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 Along with increasing fossil-fuel consumption and greenhouse 
gas emissions, sustainable energy research has been a global 
topic for many years. Among all the renewable energy sources, 
solar energy has been attracting widespread attention because 
of its abundance, stability and environmental friendliness. 
Nowadays, more than 90% of the photovoltaic market is domi-
nated by wafer-based silicon solar cells. The cost of this tech-
nique, which is dominated by the starting material, is diffi cult 
to reduce. [  1  ]  Thin fi lm silicon solar cells have an active layer of 
only several micrometers thick and are believed to be a prom-
ising candidate for further cost reduction while maintaining 
the advantages of bulk silicon. [  2  ]  However, the effi ciency of thin 
fi lm silicon solar cells critically depends on optical absorption 
in the silicon layer since silicon has low absorption coeffi cient 
in the red and near-infrared (IR) wavelength ranges due to 
its indirect bandgap nature. Therefore, an effective light 
trapping design is indispensable to achieve high effi ciency 
modules. To address this problem, several methods are used in 
current technology, for example, traditional schemes such as tex-
tured transparent conductive oxide (TCO) and metal refl ector. [  3  ]  
These methods are diffi cult to precisely control and optimize 
the textured surface. In addition, some other issues should be 
considered such as enhanced surface recombination due to the 
roughness of silicon layer [  4  ]  and parasitic loss at the TCO/metal 
interface. [  5  ]  One, two and three dimensional photonic crystals 
have also been proposed to enhance the light trapping, [  6  ]  but 
this design is very diffi cult to be implemented experimentally. 
A practical approach for light trapping has been demonstrated 
using diffractive grating structures on the backside of a silicon 
cell. [  7  ]  However, interference lithography and high temperature 
processing were usually employed in fabricating this structure, 
limiting its scalability to large area applications. Previously, we 
reported fabrication of gratings using self-assembled porous 
alumina for light trapping in silicon solar cells. [  8  ]  However, 
the low refractive index of alumina ( n   ∼  1.7) has limited the 
diffraction effect. Furthermore, in production solar cells the 
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electrolyte used in the anodization process reacts with the TCO 
resulting in device degradation. To achieve a stronger light trap-
ping effect in production Si thin fi lm solar cell structures while 
exploiting a more controllable and reliable method for fabrica-
tion, here we design a backside photonic structure consisting 
of a high-index-contrast diffraction grating and a distributed 
Bragg Refl ector (DBR). We optimize the structure in a thin 
fi lm microcrystalline silicon ( μ c-Si) solar cell, and implement 
the design experimentally using a self-assembled mask to dem-
onstrate signifi cantly enhanced cell effi ciency due to increased 
optical path length. The light trapping structures lead to a sig-
nifi cant increase of photon absorption in the red and near-in-
frared spectral range, resulting in a 21% relative improvement 
in overall effi ciency. These results indicate that the optimized 
light trapping structure fabricated using a non-lithographic 
approach can have a signifi cant impact on effi ciency enhance-
ment in thin fi lm solar cells. 

 As shown in Figure  1 , the active device is a 1.5  μ m thick 
p-i-n  μ c-Si single junction interposed between two contact 
layers, which are made of ZnO as a transparent conductive 
oxide (TCO). [  9  ]  The light trapping confi guration includes a self-
assembled 2D hexagonal pattern as a grating layer, as well as 
a distributed Bragg refl ector (DBR). The DBR works as a one-
dimensional photonic crystal and is capable of achieving almost 
100% refl ectivity in the stopband, which has a better perform-
ance than conventional metal refl ectors like Ag and Al. [  10  ]  In 
addition, the grating layer leads to diffracted light propagating 
at oblique angles. Through the combination of grating and 
DBR, the optical path length in the thin fi lm  μ c-Si can be signif-
icantly increased. Since this absorption increase is wavelength 
dependent and sensitive to the light trapping structure, the 
grating feature sizes have to be carefully designed to increase 
the photon absorption in the red and near-IR range in order to 
achieve highest performance.

