulations. The proposed contact
design leads to optical losses significantly smaller than the
fraction of the top surface taken up by the metallic contact
(<10% vs. 36%). The resulting sheet resistance of the contact
is 46.7 Ω/square, comparing favourably with transparent con-
ductive oxides. 
 

 

 
Normalized electric field magnitude at λ = 887 nm, polariza-
tion perpendicular to the nanowires. The black contours indi-
cate the position of the nanowires and the GaAs surface. The
reflected wave-front is undisturbed by the subwavelength ar-
ray (period = 250 nm), but the transmitted light is strongly
scattered in a Talbot effect pattern. 
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structures [5]. An interesting feature of subwavelength par-
ticles is their increased scattering cross section which can 
be used to enhance the optical path length inside the device 
[6, 7] in a similar fashion to the textured surfaces studied 
by Yablonovitch [8, 9]. The light trapping effect on solar 
cells can be particularly high when metallic nanoparticles 
are used due to the excitation of surface plasmon reso-
nances [10, 11], reducing reflection losses and enhancing 
the optical path length inside the device [12]. It is thus an 
interesting possibility to use metallic nanostructures as 
contacts for solar cells. Previous works on the design of 
plasmonic solar cells are typically based on randomly dis-
tributed nanoparticles on the front surface [13, 14] and also 
on gridlike back contacts [15], but fewer studies are found 
on the nanostructuration of the necessary front contact grid 
[16–20]. To maintain the electrical performance as the  
finger width is reduced, the line spacing must be also re-
duced in proportion. Eventually a second important thres-
hold is reached: the array period becomes smaller than the 
free space wavelength of the incoming light. This elimi-
nates back diffraction into air, except for 0th order reflec-
tion, and thus increases the coupling of light to the solar 
cell [21–24]. The influence of similar photonic effects on 
the Shockley-Queisser limit has been studied analytically 
by Munday [25, 26]. Experimentally, the transmission of 
metal nanowires has been mostly studied optically on bare 
substrates [27, 28], or through photocurrent measurements 
on devices based on low refractive index materials [29]. 
Here we present results obtained in devices fabricated with 
inorganic semiconductors whose high refractive index sig-
nificantly alters light coupling. We use simulations and ex-
perimental measurements on fabricated devices to study a 
case where not only the finger width is in the subwave-
length regime, but the finger spacing is as well. We find 
that the resulting shadow factor is much lower than that 
expected from ray tracing, opening new opportunities for 
device engineering. Although we have studied the case of 
photodetectors, the results can also be applied to light 
emitting diodes and other optoelectronic devices [13]. 

 
2 Methods To demonstrate the effect of reduced 

shadowing, we have fabricated GaAs p/n photodetector 
devices covered with arrays of 90 nm wide gold wires and 
compared experimental measurements with simulations  
of effective shadow factor as a function of wavelength  
and polarization. A large geometric shadow factor (36%, 
250 nm period) has been chosen to make any effect beyond 
ray tracing optics clearly detectable. The epitaxy is a GaAs 
p on n structure with the junction 50 nm below the surface 
without minority carrier confinement layers. A central 
300 µm diameter circular window was opened for the en-
trance of light and a bus frame for current extraction was 
defined by photolithography and e-beam evaporation of 
Ti/Pt/Au (5/10/50 nm). The grids were fabricated by  
electron beam lithography (EBL) at 25 kV and 16 pA on 
250 nm thick PMMA resist. An interferometric sample 
stage was used to cover the whole device area (300 µm  

diameter) with 25 × 25 µm2 e-beam exposure fields. Metal 
patterns were defined by Mo/Au (5/15 nm) magnetron 
sputtering and PMMA resist lift-off. The 5 nm Mo layer 
was necessary to improve adhesion. The photocurrent  
generated by light modulated at 477 Hz was collected 
through 20 µm diameter tungsten probes and demodulated 
using a lock-in amplifier at low photon flux to minimize 
the possible effect of a higher series resistance of the refer-
ence devices (without nanowires). The light from a halo-
gen lamp was dispersed by a 0.3 m focal length mono-
chromator set to a spectral resolution of ~1 nm and then 
coupled into a 200 µm core size multimode optical fiber. 
Light coming out from the fiber was collimated again and 
linearly polarized parallel or perpendicular to the grid di-
rection using a fixed Glan–Thompson polarizer and a  
rotating achromatic half wave retarder. The polarized  
beam was then focused onto the device within a 300 µm 
diameter spot using a low magnification objective lens 
(NA = 0.15). We report the experimental shadow factor as: 

S = (P0 – PN)/P0 , (1) 

where PN and P0 are the experimentally measured photo-
currents for the nanowire and reference devices, respec-
tively. 

The FDTD Solutions, Lumerical Inc., software was 
used to simulate light reflection and absorption [30]. The 
obtained absorption profile as a function of depth into the 
device was used as input for numerically solving the fully 
coupled non-linear equations for electron and hole trans-
port using the PC1D code by Basore [31]. In this case it is 
a good approximation to reduce the transport equations to 
one dimension because the device periodicity is an order of 
magnitude smaller than the diffusion lengths in GaAs (ty-
pically ranging from 2 to 10 μm) [32]. The simulated 
shadow factors SS have been calculated by substituting the 
photocurrents in Eq. (1) with the product of the light flux 
entering the semiconductor surface T, times the internal 
quantum efficiency Q obtained from solving the transport 
equations: 

SS = (Q0T0 – QNTN )/(Q0T0) , (2) 

where the N and 0 subscripts correspond to the nanowire 
and reference devices, respectively. The fractions of the 
losses attributable to reflection SR and metal absorption SA 
are obtained as 

SR = (QNRN – Q0R0 )/(Q0T0) , (3) 

SA = (QNAN – Q0A0 )/(Q0T0) , (4) 

where RN and R0 are the fluxes at the reflection monitors 
and absorption is given by A = 1 – R – T. Due to the fact 
that the shadow factor as defined in Eq. (2) is not purely 
optical, SS only equals SR + SA if QN = Q0. 

