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and short-wavelength spectral response is 
not good enough, mainly due to the large 
recombination loss of back surface fi eld 
(BSF) [ 2 ]  and the high residual refl ectance at 
the front surface, [ 3 ]  respectively. To achieve 
the excellent broadband spectral response 
of the Si based solar cells, it is necessary to 
further improve the optical and electrical 
properties of the rear surface as well as the 
front surface. By introducing passivation 
dielectric thin fi lms at the rear surface, 
Green group [ 4 ]  has successfully fabricated 
a 22.8% effi cient passivated emitter and 
rear cell (PERC) with an area of 4 cm 2 , 
manifesting superior long-wavelength 
spectral response due to the low recombi-
nation velocity and high long-wavelength 
refl ectivity at the rear surface. [ 5 ]  This long-
wavelength superiority has been recently 
employed in the photovoltaic industry for 

the mass production of 20.0% effi cient PERCs on commercial 
large-area (156 × 156 mm 2 ) Si wafers. [ 6,7 ]  

 On the other hand, Si nanostructure array provides a prom-
ising approach to enhancing the energy harvesting in the short-
wavelength range, for the near zero and small-angle-dependent 
refl ectivity in the short-wavelength region. [ 8–15 ]  By employing 
the well short-wavelength antirefl ection of the Si nanostructure 
array, many authors have made relative progresses in the cell 
performances of the Si nanostructures based solar cells. [ 16–21 ]  
But  η ’s of these Si nanostructures based solar cells are still not 
satisfi ed when comparing with those of the traditional solar 
cells, which is mainly attributed to the large surface recombina-
tion loss from the Si nanostructures. Surface passivation such as 
thermal SiO 2 , [ 4,11,22 ]  SiN  x  :H by plasma enhanced chemical vapor 
deposition (PECVD), [ 23,24 ]  and Al 2 O 3  by atomic layer deposition 
(ALD) [ 25–27 ]  can effectively suppress the surface recombination 
by saturating the dangling bonds or forming the fi xed charges 
at and near the surface. Particularly, the stack SiO 2 /SiN  x   layers 
provide an excellent passivation for the Si nanostructures, [ 28–30 ]  
which benefi ts from the well surface passivation of the inner 
SiO 2  as well as the bulk passivation of the outer SiN  x  :H. The 
simultaneous surface and bulk passivation guarantee the well 
electrical performance of the Si nanostructures based solar cells. 

 As a result, the passivated front Si nanostructures together with 
the passivated rear surface are able to provide the complementary 
spectral responses in both the short-wavelength and long-wave-
length region, implying an effective way to achieve the excellent 
broadband spectral response of Si based solar cells. In this paper, 
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  1.     Introduction 

 Excellent broadband spectral responses are of great signifi cance 
for promoting energy conversion effi ciencies ( η ’s) of solar cells. [ 1 ]  
The commercial large-area silicon (Si) based solar cells have 
demonstrated perfect spectral response in the medium-wave-
length range of 500–800 nm, while both the long-wavelength 
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we perform the simultaneous stack SiO 2 /SiN  x   (PECVD) passiva-
tion for the front Si nano/microstructures (N/M-Strus) and rear 
surface, and successfully achieve a 20.0%  η  of the screen-printed 
Si N/M-Strus based solar cell with a standard solar wafer size of 
156 × 156 mm 2 . This Si N/M-Strus based solar cell possesses 
excellent broadband spectral response due to the improved short-
wavelength response of the stack SiO 2 /SiN  x   passivated N/M-
Strus emitter and the outstanding long-wavelength response of 
the stack SiO 2 /SiN  x   passivated rear surface. The proposed device 
structure and technique open a broad way to the mass produc-
tion of Si nanostructures based solar cells.  

