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 Great efforts have been devoted in the last years to develop cost-
effective silicon wafer technologies to cope with the dramatic 
price decrease for solar cell modules. A major restriction is still 
imposed by the high fabrication costs, especially at the step of 
purifying metallurgical grade silicon (MG-Si, purity   99%) to 
solar grade (SG-Si, purity 99.9999%) or even electronic-grade 
(EG-Si, purity   99.999999%). [  1  ,  2  ]  The challenge is to success-
fully develop solar grade silicon such as upgraded metallurgical 
silicon (UMG-Si) with reasonable cost and without sacrifi cing 
device effi ciency and stability. On the other hand, silicon 
nanotechnology could offer an improved material effi ciency 
to reduce the used amount of silicon and to reduce feedstock 
cost. However, current silicon nanotechnological approaches 
start from EG-Si [  3–5  ]  or use high temperature growth regimes 
for silicon nanowires (SiNWs) on mainly silicon substrates, [  6  ,  7  ]  
or a rather costly dry etching technique [  8  ]  to achieve reasonable 
device performance. Those approaches, though they are very 
interesting from a material perspective, do not address a cost-
effi cient way to produce nanotechnological silicon solar cells. 

 We show in this contribution a way to tackle both challenges: 
Use dirty Si (MG-Si and UMG-Si) as a starting material and 
upgrade its purity to solar grade while nanostructuring it. The 
basic idea is based on the process of metal-assisted chemical 
etching (MaCE). [  3  ,  4  ]   Figure    1  a,b shows the schematic diagram 
for the SiNW synthesis by MaCE (for more details see methods 
section). In a nutshell, Si substrates are fi rst loaded with dense 
Ag nanoparticles (AgNPs) by galvanic displacement, and subse-
quently etched in a HF and H 2 O 2  solution. AgNPs drill nano-
holes deep into the Si substrate. In the meantime, metal impu-
rities such as their precipitates or silicides [  9  ]  are dissolved upon 
exposure to the acidic etchant solution. Consequently, SiNWs 
are purifi ed as a result of the impurity removal.  

 Four different grades of silicon were used in the present 
study to verify the upgrading effect. These include MG-Si 
pieces and powder ( Figure    2  a,b; purity   99.74%, from Q-Cells 
GmbH), UMG-Si (Figure  2 c,d; multicrystalline, p-type, 
0.2–0.5    cm, purity   99.999772%, from Fraunhofer IWM), 
SG-Si (see Supporting Information (SI), Figure S1, multicrys-
talline, p-type, 1–3    cm, purity   99.9999%, from Fraunhofer 
IWM) and EG-Si (Figure S2, monocrystalline, (100) orientation, 
1–10   .cm, purity   99.999999%, from Si-Mater GmbH).   

Figure  2 c,d shows scanning electron microscopy (SEM) 
images of SiNWs formed on a dirty UMG-Si wafer. Compared 
with MaCE of the polished EG-Si wafer (see Figure S2), the 
reaction of dirty UMG-Si is more complex. At fi rst, much more 
hydrogen bubbles were generated than during the etching of 
EG-Si indicating a high silicon dissolution speed. Within a few 
minutes, morphological defects developed by wafer sawing were 
removed leaving behind NWs of good crystallinity as shown in 
Figure  2 f. For the UMG-Si with different crystallographic grains, 
SiNWs in different grains were slanted in different angles but the 
etching directions generally followed the   100   direction. To con-
fi rm the reduced impurity level inside the UMG-Si after etching, 
we used inductively coupled plasma mass spectrometry (ICP-
MS) element analyses, which are capable of tracing multi ele-
ments, at the part per trillion level. The impurity level of a   50% 
etched wafer (see Figure S3) was compared with that of non-
etched wafer as shown in  Figure    3  b. After MaCE, transitional 
metals all met reduced levels: Cr (92.6% reduction), Fe (74.3%), 
Ni (77.6%), Co (78.8%), Mo (79.6%), Cu (17.7%), and Ag (90.6%). 
The dopant levels such as B, P, and As were not changed, vali-
dating the high accuracy of our measurements. UMG-Si was 
thus upgraded from 99.999772 to 99.999899% in purity.  
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 To verify this upgrading effect during 
MaCE of dirty silicon, we also etched 
MG-Si pieces (Figure  2 a,b) and powder (see 
Figure S4). Similar to the UMG-Si a signifi -
cant purity increase of the MG-Si powder 
was observed from 99.74 to 99.9881% after 
MaCE and the subsequent HNO 3  treatment 
further improved the purity to 99.9884% 
(Figure  3 a). In contrast, HF  H 2 O 2 /HNO 3  
acid washed (etching without Ag deposition) 
MG-Si can only purify the MG-Si powder to 
99.975% (see SI, Table S1). Due to the high 
amount of impurities compared to UMG-
Si, SiNWs etched from MG-Si pieces had 
not only etching pits on their surfaces but 
became entirely porous (see Figure  2 a,b). 
The Super-X EDX (from FEI) spectrum 
of the MG-SiNWs (detection limit   0.1%) 
shows no metal impurities in MG-SiNW, and 
the EDX mapping of different metal impu-
rities only exhibited the background signals 
(see Figure S5), again confi rming the MG-
SiNWs were purifi ed. 

