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 Ultralow Refl ection from  a -Si Nanograss/Si Nanofrustum 
Double Layers  
 A requirement for any material to behave as a perfect optical 
absorber is that it absorbs all the light falling on it without any 
refl ection. [  1  ]  A perfect optical absorber can improve the solar 
collection effi ciency and, therefore, the overall solar-to-electricity 
effi ciency. [  2  ]  To ensure high collection effi ciency over an entire 
day, the perfect optical absorber must also be effective for all 
angles of light incidence ( θ ). [  3  ]  Many approaches have been 
developed to improve optical absorption. For example, a sur-
face-modifi ed NiP material has been reported to exhibit its 
lowest refl ectance ( R ) of 0.16–0.18% at normal incidence, [  4  ]  but 
this refl ectance increased at higher incident angles because 
of its micrometer-sized features and fi nite etch depth. [  4a  ]  
Vertically aligned carbon nanotubes (VA-CNTs) have been 
employed recently to enhance the material darkness. [  5a,b  ]  Yang 
et al. [  5a  ]  reported the extremely low refl ectance of VA-CNTs 
( R   =  0.045%), measured using four different lasers operated at 
specifi c wavelengths in the visible light regime (457–633 nm). 
Unfortunately, very long VA-CNTs (ca. 800  μ m) would be neces-
sary to absorb all of the incoming light – an impractical require-
ment for solar cell applications. Another recent report described 
bottom-up single-crystalline Ni  x  Si nanowires grown on low-cost 
fl exible metal foil substrates over large areas, exhibiting excel-
lent broadband anti-refl ection properties ( < 1%) for visible and 
NIR wavelengths; [  5c  ]  unfortunately, the random orientations 
of these nanostructures obstructs their creation of p–n junc-
tions when using current solar cell technology. Well-aligned 
nanostructures created using top-down approaches would be 
preferred over randomly oriented nanostructures when fab-
ricating core/shell nanostructured solar cells. Another way to 
obtain ultralow refl ection is to construct a profi le featuring a 
graded refractive index on the surface. For example, SiO 2  and 
TiO 2  nanorod multilayers have been fabricated that exhibit 
an angle- and wavelength-averaged refl ectance of 3.79%; this 
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approach, however, requires a complex evaporation process, 
which is time-consuming and expensive, to prepare sequen-
tial layers of two materials with controlled porosity. [  6  ]  Silicon is 
another candidate for use in dark materials. According to simu-
lations, the refl ectance of VA-CNTs and pyramidal Si structures 
having the same period (10 nm) and height (2  μ m) are 1.9 and 
0.2%, respectively, [  7  ]  suggesting that sub-wavelength Si moth-
eye structures are superior to VA-CNTs when used as antirefl ec-
tion materials. Silicon moth-eye structures, such as nanotips, 
can maintain their antirefl ection behavior over a broad range of 
wavelengths and angles. [  8  ]  Although very low specular refl ect-
ance has been reported for Si nanotips fabricated in a top-down 
manner, [  8d  ]  a large diameter is required to sustain the robust-
ness of long nanotips, potentially increasing scattering during 
measurement of the refl ection. For example, a diameter of 
200 nm is required for 1.6  μ m-long nanotips. [  8d  ]  

 Recently, studies of double-layer nanostructures, including 
dual-diameter nanopillar structures [  9a  ]  and nanoisland-on-
nanofrustum arrays, [  9b  ]  have demonstrated that such multi-
scale nanostructures exhibit performance – measured in terms 
of minimal refl ectance and maximal absorption – superior to 
those of single-diameter nanopillars or sharp-tipped nano-
cone structures. Notably, when the light energy is larger than 
the band gap of  a -Si,  a -Si nanostructures are more effective at 
absorbing light – by nearly two orders of magnitude for a typ-
ical 1  μ m-thick fi lm – than are single-crystalline Si nanostruc-
tures. [  10  ]  Accordingly, we expected that a combination of  a -Si 
and Si nanostructures of relatively short lengths would provide 
ultralow refl ectance and higher absorption. 