  2.     Design of Device Structure 

 The device structure of Si N/M-Strus based solar cell (see 
 Figure    1  a) is designed as follows: (i) The Si N/M-Strus based  n  + -
emitter passivated by stack SiO 2 /SiN  x   (PECVD) layers as shown 
in Figure  1 b. The Si N/M-Strus possess an excellent short-wave-
length antirefl ection effect, while the stack SiO 2 /SiN  x   layers 
simultaneously provide an outstanding passivation for the surface 
and bulk of the Si N/M-Strus based  n  + -emitter. The simultaneous 
consideration of optical and electrical performance will guarantee 
the well short-wavelength response. (ii) The rear refl ector consists 
of the inner SiO 2  (PECVD) layer, the outer SiN  x   (PECVD) layer, 
and screen-printed Al as shown in Figure  1 c. The design of the 
stack dielectric layers can provide more variables (thickness and 
refractive index) than that of single layer for optimizing the long-
wavelength optical properties, while it keeps the well electrical 
passivation effect. This design predicts an excellent broadband 
spectral response from the simultaneously improved spectral 
responses in both short-wavelength and long-wavelength region. 

    3.     Short-Wavelength Optical and Electrical 
Performance 

  Figure    2  a is the cross-sectional view scanning electron micros-
copy (SEM) image of Si N/M-Strus, which clearly shows the 
Si nanowires (Si NWs) along with the 〈100〉 crystal orientation 
on the surface of micro-pyramid texture. We notice that the Si 

NWs on the top of pyramid are longer than those on the bottom 
of pyramid, indicating that the etching velocity of Si NWs is 
increasing from bottom to top. From the top view SEM image 
of Si N/M-Strus (see Figure  2 b), the etching velocity difference 
between the top and bottom can also be distinguished. The 
varying length of Si NWs on the pyramid texture can provide 
a better antirefl ection effect, which plays a role of antirefl ec-
tive medium with the gradient refractive index. From the SEM 
images, the average length and diameter of the Si NWs are esti-
mated as ≈80 and ≈60 nm, respectively, and the average length 
becomes larger with the increase of the etching time, which is 
consistent with our previous result. [ 15 ]  

  The front surface of commercial Si solar cell is commonly 
coated by SiN  x  :H (PECVD) thin fi lm, which can both reduce 
the front refl ectance and suppress the  n  + -emitter recombi-
nation including surface and Auger recombination. [ 11 ]  As is 
discussed in the Introduction, the stack SiO 2 /SiN  x   layers can 
provide a better surface passivation, therefore, we perform 
continuous deposition of SiO 2  and SiN  x   layer on the surface 
of the Si N/M-Strus based  n  + -emitter in the PECVD chamber. 
Figure  2 c displays the top view SEM image of stack SiO 2 /SiN  x   
coated Si N/M-Strus based  n  + -emitter. The thickness of inner 
SiO 2  and the outer SiN  x   layer are estimated as ≈10 and ≈70 nm, 
respectively. 

 Now, we focus on the short-wavelength optical property of the 
stack SiO 2 /SiN  x   coated Si N/M-Strus. Figure  2 d shows the com-
parison of refl ectance for Si N/M-Strus based solar cell and tra-
ditional solar cell, which manifests the better short-wavelength 
antirefl ection effect of Si N/M-Strus than that of the traditional 
one. As is discussed in our previous work, [ 15,20,31 ]  the combined 
antirefl ection from the Si N/M-Strus and the stack SiO 2 /SiN  x   
layers benefi ts to this short-wavelength optical superiority, 
which is the prerequisite of obtaining good external quantum 
effi ciencies (EQEs) in the short-wavelength range. Also, we see 
the higher refl ectance of Si N/M-Strus in the wavelength range 
of 420–500 nm, which can be solved by optimizing the thick-
ness of the outer SiN  x   antirefl ective thin fi lm. 

 The electrical performance of the  n  + -emitter has an essential 
effect on the short-wavelength spectral response of the solar cell. 
In our case, the inner ultrathin SiO 2  layer is able to provide an 
excellent surface modifi cation by Si O saturating the dangling 
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 Figure 1.    Design and process of the Si N/M-Strus based solar cell. a) The schematic diagram of Si N/M-Strus based solar cell. b) The stack SiO 2 /SiN  x   
(PECVD) passivated Si N/M-Strus based  n  + -emitter. c) The rear refl ector consisting of the stack SiO 2 /SiN  x   (PECVD) layers and the screen-printed Al. 
d) The process fl ow of the Si N/M-Strus based solar cell comparing with that of the traditional one.
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bonds at the surface of the Si N/M-Strus based  n  + -emitter, 
meanwhile the outer SiN  x  :H (PECVD) layer still keep the same 
bulk passivation because the H atoms can easily pass through 
the inner ultrathin SiO 2  layer. Therefore, the front stack passiva-
tion of SiO 2 /SiN  x   can guarantee a better electrical performance 
of Si N/M-Strus based  n  + -emitter, which is characterized by the 
saturation current density  J  0e  of the  n  + -emitter. Generally, the  J  0e  
of the  n  + -emitter is determined by the following expression 

