


Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2018.

Supporting Information

for Adv. Energy Mater., DOI: 10.1002/aenm.201802154

Surface Passivation and Carrier Collection in {110}, {100}
and Circular Si Microwire Solar Cells

Yun Goo Ro, Renjie Chen, Ren Liu, Nan Li, Theodore
Williamson, Jinkyoung Yoo, Sangwan Sim, Rohit P.
Prasankumar, and Shadi A. Dayeh*



  

 

 

1 

Supporting Information 

 

 
Surface Passivation and Carrier Collection in {110}, {100} and Circular Si Microwire Solar 

Cells 

 

Yun Goo Ro, Renjie Chen, Ren Liu, Nan Li, Theodore Williamson, Jinkyoung Yoo, Sangwan 

Sim, Rohit P. Prasankumar and Shadi A. Dayeh*
 

Y. G. Ro, R. Chen, R. Liu and Prof. S. A. Dayeh 

Integrated Electronics and Biointerfaces Laboratory 

Department of Electrical and Computer Engineering, University of California San Diego, La 

Jolla, California 92093, USA 

 

Dr. N. Li, Dr. T. Williamson, Dr. J. Yoo, Dr. S. Sim, Dr. R. P. Prasankumar 

Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA 

 

Prof. S. A. Dayeh, Materials Science and Engineering Program and Department of 

NanoEngineering, University of California San Diego, La Jolla, California 92093, USA 
 

* E-mail: sdayeh@eng.ucsd.edu.  

 

 
Figure S1. Optical microscopic images showing process flow of alignment of {110} flat-

faceted Si microwire (SiMW) array by KOH etching. (a) Hard mask window patterning on 

SiNx layer deposited on Si(100). (b) Hard mask window opening. (c) After KOH etching. (d) 

SiNx mask removal. (e) Alignment mark patterning. (f) {110} flat-faceted SiMWs aligned in 

<110> direction. Scale bars are 100 μm for (a)-(e) and 500 μm for (f). 
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Figure S2. Magnified SEM images (45-degree view) of SiMWs with different facet 

orientations. (a)-(c) After ICP-RIE etching and Ni mask removal. (d)-(f) After thermal 

oxidation and strip. Scale bars are 500 nm. 

 

Table S1. The average for measured solar cell performances from 3 runs for planar and 

SiMW solar cell devices with different facet orientations, without and with a surface 

passivation layer.  

Facet Orientation Jsc [mA/cm
2
] Voc [V] FF [%]   [%] 

{110}, w/o 28.5±3.31 0.521±0.019 75.5±6.48 11.1±1.02 

{110}, with 34.8±3.36 0.540±0.008 77.3±0.58 13.5±1.08 

{100}, w/o 28.4±3.64 0.525±0.014 74.6±5.00 11.0±0.56 

{100}, with 34.2±2.81 0.539±0.007 78.6±0.72 13.8±0.75 

Circular, w/o 29.2±2.69 0.524±0.016 74.9±5.49 11.4±0.50 

Circular, with 34.7±2.34 0.538±0.008 77.8±0.38 14.0±0.81 

Planar, w/o 19.1±3.69 0.523±0.016 78.0±4.10 7.75±0.85 

Planar, with 27.0±1.37 0.555±0.006 76.4±0.79 11.4±0.56 
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Figure S3. Ultrafast pump-probe measurements on (a) un-passivated and (b) passivated 

SiMWs with different facet orientations. Thick lines are measured normalized differential 

reflectivity (    ) traces, offset for clarity.    is the decay time constant, deduced from 

single-exponential fits (thin lines) to the traces. 

 

    for un-passivated SiMWs shows the longest lifetimes for {100} faceted SiMWs 

(92.3 ps) which agrees to our expectation that the {100} facet will have the lowest surface 

recombination due to its low surface state density. This also explains the higher Voc measured 

for un-passivated {100} faceted SiMWs as compared to that of un-passivated {110} and 

circular SiMWs. When a passivation layer (SiO2/SiNx) is applied to SiMWs, the resulting 

time-resolved dynamics exhibited an extremely slow decay time that is beyond our 

measurement time range of ~300 ps, indicating that passivated SiMWs have a substantially 

longer minority carrier lifetime than un-passivated SiMWs, owing to reduced recombination 

from the passivated surface. Our ultrafast pump-probe microscopy setup
[1]

 is based on a 

Ti:sapphire laser oscillator centered at 780 nm, the output of which is split into two arms. One 

arm is used as the probe and another arm is frequency-doubled in a BBO crystal to generate 

pump pulses at 390 nm. By using a 50X objective lens, the pump (2 μm spot size) and probe 

(1 μm spot size) beams are focused on an isolated single SiMW on a double-side-polished 

sapphire substrate. The polarization of both pump and probe beams are parallel to the SiMW 

axis. The initial carrier density generated by the pump is estimated to be FA/Ephd ~ 10
18

 cm
-3

, 
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where F = 430 J/cm
-2 

is the pump fluence, A ~ 90% is the absorbance of the SiMWs, Eph = 

3.18 eV is the pump photon energy and d ~ 2 μm is the SiMW diameter. 

 

 
Figure S3. TEM images of SiMWs with different facets; bright field and dark field at two-

beam conditions. Scale bars are 500 nm. Defects observed in the two-beam condition of (d) 

were induced during zone alignment. 

