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Abstract: Bifacial semi-transparent ultrathin Cu(In,Ga)Se2 solar cells (BSTUT CIGSe SCs) 

enable efficient usage of light and reduced raw material. By inserting SiO2 nanoparticles (NPs) 

at the CIGSe/back-contact interface, this work optimizes the performance of BSTUT SCs under 

front and espacially rear illumination, which has not been studied much so far. For the SCs 

with NPs, the short-circuit current density jsc increases by 4.1-4.4 mA/cm2 for front and by 

6.4-7.4 mA/cm2 for rear illumination. The in addition significantly improved fill factor for rear 

illumination highlights a benefit of the NPs beyond light trapping. We assign it to the jet-like 

focusing behind the nanoparticles, which in this case leads to a higher field localization near 

the pn-junction, joint with an enhanced carrier generation and separation. Furthermore, we 

notice that a thinner ITO (In2O3:Sn) back contact is favorable for effective light trapping, while 

thicker ITO is preferred for higher open-circuit voltage (Voc). Overall, inserting NPs in BSTUT 

SCs is an effective and practical strategy to achieve a higher cost-to-efficiency ratio in 

photovoltaic device production.  In our case we achieved a maximum of 12.2% under front and 

9.2% under rear illumination leading to a calculated bifacial efficiency of  15% for the ultrathin 

device. 
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1. Introduction 

 

With carbon neutrality becoming a central request in economic development nowadays, 

green energy like photovoltaics (PV) stands in an increasingly prominent position [1]. 

Compared to silicon-based solar cells (SCs), polycrystalline thin-film SCs based on 

Cu(In,Ga)Se2 (CIGSe) have many unique advantages, such as smaller light-induced 

degradation and shorter energy payback time [2-5]. Those characteristics provide the 

CIGSe panels with a longer stable lifetime and lower fabrication cost. From the material 

point of view, because the defects in the chalcopyrite CIGSe act as effective doping, the 

error-tolerant rate that induces defects during the production process is high, which is 

advantageous for massive production [6]. In addition, the CIGSe bandgap Eg can be 

tuned by adjusting the Ga/(Ga+In) elemental ratio, or by replacing the In with Ga, Cu 

with Ag, and S with Se etc. Therefore, CIGSe can be flexible and applicable in tandem 

SCs [7, 8].  

 

Among the CIGSe SC family, ultrathin CIGSe (<500 nm) has drawn more and more 

attention recently [9-13]. One major reason is, if light management was applied 

properly, the ultrathin CIGSe SCs show an equally high theoretical conversion 

efficiency (Eff) as the standard thick ones (~2000 nm) while reducing the raw material 

consumption, especially of the rare metal indium [14-16]. In laboratory experiments, 

15% record efficiency has been achieved on Mo substrates [17]. In the state-of-the-art 

PV performance, the biggest difference between the ultrathin and the standard thick SCs 

is the short circuit current density jsc [5, 17]. The jsc is 26.4 mA/cm2 for 500 nm absorber 

thickness, and 39.6 mA/cm2 for the 2 μm absorber. The reason for the drop in jsc is 

insufficient light absorption in the ultrathin CIGSe, which further induces high parasitic 

absorption in the Mo layer, especially in the long-wavelength range [18]. On the one 

hand, various light-trapping strategies were developed to redirect and localize the light 

in the absorber, like nanoparticles (NPs) and reflective back mirrors [19-22]. On the 

other hand, if the ultrathin CIGSe was fabricated on a transparent back contact, the 

ultrathin CIGSe SCs become semi-transparent, and the unabsorbed part of the light can 

be utilized in other ways [9, 13, 23, 24]. Furthermore, semi-transparent SCs have 

abundant application scenarios, e.g. building-integrated PV, agrivoltaics, vehicle-

integrated PV, etc. Besides, it is compatible with laser scribing in module fabrication 

[25, 26]. In addition, bifacial SCs can exploit back-reflected light and thus enhance the 

efficiency. Given the above considerations, this work aims at improving the bifacial PV 

performance of bifacial semi-transparent ultrathin CIGSe solar cells (BSTUT CIGSe 

SCs) via SiO2-NP light trapping.  

 

Light trapping has been identified as a promising strategy to strengthen the efficiency 

of ultrathin SCs [20]. Lately, Collin et al. reviewed the theoretical and experimental 

progress of ultrathin SCs made by different materials (c-Si, CdTe, and CIGSe) [27]. 