    
τ τ τ

− = + +
+ Δ1 1 1

( )
eff Auger SRH

0e(front) 0e(back)
A

i
2J J

N n

qn d
  

(1)
 

 where  τ  eff ,  τ  Auger , and  τ  SRH  are the effective, Auger recombina-
tion, and the bulk lifetime considering only the Shockley–Read–
Hall (SRH) recombination, respectively,  N  A  is the doping con-
centration of the p-Si substrate, Δ n  is the excess carrier density, 
 q  is the elementary charge, and  n  i  is the intrinsic carrier density. 
Obviously, the lower  J  0e  implies the smaller recombination loss 
of the  n  + -emitter including the surface and Auger recombination. 
From the measurement of  J  0e  mapping, Figure  2 e gives the aver-
aged  J  0e  of the Si N/M-Strus based  n  + -emitter passivated by the 
SiO 2 /SiN  x   stack layers. Comparing with the  J  0e  (107.63 fA cm −2 ) 
of the traditional  n  + -emitter as shown in Figure  2 f, the stack pas-
sivated Si N/M-Strus based  n  + -emitter possesses similar value 
of 113.59 fA cm −2 , which is far smaller than that of single SiN  x   
passivated Si N/M-Strus based  n  + -emitter (≈200 fA cm −2 ). This 
proves the excellent passivation effect of the stack SiO 2 /SiN  x  , 
due to the effective removal of the electrical disadvantages from 
the large surface area of Si N/M-Strus. Moreover, the  J  0e  map-
ping shows the relative uniformity of the diffused morphology 
of the Si N/M-Strus based  n  + -emitter, although some local sur-
faces have the higher or lower values of  J  0e  caused by the high 
temperature diffusion or Si NWs etching process. 

 To evaluate the contribution of  J  0e  to the total diode satu-
rating current density  J  0 , we calculate the  J  0  according to the 
measured open-circuit voltage ( V  oc ) and short-circuit current 
density ( J  sc ), [ 7 ]  as 

    
= ⎛
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 where  kT/q  is the thermal voltage (25.693 mV at 25 °C) and  T  is 
the absolute temperature. In our case, the measured values of 
 V  oc  and  J  sc  are 0.653 V and 9.484 A, respectively, so, we obtain 
the value of  J  0  as 357.15 fA cm −2 . Obviously, the  J  0e  with the 
measured 113.59 fA cm −2  plays a secondary role in the total 
diode saturating current density  J  0 , implying that the post pro-
cesses including the screen-printed front and back contacts 
yield the dominant recombination. This also means that the 
low  J  0e  of the stack passivated  n  + -emitter makes it feasible to 
further lower the total  J  0  of the solar cell by optimizing the con-
tact materials and processes. 

 As a result, the improved optical gain from the Si N/M-Strus, 
together with the reduced electrical loss from the excellent sur-
face and bulk passivation of the stack SiO 2 /SiN  x  , predicts the 
better short-wavelength spectral response expressed by the 
EQEs as will be shown below.  

