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Abstract  —  Interdigitated back-contact (IBC) solar cells 

developed in the past two years have efficiencies in the range 

24.4%–25.6%.  As high as these efficiencies are, there are 

opportunities to increase them further by improving on the 

light trapping.  Silicon solar cells incorporating double-sided 

pyramidal texture are capable of superior light trapping than 

cells with texture on just the front.  One of the principle losses 

of double-sided pyramidal texture is the light that escapes after 

a second pass through the cell when the facet angles are the 

same on the front and rear.  This contribution investigates how 

this loss might be reduced by changing the facet angle of the 

rear pyramids.  A textured pyramid rounding is introduced to 

improve the light trapping. The reduction in surface 

recombination that rounding the facets introduces is also 

evaluated. With confocal microscopy, spectrophotometry and 

ray tracing, the rounding etch time required to yield the best 

light trapping is investigated.  With photoconductance lifetime 

measurements, the surface recombination is found to continue 

to decrease as the rounding time increases. The 

spectrophotometry and ray tracing suggests that the double 

sided textured samples featuring rounded rear pyramids have 

superior light trapping to the sample with a planar rear 

surface. The high-efficiency potential of rounded textured 

pyramids in silicon solar cells is demonstrated by the 

fabrication of 24% efficient back-contact silicon solar cells.    

Index Terms — double-sided texture, rear texture, isotropic 

acid texture, light trapping, diffusions, passivation, PECVD 

nitride, ALD AlOx, back-contact, ray trace, solar cell, high 

efficiency, polyimide, back contact, IBC, PERL. 

1. Background 

The light trapping in most high efficiency silicon solar cell 

designs involves a textured front surface and a planar rear 

surface [1-7]. The light trapping in these cells is less than 

ideal because a significant fraction of light rays incident to 

the rear surface are reflected into the escape cone of a front 

pyramid and are coupled out [8]. Modifying the rear 

surface, such as by creating a Lambertian reflector, redirects 

the first-pass light to avoid this optical path and therefore 

increases the photogeneration current, as in Figure 1,. 

 

Figure 1: Comparison of rays when the rear surface is specular 

(red) and Lambertian (blue). Many rays reflected at obtuse angles 

by the Lambertian surface are internally reflected by the front 

texture by total internal reflection [9].  

Numerous light trapping schemes have been investigated to 

improve solar cell efficiency. These include the tiler’s 

pattern [8], perpendicular grooves [8], honeycomb texture 

realized by isotropic etching [10], plasmonic nanoparticles 

on the rear of wafer-based silicon solar cell structure [11], 

simple prism pyramidal texture realized by mechanical 

grooving [12], pigmented rear reflector [13], dielectric back 

scattering [14] and random pyramidal texture via alkaline 

etch solution [15]. Of these, the last scheme is the most 

widely-used and well-established method in the fabrication 

of silicon solar cells.  

The application of random pyramidal double-sided texture 

(DST) on the front and rear of silicon solar cells has been 

shown to provide superior light trapping properties relative 

to silicon solar cells with front texture and rear planar 

morphologies, as it helps to randomize the direction of light 

absorbed and at the same time reduces the chance of escape 

[8]. However, in DST silicon solar cells, the benefit of 

superior light trapping could be at least partially offset by 

the increase in carrier recombination due to increased 

surface area, sharp peaks and troughs, and in the case of 

SiO2 passivation, an exposure of crystal orientation <111>, 

which is well known for introducing a high density of 

dangling bonds [16]. Moreover, thermal SiO2 on textured 

surfaces has been concluded to increase bulk recombination 

due to volume expansion associated with the thermal SiO2 

generating compressive and tensile stresses at the peaks and 

troughs of textured pyramids [17]. A stack of thermal oxide 

and low pressure chemical vapour deposited (LPCVD) 

silicon nitride (Si3N4), which has been shown to provide 

both very good passivation and electrical isolation required 

for high-efficiency back-contact cells [18], also increases 

the surface recombination significantly on the random 

pyramidal textured surfaces [4]. Passivation layers such as 

aluminum oxide (AlOx) [19-21] and silicon nitride (SiNx) 

[22] provide outstanding passivation on planar and textured 

pyramidal surfaces. However, these films are typically 

imperfect owing to pinhole formation during deposition [23] 

and therefore do not provide adequate isolation between 

metal and silicon substrate. This can lead to poor shunt 

resistance and increased recombination, both of which are 

major obstacles in the development of high efficiency 

silicon solar cells [24, 25].  



