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Abstract
Silicon nano-grass Solar cell has the advantage of enhancing efficiency with cost effective method. Highly ordered silicon 
nano-grass is formed by chemical etching process. During this chemical etching unwanted nanograss is formed on both 
side of the wafer, resulting considerable transmission loss from rear side. This results in ultimate reduction of efficiency. 
The detrimental effect of nano-grass formation on both side of the wafer is briefly demonstrated here by simulation 
methods. Adopting the idea by simulation method this paper has reported silicon front sided nano-grass n-type c-Si solar 
cell by spin on diffusion source and rapid thermal annealing. The sheet resistance of the nano-grass silicon wafer is varied 
with respect to different spin-on diffusion profile. Later front surface has been passivated by sol–gel Al2O3 passivation. 
Eventually all the spin doped silicon nano-grass solar cell with sol–gel Al2O3 passivation provides a very promising route 
of cost effective high efficiency silicon solar cell technology. Broadband reflection between 300 and 1100 nm wavelengths 
has been suppressed to 2% for nano-grass Solar cell and maximum efficiency of 16.57% is achieved.
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1  Introduction

Present Solar cell technology is highlighted on low cost 
and easy fabrication process [1]. In this aspect electrical 
and optical properties of Solar cell have been introduced 
by some cost effective technique. There are different types 
of antireflection coating in the commercial production 
scale to reduce the reflectance [2, 3]. Although the coating 
shows good optical property but the budget is high due 
to sophisticated fabrication unit. To reduce to reflectance 
more with low cost process silicon nanowire structure is 
introduced [4]. The structure has been formed by several 
fabrication methods like chemical vapor deposition (CVD) 
reactive ion etching (RIE), vapor Liquid Solid (VLS), metal 
assisted chemical etching (MACE) [5]. Metal assisted chem-
ical etching is most suitable technique which not only 

improves the optical property but also reduces production 
cost considerable [6]. In metal assisted chemical etching 
process most vital chemical is HF (hydrofluoric acid). HF 
helps to etch the silicon by forming H2SiF6 (hydro-fluoro-
silicic acid) [7]. Instead of this the main drawback of silicon 
nanowire structure by HF is that the reaction rate is very 
high in this process for which the process is uncontrolled 
and reaction chemical aging is poor. Moreover bundle and 
pore formation occurs in this process very easily due to 
uncontrolled and high reaction rate [8]. Silicon nano-grass 
was introduced in this paper to avoid these drawbacks. 
This structure reduces the reflectance over broadband 
region and Silicon nano-grass is such a useful technology 
to enrich the optical property of Solar cell by reducing 
the reflectance over broadband wavelength region. Dur-
ing this chemical etching nano-grass was formed on both 
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side of the wafer resulting enhancement of transmission 
followed by absorption loss so front surface nano-grass 
structure was preferable one. In this paper comparison 
of solar cell performances for single side and both side 
of the nanowire were shown. Optical property was ana-
lysed by opti-FDTD software and the electrical property 
analysis was done by SILVACO TCAD software by merging 
the optical data. Performance of the proposed device was 
analysed with respect to the influence of nanograss on one 
side and both sides on short circuit current, open circuit 
voltage, fill factor and efficiency. Due to lower transmis-
sion loss of front sided nanograss Solar cell, efficiency was 
higher than both sided nanograss Solar cell. To make sin-
gle sided nanograss here we have prepared an acid resist-
ance polymer TP-2019(in-house developed polymer) to 
protect the rear side of the silicon. Silicon nanograss was 
grown only in front surface by coating the polymer on rear 
side.SOD (spin on doping) and RTA (rapid thermal anneal-
ing) wereparticularly necessary for swallow junction diffu-
sion. High temperature annealing with rapid temperature 
rise and drop reduced thermal budget [9]. In this paper we 
have used SOD and RTA for diffusion over silicon nano-
grass structure. Different temperature RTA diffusion profile 
was taken here in which the temperature and also the pro-
cess time were varied. The sheet resistance was monitored 
for different RTA profile. In commercial purpose ALD was 
used as passivation unit which increased the processing 
cost [10]. In this paper passivation the process was done 
by sol–gel method to reduce the cost. Surface morphol-
ogy has been studied in this paper. Passivation effect was 
determined by lifetime enhancement. Complete solar 
cell characterization has been studied and the finished 
ultimate solar cell gave above 16% efficiency. Schematic 

diagram of silicon nano-grass textured silicon with Al2O3 
coating was shown in Fig. 1