They highlighted how the extended optical path (from single-path absorption to the 

Lambertian scattering limit) enhances the jsc of ultrathin SCs [27]. For an advanced 

description of light trapping effects, Fan et al. theoretically divided the optical modes 

into four categories based on electromagnetic solar cell simulations: 1) Mie resonances, 

2) low-quality-factor Fabry-Pérot standing-wave resonances, 3) guided resonances and 

4) diffracted modes [19]. By optimizing the near field distribution of the optical modes 

in the absorber and the angular distribution of the differential scattering cross section, 

Schmid et al. compared different NP materials (metal, semiconductor and dielectric) 



 

 

[28], sizes [29], and positions (top and bottom) [30, 31] in the ultrathin CIGSe solar 

cells by simulations as well as experiments, which provides practical guidance for 

optimization. In terms of experiment, the light trapping particles/layers have been 

inserted at different locations that proved beneficial for the PV performance of the SCs. 

For instance, a light trapping layer can be added atop the ZnO as anti-reflection coating 

[13], between CdS/CIGSe [32], or at the CIGSe/back interface as reflective mirror to 

harvest more photons [22, 33].  

 

However, light trapping in BSTUT SCs has not gained much attention so far, especially 

under rear illumination, neither in simulations nor in experiments. Most of the light 

trapping research focused on front illumination only, as an opaque back contact like Mo 

was presumed. Recently, we improved the front illumination open-circuit voltage (Voc) 

of the ultrathin CIGSe SCs by optimizing the Na doping, as well as by adjusting the ITO 

(In2O3:Sn) thickness to diminish the back contact potential barrier height Eh [24, 34]. 

Instead of other materials (such as ZnO:Al and In2O3:F), we chose ITO as the back 

contact for BSTUT CIGSe SCs because ITO can tolerate high temperature that is 

necessary for the sequential CIGSe co-evaporation process. At this stage, it is tempting 

to add the SiO2 NPs to further improve the jsc of the BSTUT SCs and especially to 

explore the light trapping effects under rear illumination. For the BSTUT SC operation 

under rear illumination, many questions are raised simultaneously: e.g. how do the NPs 

trap the rear illumination light, and what effect has the reversed distribution of photo-

generated carriers reversed? For the first query, according to theoretical findings by 

Backman et al., NPs like cylinders and spheres can scatter the incident light in the 

forward direction and form a photonic nanojet on the shadow side [35, 36]. Yin et al. 

also observed the jet-like light trapping effects when simulating the ultrathin CIGSe 

solar cells under rear illumination [18]. But whether the forward scattering induced by 

the NPs is experimentally beneficial for the rear illuminating SCs will be verified in this 

work. 

 

 
Figure 1. (a) The position of the NPs in the ultrathin CIGSe solar cell with illumination 

options from front and rear and (b) top-view of the SiO2 nanoparticles. 
 

Our BSTUT CIGSe solar cell consists of ZnO/CdS/CIGSe/ITO/glass as shown in 

Figure 1 (a). Light incidence from the ZnO side will be referred to as front illumination 

and the case of light coming from the glass side as rear illumination. In this contribution, 

we fabricate the SiO2 NPs at the CIGSe/ITO interface on 100 and 300 nm ITO, typical 

thicknesses that were shown to be beneficial for front illumination in our previous work 

[18, 30, 31, 37, 38]. In particular in reference 1, we have shown by simulations, that for 



 

 

ultrathin CIGSe SCs with optimal SiO2 NPs (size, height, and pitch), the jsc can increase 

by 4.2 for front and 3.9 mA/cm2 for rear illumination (with an Ag front reflector). In the 

experiments of this paper, the diameter, pitch, and height of the SiO2 hemispheres was 

380 nm, 513 nm, and 200 nm, respectively, as shown in Figure 1 (b), which followed 

our previous work [31]. While those NP parameters do not exactly coincide with the 

predicted optimum in reference 1, they are close enough to the optimum to warrant 

demonstration of bifacial light trapping. In the following, we will first compare the 

bifacial PV parameters of the BSTUT SCs with and without SiO2 nanoparticles to verify 

the light trapping effects. Secondly, to clarify the jsc enhancement mechanism, bifacial 

external quantum efficiency (EQE) and transmission/reflection (T/R) will be compared 

in detail. The influence of the ITO thickness will be discussed, and the light trapping 

mechanism of the SiO2 NPs under the front and rear illumination will be examined in 

detail. In particular, extra electronic benefits of the SiO2 NPs under rear illumination 

will be proposed. Finally, an overall conclusion of the light trapping effects in BSTUT 

CIGSe SCs will be given. 