 

To overcome the aforementioned limitations with 

conventional pyramidal textured rear surfaces, this paper 

proposes rounding the sharp textured tips to reduce the 

likelihood of shunting and to reduce surface recombination, 

while maintaining or even enhancing the light trapping 

benefit of textured rear surface. Heng et al. found that the 

application of truncated textured pyramids, as compared to 

fully textured pyramids, resulted in an increased open 

circuit voltage of 15 mV in their development of high 

efficiency silicon solar cells [26].   

In this contribution, we investigate DST incorporating 

rounded rear pyramids to increase light trapping while 

maintaining comparatively low surface recombination. The 

rounding etch is performed with an HF:HNO3 acid mixture. 

Surface recombination after various degrees of rounding is 

investigated after depositing a PECVD SiNx passivating 

film. The effectiveness of light trapping is evaluated by 

spectrophotometry and ray tracing. Solar cells incorporating 

double-sided texture with rounded rear pyramids were 

fabricated for the first time to our knowledge to assess the 

fabrication feasibility of back-contact silicon solar cells 

incorporating rounded textured pyramids.   

2. Rounded Pyramid Sample Preparations 

In order to simultaneously evaluate the surface 

recombination properties and light-trapping enhancement 

potential of different pyramid rounding regimes, two sets of 

substrate types are prepared. These sample types are 

illustrated in Figure 2, and a detailed description of sample 

preparation given below.  

 

  

Figure 2: For the recombination study (left), samples have double-

sided planar, texture or rounded texture. For light trapping 

investigation (right), samples have identical front side pyramidal 

texture with planar, texture or rounded texture at the rear.  

Recombination analysis samples were fabricated using high 

resistivity (>100 Ω.cm) n-type <100> 400 µm thick silicon 

wafers, which were first saw-damage etched in 

Tetramethylammonium hydroxide (TMAH) at 85°C for 10 

minutes. Symmetric random pyramid textured samples were 

subsequently created by texture etching in a 4% TMAH 

solution containing isopropyl alcohol (IPA) and some 

silicon seed crystals obtained from 25% TMAH solution 

precipitates, at 85°C for 60 minutes. Samples were then 

subjected to the ‘rounding etch’, an acid solution of 1:10 

HF: HNO3 at room temperature. An HF:HNO3 solution 

etches silicon isotropically, which results in the sharp peaks, 

ridges and troughs of pyramids becoming rounded, a 

reduction in the height of pyramids and a subsequent 

shallowing of the pyramid facet angle. The rounding etch 

duration was varied between samples, resulting in differing 

degrees of rounding and differing pyramid heights. These 

samples and associated measurement results are referred to 

throughout as ‘No R_Etch’ (no rounding etch), ‘Short 

R_Etch’ (30 seconds rounding etch), ‘Medium R_Etch’ (60 

seconds rounding etch), and ‘Long R_Etch’ (90 seconds 

rounding etch). An additional wafer which received no 

texturing or rounding etch is used as a reference sample, and 

is referred to as the ‘Planar R’ sample.   

Figure 3: 2D surface profile and 3D images of textured pyramids 

scanned by the confocal microscope. Textured pyramids have 

approximately 3.6µm (top), 2µm, 1.5µm and 1µm (bottom) in 

height for 0s, 30s, 60s and 90s of etching in HF:HNO3.    

Confocal microscopy was then used to generate 2D surface 

profile and 3D images of the rounded pyramids to analyze 

different pyramid heights and planarization. The confocal 

microscopy is an optical imaging technique that increases 

optical resolution and contrast of a micrograph by means of 

adding a spatial pinhole placed at the confocal plane of the 

lens to eliminate out-of-focus light, thus enabling the 

reconstruction of three-dimensional structures from the 

obtained images [27]. Figure 3 shows 2D surface profile and 

3D images of the rounded pyramids with different heights 

and morphologies. Varying the etch time of HF:HNO3 

results in textured pyramids with 3.6 µm (as textured), 2 

µm, 1.5 µm and 1 µm in height approximately for No 

R_Etch, , Short R_Etch, Medium R_Etch and Long R_Etch, 

respectively. As shown in Figure 3, increasing the etch time 
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not only reduces the pyramid size but also smoothens the 

pyramid peaks and troughs.  

Samples for the analysis of light trapping were then 

prepared by saw damage etching the high resistivity (>100 

Ω/□) n-type <100> silicon samples in TMAH at 85°C for 10 

minutes. Following the damage etch, all samples underwent 

random pyramidal texturing at 85°C for 60 minutes. 