 Herein, we demonstrate that unique double-layered nano-
structures comprising amorphous silicon nanograss ( a -Si NG) 
on top of silicon nanofrustums (Si NFs) behave as almost per-
fect optical absorbers. Our double-layered nanostructures were 
well aligned and had typical tip and base diameters of approxi-
mately 20 and 50 nm, respectively. The  a -Si NG/Si NF struc-
tured materials exhibited ultralow refl ectance and near-perfect 
optical absorption across a wide spectral range (300–800 nm); 
moreover, their responses toward transverse electric (TE) – and 
transverse magnetic (TM) – polarized incident light were almost 
indistinguishable over a wide range of angles of incidence 
(AOIs, from 20 to 60 ° ), making them ideal optical absorber can-
didates for solar cell applications. 

 Tilt-view scanning electron microscopy (SEM) images of 
 a -Si/Si nanostructures indicated that the average heights of 
the nanostructures increased upon increasing the etching time 
( Figure    1  a–e). The density of the  a -Si/Si nanostructure was less 
than that of single-crystalline Si nanograss. [  11a–c  ]  Because the stiff-
ness of the  a -Si thin fi lms was much lower than those of Si or GaAs 
nanograsses, [  11  ]  longer etching periods resulted in spongy nano-
structured  a -Si fi lms with lower packing density. The top-view 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 1724–1728
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     Figure  1 .     a–e) Tilt-view SEM images of  a -Si/Si nanostructures etched for 10, 20, 30, 40, and 
50 min, respectively (scale bar: 200 nm). f) Cross-sectional TEM images of the nanostructured 
sample etched for 90 min (scale bar: 200 nm). g) Top-view SEM image of the 90 min-etched 
sample, and h) corresponding contrast image used to estimate the fi lling ratio through imageJ 
analysis. i) Cross-sectional TEM images of the nanostructured sample etched for 90 min; inset: 
SAED pattern of the  a -Si nanograss.  
SEM images of the sample etched for 90 min in Figure  1 g reveal 
that the density of the nanostructures was greater than 10 10  cm  − 2 . 
We used the contrast difference in Figure  1 h to calculate a 
surface fi lling factor (FF) of 45.4%, revealing that the packing 
density of amorphous Si nanograss was lower than that of 
single-crystal Si nanograss ( > 10 11  cm  − 2 ). [  11b  ]  To further analyze 
the  a -Si/Si nanostructures, we recorded their transmission elec-
tron microscopy (TEM) images. Vertically aligned  a -Si NG/Si 
NF structures were evident in the typical cross-sectional bright-
fi eld TEM image of the sample etched for 90 min (Figure  1 f). 
Figure  1 i displays an enlarged cross-sectional bright-fi eld TEM 
image of the  a -Si thin fi lm sample etched for 90 min. The 
columnar nanostructure reveals that the etching proceeded 
through the  a -Si thin fi lm, reaching the  a -Si–Si substrate inter-
face, and continued to etch into the underlying single-crystal 
Si (100) substrate to form the Si NFs. The average tip and base 
diameters of these nanostructures were approximately 20 and 
50 nm, respectively. We confi rmed the presence of the  a -Si 
structure on top of the NG layer from the diffuse ring of the 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Mater. 2013, 25, 1724–1728
selected area electron diffraction (SAED) pat-
tern (inset to Figure  1 i), which was recorded 
from the arrowed region in Figure  1 i.    

