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A B S T R A C T

Silicon solar cells incorporating double-sided pyramidal texture are capable of superior light trapping over cells
with front-side only texture. However, increased surface area, roughness and exposed< 111> crystal planes of
textured surfaces not only causes increased recombination, but also makes cells susceptible to shunting through
pinholes in the dielectric at the sharp peaks and valleys of the textured pyramids. A polyimide film as an
insulating interlayer film is investigated to circumvent the tradeoff between improved light trapping, increased
recombination and increased shunt paths. When applied at the rear of the interdigitated back contact silicon
solar cell structure, the polyimide film provides an excellent electrical insulation (> 1000MΩ of insulation
resistance) and increases photocurrent (~ 1.1mA/cm2) owing to an increased rear internal reflectance. The
polyimide is also compatible with metal annealing of passivating dielectrics such as silicon nitride. Optical
simulation and experimental results are combined in a 3D semiconductor simulation (Quokka) to quantify the
possible gain of implementing the double-sided texture in high efficiency silicon solar cells.

1. Background

High-efficiency silicon solar cells typically have a textured front
surface and a planar rear surface [1–5]. The light trapping in these
structures suffers from the first-pass light rays incident to the rear
surface being reflected into the escape cone of a front pyramid and
coupled out [6]. Numerous light trapping schemes have been in-
vestigated to redirect rays such that a smaller fraction is reflected into
the escape cone. These include the tiler's pattern [6]; perpendicular
grooves [6]; a honeycomb texture realized by isotropic etching [1];
plasmonic nanoparticles on the rear of the wafer-based silicon solar cell
structure [7]; a simple prism pyramidal texture realized by mechanical
grooving [8]; a pigmented rear reflector [9]; dielectric back scattering
[10]; diffused reflectors including white paint, titanium oxide nano-
particles, white backsheets and silver mirrors [11,12]; and a random
pyramidal texture via alkaline etch solution [13] with and without
chemical rounding [14]. 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 relative to silicon solar cells with a textured
front and a planar rear, as it helps to randomize the direction of light
within the cell thereby reducing the chance of escape [6,14]. Note,

however, that the inclusion of rear pyramids is only preferable to planar
when the rear internal reflectance RintR is high; our simulations indicate
that the threshold is RintR> 80%. As alkaline-assisted pyramidal tex-
ture is a relatively easy technique that is well-established in the PV
industry, it offers a viable way to increase light trapping in crystalline
silicon solar cells. Although rear texture also increases surface re-
combination and makes the rear surface more susceptible to shunting in
cell structures such as interdigitated back contact (IBC) cells, using a
chemical etch to round the rear pyramids mitigates those problems and
higher cell efficiencies have been attained [15–21]; moreover, it has
been concluded that when the etch duration is short, the chemical
rounding has little influence on the overall light trapping [14]. In this
paper, we present an investigation into the tradeoff between optical
enhancement versus increased rear surface recombination and shunting
for DST. The optical enhancement provided by different types of DSTs is
examined via ray tracing. Recombination on pyramidal textured sur-
faces is investigated with plasma enhanced chemical vapor (PECVD)
deposited silicon nitride (SiNx). Incorporating polyimide (PI) as an
electrically insulating film is introduced as a solution to the increased
risk of recombination and shunts caused by DST in silicon solar cells. An
investigation into its insulating quality, effects on carrier lifetime, and
absorption in the polymer film is also presented. A comparison of cells
with and without DST and PI is assessed by 3D Quokka simulation.
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2. Optical enhancement of DST

Light trapping schemes in experimental high-efficiency silicon solar
cells developed to date have had a textured front surface and a planar
rear surface [2–5,22,23]. Numerous approaches have been presented to
quantify the light trapping [6,24–31]. In the investigation carried out
by Campbell and Green, the light trapping in silicon wafers was in-
vestigated for a number of structures such as (i) a textured front and a
planar rear, (ii) pyramids on both sides, (iii) perpendicular grooves, (iv)
a tiler's pattern and (v) a shifted brickwork pattern [6]. As an extension
to this study, we apply the PV Lighthouse ray tracer [32] to simulate the
photogeneration current density JGen for structures (i), (ii) and (iii). The
results are presented in Fig. 1 and details of the input parameters are
included in the caption. The choice of the front and rear surface
morphologies that we present is motivated by their fabrication feasi-
bility. A Lambertian rear surface is included to represent an "ideal" rear
surface scenario.

