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Characterization of Combined Micro‐ and Nano‐structure Silicon
Solar Cells using a POCl3 Doping Process
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ABSTRACT: Combined nano‐ and micro‐wires (CNMWs) Si arrays were prepared using PR patterning and silver‐assisted electroless etching.
A POCl3 doping process was applied to the fabrication of CNMWs solar cells. KOH solution was used to remove bundles in CNMWs and the
etching time was varied from 30 to 240 s. The lowest reflectance of 3.83% was obtained at KOH etching time of 30 s, but the highest carrier
lifetime of 354 μs was observed after the doping process at 60 s. At the same etching time, a Voc of 574 mV, Jsc of 28.41 mA/cm2, FF of 74.4%,
and Eff. of 12.2% were achieved in the CNMWs solar cell. CNMWs solar cells have potential for higher efficiency by improving the post‐
process and surface‐rear side structure.
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Fig. 1. Schematic illustration of microstructure Si and radial 
junction effect

1. Introduction

Photovoltaic technology based on crystalline silicon(c-Si) 

solar cells has been widely developed for high efficiency and 

reliability. Currently, c-Si solar cells account for about 80% to 

90% of photovoltaic market. However, the complicated process 

of the conventional c-Si technology might be seen as a sign of its 

limitation to cost-effective and higher efficiency. For this reason, 

many researcher and scientists have intensively proposed new 

and novel concepts such as quantum dot1), plasmonic effect2) and 

nano-structure3) for overcoming its limitation. Among them, 

silicon nanostructure have been intensively investigated for 

their potential use in cost-effective third-generation high 

efficiency solar cells due to their unique optical and electrical 

characteristics4-7). There are two big advantages of getting 

higher efficiency. One is radial p-n junction, which can be 

theoretically explained that diffused minority carriers are not 

oppositely but orthogonally separated for reduction of material 

consumption8, 9). The other is anti-reflection effect due to strong 

light trapping by multiple scattering of the incident light10). 

Microwires(MWs) can be contributing to radial p-n junction 

and nanowires(NWs) to anti-reflection effect. Figure 1 shows 

schematic illustration of microstructre silicon and radial 

junction effect due to orthogonal separation in directions. The 

combined micro and nanowires(CNMWs) silicon solar cells has 

been particularly suggested for taking all the good points. 

Atwater et al11). reported that CNMWs Si solar cells would be 

expected for achieving 14.5% of conversion efficiency based on 

simulation results. CNMWs Si solar cells, recently fabricated by 

J. H. Lee group12), showed 8.45% of conversion efficiency from 

spin on doping(SOD) method for emitter process. Several alter-

natives to improvement of low efficiency should be suggested 

from a processing perspective such as emitter process, metalliza-

tion and feasibility of transparent conducting oxide (TCO) thin 

films. 

As a first step, we fabricated CNMWs Si solar cells using 

POCl3 emitter process after Ag assisted electroless etching 
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Fig. 2. Top (a) and cross-sectional (b), (c) and (d) views of SiNWs
with increase of etching time

Fig. 3. Reflectance of SiNWs with increase of etching time

process and produced simulation results of various parameters 

as well. 

2. Experimental Procedure

2.1 Preparation of NWs and CNMWs

Firstly, silver nanoparticles were uniformly deposited onto 

unetched PR patterned Si wafer using a mixed solution of 

deionized water, HF (4.8 M) and AgNO3 (0.01 M) at 20℃ for 1 

min. Chemical etching in a mixed solution of deionzed water, 

HF (4.8 M) and H2O2 (0.5 M) was used to etch a vertically 

aligned NW Si array with a height range of 2~7 μm. Silver 

nanoparticles were easily removed using nitric acid after 

completion of the electroless etching. In order to form CNMWs 

onto Si wafer, it was prepared by photolithography followed by 

silver-assisted electroless etching for 6 min. Mask with 2 μm dot 

and 5 μm gap was used for photoresisit (PR) pattern. Bundles of 

NWs and CNMWs were observed due to agglomeration at their 

tops-ends. For the removal of bundles, chemical etching using a 

30wt% aqueous potassium hydroxide (KOH) solution at 20℃ 
was used just after silver-assisted etching in order to decrease 

the areal density of NWs. KOH etching time was varied from 30 

sec to 90 sec. All prepared samples were measured by UV- 

Vis-NIR spectrometer (Cary 5000, Varian Inc.) and field emission 

scanning electron microscope (FESEM, JEOL) for investigation 

of reflectance and cross-sectional views. 

2.2 Fabrication of CNMWs Si solar cells

CNMWs solar cells were fabricated with KOH etching time, 

fixed at 860℃ of doping temperature for 20 min. And then, 

minority carrier lifetime and sheet resistance of samples were 

measured by quasi steady state photoconductive (QSSPC, 

WCT-150, sinton- consulting) and four point probe system 

(changmin Tech.). LIV and internal quantum efficiency (IQE) 

of all CNMWs Si solar cells were measured by solar simulator 

(WXS-1555S-L2, AM 1.5G, Wacom) and spectral response 

measurement system (CEP-25BX, Jasco).