 Figure 2  a and  2 b display the measured 
specular and total refl ectances as a func-
tion of wavelength for  a -Si NG/Si NF struc-
tures that had been etched for 30–120 min 
as well as for the  a -Si thin fi lm. The average 
specular and total refl ectances of the  a -Si thin 
fi lm were 44.9 and 48.3%, respectively, over 
wavelengths from 300 to 800 nm. In contrast, 
all of the nanostructured samples exhib-
ited refl ectances (specular and total) that 
were signifi cantly lower than those of the 
 a -Si thin fi lm over the entire spectral range, 
demonstrating their broadband antirefl ec-
tion characteristics. The ultralow refl ectance 
observed for these nanostructured samples 
was presumably related to the smooth transi-
tion of the effective refractive index near the 
air–nanostructure interface. [  8c  ,  12a  ]  According 
to the effective medium theory, the effec-
tive refractive index increases with the FF 
(the ratio of the area of the nanostructures 
to the total substrate surface area). [  12  ]  For the 
thinner nanostructured sample (170 nm), 
however, Fabry–Pérot oscillation of refl ection 
amplitudes was still evident at longer wave-
lengths (Figure  2 a), because shorter nano-
structures with less variation in height can 
be regarded as smooth fi lms. [  12c  ]  When light 
undergoes multiple refl ections between two 
parallel surfaces (e.g., at air–nanostructure 
and nanostructure–Si interfaces), the multiple 
beams of light generally interfere with 
one another, resulting in oscillating refl ec-
tion amplitudes. The average thicknesses 
of the  a -Si thin fi lm and the 30 min etched 
samples, calculated from the oscillation 
period, were 1177 and 693 nm, respectively 
(see Supporting Information). We observed that the interfer-
ence patterns disappeared gradually with decreased refl ectance 
upon increasing the length of the nanostructures. As a result, 
the sample of  a -Si NG/Si NF structures etched for 120 min, 
with a feature height of 680 nm, had the lowest specular refl ect-
ance; indeed, the average specular and total refl ectances were 
0.10 and 0.34%, respectively, over the spectral range from 300 
to 800 nm. These values are comparable with those previously 
reported for super-black materials [  5a  ]  and are two-orders of mag-
nitude lower than that those of the 1  μ m-thick  a -Si thin fi lm. 
Moreover, the features in our  a -Si NG/Si NF structures are sig-
nifi cantly shorter than those in previously reported CNT-based 
super-black materials, which required a feature height of 600–
800  μ m to obtain such low refl ectance, highlighting the unique-
ness of our system. Structures having lower-height features and, 
therefore, less-increased surface areas on near-zero–refl ectance 
Si substrates are desirable for solar cell applications because 
the higher surface recombination caused by a larger surface 
area typically degrades the performance of a solar cell through 
1725wileyonlinelibrary.comheim
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     Figure  2 .     a) Measured specular (dashed lines) and total (thick lines) 
refl ectances of  a -Si/Si nanostructures; those of bare  a -Si thin fi lm (black 
curve) are also provided for comparison. b) The same refl ectance data 
plotted on a logarithmic scale. The curves in (a) and (b) have been 
smoothed to decrease noise; the raw data are presented in Figure S1 in 
the Supporting Information.  

     Figure  3 .     Refractive index profi le of the 90 min-etched  a -Si NG/Si NF 
structure, calculated from the cross-sectional TEM image in Figure S2 in 
the Supporting Information, with maximized contrast difference.  
decreases in both the open circuit voltage and fi ll factor. [  2a  ,  2f  ,  9b  ]  
Furthermore, the insignifi cant differences between the specular 
and total refl ectances from the  a -Si NG/Si NF structures reveals 
that the decrease in specular refl ectance, due to light scattering, 
was small. [  13  ]  More importantly, the refl ectance from the  a -Si 
NG/Si NF structures was nearly wavelength-independent across 
a broad spectral range of wavelengths (300–800 nm).  

 To understand the cause of the near-zero refl ectance, we 
calculated the refractive index profi les for the 565-nm-long  a -Si 
NG/Si NF structures with 420 nm incident light. The effec-
tive refractive index ( n  e ) can be obtained using the weighting 
formula: [  12d  ]  

ne( f ) = f nSi + (1 − f )nair   (1)   