Following the texture, the front side of textured samples was 

masked with a polymer [28] having a thickness of 7 µm and 

processed to give a rounding etch on the rear surface in the 

isotropic acid mixture for 0s, 30s, 60s, 90s and 180s, 

respectively, to aim for rear pyramid heights with 3.6 µm, 2 

µm, 1.5 µm, 1 µm and smooth planar morphology. The 

polymer was then removed from the samples and SiNx (~70 

nm) was deposited on both sides of all samples. Aluminum 

(~1 µm) was also deposited on the rear of the samples to 

create a back reflector. The samples have a final thickness 

of ~370 µm. These samples therefore mimic a solar cell 

device. Table 1 illustrates samples with different front and 

rear surface conditions for recombination and light trapping 

studies.  

Table 1: Samples for recombination and light trapping studies with 

different front and rear surface conditions. Tex stands for 60 min 

of texture in TMAH, while R represents rounding etch (in seconds) 

in the HF:HNO3 solution. 
  

 

3. Recombination at Rounded Pyramidal Textured 

Surfaces 

The recombination current prefactor Jo was measured by 

photoconductance decay using the Kane and Swanson 

technique [29] assuming an intrinsic carrier concentration of 

ni = 8.95x10
9
 cm

-3
 (at 25 °C). Figure 4 shows Jo of planar 

and textured samples. Of all samples, the No R_Etch (i.e. 0s 

rounding etch) sample has the largest Jo (per side) of 15 

fA/cm
2
;  this is expected since it has the largest surface area 

and the sharpest peaks and valleys as compared to other 

samples (see Figure 3). The Jo is significantly reduced by 

etching 1.6 µm of silicon (i.e. down to ~5 fA/cm
2
, which is 

only 2 fA/cm
2
 higher than the planar sample).  Thereafter, 

the Jo reduces only slightly at a ~0.5 fA/cm
2
 for each half-

micron of Si etched. Further etching of the sample in 

HF:HNO3 removes the pyramids and planarizes the surface. 

Figure 4: Jo of samples whose front and rear surfaces are (i) planar, 

(ii) textured with No R_Etch, Short R_Etch, Medium R_Etch and 

Long R_Etch. 
 

4. Light Trapping in Rounded Textured Pyramids 

The optical behavior of the samples was next assessed by 

spectrophotometry.  Figure 5 plots the measured total 

absorption against wavelength for each sample.  It is 

difficult to conclude much from these results because we 

cannot distinguish between absorption in the silicon and 

absorption in the rear Al (i.e. parasitic absorption).  It is 

evident, however, that there is a substantial difference in 

behavior between the samples, emphasizing that the 

variations in rear rounding have a significant impact on 

optical behavior.  The large disparity between the non-

rounded sample (red symbols, No R_Etch) and the 

remaining samples is unexpected and may in fact be 

systematic error.  Investigations into the optical behavior 

continues, including the application of photoluminescent 

spectroscopy. 
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Figure 5: Total absorption 1-R-T of samples with different front 

and rear surface conditions measured by the spectrometry 

technique. Measured T is effectively zero on samples with Al (1 

µm) at the rear. Apart from the control that has planar morphology 

on both front and rear, The samples have identical front texture but 

differing rear texture.  

The optical behavior was also assessed with a wafer ray 

tracer [31]. Inputs to these simulations, including the 

substrate and dielectric thickness, are listed in Table 2.  

Most relevant to this study is, of course, how the rear 

surface is treated.  It is difficult to approximate the etched 

pyramids of Figure 3 because of the rounding at the peaks 

and troughs.  Nevertheless, we make the approximation in 

the ray tracing that there is no rounding, and that only the 

pyramid height (and hence pyramid base angle) changes.  

That is, we assume the pyramids width is 5 µm for all cases, 

and we set the height of the pyramids to be 3.5, 2, 1.5, 1, 0.5 

and 0 µm, which corresponds to facet angles of 54.7, 38.7, 

31.0, 21.8, 11.3 and 0° to represent the various degrees in 

rounding.  The selected pyramid heights are approximately 

those observed for the samples—see Figure 3. 

 

Figure 6: Jgen simulated for the wavelength of 950-1200 nm 

by the wafer ray tracer. The pathlength enhancement Z is 

shown in the inset figure.  

Figure 6 plots the results of the ray tracing in terms of (i) the 

current density generated in the silicon Jgen over the range 

950–1200 nm, and (ii) optical pathlength enhancement Z().  