 
3 Results and discussion The experimental results 

are compared in Fig. 1  with  the FDTD simulations.  The   
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Figure 1 Experimental and simulated shadow factors for gold nanowires on a GaAs photodetector. Dark red and light blue represent 
results for polarization transversal and parallel to the nanowires, respectively. (a) Experimental shadow factors resulting from compar-
ing the photocurrent with and without gold nanowires on GaAs photodetector devices. The inset shows a scanning electron microscope 
image of the gold wire array. (b) Simulations of the photocurrent loss caused by the nanowire shadow. The thick lines represent the 
simulated SS shadow factor as defined in Eq. (2). The thin solid lines represent the losses caused only by reflection in the nanowires, SR 
as defined in Eq. (3). The dashed lines represent the losses caused only by absorption in the nanowires, SA as defined in Eq. (4). Elec-
tronic transport effects offset some of the optical losses at long wavelengths. 

reduction of the shadow factor is remarkable as compared 
with the geometrical estimate of 36%. The nanowire array 
makes the devices very sensitive to the polarization of in-
coming light due to the coupling of transverse polarized 
light to localized surface plasmons. Experimentally the re-
ference and nanowire devices yield almost the same photo-
current at high photon energy, making the apparent shadow 
factor nearly zero. Among several concurrent effects such 
as waveguide cut-off filtering [8], or localized plasmonic 
resonances, an important cause for the reduced shadowing 
in our experiments is the fact that the period of the na-
nostructure is such that only the 0th diffraction order is re-
flected back into air, whereas several diffraction orders 
exist within the solar cell due to the higher refractive index 
of the semiconductor. According to our calculations, the 
increased shadowing at longer wavelengths for transversal 
polarized light is due to a broad localized surface plasmon 
resonance centered at 1070 nm. This resonance can be 
shifted towards longer wavelengths by increasing the peri-
meter of the nanowire cross section [4], suggesting that 
there still is ample room for further optimization of these 
nanowire arrays. The simulated SS shadow factor (thick  
lines in Fig. 1b) is higher at the shortest wavelengths than 
the measured result, but has good qualitative agreement 
with experiment at longer wavelengths and reproduces the 
effect of light polarization observed experimentally. Most 
importantly, both experiment and simulation demonstrate 
shadowing losses lower than those corresponding to the 
geometric area of the contacts. 

To eliminate the need to compare results from different 
devices, we have also measured the photocurrent generated 
by a 30 μm diameter spot using direct tungsten halogen  

illumination, and obtained the shadow factor by comparing 
the photocurrent obtained in areas with and without nano-
wires in the same device. By this procedure, averaging 
both polarizations in a broadband wavelength range  
(only limited by device responsivity), we obtain a shadow 
factor of 4%, much smaller than the 36% geometri- 
cal shadow factor in our nanowire array, and in good 
agreement with the experimental data in Fig. 1. The meas-
ured sheet resistance of our nanowire grid is 46.7 Ω/square. 
For comparison, a 110 nm thick ITO layer has a sheet  
resistance of 63.6 Ω/square, and a transmission of 93% 
[29]. 

  

 
Figure 2 Results for 1D wire arrays carry over to 2D. Simulated 
polarization averaged shadowing efficiency (SR) for a 1D wire  
array (blue line) and a 2D square grid (black line) with the same 
period (250 nm), wire dimensions (90 nm wide, 15 nm thick) and 
composition (Au/GaAs). For simplicity, in these simulations all 
internal quantum efficiencies are set to 1. 



Phys. Status Solidi RRL 10, No. 2 (2016)  167 

 

www.pss-rapid.com  © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

4 Extension to the 2D case We have studied 1D  
arrays to discern polarization effects, but our results readily 
translate to 2D nanowire arrays in a mesh pattern, as can 
be seen in the simulation results of Fig. 2. This conclusion 
is also supported by the results reported by Catrysse et al. 
[16]. Minor differences between the 1D and 2D cases can 
be attributed to the excitation of delocalized, propagating 
surface plasmon polaritons (SPP) in the 2D case [19], SPPs 
propagating along the wire length can not be excited in the 
1D case because the reciprocal lattice vectors of the wire 
array are perpendicular to the wires, and thus these cannot 
provide the required momentum matching. In the 2D case, 
diffraction causes light-SPP coupling through the recipro-
cal lattice vectors of the 2D array. 

 
5 Conclusion We demonstrate nanowire arrays with 

subwavelength periodicity as a promising alternative to 
transparent conductive oxides. Both experiment and simu-
lations demonstrate optical losses that represent a small 
fraction of the area taken up by the metal contact. Results 
are presented as a function of light polarization for a 1D ar-
ray, but readily translate to 2D arrays and unpolarized light 
by averaging the results obtained for both polarizations. 
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