where  f  is the FF of the nanostructures and  n  Si  and  n  air  are the 
refractive indices of Si materials [  12e  ]  and air, respectively. We 
divided the 565 nm-long  a -Si NG/Si NF structure into 50 layers. 
726 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 Figure    3   plots the calculated  n  e  profi les at 420 nm. For the cal-
culations, we estimated the FF of the  a -Si NG/Si NF structures 
from the cross-sectional TEM image with maximized contrast 
difference (Supporting Information, Figure S2). The gradient of 
 n  e  varied smoothly from 1 to 2 across the air– a -Si NG and  a -Si 
NG–Si NF interfaces. At the air– a -Si NG interface, the refrac-
tive index of  a -Si NG was close to 1 as a result of the surface 
roughness and low packing density of the  a -Si structures, which 
allowed the incident light to enter into the materials without 
retardation from the change in refractive index. In addition, 
the transitions of the refractive index from 2 to 5.1 between the 
 a -Si NG–Si NF and Si NF–Si substrate interfaces were also less 
abrupt, thereby also smoothing out the refractive index change 
between the  a -Si structures and the Si substrate. Consequently, 
we believe that the smooth transition of the values of  n  e , not 
only in the nanograss layer but also in the bottom NF layer, was 
the key to the ultralow refl ectance, which was almost impos-
sible to attain previously for super-dark materials [  4  ,  5  ]  or other 
sub-wavelength single-layer moth-eye Si nanostructures with 
such short nanostructures. [  8  ]   

 Conservation of energy requires all of the incident energy to 
be transmitted ( T ), refl ected ( R ), and absorbed ( A ); that is,  T   +  
 R   +   A   =  1. Thus, a perfect optical absorber must satisfy the condi-
tions  R   ≅  0,  T   ≅  0, and  A   ≅  1. We also measured the specular and 
transmittances over a broad range of wavelengths. Almost no 
transmittance occurred in the above-bandgap regime of  a -Si for 
any of the nanostructured or thin fi lm samples. The upper limit 
for the transmittance in our  a -Si NG/Si NF structures at wave-
lengths from 300 to 800 nm was 0.06%. Therefore, the average 
total optical absorption of the 680-nm-high  a -Si NG/Si NF 
structures in the spectral range from 300 to 800 nm, obtained 
from the expression  A   =  1– R – T , was 99.6%, (Supporting Infor-
mation, Table S1) – that is, near-perfect optical absorption. The 
combination of near-perfect optical absorption and extremely 
low refl ectance of these unique  a -Si NG/Si NF structures over 
a broad range of wavelengths (from the UV to the near-IR) 
suggests that a greater proportion of solar energy might be 
bH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 1724–1728
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converted into electrical energy in solar cells, while maintaining 
a rather small thickness of the overall materials. [  2g–i  ]  

 To investigate the effect of polarized light at larger AOIs, 
we performed specular refl ectance measurements of double-
layered  a -Si NG/Si NF nanostructures (680 nm) at incident 
angles varying from 20 to 60 °  for both TE- and TM-polarized 
light ( Figure    4  a and  4 b, respectively); refl ectance measure-
ments of the  a -Si thin fi lm are also presented for comparison. 
The refl ectance of the  a -Si thin fi lm varied strongly with the 
AOI for both TE- and TM-polarized light. As the AOI increased 
from 20 to 60 ° , the refl ectance of the  a -Si thin fi lm increased 
for all wavelengths (300–800 nm) – from 35.5% (20 ° , 792 nm) 
to 79.8% (60 ° , 300 nm) – for TE polarization; meanwhile, the 
TM refl ectance decreased – from 57.0% (20 ° , 303 nm) to 11.2% 
(60 ° , 783 nm) – upon increasing the AOI from 20 to 60 ° . In 
contrast, the double-layered  a -Si NG/Si NF nanostructures 
© 2013 WILEY-VCH Verlag Gm

     Figure  4 .     Specular refl ectance data for the 680 nm  a -Si NG/Si NF struc-
tured sample plotted on a logarithmic scale as a function of the AOI for 
TE-polarized (a) and TM-polarized (b) light over a broad range of wave-
lengths (from 300 to 800 nm). The refl ectance of TE- and TM-polarized 
light from the  a -Si thin fi lm substrate is also presented for comparison. 
The curves in (a) and (b) have been smoothed to decrease noise; the raw 
data are presented in Figure S3 in the Supporting Information.  