Consistent with [6], who evaluated the case of specular and 100%
reflectance from the rear (Case B), we find that the perpendicular
grooves yield the greatest advantage over a rantex/planar structure
(ΔJGen ~ 1mA/cm2), but it is still only slightly superior to rantex/
rantex, and this advantage is similar to that attained when the rear
surface is Lambertian (Case C). We also find that when accounting for
the rear films (Case A), ΔJGen of these textures is reduced to ~ 0.8 mA/
cm2. Simulations with alternative dielectric materials (e.g., SiO2, AlOx,
Si3N4) yielded similar trends. Thus, given the simplicity of its fabrica-
tion, rantex/rantex appears an excellent candidate for DST in com-
mercial and laboratory silicon solar cells.

3. Application of DST with polyimide

Unfortunately, the benefit of improved light trapping by DST is
offset by an increase in recombination due to its greater surface area, its
sharp peaks and troughs, and (for some dielectrics) an exposure of<
111> facets [33–36]. Thus, the ultimate benefit to solar cells depends

strongly on the quality of the passivation. Two well-known and highly
passivating films are PECVD SiNx and ALD AlOx, but these films do not
provide robust insulation between metal and silicon substrate, and they
are not suitable to be used as an insulating layer between the metal and
textured or diffused silicon due to high leakage currents and low di-
electric breakdown voltage [37]. This can lead to a poor shunt re-
sistance and an increase in recombination. Shunting is also one of the
major obstacles resulting in poor conversion efficiency in research and
manufacturing of high efficiency IBC silicon solar cells [38]. We
therefore explore the use of polyimide (PI) as an insulation layer be-
tween the metal and the dielectric films, testing its insulation properties
and its effect on surface passivation and optics.

3.1. Polyimide

Polyimide (PI) films have been used as stress buffer layers, inter-
layer dielectrics, and protecting films in microelectronic applications
[39–41]. PI films also have excellent mechanical properties allowing
them to survive the thermal and chemical exposures of post-application
processing, good elongation property that prevents cracking, and ex-
cellent adhesion to a wide range of metals. In addition, PIs are pat-
ternable by photolithography [42,43] and have been demonstrated as
an interlayer dielectric for double-level metallization [44]. The PI films
discussed herein appear to be well-suited as interlayer insulators be-
tween textured pyramids coated by low temperature passivation di-
electrics and the rear metal.

3.2. Electrical insulation

The insulation capability of PI (HD-4100) was investigated by fab-
ricating a heavy phosphorus diffusion (40Ω/□) on symmetrically tex-
tured low-resistivity (1.5Ω-cm) ~ 250 µm thick n-type silicon, and
spin-coating 2–3 µm of PI onto the front side at 5000 rpm for 30 s and
curing it at 350 °C in nitrogen for 30min. Aluminum (Al) pads (~ 1 µm
thick and 1 cm2) were then evaporated on both sides of the sample,
followed by sintering the samples in a forming gas environment at
250 °C for 30min to ensure the Al was alloyed with the phosphorus-
doped silicon at the rear. The presence of the heavy phosphorus dif-
fusion ensured the contact resistivity between the Al and silicon sub-
strate at the rear was negligible. The current-voltage characteristics
were then measured using the 4-point probe method, contacting posi-
tive polarity probes to the Al pad on top and negative probes to the pad
on the rear or vice versa to determine the total resistance. The average
resistance measured across six test structures was ~ 7.7×109 Ω with a
standard deviation of 3× 109 Ω. In comparison, an insulation provided
by a stack of SiO2 and LPCVD Si3N4 films on interdigitated back contact
cell structures [3,45–51] has an average resistance of ~ 1×107 Ω. The
very high resistance of the PI film suggests that it is well-suited as an
insulation layer between metal and textured pyramids.

3.3. Surface recombination

We employed undiffused high-resistivity n-type FZ<100>100Ω-
cm silicon wafers that were textured with random upright pyramids and
passivated with PECVD SiNx (~ 75 nm). The Jo measurements were
determined by a photoconductance decay (PCD) instrument following
the Kane and Swanson technique [52], assuming an intrinsic carrier
concentration of ni = 8.95×109 cm−3 (at 297 K). The measured J0
was 7 fA/cm2 (per side), which is typical of high-performing dielectric
passivation on texture [33,34,36].