   To predict and optimize the performance of our design 
(grating and DBR), numerical Finite Difference Time Domain 
(FDTD) calculations were employed. [  11  ]  Detailed methods used 
in the simulation can be found in the Supporting Information 
(see also previous reports [  6  ,  7  ] ). In our model, the simulated 
cell structure consists of 1500 nm crystalline Si/400 nm ZnO/ 
grating/DBR (from top to bottom). The DBR is fi xed to 5 pairs 
of SiO 2  (130 nm) and amorphous silicon (40 nm), obtaining 
more than 99% refl ectivity from 600 nm to 1000 nm (Figure S1, 
Supporting Information). The structure of the grating layer 
is composed of a hexagonal silicon array embedded in a SiO 2  
matrix. The grating parameters are period (  Λ  ), the Si rod diam-
eter ( D ), and the grating thickness ( t ). To provide a strong 
diffraction effect (see reference [  7  ]  and Figure S3, Supporting 
bH & Co. KGaA, Weinheim wileyonlinelibrary.com 843
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    Figure  1 .     a) the device layout and the schematic light trapping effect induced by integrating our designed photonic structure comprising a self-assembled 
2D grating and a distributed Bragg refl ector (DBR) on the back-side. b) Top view of the grating layer, which has a hexagonal Si pattern embedded in 
SiO 2  matrix with period   Λ   and rod diameter  D .  
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Information), the Si:SiO 2  area ratio is assumed to be 1:1, which 
means that  D  is set to about 0.74  Λ  . The infl uence of   Λ   and  t  
on the light trapping effect is plotted in Figure  2 . If there is no 
grating layer ( t   =  0), only the DBR has an effect and absorp-
tion peaks induced by Fabry-Perot interferences are enhanced 
(Figure S2, Supporting Information). The relative improvement 
of cell effi ciency is about 19% as compared to the reference 
device structure without DBR and grating. When the grating 
period   Λ   is too small (  Λ   < 400 nm), absorption increase caused 
by the grating is not very signifi cant. This differs from some 
previous numerical predictions, which indicate strong enhance-
ment for a grating period around 300 nm. [  6  ,  7  ]  The reason is due 
to the low-index ZnO contact layer between the active Si layer 
and the grating, which changes the diffraction condition and 
requires a larger grating period for effective scattering. The 
region for optimum response ranges from 600 nm to 700 nm 
for   Λ  , and corresponds to about 100 nm for  t , where strong 
light diffraction appears and causes an optimal relative effi -
ciency improvement of up to 34%.
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com4

    Figure  2 .     Schematic plot of the relative effi ciency increase as a function 
of the grating period   Λ   and thickness  t . The simulated cell structure con-
sists of 1500 nm crystalline Si/400 nm ZnO/grating/DBR (from top to 
bottom). The performance is compared to the reference cell structure 
without grating and DBR.  
   Since the optimized grating has a submicron period   Λ  , a non-
lithographic yet well-controlled self-assembly method should 
be employed for practical fabrication. Here a self-assembled 
porous alumina membrane (PAM) is introduced. The PAM 
has an ordered hexagonal pattern with straight-through pores, 
of which the interpore spacing, pore size and thickness can 
be varied in a wide range. Nowadays, uniform PAMs with 
several inches diameter have been widely used in nanoscale 
research and commercially available. [  12  ]  The PAM has been 
reported to pattern Al surfaces, [  13  ]  or be directly fabricated 
in the back of Si as a grating layer. [  8  ]  Due to the instability of 
ZnO during the anodization we employ PAM as a deposition 
mask. [  14  ]  By anodizing at a constant DC voltage of 280 V in a 
citric acid solution, [  15  ]  a PAM structure with a period of about 
700 nm and a porosity of nearly 50% was fabricated, as shown 
in Figure  3 a. Through the PAM mask, 120 nm thick Si was 
deposited on the backside of the reference  μ c-Si cells using 
electron beam evaporation. During the deposition, the height 
of the Si pattern is simply dependent on the deposition time. 
The AFM image in Figure  3 b clearly reveals that the deposited 
Si pattern directly replicated the hexagonal PAM pore arrays. 
Before the subsequent DBR deposition, the Si pattern was 
covered by a thin SiO 2  layer, therefore working as a grating 
layer similar to that in our simulation model, with   Λ    =  700 nm 
and  t   =  120 nm. Compared to using PAM as a grating directly, 
this approach offers a higher refractive index contrast and 
enhances the diffraction effect of the grating. For comparison, 
a DBR was also deposited on the backside of unpatterned 
 μ c-Si cells.