 

 

Figure S5. (a) Simulated and (b) measured reflectance of Si covered by SiO2 (tSiO2=10 nm) 

and SiNx layer with different thicknesses. Simulation was conducted using COMSOL 

Multiphysics.  
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Figure S6. SEM images (45-degree view) of 10 μm-tall SiMWs with different S and D. Scale 

bars are 5 μm. 

 

Table S2. The average for measured SiMW solar cell performances from 6 different runs of 

cells with different S (D=1.5 μm) 

Device 

(D=1.5 μm) 

Jsc [mA/cm
2
] Voc [V] FF [%]   [%] 

S=2.5 μm 30.9±1.98 0.540±0.005 77.8±1.02 12.8±1.00 

S=4.5 μm 29.1±1.42 0.548±0.003 76.9±1.04 12.1±0.56 

S=6.5 μm 28.4±1.05 0.547±0.007 76.2±0.69 11.5±0.67 

S=8.5 μm 28.0±1.54 0.547±0.007 78.1±1.02 11.2±0.55 

Planar 27.0±1.37 0.555±0.006 76.4±0.79 11.4±0.56 

 

Table S3. The average for measured SiMW solar cell performances from 4 different runs with 

different D (S=1 μm). 

Device 

(S=1 μm) 

Jsc [mA/cm
2
] Voc [V] FF [%]   [%] 

D=1.5 μm 29.7±1.92 0.533±0.012 76.1±1.99 12.1±1.10 

D=3.5 μm 30.0±1.54 0.534±0.009 77.4±1.53 12.1±1.26 

D=5.5 μm 29.5±1.43 0.538±0.010 75.8±1.04 12.1±0.82 

D=7.5 μm 29.3±1.33 0.537±0.011 76.3±1.56 12.0±1.01 

D=9.5 μm 28.8±1.72 0.537±0.012 77.1±0.61 12.1±1.22 

Planar 26.4±3.53 0.547±0.010 77.4±1.48 11.2±1.42 

 

Table S4. The average for measured SiMW solar cell performances from 3 different runs with 

different top contact designs (D=1.5 μm, S=1 μm). 

Device Spacing of 

Adjacent Electrodes 

[μm] 

Jsc 

[mA/cm
2
] 

Voc [V] FF [%]   [%] 

No mesh 980 29.4±2.56 0.533±0.014 77.4±1.44 12.1±1.31 

2x2 490 29.3±4.64 0.532±0.014 76.7±1.56 11.9±2.20 

3x3 320 29.6±4.76 0.532±0.015 77.1±1.97 12.2±2.52 

4x4 235 29.7±4.78 0.533±0.015 77.8±2.14 12.4±2.59 
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Figure S7. Measured light J–V characteristics of Si planar cells with different substrate 

resistivities. 

 

Table S5. Measured solar cell performances of Si planar cells with different substrate 

resistivities. 

Base Resistivity of 

 p-Si substrate  

[    ] 

Corresponding 

Carrier Concentration 

[atoms/cm
3
] 

Jsc 

[mA/cm
2
] 

Voc  
[V] 

FF 

[%] 
   

[%] 

0.02 – 0.04 9.1x10
17

 – 2.7x10
18

 30.4 0.537 79.2      
0.2 – 0.4 4.1x10

16
 – 9.6x10

16
 35.1 0.539 79.0      

1 – 10 1.3x10
15

 – 1.5x10
16

 39.4 0.411 68.7      
 

Table S6. Measured solar cell performances of Si planar cells under different doping 

parameters. Base resistivity of p-Si substrate is 0.2 – 0.4   cm. 

Doping Parameters 

(Temperature, Time) 

Emitter Sheet 

Resistance [  □] 

Jsc  

[mA/cm
2
] 

Voc  
[V] 

FF  

[%] 
   

[%] 

925 
o
C, 10 s 160 33.7 0.541 75.7      

950 
o
C, 10 s 120 33.7 0.555 77.0      

950 
o
C, 15 s 101 31.8 0.546 73.8      

950 
o
C, 20 s 88.5 32.7 0.537 75.6      

975 
o
C, 10 s 93.1 32.6 0.531 68.3      

975 
o
C, 20 s 64.6 34.0 0.545 74.6      

1000 
o
C, 10 s 62.7 33.5 0.546 75.2      

1000 
o
C, 20 s 47.9 32.6 0.541 66.3      

  

The doping concentration and the junction depth of the emitter are determined by the 

doping temperature and time where the increase in temperature leads to an increase in both 
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surface doping concentration and junction depth while the increase in time results in increased 

junction depth but decreased surface doping concentration.
[2,3] 

We optimized the doping 

concentration and the thickness of the emitter layer by comparing performances of solar cells 

that were fabricated under different doping  temperatures and times to obtain optimal doping 

concentration and junction depth. From the results listed in Table S6, we concluded that a 

doping temperature of 950°C for 10 s to be the optimal conditions and were used as the fixed 

doping parameters for all cells that were reported here. 

Estimation of external quantum efficiency and internal quantum efficiency 

External quantum efficiency (EQE) was estimated using the following equation, 

    (   ⁄ )  (         
  )        where    is the photoresponsivity [W

-1
A] at a 

given wavelength of incident light and λ is the wavelength [nm]. 

Internal quantum efficiency (IQE) was estimated using the following equation, 

       (   ) 

where R is the reflectance. Here we assume that transmission through the substrate is 

negligible due to presence of the Al layer on the backside of the devices. 
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