The PI film was then applied on both sides of the SiNx coated
samples at 5000 rpm for 30 s, followed by annealing in a nitrogen
ambient at 300 °C, 325 °C, and 350 °C for 30min and 60min. The
purpose of the nitrogen anneal is to mimic the imidization of PI film
following the cure. Imidization refers to the conversion of a polyimide
into an imide by heat (or a catalyst) through the reaction process that
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Fig. 1. JGen for a range of typical DST combinations. The parameters used are:
normally incident AM1.5 G spectrum, a double-layer ARC (PECVD SiOx and
SiNx of 80 nm and 75 nm, respectively) on the front surface, a 200 µm thick cell,
and wavelength range of 300–1200 nm. Surface textures are referred to in the
figure as ‘rantex’ for random pyramid texture, ‘x grooves’ for v-shaped grooves
(52°) in ‘x’ direction, and ‘y grooves’ for v-shaped grooves (52°) in direction
perpendicular to the ‘x’ direction. ‘A’ denotes that the internal reflection at the
rear is specular and calculated for the case of films (a stack of 75 nm of SiNx

overlaid by 1000 nm of Al) coating the rear. ‘B’ denotes that the internal re-
flectance is 100% and specular. ‘C’ denotes that the internal reflectance is 100%
reflection and Lambertian.
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reduces the polymer solubility and produces water as a by-product,
which in turn reacts with remaining polymeric acid, thereby cleaving
the polymer chain.

Fig. 2 shows that the J0 remained stable for PI coated SiNx samples
when subjected to 30min of imidization for a range of temperature
between 300 and 350 °C, however, 60 min of imidization shows some
increase in J0. The cause of this could be due to dehydrogenation
triggered by the long annealing time. This experiment demonstrates
that the application of a PI film with an imidization time to 30min has
no adverse effects on the passivation quality of PECVD SiNx film, and
that a low J0 can be maintained.

3.4. Light trapping

Since the application of PI is at the rear of a silicon solar cell, the
benefits of light trapping by the rear texture can be altered by the PI. To
assess the effect of the PI on light trapping, samples that mimic the cell
structure with and without PI at the rear were prepared. Fig. 3(a)
presents a schematic of the samples, while Fig. 3(b) and (c) present
scanning electron microscopic images of random pyramidal textured
silicon coated with or without PI. Fig. 3(c) shows that the PI is partially
conformal to the textured pyramidal surface.

The hemispherical reflectance of both samples is plotted as symbols
in Fig. 4(a). The figure shows that adding PI to the rear leads to more
light escaping from the solar cell. To assess the reason for this differ-
ence, and to estimate the difference in absorption within the silicon,
these samples were simulated using the PV Lighthouse SunSolve ray-
tracing program. The characteristic angle of the pyramids was set to
53°, which is typical of the random pyramids fabricated in our la-
boratory [53]. The complex refractive index (n and k) of PI was taken
from the manufacturer (shown in Fig. 1 of the Supplementary material),
and the complex refractive index of Si [54], SiNx [55] (with n=1.96 at
632 nm), and Al [56] was taken from the literature. Additional details
of the simulation inputs are provided in Table 1–5 of the Supplementary
material. Note that, as displayed in Fig. 3(a), it is assumed that the PI is
conformal to the rear pyramids in this initial simulation.

As evident in Fig. 4(a), the measured and ray-traced escape re-
flectance agree well. This provides some confidence that the ray-tracing
model represents the experimental samples, and that the simulated
absorptance within the silicon (which cannot be measured directly) is
also representative of the samples. This absorptance is plotted in
Fig. 4(b) for samples with a textured and planar rear, as well as for the
case of a non-conformal PI (see Table 5 of the Supplementary material
for inputs).

The following can be construed from Fig. 4(b):

(i) Consistent with previous studies (e.g., [6,14]), introducing texture
at the rear surface leads to a significant increase in the absorption
within the silicon (for samples with a high rear-internal re-
flectance). This improvement is evident for samples with or
without the PI.

(ii) When PI is included at a textured rear it leads to a notable increase
in absorption within the silicon. The reason for this improvement is
that the rear internal reflectance increases due to the PI being
thick, having a relatively low refractive index, and being lowly
absorbing, which reduces absorption in the Al [57]. A recently
published paper also notes that a polymer on the rear of IBC cell
can increase the optical gain [58]. The simulated generation cur-
rent JGen, when the PI is included, increases by 0.3 mA/cm2 under
the AM1.5g spectrum.

(iii) When the PI is included at a planar rear, it leads to a minor in-
crease in absorption in the silicon of ΔJGen =0.4mA/cm2. The
improvement is due to a higher reflectance at the rear, but the PI
makes less of an impact than when deposited on texture because
for a planar surface, most of the first-pass rays are total-internally
reflected at the rear irrespective of whether the rear has the PI.
Hence the increase in absorption is more evident at longer wave-
lengths because long-wavelength rays are more likely to interact
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Fig. 2. J0 measurement of SiNx passivated samples following PI coat and cure at
different temperatures and times. PI has a post-cure thickness of ~
2000–3000 nm.