  4.     Long-Wavelength Optical and Electrical 
Performance 

 The rear refl ector consists of the inner SiO 2  (PECVD) layer, 
the outer SiN  x   (PECVD) layer, and the screen-printed Al, as 
shown in Figure  1 c. From the cross-sectional view SEM image 
as shown in  Figure    3  b, the thicknesses of the inner SiO 2  
and outer SiN  x   at the rear surface are estimated as ≈25 and 
≈250 nm, respectively. High internal rear refl ectance (IRR) at 
long-wavelength region can enhance the light absorption in 
the bulk Si of solar cell by reducing the light absorption in 
full Al-BSF and increasing the propagation path, [ 32 ]  resulting 
in the improvement of the long-wavelength quantum effi -
ciency (QE), i.e., long-wavelength spectral response. To better 
understand the IRR, it is necessary to evaluate the  R  IRR  
from the measured total hemisphere refl ectance ( R  measure ) 
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 Figure 2.    Morphological, optical, and electrical properties of the prepared Si N/M-Strus. a) The sectional-view SEM image of the Si N/M-Strus. 
b) The top-view SEM image of the Si N/M-Strus. c) The top-view SEM image of the stack SiO 2 /SiN  x   (PECVD) coated Si N/M-Strus. d) The superiority 
of optical antirefl ection for the Si N/M-Strus based solar cell comparing with the traditional one. e) The  J  0e  (113.59 fA cm −2 ) mapping of the Si N/M-
Strus based  n  + -emitter. f) The  J  0e  (107.63 fA cm −2 ) mapping of the traditional pyramid-textured solar cell.
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by employing diffusely scattering (Lambertian) model. [ 33,34 ]  
Figure  3 a illustrates the Lambertian light-trapping scheme 
in our case, which is based on the front random surface Si 
N/M-Strus based textures and rear refl ector consisting of the 
stack SiO 2 /SiN  x   layers and screen-printed Al. According to the 
Gee’s method, [ 33 ]  we have the expression of the measured total 
hemisphere refl ectance 

    

=
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 where Φ in  and Φ T  are the incidence and transmission light fl ux, 
 R  fe  and  R  fi   are the external and internal refl ectivity of the front 
surface,  T  and  R  IRR  are the bulk transmission coeffi cient and 
internal rear refl ectivity, respectively. Here,  R ′,  R ″, and  R   ″′ form 
a geometric sequence where the common radio is  T  2  R  IRR  R  fi  , 
therefore, Equation  ( 3)   can be rewritten as 
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 Assuming  T  = 1 at long-wavelength range, we have 

    
=
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 where the corresponding values of  R  fe  in the range of 950–1200 nm 
can be obtained from the linear equation which is linearly 
fi tted from the values of  R  measure  in the range of 700–950 nm. 
 R  fi   is evaluated as a fi xed value of 0.92, when the light trap-
ping scheme is Lambertian. Figure  3 c shows the internal rear 
refl ectivity  R  IRR  of Si N/M-Strus based solar cell in the long-
wavelength region, comparing with that of traditional cell. 
Obviously,  R  IRR  of the Si N/M-Strus based solar cell has greatly 
increased in the range of 950–1200 nm due to the stack SiO 2 /
SiN  x   layers between the bulk Si and screen-printed Al. The 
increases of  R  IRR  bring about two results: (i) The increasing 
long-wavelength absorption in bulk Si. (ii) The increasing long-
wavelength  R  measure  as shown in Figure  2 d. It is undoubted 
that the former is benefi cial to the long-wavelength spectral 
response of Si N/M-Strus based solar cell. 