2 � Experimental method

N-type c-Si with area 58.6 cm2 and resistivity2-5 Ωcm/□ 
was taken for experimental purpose. The surface of the 
wafer was texturized by 2% KOH/6.5%IPA/NaOCL solution 
at 82 °C for 4 min. The surface was cleaned by HF aqueous 
solution. To form only front surfacenano-grass, rear surface 
of the wafer first covered by an acid resistance polymer 
TP-2019(in-house developed polymer). Silicon nano-grass 
structure was formed by NH4F/H2O2/AgNO3 solution for 
3 min. The structure was formed by two step etching pro-
cess. In the first step Ag nanoparticles was embedded on 
silicon by immersing in AgNO3/NH4F/H2SO4solution for 
30 s and next the oxide layer formed by H2O2 was removed 
by forming H2SiF6followed by dipping the wafer for 3 min 
in H2O2/NH4F/H2SO4solution.

For boron diffusion on emitter surface we used spin 
on dopant source B155(Filmtronics). The source material 
was kept at room temperature for at least 20 min to avoid 
coagulation of the liquid.Spin coating on the surface of 
the wafer has been done at 3500 rpm for 30 s. Then the 
SOD samples were heated in baked furnace for 250 °C 
for 15 min. Diffusion was done by rapid thermal anneal-
ing process. Profile temperature was varied from 920 to 
960 °C. Whole process was done in nitrogen ambient. 
Oxidation time varied for different profile. Ramp up and 
ramp down temperatures were varied successively with 
sample. The oxide surface formed after thermal anneal-
ing was removed by etching in HF aqueous solution. In 

Fig. 1   Schematic diagram a 
Silicon wafer b textured silicon 
c nano-grass textured silicon d 
of Al2O3 coated textured silicon 
nano-grass structure
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the rear side of the sample phosphorous doping was 
done by same SOD profile with P-509Filmtronics. Process 
sequence was same as before. Spin coating time and rpm 
were kept same. Thermal annealing was done at 850 ̊C. 
Furnace ambient was kept same as of boron diffusion.

Sol–gel passivation by Al2O3 was done on silicon by 
starting from 1.5 M aluminum nitrate Al (NO3)3dissolved 
in 2-methoxy ethanol (15 ml). Then this solution was 
stirred for 40  min. Monoethanolamine 0.602  ml was 
added to the solution and the solution was constantly 
agitating by magnetic stirrer at room temperature for 
2 h to get a transparent solution. This prepared alumina 
solution was filtered by PTTE membrane. This was coated 
on the emitter surface of textured silicon nanograss dif-
fused material.

Front and rear side metallization was done by conven-
tional metallization process followed by baking and firing.
Metallization by screen printing on front side was occurred 
by Ag/Al paste while rear side by Ag paste followed by 
baking at 300 °C. Firing temperature was kept between 
800–850 °C.

3 � Device simulation

There are two types of losses generally occurred in Solar 
cell like electrical loss and optical loss. To simulate Solar 
cell these two losses were taken into account. For optical 
analysis nanograssSolar cell structure has been simulated 
by OPTI-FDTD software. In this analysis we have contem-
plated silicon nanograss with height 200–300 nm with 
diameter 50–100 nm, which were equally distributed all 
over the surface. Our objective was to compare the per-
formance of front sided nanograss with both sided nanow-
ire in silicon solar cell. For nanowires, if the lengths of the 
nanograsswere within the range of nanometer an unu-
sual incident would happen. In this condition light could 
not recognize the surface texture of c-Si as plane surface 
and thus no scattering happens [11]. For this reason the 
measurement of reflection of light through the nanowire 
surface could not be determined by the Fresnel’s theory 
of ordinary reflection and transmission [12, 13]. Here we 
must took into account the Maxwell’s electromagnetic the-
ory for calculating reflection and transmission for TE and 
TM wave [13]. To calculate reflectivity, effective medium 
theory has to be considered [11]. Effective medium theory 
was applicable for the medium where we subdivide the 
medium in smallest constituents and averaging all to find 
more precise result [13, 14].This could be done by mod-
eling of effective medium theory which describes the 
effective refractive index of smallest individual parts of a 
nanowire [11, 15].