Adv. Mater. 2013, 25, 1724–1728
were insensitive to the polarization of light, with the refl ectance 
remaining low and below 3.52% (60 ° , 304 nm) and 4.97% (60 ° , 
318 nm) for TE- and TM-polarized light, respectively – consid-
erably lower than that of surface-modifi ed super-black NiP. [  4a  ]  
At some specifi c wavelengths, the refl ectance of the polar-
ized light was as low as 0.01%. More importantly, the average 
refl ectances (Supporting Information, Table S2) over all angles 
(20–60 ° ) and all wavelengths (300–800 nm) were only 0.49% 
(TE) and 0.40% (TM); these values are comparable with those 
obtained for super-black CNTs [  5a  ]  and graded-refractive-index 
structures of SiO 2 /TiO 2  multilayer nanorods. [  6  ]  These ultralow 
refl ectances indicate that our unique double-layered  a -Si NG/
Si NF nanostructures are near-perfect optical absorbers that are 
almost insensitive to the polarization of light over a broad range 
of wavelengths and a wide range of AOIs.  

 In summary, we have demonstrated a near-perfect optical 
absorber comprising thin ( < 680 nm), double-layered, 
sub-50 nm  a -Si NG/Si NF nanostructures prepared using 
a simple, one-step, maskless plasma etching process. The 
average total absorption of our  a -Si NG/Si NF structures was 
99.6%, with an average total refl ectance of 0.34%, at wave-
lengths between 300 and 800 nm. The measured angle- and 
wavelength-averaged refl ectances of 0.49% (TE) and 0.40% 
(TM) reveal that the responses of these nanostructures to both 
types of polarization of light were almost indistinguishable 
over a broad range of wavelengths and a wide range of incident 
angles. The calculated refractive index profi les of the  a -Si NG/
Si NF structures revealed smooth transitions of the effective 
refractive index from the air to the Si substrate through both 
the  a -Si nanograss and Si NF layers. We attribute the superior 
blackness of this near-perfect optical absorber to both the low 
density of its moth-eye-like nanograss profi le and the presence 
of the NF transition underlayer. In addition, the degree through 
which the refl ectance decreased through light scattering was 
insignifi cant, as evidenced by the inconsiderable difference 
between the specular and total refl ectance. With their advan-
tages of single-step fabrication, shorter nanostructures, and 
Si-based materials, our nanostructures appear to be effi cient 
absorbers for use in thin-fi lm solar cells. Such thin-fi lm–based 
nanostructures might lead to the development of lower-cost, 
more-fl exible devices as the crystal-Si substrate is replaced by 
other materials (e.g., polycrystalline Si or glass).  

 Experimental Section 
  Fabrication of a-Si NG on Si NF : To form  a -Si/Si nanostructures, 

an undoped  a -Si thin fi lm having a fi lm thickness of approximately 
1  μ m was fi rst deposited at 625  ° C on a 6 inch p-type Si (100) wafer 
(675  μ m) through low pressure chemical vapor deposition (LPCVD). 
The as-deposited thin fi lm, without undergoing any pre-cleaning 
process, was then loaded into the inductively coupled plasma chemical 
vapor deposition (ICPCVD) chamber. H 2  gas (165 sccm) was introduced 
and then the reactor pressure (30 mtorr) was maintained for plasma 
processing. A 13.56 MHz inductively coupled plasma (ICP) was used to 
dissociate H 2  gas and obtain a high density of hydrogen radicals, which 
bombarded the substrate to form the nanostructures. The morphologies 
and microstructures of the samples were analyzed using a scanning 
electron microscope (JEOL-JSM-6500F) and a transmission electron 
microscope (JEOL-JEM-2010F) equipped with an EDX analyzer. 

  Refl ectance and Transmittance Measurements : The refl ectance and 
transmittance measurements were performed using computer-controlled 
1727wileyonlinelibrary.combH & Co. KGaA, Weinheim
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