 We believe that for the understanding 
of the upgrading effect by MaCE different 
aspects need to be considered: (I) The spa-
tially inhomogeneous distribution of metal 
impurities inside multicrystalline dirty 
Si, [  10–13  ]  in particular at grain boundaries; 
(II) the redox-potential of the different 
metal species; (III) the effect of having dis-
solved metal ions into the etching solution 
and the interaction between them. More 
detailed analyses of the different effects of 
MaCE and the HNO 3  treatment are cur-
rently ongoing. 

 To verify the advantages of upgraded 
UMG-SiNWs, we further investigated their 
optical and photo-electrochemical proper-
ties. More than 95% light absorption in the 
wavelength range of 300–1000 nm has been 
recorded from our optimized MaCE samples 
(see  Figure S6 ), which is almost identical to 
the values reported from high-purity SiNWs 
prepared via MaCE of EG-Si [  14  ]  or other tech-
niques such as chemical vapor deposition 
(CVD). [  15  ]  

 The improved opto-electronic properties 
of the upgraded SiNWs were demonstrated 
by photo-electrochemical measurements as a 
proof of concept ( Figure    4  a,b). Indeed,  in-situ  
measurements showed that with increasing 
etching time of the UMG-Si, the dark current 
was reduced (see Figure  4 c). We speculated 
that this phenomenon was due to the suc-
cessive removal of metal impurities, thus the 

     Figure  2 .     (a, b) SEM tilted-views of SiNWs etched from MG-Si. (c, d) SEM cross-sectional views 
of SiNWs etched from UMG-Si. (e, f) HRTEM images of UMG-SiNWs sonicated from the sub-
strate at different maginifi cation. The two dark bands in (e) are the local etching defects at NW 
surface.  

     Figure  1 .     Schematic representation of the fabrication process of purifi ed SiNWs from dirty 
silicon via metal assisted chemical etching (MaCE): (a) MG-Si, (b) UMG-Si.  
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V oc  (open circuit potential) in a photovoltaic 
device, V os  is determined by the difference 
of the Fermi level in the dark and the elec-
tron quasi-Fermi level under illumination 
for bulk and NW confi guration. It has been 
reported that due to ‘electron pulling’ by 
the terminating hydrogen, electrons would 
transfer from the Si core to the surface and 
change the band bending at the surface. [  17  ]  
This charge transfer is negligible for bulk sil-
icon but is signifi cant for surface-dominated 
SiNW whose carrier concentration could be 
considerably higher. Hydrogen-terminated 
SiNWs would exhibit the increased hole 
concentration. Moreover, as shown in the 
HRTEM image in Figure  2 f, the NW sur-
face was rough, inducing many surface 
defects. Even with only a partial coverage of 
water absorbates on these defects, the hole 
concentration inside the NW can also be 
enhanced [  17  ]  by lowering the defect energy. 
As a result, the increased p-type doping 
of SiNW would decrease the space charge 
region (SCR) width, consequently lowering 
the Fermi level and leading to the anodic 
shift in V os . Since the doping concentration 
of EG-Si was originally lower than that of 
the UMG-Si, the anodic shift in EG-Si was 
more pronounced after the NW creation. To 
further verify our assumption, we conducted 
impedance spectroscopy measurements, 
which can give critical quantitative infor-
mation of the capacitance and the charge 
transfer resistance of the SCR and surface 
states. [  18  ]  If the NWs can effectively separate 
photogenerated carriers, the value of C SCR  for 
the NW sample should be higher than that 
for the planar sample due to increased junc-
tion area and hole concentration. This was 
indeed observed: the C SCR  of UMG-SiNWs 
etched for 5 min was 3 times higher than 
that of polished UMG-Si (see Figure S9). The 

charge transfer resistance R SCR  was reduced about 45 times, 
indicating easier charge separation. Figure  4 e compares the 
stability of photocurrent during cycling of MaCE purifi ed 
UMG-SiNWs and planar UMG-Si. The UMG-SiNWs exhibited 
a better stability than their mother substrate (planar UMG-Si), 
which proved that during water splitting NW structures likely 
tolerated oxidation more than the planar structure did. 