When the cell was illuminated with sunlight, carriers will 
be generated due to photon excitation. From the rate of 
generation of the carriers G could be calculated as

where, N0 was the photon flux density, which was equal to

and following Sympson’s 1/3 rule, total G can be evaluated 
[16, 17]. More generation of carriers will lead to higher 
short circuit or light generated current which was propor-
tionally related to G as Jsc or

[18, 19]. Another important factor was that with the rise 
in surface recombination velocity (SRV) Jsc is reduced. This 
happened because of the decrease in diffusion length of 
electrons (Ln) and holes (Lp) with SRV, which was found 
from the equations

 [17] and

 [20].
To perform the electrical analysis the device struc-

ture has been simulated by SILVACO TCAD software. The 
total program has three parts: define structure, diffusion, 
numerical resolution [20]. We have introduced and merged 
the reflection and transmission data of opti-FDTD with SIL-
VACO TCAD program. The total program in SILVACO was 
written in ATLAS mode [21]. After defining the structure 
diffusion profile was imported. In beam structure we have 
incorporated the optical data profile from externally. The 
contact structure was defined by cathode metal. Figure 2 
showed OPTI-FDTD simulation for single and double sided 
nanograss silicon structure.

4 � Results and discussions

4.1 � Simulation result

In opti-FDTD simulator we have created the structure 
first. Obtained silicon nanograss on front and both sur-
face of silicon wafer were shown by the diagram found 
by opti-FDTD. Simulated reflected and transmitted graph 
were shown in Fig. 3. The wavelength range of inter-
est was taken from 300 to 1100 nm, where absorption 

(1)G = �N0e
−�x

(2)
power(W∕m2)

photonflux

(3)JL = qG(Ln + Lp)

(4)Ln =
√

Dn�neff

(5)Lp =
√

Dp�peff
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coefficient of silicon was highest. After optical simula-
tion by opti-FDTD software reflection and transmission 
graphs were procured. Reflection graph data revealed 
an enormous reduction of reflectance over broadband 
region. Less than 2% reflection was found for UV–VIS 
spectral region. In transmission graph it was shown 
that average transmittance increases after formation of 
both sided nanograss. 40% additional transmission loss 
has occurred for both sided nanograss for wavelength 
920 nm. This loss reduced ultimate conversion efficiency. 

Diffusion was taken only front side of the wafer to reduce 
complicacy.

Figure 3c depicted I–V characteristic curve of simulated 
silicon nanograss Solar cell by SILVACO. Silicon nanograss 
on both sides of the solar cell showed poor quality Jsc 
than silicon nanograss on single side of the Solar cell. Total 
Solar cell charecterization data including Jsc,Voc,FF and 
Eff for SiNG for front surface and both surface of the wafer 
was shown in Table 1. Above 1% efficiency enhancement 
occurred for single surface nano-grass wafer. We have 

Fig. 2   Simulation structure (by OPTI FDTD) of single and double sided nanograss

Fig. 3   a Reflectance analysis 
b Transmission analysis c I-V 
characteristics curve d EQE 
analysis of single and both 
sided nanowire
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simulated the external quantum efficiency (EQE) data. EQE 
was the number of photons actually entered and which 
was responsible to create electron hole pair in the Solar 
cell. This parameter was responsible entirely on optical and 
electrical parameter of the cell. For both sided nanograss-
solar cell more optical loss occurredfrom rear side of the 
wafer causing reduction of EQE. This result was also vali-
dating the experimental graph. Around 85% peak EQE was 
found at 550 nm wavelength.