Fig. 3. (a) The solar cell structures incorporating PI at the rear of the textured
pyramids used for ray tracing, SEM images of (b) random pyramidal textured
and (c) PI-coated random pyramidal textured samples, measured by Zeiss
ULTRA-55.
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multiple times with the rear surface.
(iv) Introducing both texture and PI to the rear (i.e. compared to a

planar rear without PI) leads to a large improvement in absorp-
tance, equivalent to ΔJGen =1.1mA/cm2.

(v) When the rear surface of the PI is flat (green line) rather than
conformal (red line) it makes little change to the absorptance. The
PI is thick enough in both cases (compare Table 1 and 5 of the
Supplementary material) that the evanescent absorption in the Al
is minimal. The difference between the scenarios equates to just
ΔJGen =0.01mA/cm2. If the PI were even thinner than 1 µm at the
peaks of the pyramids, and hence there was more absorption at
those peaks, those regions still only contribute to a small fraction
of the total surface area. The similarity between these curves,
which represent the ideal cases of the PI being purely conformal
and having a planar rear, suggest that the absorptance of the actual
sample (see Fig. 3(c)) would also be similar. The agreement be-
tween simulation and experiment in Fig. 4(b) supports this con-
clusion (Fig. 5).

4. Electro-optical simulation

To further quantify the benefits of incorporating DST into solar
cells, the performance of n-type interdigitated back contact (IBC) cell
structures, having an identical textured front surface but the rear planar
coated with or without PI and the rear pyramidal texture coated with
PI, was determined by Quokka [59]. The IBC structure has SiNx as a
passivation layer on both the front and rear surfaces. Input parameters
and 3-dimensional device structures used for the simulation of the IBC
are shown in Table 6 of the Supplementary material. JGen is separately
obtained by the module ray tracer in conjunction with OPAL 2 [32],
and used as an input to the simulation. Table 1 shows the simulated

conversion efficiency of the IBC cell incorporating pyramidal texture
and planar rear surfaces. The simulation suggests that the increase in
surface current generation and recombination combined reduces Voc by
6mV and FF by 0.3% (rel), but this reduction does not completely offset
the gain in Jsc. The study suggests that the incorporation of rear pyr-
amids and a polyimide insulation layer into high-efficiency IBC solar
cells would yield a net benefit to efficiency of + 0.3%. In addition,
incorporating PI at the rear of the cell with just the front side textured
would yield a conversion efficiency of 0.2% higher than that without PI
at the rear, thanks to its moderate increase in Jsc and an un-
compromised Voc, as its surface being planar.

5. Conclusion

The application of DST and a rear PI insulation film to increase the
silicon solar cell efficiency was investigated. The PI between metal and
passivated textured surface of DST structures demonstrated (i) an ex-
cellent insulation resistance (> 1000MΩ) between metal and dielectric
layer (ii) little degradation in passivation quality, and (iii) an increased
absorption within the silicon (ΔJGen =1.1mA/cm2 compared to the
structure with a planar rear and no PI). Three-dimensional simulation
suggests that including PI at the rear would increase the conversion
efficiency of laboratory-style IBC cells with a planar and textured rear
surface by 0.2% and 0.3%, respectively.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
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Fig. 4. (a) the hemispherical reflectance (measured and simulated), and (b) the
simulated absorptance of structures having a stack of SiNx, Si (rTex or rPlan),
SiNx and Al, with or without PI at the rear. Dotted and solid lines show mea-
sured and simulated data, respectively. In the legend, ‘rTex’, ‘rPlan’, denote rear
random pyramidal texture, rear planar. Silicon and SiNx have the thickness of
195 µm and 75 nm, respectively. All structures measured and ray-traced have
pyramidal texture on the front side.

Fig. 5. Device structures of IBC cell for 3-dimensional device Quokka simula-
tion.

Table 1
Electrical parameters of IBC solar cells simulated with and without rear texture.

Voc (V) Jsc (mA/cm2) FF (%) η (%)

1. Textured rear with PI 711 42.9 81.4 24.9
2. Planar rear with PI 717 42.3 81.7 24.8
3. Planar rear without PI 717 41.9 81.7 24.6
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FIG 1: Measured refractive index n and extinction coefficient k of HD-4100 polyimide film.  

Table 1: Parameters used in ray tracing the reflectance and absorptance for double-sided texture cell 

structure of SiNx/Si/SiNx/PI/Al in FIG 4. 