 In conclusion, we have investigated the MaCE characteris-
tics of MG-Si and UMG-Si for the fi rst time. Superior puri-
fi cation of dirty Si was observed, from 99.74 to 99.9884% for 
the MG-Si powder, and from 99.999772 to 99.999899% for 
the UMG-Si wafer during fabricating large areas of SiNWs 
on their dirty mother substrates. By photo-electrochemical 
tests, we verifi ed that upgraded dirty SiNWs exhibited a supe-
rior performance over their mother substrates if the surface 
recombination was well controlled. Our approaches open a 
new way for upgrading MG-Si to solar grade, and have a great 

material quality was improved. In contrast, such a decrease in 
dark current was not observed for the EG-SiNWs (see Figure  4 c 
and Figure S7); moreover, the increase of metal impurities in 
EG-Si would greatly enhance the dark current (see Figure S8). 
On the next step, we measured the photocurrent-voltage (J-V) 
behavior of the UMG-SiNWs and EG-SiNWs, and their cor-
responding mother substrates (Figure  4 d). The saturated 
photocurrent density of the EG-SiNWs was almost identical to 
its planar counterpart ( J   6 mA/cm 2 ). In contrast, the photo-
current density of the UMG-SiNWs showed a 35% increase in 
photocurrent in comparison to the UMG-Si wafer verifying the 
upgrading effect.  

 Interestingly, the onset potential V os , which is defi ned as the 
voltage where the photocurrent exceeds the dark current, [  16  ]  
showed an anodic shift of 200 mV in the UMG-SiNWs in 
comparison to the polished UMG-Si wafer (Figure  4 (d)). For 
the EG-SiNWs, this shift was greater than 400 mV. Similar to 

     Figure  3 .     (a-b) The impurity level in raw MG-Si powders (red), MaCE processed (green) 
and MaCE  HNO 3  processed (blue) MG-Si powders. (b) The impurity level in clean (blue) 
and MaCE  HNO 3  processed (green) UMG-Si samples, in which the grey bars stand for the 
limit of detection (LOD). The error bars represent the standard deviations between multiple 
determinations.  
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conductive copper tape. In order to protect the 
backside electrode from the acidic electrolyte, 
PDMS was used to encapsulate the backside of the 
sample. 

 The photoelectrochemical measurements 
were conducted using a CHI660D potentiostat 
( CH Instruments, Inc. ) in a three electrode 
confi guration. A saturated calomel electrode acted 
as the reference electrode and platinum mesh was 
used as counter electrode. The electrolyte was 
0.5 M H 2 SO 4 . Prior to the photo-electrochemical 
measurements, the native oxide on the Si photo-
electrodes was removed by a 3-minute-dip in a 5% 
HF solution. The light source used was a 150 W 
Solar Simulator from Newport Company. The 
light was guided by a single-branch fi ber bundle 
from Oriel to the photo-electrode. The photo-
electrochemical J-V curves were ramped from 
–1.6 V to 0.2 V (vs. Calomel electrode) at a rate of 
50 mV/s.   
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potential to reduce the solar device cost without sacrifi cing the 
conversion effi ciency.  

 Experimental Section  

 MaCE of different grades of Si : Silicon substrates were pre-cleaned 
in 5 wt% HF to remove native oxides. AgNPs were fi rstly deposited 
on silicon surfaces by immersing into the solution of 10 mM 
AgNO 3     5 M HF. Afterwards, silicon substrates were immersed into the 
solution containing 5 M HF and 0.3 M H 2 O 2  to obtain SiNWs. For MG-Si 
powder etching, 25% ethanol was added to wet the particle surface. 
After each step of MaCE, the MG-Si powder needed to be fi ltered and 
washed using fi lter papers.  

 Photoelectrochemical measurements : For the photo-electrode 
fabrication, an ohmic contact was formed by smearing In-Ga eutectic 
on the backside of Si sample. Then, the sample was attached to a 

     Figure  4 .     (a) Schematic of a PEC cell using p-type UMG-SiNW as a photocathode for hydrogen evo-
lution. (b) Band bending and space charge region (SCR) formation of UMG-SiNW after immersing 
into the electrolyte. The equivalent circuit is also plotted. Rs is the series resistance. C H  and R H  is 
the capacitance and resistance of the Helmholtz layer. The same applies to the SCR, surface states 
(SS). (c) Dark current density versus etching time curve of UMG-SiNW (Red square) and EG-SiNW 
(black triangular). (d) Photocurrent densities (J) versus potential (V) curves under simulated solar 
illumination of EG-Si wafer (Cyan), EG-SiNW (5 mins etching) (Blue), polished UMG-Si (Black), 
and UMG-SiNW (5 mins etching) (Red). (e) Photocurrent responses of the UMG-Si (Black) and 
UMG-SiNW (Red) versus ON-OFF cycles of illumination at the potential –0.6 V.  
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