  To show the electrical superiority of the stack SiO 2 /SiN  x   
layers, we in this section investigate the infl uence of the dif-
ferent annealing conditions on the effective minority carrier 
lifetime ( τ  eff ) with respect to the injection level (Δ n ), as shown in 
Figure  3 d. Notice that all the polished Si wafers have the same 
bulk minority carrier lifetime of ≈200 µs, and then the stack 
SiO 2 /SiN  x   layers are symmetrically deposited on both sides 
of polished Si wafers. We perform four annealing conditions 
as 425, 625, 725, and 825 °C for 5 min in the air atmosphere. 
We notice that the 22 µs  τ  eff  of the as-deposited SiO 2 /SiN  x   pas-
sivated sample at the injection density of 1.2 × 10 15  cm −3  (1 
sun injection level) is obviously higher than the ≈15 µs  τ  eff  of 
the single SiN  x   layer passivated Si wafer, demonstrating the 
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 Figure 3.    Optical and electrical performance of the rear refl ector. a) The Lambertian light-trapping scheme in our case, with  R  IRR  being the internal rear 
refl ectivity.  R ,  R′ , and  R″  are the front refl ectivity corresponding to primary, secondary, and tertiary refl ection, respectively. b)The cross-sectional view 
SEM image of the stack SiO 2 /SiN  x   (PECVD) layers coated rear surface. c) Comparison of the long-wavelength IRR of Si N/M-Strus based solar cell with 
that of the traditional one. d)  τ  eff  with respect to the injection level Δ n  at different annealing temperature for symmetrical stack SiO 2 /SiN  x   passivated 
wafers. The dashed line denotes 1 sun injection level. e) The FTIR spectra of the 725 °C annealing sample comparing with that of the as-deposition 
sample. f) The coronal charge–voltage curves in the dark and light modes for the 725 °C annealing and the as-deposition sample.  V  cpd  and  Q  c  denote 
the contact potential difference and coronal charge density, respectively. The differences of the interface trap charges difference (Δ Q  it ) and the surface 
barrier voltage difference (Δ V  sb ) between light and dark modes are measured as 1.31 × 10 11  q cm −2  and 0.271 V for the 725 °C annealing sample, as 
well as 4.52 × 10 11  q cm −2  and 0.454 V for the as-deposition sample.
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excellent surface modifi cation ability of the inner SiO 2  layer. 
Importantly, when the samples undergo an annealing process 
in the air atmosphere, the values of  τ  eff  have greatly increased 
compared with that of the as-deposition sample. With the 
increase of annealing temperature from 425 to 725 °C, the 
 τ  eff  increases and reaches the highest value of 142 µs (Δ n  = 
4.9 × 10 15  cm −3 ) at 725 °C. According to the Equation  ( 1)  / τ  eff  = 
1/ τ  bulk  + 2 S  eff / d , the surface recombination velocity (SRV) of the 
symmetrical stack SiO 2 /SiN  x   passivated Si wafer after annealing 
at 725 °C can be calculated as an ultra-low value of 18.3 cm s −1 , 
which manifests an extraordinary passivation effect for a solar-
grade p-type Si wafer. When the annealing temperature further 
increases to 825 °C, the values of the  τ  eff  display a declining 
trend. It is worth noticing that the optimized annealing process 
is close to the co-fi ring process of solar cell, i.e., the annealing 
process can be combined with the co-fi ring process. 

 To further understand the infl uence of the annealing process 
on the surface modifi cation, we compare the Fourier transform 
infrared spectroscopic (FTIR) absorption spectra of the opti-
mized annealing-process sample (725 °C) with that of the as-
deposition sample. Figure  3 e manifests that the Si N, Si O, 
Si H, and N H bonds correspond to the stretching absorption 
peaks at the wavenumbers of ≈840, 1070, 2200, and 3340 cm −1 , 
respectively. We see that the densities of both the Si N and 
Si O bonds show an obvious increase after annealing at 
725 °C, meanwhile the density of the Si H bonds increases 
slightly. The increases of the Si O and Si H bonds density 
imply the decrease of the dangling bonds at the interface of 
Si/SiO 2 , resulting in a better passivation effect. [ 35 ]  Also, the 
annealing process promotes the density of Si N bonds, indi-
cating a more dense structure which can effectively prevent the 
out diffusion of H from entering into the environment instead 
of into Si bulk. However, for an excessively high annealing tem-
perature, the H in Si H and N H groups can escape from 
the bulk Si and the dielectric layers to the environment, which 
causes the decline of the passivation effect. [ 35 ]  

 Also, the improvement of the surface passivation after 
annealing is quantitatively refl ected by the lower value of inter-
face trap density  D  it . From corona charge–voltage curves, the 
interface trap density  D  it  is calculated according to the equation 
of /it it sbD Q V= Δ Δ  with Δ Q  it  and Δ V  sb  being the differences of 
the interface trap charges and surface barrier voltage between 
light and dark modes, respectively. As shown in Figure  3 f, we 
obtain that the  D  it  of the 725 °C annealing and as-deposition 
samples are 4.85 × 10 11  and 9.92 × 10 11  cm −2  eV −1 , respectively. 
This demonstrates that the annealing process can effectively 
reduce the  D  it  from increasing the Si O and Si H bonds at 
the interface of Si/SiO 2 , in good agreement with the result of 
the FTIR measurement.  