  The photovoltaic performances of solar cells with different 
back structures were measured under AM1.5G spectrum 
(0.1 W cm  − 2 ). Figure  4 a shows the current density ( J ) – voltage 
( V ) curves, and the characteristic parameters derived from  JV  
curves are summarized in Table  1 . The relatively low absolute 
effi ciency is due to imperfections in the microcrystalline sil-
icon, which induce a high recombination rate. Nevertheless, it 
can be seen that the short-circuit current density  J  sc  is consider-
ably higher if grating and DBR are used as light trapping struc-
tures. This result is expected since the light trapping schemes 
increase the density of photogenerated carriers due to higher 
optical absorption. Furthermore, the open-circuit voltage ( V  oc ) 
and fi ll factor ( FF ) are not affected by the backside structure, 
mbH & Co. KGaA, Weinheim Adv. Mater. 2011, 23, 843–847
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    Figure  4 .     Performances for  μ c-Si devices with various back structures: the 
reference cell without grating and DBR, the cell with only DBR and the cell 
having both grating (GRT) and DBR. The active layers for all the cells are 
fl at. a)  J–  V  curves measured under AM1.5G illumination; b) EQE spectra 
using monochromatic light from 400 nm to 1100 nm. It can be observed 
that the cell with both grating and DBR shows the highest quantum effi -
ciency in the red and near-IR range, thus obtaining the highest effi ciency.  
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    Figure  3 .     Illustration of the procedure for fabricating the light trapping structure. Fabrication 
of the active device (also for reference comparison) and PAM are shown in the Experimental 
section. a) Forming the Si pattern by evaporative deposition through PAM; b) making DBR by 
PECVD; c) SEM image of the as-prepared PAM used for deposition mask; d) AFM image of 
the deposited Si pattern.  
in contrast to other light trapping confi gura-
tions such as textured silicon interface, which 
causes degradation in  V  oc  and  FF . The reason 
for this behavior is that our self-assembled 
2D grating and DBR signifi cantly enhances 
light trapping without increasing surface 
recombination or adversely affecting carrier 
transport as textured Si interfaces do. The 
solar cell with both grating and DBR shows 
the highest performance. Compared to the 
reference cell without any backside structure, 
the cell shows an improvement of 21%. The 
effi ciency improvement data based on simu-
lation results are summarized in the table. 
The numerical model is identical to that used 
previously, including the real grating pattern 
imported from the scanned AFM image (with 
a 3  μ m by 3  μ m range) in Figure  3 d and the 
perfectly periodic cylindrical array (with   Λ    =  
700 nm and  t   =  120 nm). The fabricated 
grating pattern shows a very similar perform-
ance compared with the optimized, perfectly 
periodic hexagonal structure. Despite of non-
perfect periodicity, the effectiveness of the 
fabricated grating deposited through PAM, is 
achieved by implementing optimized design 
parameters and a medium range order that is longer than the 
wavelength in the optical media (  λ  / n ). It should be noted that the 
differences between simulated and measured data mainly come 
from the front thick glass which is not included in our numerical 
model and non-idealities such as electron-hole recombination as 
well as inherent interfacial roughness of the TCO layers.

    To further confi rm the results, external quantum effi ciency 
(EQE) measurements were also taken. Using a monochromator, 
the photon responses were collected in the spectral range from 
400 nm to 1100 nm, as illustrated in Figure  4 b. For short wave-
lengths (below 500 nm), the EQE curves remain identical for all 
solar cells, since  μ c-Si has an absorption length that is shorter 
than the device thickness (1.5  μ m). In agreement with our simu-
lation, signifi cant EQE enhancement can be seen from 600 nm 
to 900 nm. For the device with only DBR, a series of distinct 
eim wileyonlinelibrary.com 845

haracteristics (short-circuit current density  J  sc , open-
fi ll factor FF and effi ciency   η  ) for 1.5  μ m  μ c-Si cells 
ide structures. The measured effi ciency improvement 
e simulation results shown in the last column, where 
” is the hexagonal array show in Figure  1  (with   Λ    =  
0 nm), and the “fabricated grating” refers to the Si 
m the AFM image in Figure  3 d. 

