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Abstract 

Silicon nanowire (SiNW)-based solar cell fabrication 
was developed using combination of diffused back sur-
face field formation and two-step H2 annealing for effi-
ciency enhancement. Two different n-SiNW structures 
synthesized by metal-catalyzed electroless etching and 
nanoimprinting followed by Bosch process were ap-
plied. The efficiencies for a 1-cm2 active area of the sin-
gle-junction SiNW solar cells were achieved upon 7%. 
Improvement of carried extraction through built-in 
electric field together with reduction of defect densities 
on n-SiNW surface and inside p-Si layer could be ac-
complished. 

 
1. Introduction 

Nanowires (NWs) have attracted a great deal of re-
search interest for next-generation solar cells because of 
many advantages of their structures compared to planar [1]. 
Metal-catalyzed electroless etching (MCEE), chemical va-
por deposition (CVD), and nanoimprinting followed by 
Bosch process [2-4] are promising to form NW structures 
on low cost substrates and to apply for a large scale fabrica-
tion. However, to realize the device targets, all appropriate 
fabrication processes of SiNW-based solar cell are im-
portant issues to provide good synthesized materials and 
junction properties through entire solar cell structures. 
From our previous study [5], SiNW surface passivation and 
the improvement of SiNW-based solar cell efficiencies us-
ing two-step H2 annealing have been reported. Single-
junction solar cells consisting of n-SiNWs and CVD grown 
p-Si matrix were demonstrated. Two-step H2 annealing at 
900 ˚C for 10 min after both n-SiNW formations and sub-
sequent p-Si matrix deposition effectively improved SiNW 
surface and p-Si crystallinity, resulting in higher solar cell 
efficiency.  

In this study, back surface field (BSF) or n+ layer for-
mation was further introduced into solar cell fabrication 
processes. With BSF layer, better electron transportation 
and reflection of hole by the built-in electric field of n-n+ 
junction suggest the increasing of the short-circuit current 
(Isc) [6]. This abrupt junction also induces the increasing of 
open-circuit voltage (Voc). Therefore, adding of BSF layer 
into SiNW-based solar cell structure is mandatory. Spin 
coating of phosphorus containing solution with annealing 
technique was selected to apply for good compatibility with 
two-step H2 annealing and unchanging of solar cell thick-
ness. Both of simple BSF coating with N2 annealing and 

modification of annealing process were investigated. Re-
duction of the second H2 annealing after CVD and N2 an-
nealing after BSF coating to only once of H2 annealing af-
ter BSF coating was examined. Various times of this H2 
annealing was also optimized. 

 
2. Experimental Details 
   Experiments were carried out using n-type Si(100) and 
Si(111) wafers with a resistivity of 30-50 Ω∙cm and thick-
ness of 525 µm as substrates. n-SiNW structures were pre-
pared using two different methods of MCEE or 
nanoimprinting followed by Bosch process. Approximate 
1-µm-length SiNWs were defined for both synthesis meth-
ods according to our previous optimization of SiNW length 
using controlled p-Si coverage and B concentration [7]. 
Then, the first H2 annealing was performed at 900 ˚C for 10 
min. Prior to p-Si deposition, all n-SiNW surfaces were 
etched in 1.1M HF in 2.6M isopropanol for SiO2 removal 
and immediately set into CVD chamber. p-Si matrix for-
mation was conducted at 750 °C with B doping concentra-
tion of ~4×1019 cm-3. The flow rate of SiH4, B2H6, and N2 
gases were controlled at 19, 0.5, and 30 sccm, respectively, 
under chamber pressure of 800 Pa. Then, the second H2 
annealing was performed at 900 ˚C for 10 min. Spin coat-
ing of phosphorus containing solution (OCD P-59210) on 
the back side of substrate was executed and followed by N2 
annealing for 20 min [7]. To provide solar cell electrodes, 
200-nm-thick Al front electrode with finger-grid pattern  

Fig. 1 Schematic of SiNW-based solar cell structure and summa-
rized processes of BSF in combination with two-step H2 annealing 
and the reduced annealing process.  
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and 150-nm Ag back contact were sputtered. Schematic of 
SiNW-based solar cell structure and the processes of BSF 
in combination with two-step H2 annealing and reduced 
annealing process are summarized in Fig.1. The second H2 
annealing of reduced annealing process was varied to 10, 
20 and 30 min.  
 
3. Experimental Results and Discussions 
   Figure 2 shows J–V characteristics measured under 
AM1.5G at RT and EQE of (a) MCEE- and (b) 
nanoimprinting-SiNW solar cells fabricated using two-step 
H2 annealing with and without BSF, and reduced annealing 
process with the second H2 annealing for 20 min. Obvious-
ly, with two-step H2 annealing, the efficiency (η) of both 
two structures could be greatly improved, especially at 
short wavelength range show in EQE spectra. The explana-
tion related to the decreasing of interfacial defect densities 
on n-SiNW surface and inside p-Si matrix. The Voc and fill 
factor (FF) were also enhanced by H2 annealing owing to 
lower defect densities. With BSF formation, the EQE at 
long wavelength increased owing to decreasing of surface 
recombination in bulk Si near the back contact. However, 
there was a loss at short wavelength range possibly because 
of exceeding thermal annealing. N2 annealing of BSF diffu-
sion after the second H2 annealing might also affect H2 
treatment inside and near the top of p-Si layer. 

Hence, the improvement of cell characteristics (Jsc, Voc, 
FF) by BSF formation was not evidently clear due to this 
material degradation. This issue was well solved by carry-
ing out only the second H2 annealing after BSF coating to 
reduce the annealing times. Compared with the previous 
results, EQE at long wavelength range was slightly lower 
indicating that P diffusion was not well performed under H2 
ambient. Nevertheless, the degradation of EQE at short 
wavelength range was minimized resulting in increasing of 
Jsc and Voc. The reduced annealing process could obtain 
these better solar cell performance agreed with the  

 
Fig. 2 J–V characteristics measured under AM1.5G at RT and 
EQE of (a) MCEE- and (b) nanoimprinting-SiNW solar cells fab-
ricated using two-step H2 annealing with and without BSF, and 
reduced annealing process with the second H2 annealing for 20 
min. 

Table I Summarized solar cell characteristics of all MCEE- and 
nanoimprinting-SiNW solar cells. 
 
 
 
 
 
 
 
 
 
 

 
dependence of bulk carrier life time on the annealing pro-
cess [8]. The efficiency upon 7% for a 1-cm2 active area of 
the single-junction MCEE-SiNW solar cell was achieved. 
Solar cell characteristics of all MCEE- and nanoimprinting-
SiNW solar cells were summarized in Table I. H2 annealing 
time of the reduced annealing process is now in progress to 
optimize. 
 
4. Conclusions 
   BSF improved FF of MCEE-SiNW solar cell and Jsc and 
Voc of nanoimprinting-SiNW solar cell, resulting in effi-
ciency enhancement. The reduction of annealing process 
maintained the H2 annealing effect for p-Si layer together 
with improvement of carried extraction by BSF. The results 
from these fundamental studies encourage the future pro-
gress of tandem structures or more advanced designs using 
new selective substrates for next-generation solar cells. 
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