  5.     Broadband Spectral Response of Si N/M-Strus 
Based Solar Cell 

 Based on the excellent optical and electrical performance of the 
simultaneous stack SiO 2 /SiN  x   layers passivated front emitter 
and rear refl ector, we fabricate the Si N/M-Strus based solar 
cells. To illustrate the superior broadband spectral response, we 
compare the refl ectance, internal QE (IQE) and EQE of the Si 

N/M-Strus based solar cell with those of the traditional solar 
cell, as shown in  Figure    4  a,b. First, in the short-wavelength 
range, the optical refl ectance has been greatly suppressed 
by the Si N/M-Strus, while the corresponding IQEs of the Si 
N/M-Strus based solar cell show a declining trend due to the 
larger surface recombination of the Si N/M-Strus. Through 
the optimized Si N/M-Strus morphology as discussed in our 
previous paper, [ 21 ]  we achieve that the short-wavelength optical 
gain overcomes the electrical loss of the front emitter, i.e., an 
improvement of the EQEs in the short-wavelength range. From 
Figure  4 b, the short-wavelength EQEs of the Si N/M-Strus 
based solar cell are clearly better than those of the traditional 
solar cell. The medium-wavelength EQEs have shown a slight 
declining trend, which will be optimized in the future work by 
matching the thickness of the front stack SiO 2 /SiN  x   with the 
Si N/M-Strus. [ 20 ]  Second, Figure  4 a shows that both the long-
wavelength IRR and IQEs of the Si N/M-Strus based solar cell 
are superior to that of traditional solar cell, and thus the long-
wavelength EQEs of the Si N/M-Strus based solar cell possess 
great superiority as shown in Figure  4 b. 

   Table    1   lists the performances of Si N/M-Strus based solar 
cells, as well as the traditional counterparts. Obviously, the cell 
performance of Si N/M-Strus based solar cell greatly surpasses 
that of the traditional one, which is attributed to its excellent 
broadband spectral response. First, comparing with the  I  sc  
(9.064 A) of the traditional solar cell, the average  I  sc  of the Si 
N/M-Strus based solar cells is much higher with an absolute 
increment of 0.246 A, reaching 9.310 A, due to the improved 
front short-wavelength antirefl ection and the back long-wave-
length IRR. Second, the average  V  oc  of Si N/M-Strus based solar 
cells demonstrates a high value of 0.649 V which is higher by 
an absolute 10 mV than that of the traditional one, and the 
highest  V  oc  reaches up to the value of 0.653 V. This demon-
strates that the simultaneous passivation for the front and rear 
surface by the stack SiO 2 /SiN  x   have greatly suppressed the elec-
trical recombination loss at both sides of the cell. Finally, based 
on the great increases of high  I  sc  and  V  oc , we have successfully 
achieved the high-performance Si N/M-Strus based solar cells 
with an average  η  of toward-20.0%. The highest  η  of 20.0% with 
the  V  oc  of 0.653 V and  I  sc  of 9.484 A, is confi rmed by the TÜV 
Rheinland Co., Ltd (see Figure  4 c). Figure  4 d is photograph of 
the front and rear surface of the Si N/M-Strus based solar cell. 

    6.     Conclusions 

 In conclusion, we propose the structure of the simultaneously 
passivated Si N/M-Strus based  n  + -emitter and rear surface, 
and successfully fabricate the high-performance Si N/M-Strus 
based solar cell with a large area of 156 × 156 mm 2  by using 
the process compatible with the current commercial solar cells. 
By performing the simultaneous stack SiO 2 /SiN  x   passivation 
for the Si N/M-Strus based  n  + -emitter and rear surface, we 
fi nd that the simultaneous passivation guarantees the better 
short-wavelength antirefl ection, the effective suppression of the 
front emitter recombination ( J  0e  = 113.59 fA cm −2 ), the higher 
long-wavelength  R  IRR  of rear refl ector and the ultra-low SRV 
(18.3 cm s −1 ) of the rear surface. Benefi ting from the simulta-
neous improved performance at the front Si N/M-Strus based 
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 n  + -emitter and rear refl ector, this solar cell possesses superior 
broadband spectral response in both the short and long-wave-
length region, which is expressed as the higher EQEs in both 
regions. Finally, we achieve the highest  η  of 20.0%, as well as 
the open-circuit voltage  V  oc  of 0.653 V and short-circuit current 
 I  sc  of 9.484 A ( J  sc  = 39.0 mA cm −2 ).  