 V  oc  [V] FF [%] effi ciency 
  η   [%]

relative   η   
improve-

ment

calc.   η   improvement

perfect 

grating

fabricated 

grating

0.416 57.3 1.93 – – –

0.418 56.0 2.18 13% 20% 20%

0.422 55.8 2.34 21% 32% 29%
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peaks arise due to stronger interferences in the thin fi lm layers. 
When the grating layer is added, light diffraction occurs and part 
of the refl ected light propagates at oblique angles with much 
longer optical path length than the fi lm thickness. Therefore, the 
spectrum becomes smoother and even higher EQE is achieved, 
especially from 700 nm to 800 nm. Overall, the EQE spectrum 
experimentally confi rms out theoretical predictions. 

 In summary, a confi guration for light trapping in thin 
fi lm silicon solar cells is optimally designed with numerical 
simulations and experimentally implemented through a 
non-lithographic, self-assembled technique that can potentially 
be scaled up to large area. Although there is plenty of room to 
improve the active material quality in the future investigation, 
the 1.5  μ m prototype microcrystalline silicon devices integrating 
our proposed backside structure yield a 21% improvement in 
effi ciency. This is further verifi ed by quantum effi ciency meas-
urements, which clearly indicate stronger light absorption in the 
red and near-IR spectral ranges. Through appropriate design, 
this technique could also be implemented in high-effi ciency 
amorphous or single crystalline silicon solar cells for effi -
ciency enhancement. These results provide a low-cost and 
deterministic approach for achieving effi ciency enhancement 
by light trapping in thin fi lm silicon solar cells. 

  Experimental Section 
  Porous alumina membrane (PAM) preparation : Two-step anodization 

process was used to form self-ordered PAM pattern. [  16  ]  At room 
temperature, aluminum foils (99.99%) were anodized at a constant 
DC voltage (280 V) in a 0.2 M citric acid solution for 4 hours. Then 
immersed in a mixture of chromic acid (1.8 wt%) and phosphoric acid 
(6 wt%) for 5 hours at 50 ° C, the anodic aluminum oxide layer was 
removed and an ordered dimple pattern was obtained on Al surface. 
The second anodization was conducted under the same conditions as 
those for the fi rst anodization. The time was controlled to be about 
40 minutes to form about 1  μ m thick pore arrays. After removing the 
Al substrate in saturated HgCl 2 , the PAM was etched in phosphoric 
acid (5 wt%) for 17 hours to remove the barrier oxide layer and adjust 
the pore size. 

  Solar cell fabrication : Figure  1  illustrates the device structure. A 
1500 nm thick p-i-n microcrystalline silicon ( μ c-Si) single junction is 
on a ZnO/glass substrate, followed by 500 nm thick ZnO as a bottom 
contact. Here all the interfaces between ZnO and silicon are fl at, without 
intentional texturing. The above procedures produced the reference 
cell without any backside structure. Using self-assembled PAM as a 
deposition mask, a 120 nm layer of silicon was evaporated on the back 
surface to obtain near-hexagonal grating arrays. Finally, fi ve pairs of 
alternating SiO 2  (130 nm) and amorphous Si (40 nm) were deposited by 
plasma enhanced chemical vapor deposition (PECVD) at a temperature 
of 150  ° C, to fabricate the DBR. In addition, a cell with just a DBR on the 
backside (no grating) was made for comparison. 

  Device Characterization : The SEM image of the PAM was taken by 
a scanning electron microscope (FEI/Philips XL30 FEG ESEM). The 
AFM experiment of evaporated silicon patterns was performed using a 
scanned probe microscope (Nanoscope IV). The current-voltage relation 
was measured by a Keithley 2425 source meter under illumination 
provided by a 1200 Watt Oriel solar simulator passing through a 
standard Air Mass 1.5 Global (AM1.5G) fi lter. The light intensity was 
referenced to an NREL calibrated cell. External quantum effi ciency 
(EQE) spectra were collected using a white light source coupled to a 
H20 IR Jobin Yvon monochrometer, scanning from 400 nm to 1100 nm. 
The refl ectivity of DBR was measured using a Cary-500i UV/vis/near-IR 
spectrophotometer. 
© 2011 WILEY-VCH Verlag Gwileyonlinelibrary.com
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