Spectrum AM1.5G Wavelength (300 - 1200 nm)   

  Morphorlogy Angle (°) Height/Width (μm) Lambertian 

Front random upright 53 3.3/4.973   

Rear random upright 53 3.3/4.973 0.9 

 Material Thickness (nm) 

 

  

Front Film #1 SiNx 75     

Substrate Si 195     

Rear Film #1 SiNx 75     

Rear Film #2 PI 2000     

Rear Film #3 Al 1000     

 

Table 2: Parameters used in ray tracing the reflectance and absorptance for double-sided texture cell 

structure of SiNx/Si/SiNx/Al in FIG 4. 

Spectrum AM1.5G Wavelength (300 - 1200 nm) 

  Morphorlogy Angle (°) Height/Width (μm) Lambertian 

Front random upright 53 3.3/4.973   

Rear random upright 53 3.3/4.973 0.9 

 Material Thickness (nm)    

Front Film #1 SiNx 75     

Substrate Si 195     

Rear Film #1 SiNx 75     

Rear Film #2 Al 1000     

 

  



 

 
Table 3: Parameters used in ray tracing the reflectance and absorptance for front-side textured and rear 

planar cell structure of SiNx/Si/SiNx/Al in FIG 4. 

Spectrum AM1.5G Wavelength (300 - 1200 nm)   

  Morphorlogy Angle (°) Height/Width (μm) Lambertian 

Front random upright 53 3.3/4.973   

Rear planar     0 

 Material Thickness (nm) 
 

  

Front Film #1 SiNx 75     

Substrate Si 195     

Rear Film #1 SiNx 75     

Rear Film #2 Al 1000     

 

Table 4: Parameters used in ray tracing the reflectance and absorptance for front-side textured and rear 

planar cell structure of SiNx/Si/SiNx/ PI/Al in FIG 4. 

Spectrum AM1.5G Wavelength (300 - 1200 nm)   

  Morphorlogy Angle (°) Height/Width (μm) Lambertian 

Front random upright 53 3.3/4.973   

Rear planar     0 

  Material Thickness (nm)     

Front Film #1 SiNx 75    

Substrate Si 195     

Rear Film #1 SiNx 75     

Rear Film #2 PI 2000     

Rear Film #3 Al 1000     

 

Table 5: Parameters used in ray tracing the reflectance and absorptance for double-sided texture cell 

structure of SiNx/Si/SiNx/non-conformal PI/Al in FIG 4. 

Spectrum AM1.5G Wavelength (300 - 1200 nm)   

  Morphorlogy Angle (°) Height/Width (μm) Lambertian 

Front random upright 53 3.3/4.973   

Rear random upright 53 3.3/4.973 0.9 

  Material Thickness (nm)     

Front Film #1 SiNx 75   
Substrate Si 195     

Rear Film #1 SiNx 75     

Rear Layer #1 PI 3000     

Rear Layer #2 Al 1000     

 

  



 

Table 6: Input parameters for 3D Quokka simulation of IBC Device shown in FIG 4. 

 Parameters 

Cell size 2 x 2 cm2 

Cell thickness 240 µm 

Bulk type n-type 

Bulk resistivity 100 Ω.cm 

Bulk SRH lifetime 8000 µs 

Front films 75 nm PECVD SiNx 

Front morphology see table 2 for DST structure 

see table 4 and 5 for front-side only textured  

Front diffusion Undiffused, passivated 

Front recombination (Jo) Passivated, 7 fA/cm2 

Rear films see table 2 for DST structure 

see table 4 and 5 for front-side only textured 

Rear pitch 500 µm 

P-diffusion diameter 30 µm 

P-diffusion pitch 140 µm 

n-diffusion diameter 30 µm 

n-diffusion pitch 70 µm 

Rear contacts opening 7 µm wide 

Rear n-diffusion Rsh 20 Ω/□ 

n-diffusion Jo Passivated, 300 fA/cm2 

Contacted, 180 fA/cm2 

n-contact resistivity 1.2 x 10-5 Ω·cm2 

Rear p-diffusion Rsh 80 Ω/□ 

p-diffusion Jo Passivated, 95 fA/cm2 

Contacted, 1000 fA/cm2 

-contact resistivity 2 x 10-5 Ω·cm2 

Rear surface  Jo Undiffused, passivated,  

7 fA/cm2 for textured 

3 fA/cm2 for planar 

Rear morphology  see table 2 for DST structure 

 see table 4 and 5 for front-side only textured 

Rear films see table 2 for DST structure 

 see table 4 and 5 for front-side only textured 
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