  7.     Experimental Section 
 Solar-grade p - type (100) Czochralski-Si (Cz-Si) pseudo-square 

156 × 156 mm 2  wafers were used with 2 Ω cm resistivity and 190 ± 10 µm 
thickness. Figure  1 d shows the process fl ow of the Si N/M-Strus based 

solar cell comparing with that of the traditional pyramid-textured solar 
cell. After the standard cleaning process and 80 °C-NaOH-etching 
pyramid-textured process, the traditional  n  + -emitter was formed on the 
front surface of wafer by POCl 3  diffusion in a quartz-tube furnace for 
40 min at 800 °C (M5111-4WL/UM, CETC 48th Research Institute). On 
the other hand, by the one-step metal-assisted chemical etching (MACE), 
the Si nanostructures were etched on the pyramid texture in the mixed 
solution of HF (4  M )/AgNO 3  (0.05  M ) for a certain time, and then the Si 
N/M-Strus based  n  + -emitter was formed by the same diffusion process 
with that of traditional wafer. The sheet resistances of Si N/M-Strus 
based  n  + -emitter and traditional  n  + -emitter are 85–87 Ω sq −1 . After 
the rear surface polishing, the stack SiO 2 /SiN  x   passivation layers were 
deposited on the rear surface of Si N/M-Strus based wafer by PECVD 
(M82200-6/UM, CETC 48th Research Institute) for ≈60 min at 450 °C. 
After removing the phosphorous silicate glass (PSG) in dilute HF 
solutions, the deposition of the stack SiO 2 /SiN  x   antirefl ective layers 
were performed on the front surface of the Si N/M-Strus based wafer 
together with the traditional one for ≈40 min at 400 °C by PECVD. The 
PECVD-SiO 2  and PECVD-SiN  x   layers were formed by the reaction of 
the NO/SiH 4  and NH 4 /SiH 4 , respectively. Subsequently, the rear stack 
passivation layers of Si N/M-Strus based wafer were locally ablated by a 
532 nm wavelength and 10 ps pulse length laser (DR-LA-Y40, DR Laser), 
in order to form the 50 µm width and 1 mm pitch local line openings. 
Finally, the Si N/M-Strus based solar cell and traditional solar cell 
underwent the same commercial screen-printing (PV1200, DEK) and 
co-fi ring process (CF-Series, Despatch), to form well Ohmic contacts 
and local BSFs. 

 The morphologies of the Si N/M-Strus were investigated by fi eld 
emission SEM (Ultra Plus, Zeiss). The effective minority carrier 
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  Table 1.    Cell performance of the Si N/M-Strus based solar cell, com-
paring with that of the traditional solar cell. 

Cell (156 × 156 mm 2 ) Output parameters

   I  sc  
[A]

 V  oc  
[V]

FF 
[%]

 η  
[%]

Si N/M-Strus based solar cell Average 9.310 0.649 79.65 19.8

 Best 9.484 0.653 78.50 20.0

Traditional solar cell Average 9.064 0.639 80.16 19.1

 Best 9.063 0.641 80.33 19.2

 Figure 4.    The broadband spectral response of the 20.0% effi cient Si N/M-Strus based solar cell. a) The IQE and refl ectance of the Si N/M-Strus based 
solar cell, comparing with those of the traditional one. b) The EQE of the Si N/M-Strus based solar cell, comparing with those of the traditional one. 
c) The  I–V  curve of the highest 20.0% effi cient Si N/M-Strus based solar cell confi rmed by the TÜV Rheinland Co., Ltd. d) Photograph of the Si N/M-
Strus based solar cell.
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lifetimes and the mapping saturation current density of the emitter were 
obtained by microwave photo-conductance decay method (WT-1200A 
SEMILAB) and quasi-steady-state microwave photo-conductance decay 
method (PV2000, SEMILAB), respectively. The absorption spectra were 
determined by FTIR (Nexus 870, Nicolet). The interface trap density 
 D  it  was obtained from the curve of coronal charge–voltage (PV2000, 
SEMILAB). The refl ectance spectra as well as the IQEs and EQEs 
were measured on the platform of quantum effi ciency measurement 
(QEX10, PV Measurements). The electrical parameters of the solar cells 
were investigated by current–voltage ( I – V ) measurement under the 
illumination of AM 1.5 (Y05-1/UM, CETC 48th Research Institute). The 
performance of the N/M-Strus based solar cell with the highest  η  was 
independently certifi ed by the TÜV Rheinland (Shanghai) Co., Ltd.  
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