The ray tracing suggests that there should be an optimal rear 

pyramid angle. With 54.7° on the front and rear surface, 

many rays are coupled out of the cell in the first pass, and 

with a planar rear surface, many rays are coupled out of the 

cell after the second pass. An angle between 0 and 54.7° 

leads to superior light trapping.  

Thus, we experimentally observe that recombination at the 

rear surface is dramatically reduced, from 15 fA/cm
2
 to ~ 

3fA/cm
2
 by a short rounding etch.  And from ray tracing, we 

expect there to be an optimal rounding time that maximizes 

light trapping, but this has neither been confirmed nor 

contradicted by optical experiments.  

5. Cells Development and Discussion 

Back-contact silicon solar cells featuring rear rounded 

textured pyramids were developed to assess the feasibility 

of integrating rounded texture in the cells fabrication 

process. 

Samples with rear planar and rounded pyramidal textured 

conditions were used. A single rounding condition with the 

etch duration of 60s was adopted in this evaluation. Cells 

were fabricated from high resistivity <100> FZ wafers. The 

development process, device structure and process 

parameters of back contact silicon solar cells in this 

contribution is based on the publication elsewhere [18]. 

Cells with planar and rounded pyramidal texture conditions 

have the final thickness of 230 µm and 170 µm thickness, 

respectively. 

Table 3 shows the current-voltage (JV) of the cells 

measured under one-sun illuminated condition using in-

house solar simulator. However, we have recently 

discovered that the in-house solar simulator used in this 

measurement introduces spectral mismatch to our cells in 

the long wavelength (i.e. > 1000 nm), which could have 

possibly led to the significant underestimate of the light 

trapping enhancement. A discussion of this will be made in 

the later publications. 

Efficiencies in the range 23.6–24.4% are attained. Relative 

to the cell with rear planar, the cell with rounded rear 

pyramids have achieved an increased Jsc of 0.25 mA/cm
2
 

(from an average of three rear-rounded textured cells 

compared to that of rear planar cells), despite the cell 

substrate being thinner by at least 60 µm. However, a small 

reduction in Voc is observed, as expected. Besides, the 

champion cell with rounded rear pyramids also suffers some 

fill factor (FF) loss of 0.5% (see table 3), relative to the cell 

with planar rear, possibly due to unknown non-ideal 

recombination since the pseudo FF in the DST cells with 

rounded pyramids is lower than that in the cell with planar 

rear.   

As the cells with rounded rear pyramids have thinner 

substrates (i.e. 60µm), to further analyze the performance of 

Jsc based on the increased substrate thickness, the front 

surface reflectance of the champion cell (frontRtex3) was 

first measured by the spectrophotometry. Then using Z() 

simulated by the wafer ray tracer for a range of thicknesses, 

frontRtex3 and silicon absorption coefficient, the maximum 

possible Jsc (Jsc_max) was simulated (assuming a unity 

collection efficiency) for a range of cell thicknesses. A 

similar discussion of simulating Jsc_max is published 

elsewhere [32]. The simulation indicates that the measured 

Jsc could be increased by an additional ~ 0.3 mA/cm
2
 (950-

1200 nm), when the champion cell’s substrate thickness is 
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increased to 230 µm. Further increase in the efficiency of 

the DST cell with rounded rear pyramids is well within 

reach following the improvement in the optic and FF.    

6. Conclusion 

In conclusion, we demonstrated the increase in light 

trapping via double-sided texture incorporating rounded rear 

texture, while maintaining comparatively low surface 

recombination. Increasing rounding etch time makes 

textured pyramids smaller and smoother surface condition; 

resulting in improved surface passivation. Rounding the 

textured pyramids reduces Jo by as much as 65% relative to 

the Jo of fully textured pyramids (i.e. 0s rounding etch). Ray 

tracing suggested that optimal light trapping would arise 

from partially rounded rear pyramids. Jsc of rounded 

textured cells relative to that of planar rear cell is increased 

by 0.25 mA/cm
2
. 24% efficient back-contact silicon solar 

cell fabricated in this contribution also demonstrates the 

feasibility (i.e. high shunt resistance and process 

compatibility) of incorporating rounded texturing in the 

high efficiency cell developments.  
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APPENDIX 

Table 2: Parameters used in the ray trace. 54.74°,40°, 30°, 20°, 10° 

and planar are used in the X, while 2.1µm, 1.44µm, 0.91µm, 

0.44µm and planar for X’. 
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