4.2 � Sheet resistance measurements

Sheet resistance (Rsh) of different diffusion profile of RTA 
diffused SOD samples werecarried out by four probe unit. 
Sheet resistance was varied with different diffusion pro-
file and has shown in Table 2.Highest sheet resistance has 
been observed for #S5 sample. The peak temperature of 
the batch was 928 ̊C and the stabilization time was 15 min. 
75–77 Ω/□ sheet resistance was found for #S5 sample 
whereas 38–40 Ω/□ for #S1 sample. The temperature 
and stabilization time was920 ̊C for 25 min. For highest 
obtained sheet resistance RTA diffusion profile has shown 
in Fig. 4a. In this picture the linear ramp of the temperature 
occurredup to 6 min after which the process time started. 
O2 supply was initiated at this stage and the supply was 
stopped at the end of process time.

Stabilization period at which highest temperature was 
kept constant and in this case it started after 7 min and 
ended on 35 min. The total process has been done in N2 
atmosphere. To check the diffusion uniformity sheet resist-
ance has been measured for 1 cm apart and the result is 
shown in Fig. 4b. Here we have seen #S3 and #S4 samples 
have non uniform sheet resistance require betterment of 

diffusion process. #S5 sample showed good uniformity. 
Sheet resistances were within 75-77Ω/□.

ECV profiles Fig. 4c of samples from #S1 to #S5 has 
been measured after completing solar cell processes. The 
depth profile and surface concentration signifies differ-
ently doped emitter.With enhancement of sheet resistance 
junction depth reduces.

In similar manner sheet resistance of rear side diffusion 
was measured. Variation of Rsh was within 30–35 ohm/sq 
for all samples (Table 3). It was not varied much as the 
deposition and process parameter on the rear side diffu-
sion was kept same.

4.3 � FESEM and EDAX study

Surface analysis was carried out by FESEM study with dif-
ferent magnifications. Figure 5a showed FESEM study of 
textured silicon. The height of the pyramid was around 
3-4um. Silicon nano-grasses were grown on all over the 
pyramidal surface uniformly. Figure 5b depicted grown of 
sol–gel Al2O3 layer on plain silicon wafer. The layer was 
cracked due to high thickness. Figure 5c showed Al2O3 on 
textured nano-grass silicon. The surface defined grown of 
Al2O3 on all over the surface of nano-grass textured sili-
con. The black portions were cracked portion and Fig. 5d 
showed Al2O3 on textured nano-grass wafer with higher 
magnifications. For textured nano-grass sample thick-
ness of Al2O3 was optimized and a typical FESEM result 
was shown. The valley seemed to have thicker Al2O3 coat-
ing while the peaks are relatively lower thickness. The 
surface cracking occurred mainly due to high tempera-
ture treatment of annealing. The layer was in homogene-
ously dispersed on the surface of the nano-grass. Sample 
roughness enhanced the probability of surface cracking 
of Al2O3 film.The microanalysis of as deposited thin film of 
Al2O3was shown in Fig. 5e by EDAX analysis. The observed 
peaks were silicon along with aluminum and oxide.

4.4 � Lifetime measurement and Solar cell 
characterization

Surface analysis of Al2O3 passivation layer was exam-
ined by measurement of lifetime using semilab lifetime 
tester. Enhancement of lifetime with annealing tempera-
ture ensured the passivation effect. Maximum lifetime 
obtained at temperature 500 °C (Fig. 6). It has reached up 
to 210 µs. More modification of sol–gel passivation will 
make ensure betterment of passivation effect followed by 
enhancement of surface carrier lifetime.

The finished cells were characterized by solar simulator 
software. Figure 7 ensured the experimentally obtained 
data. From this analysis it was cleared that #S5 provides 
highest efficiency. This was due to betterment of surface 

Table 1   Solar cell performance theoretically for single sided and 
both sided nanowire wafers

Wafer type Jsc (Theo) Voc (Theo) FF (Theo) Eff (Theo)

SiNG on front side 30.89 538.55 0.795 13.21
SiNG on both side 28.53 538.55 0.7982 12.13

Table 2   Variation of sheet resistance (Rsh) for different emitter dif-
fusion profile samples

Sample num-
ber

Temperature 
(°C)

Time (min) Rsh (ohm/sq.)