3. Results and Discussion

3.1 Formation of SiNWs

Figure 2 (a), (b), (c) and (d) show the top and cross-sectional 

views of SiNWs with variation of etching time. As etching time 

was increased to 12 min, height of SiNWs was proportionally 

increased from 2 μm to 7 μm. Also, it was confirmed that 

reflectance of SiNWs was proportional to etching time, shown 

in Fig. 3. 

 

3.2 Formation of CNMWs by KOH etching and their 

characterization 

 KOH solution with 10 wt% was used for the removal of 

bundles at the top of CNMWs because lots of bundles, bringing 

about incomplete and conformal post-process12, 13), should have 

a harmful influence on fabrication of high efficient CNMWs 

solar cells. Figure 4 shows top and cross-sectional views of 

CNMWs after dipping KOH solution. As KOH etching time 

was more increased, densities of bundles were more reduced. It 

is actually sufficient to remove lots of bundles in a short space of 

time (around 30 sec). When KOH etching time was 90 sec, 

SiNWs were very much non-existent, supposedly due to 

excessive etching reaction in the allotted time. Even CNMWs 

over KOH etching time of 120 sec seemed to be deformed.

Figure 5 shows reflectance of Si bare wafer and CNMWs 

before and after KOH etching. Average reflectance of Si bare 
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Fig. 6. Minority carrier lifetime of CNMWs before and after KOH 
etching

Fig. 7. LIV (a) and IQE (b) characteristics of CNMWs solar cells 
after KOH etching process

Fig. 4. Top and cross-sectional views of CNMWs after KOH 
etching time of 30 sec (a), 60 sec (b), 90 sec (c), 120 
sec (d) and 240 sec (e)

Fig. 5. Reflectance of Si bare wafer and CNMWs before and 
after KOH etching

wafer was about 37.83% in the wavelength range of 300 ~ 1,200 

nm. The lowest average reflectance, corresponded with 3.83%, 

did not show CNMWs before KOH etching but rather after 

KOH etching for 30sec. However, their reflectance were more 

increased to 34.76% after KOH etching time of 60 sec. In order 

to fabricate CNMWs solar cells with variation of KOH etching 

time, 30, 60 and 90 sec of KOH etching time could be determined 

by taking advantage of optical reflectance above explained. 

Excessive KOH-etched CNMWs would be of the mark in this 

study. 

3.3 Fabrication of CNMWs solar cells after KOH 

etching

CNMWs solar cells after KOH etching were fabricated using 

POCl3 doping process for formation of emitter region. All 

samples were doped at 860℃ for 20min and average sheet 

resistance was around 50 Ω/sq. Minority carrier lifetime of 

CNMWs after KOH etching were measured before POCl3 

doping process. As shown in Fig. 6, They showed severely low 

carrier lifetime of 10 μs ~ 13 μs despite semiconductor grade Si 

wafer with high purity.

After POCl3 doping process, carrier lifetime of CNMWs was 

about 30 times more improved to 324 μs ~ 354 μs. When KOH 

etching time was 60 sec, the best carrier lifetime of 354 μs was 

obtained. In case of KOH etching time of 30 sec, current terms 

would be decreased due to high surface recombination rate. 

Figure 7 (a) and (b) show LIV and IQE characteristics of 

CNMWs solar cells after KOH etching process. 12.2% of the 

highest conversion efficiency in CNMW solar cells was obtained 

from KOH etching time of 60 sec, corresponded to the best 

carrier lifetime. Three CNMWs solar cells showed the similar 

Voc value of about 575 mV but, there was a big Jsc difference 

between KOH etching time of 30 sec and the others. Also, poor 
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spectral response and IQE value in the short wavelength range 

was observed at KOH etching time of 30 sec. Additional pro-

cesses such as passivation and gap filling between CNMWs 

would be significant for improvement of performance in CNMWs 

solar cells. Light trapping effect was remarkably reduced at 

KOH etching time of 90 sec, resulting in decrease of Jsc. As a 

result, CNMWs solar cells with Voc of 574 mV, Jsc of 28.41 

mA/cm2, FF of 74.4% and Eff. of 12.2% could be fabricated at 

KOH etching time of 60 sec. 

4. Conclusion

We prepared CNMWs Si array using PR patterning and 

silver-assisted electroless etching and then, fabricated solar 

cells using POCl3 doping process and metallization without 

anti-reflection layer. Lots of bundles in CNMWs can be easily 

reduced or removed using KOH etching solution. The optimized 

KOH etching time was known to be 30 sec ~ 90 sec after confirma-

tion by SEM images and reflectance. Within the given conditions, 

the highest carrier lifetime and LIV characteristics were shown 

at KOH etching time of 60 sec. Our works suggests that densities 

of SiNWs should be properly distributed in CNMWs matrix. We 

achieved the performance of CNMWs with Voc of 574 mV, Jsc of 

28.41 mA/cm2, FF of 74.4% and Eff. of 12.2%. For reduction of 

recombination rate in emitter region, sheet resistance would be 

much higher value of 80 ~ 100 Ω/sq. CNMWs solar cells would 

have a big potential for achievement of the highest efficiency by 

optimization of passivation process and improvement of cell 

structure such as selective emitter structure with increase of 

current density in the short wavelength region and local back 

contact process with increase of voltage. 
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