#S1 920 25 38–40
#S2 940 18 50–55
#S3 960 4 45–50
#S4 930 13 60–70
#S5 928 15 75–77
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diffusion. Short circuit current density (Jsc) and also open 
circuit voltage (Voc) were higher in this case than other 
samples. This caused 16.57% efficiency. In #S4 sample effi-
ciency dropped near 1%. #S1 provided lowest efficiency 
along with open circuit voltage due to lower sheet resist-
ance in diffusion profile as shown in Table 2. Diffusion 
played a crucial role in solar cell efficiency enhancement. 

This step defined the junction depthfollowed by how 
much carrier would collect in the junction and total charge 
collection in the junction enhanced short circuit current 
and open circuit voltage. Betterment of shunt and series 
resistance was totally predominated by the diffusion 
parameter, so fill factor (FF) varied accordinglyand also 
short circuit current and open circuit voltage. Here series 
resistance would not vary much as nanowire fabrication 
and metallization of solar cell was kept same in all cases.

5 � Conclusion

Present solar cell technology has been largely empha-
sized on low cost and easy fabrication technique.Silicon 
nano-grass structure was going to be a trending tech-
nology in solar photovoltaic field due to its cost effec-
tive and easy fabrication technique. The process was 
done mainly by chemical etching. During the etching 
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Fig. 4   a Typical RTA diffusion profile of #S5, b variation of Rsh in a sample with distance apart, c ECV profile of #S1 to #S5 samples

Table 3   Variation of sheet resistance (Rsh) for different rear diffu-
sion profile samples

Sample num-
ber

Temperature 
(°C)

Time (min) Rsh (ohm/sq.)

#S1 850 20 30–35
#S2 850 20 32–34
#S3 850 20 32–35
#S4 850 20 30–33
#S5 850 20 30–34
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Fig. 5   FESEM of a textured nano-grass sample, b sol–gel Al2O3 coated base silicon wafer, sol–gel Al2O3 coated textured nano-grass silicon c 
with magnification 5K×, d with magnification 15K×, e EDAX of Al2O3 coated silicon
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nano-grass was formed in both sides of the wafer leading 
to enhancement of transmittance followed by reduction 
of efficiency. This was approved by the result obtained 
by simulation method. Here front sided nano-grass 
showed better result than both sided nano-grass struc-
ture. Including the idea rear side of the textured wafer 
was covered by polymer and nano-grass was formed in 
only front open surface of the wafer. To reduce budget 
spin on diffusion with RTA technique was carried out on 
front and rear side of textured nano-grass wafer. Com-
mercial high cost passivation method was replaced here 
by introducing comparatively low cost and easy tech-
nique sol–gel chemical passivation method and finished 
cell gave better efficiency. More optimization was neces-
sary. This technique could be commercialized in future 
as low cost high efficiency solar cell.Fig. 6   Lifetime variation with anneal temperature of sol–gel passi-

vation layer

Fig. 7   Solar cell characteriza-
tion for different diffusion pro-
file samples, a variation of Jsc 
and Voc; b variation of FF and 
Eff; c schematic of complete 
cell; d typical IV of #S5 sample; 
e IV curve of all samples
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6 � Summary

This work has emphasized a very low cost c-Si Solar cell 
fabrication. This was a commercially viable technology. 
The fabrication process was mainly chemical synthesis 
process. High efficiency solar cell obtained in our first 
attempt of the work. Modification will lead to better-
ment of result.The subject of this paper was to fabricate 
very low cost high efficiency solar cell with commercially 
viable technology. Silicon nano-grass structure has been 
formed on textured silicon by chemical etching. During 
this nanograsswas formed on both side of the wafer 
resulting detrimental effect on optical absorption. So 
nano-grass was formed only on emitter surface.RTA dif-
fusion has been done with different profile and sheet 
resistance has been measured accordingly. Al2O3was 
deposited by sol–gel method. Surface characteriza-
tion has been done. Lifetime has been measured after 
annealing. Metallization was done by screen printing. 
Final structure gave efficiency 16.57%.
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