 

2. Fabrication and characterization 

 

2.1 SiO2 NP fabrication 

We used substrate conformal imprinting lithography (SCIL) to fabricate the SiO2 NPs 

on ITO substrates [31]. Firstly, we spin-coated a thin layer (280 nm) of PMMA onto the 

ITO substrates. Then a silica sol-gel was spin-coated on top of the PMMA and imprinted 

using a PDMS stamp.  The patterned sol-gel layer was etched using reactive ion etching 

(RIE) with a mixture of CHF3 and Ar, until a breakthrough to the PMMA is achieved. 

This was followed by an O2 RIE etch to transfer the sol-gel pattern into the PMMA. 

Subsequently, 200 nm of SiO2 was evaporated, filling up the hole features of the pattern. 

Followed by an acetone lift-off, that provided SiO2 pillars on a clean ITO surface. The 

SiO2 NPs have a height of 200 nm, a diameter of 380 nm, and a pitch of 513 nm, as 

shown in supporting information Figure S3.  

 

2.2 Ultrathin CIGSe SC fabrication 

The ITO layer was deposited on cleaned alkali-free Corning 7059 glass substrates by 

DC sputtering. 120 Watt sputtering power and 9 cm target-substrate distance were 

optimized values to achieve the best homogeneity and sputtering rate (2.5-2.7 Å/s). In 

the Ar atmosphere, the sputtering pressure was 7.5*10-4 mbar. The ITO thickness 

variation was realized by simply adjusting the period time of sputtering. After the SiO2 

NP deposition, the 100 nm (ITO-100) and the 300 nm ITO (ITO-300) reference 

substrates were put into the PVD (physical vapour deposition) chamber along with the 

NP patterned samples of ITO-100-SiO2 and ITO-300-SiO2 for the same batch of CIGSe 

absorber. The CIGSe layer was grown by the standard 3-stage co-evaporation process 

supervised by the LLS (laser light scattering) method. The co-evaporation went through 

a Cu-rich phase and ended with an overall Cu-poor content ratio. The substrate 

temperature for the first stage was set at 410 °C, which was ramped up to 450 °C for the 

second and the third stage. Following was a Na post-deposition treatment with 2 mg of 

NaF in our case, which was conducted at 360 °C substrate temperature. Afterward, 60 

nm CdS was coated by chemical bath deposition at 60 °C for 8 minutes. The front layers 

of 80 nm intrinsic ZnO (i-ZnO) and 300 nm ZnO:Al (AZO) were RF (radio frequency) 

sputtered at a substrate temperature of 120 °C. Finally, the 10 nm Ni / 2000 nm Al front 



 

 

contacts were deposited by thermal evaporation. In the end, the BSTUT SCs have the 

structure Al/Ni/AZO/i-ZnO/CdS/CIGSe/ITO/glass. 

 

2.3 Characterization methods 

The ITO thickness was supervised by a calibrated quartz balance installed next to the 

substrates. The thickness and composition of the CIGSe layer were determined by X-

ray fluorescence spectroscopy, and they were found to be 468 nm thickness, CGI 

(Cu/(Ga+In)) of 0.83, and GGI (Ga/(Ga+In)) of 0.33. Total T/R 

(transmission/reflection) under the front and rear illumination were measured by a 

Perkin Elmer 1050 UV-Vis-NIR spectrometer with an integrating sphere. Front and rear 

IV (current-voltage) properties were evaluated by a standard AAA solar simulator at 

23°C on a black painted sample holder. Bifacial EQE (external quantum efficiency) was 

characterized by a home-built system with a Xe and a He lamp on black paper to avoid 

reflection from the sample holder. Before the BSTUT SCs measurements, the EQE was 

calibrated by Si and GaAs reference solar cells.   

 

3. Results and Discussion 

 

Table 1. Front and rear PV parameters of ultrathin CIGSe solar cells with/without SiO2 NPs at 

the CIGSe/back contact. ITO-100 represents an ITO thickness of 100 nm, ITO-100-SiO2 means 

the 100 nm ITO is textured with SiO2 nanoparticles. In the same way, ITO-300 and ITO-300-

SiO2 have 300 nm ITO. The suffix ‘-R’ means the rear PV parameters.  
 

 
jsc 

(mA/cm2) 

jEQE 

(mA/cm2) 

Voc 

(mV) 

FF 

(%) 

Eff 

(%) 

Best Eff 

(%) 

Front 

illumination 

ITO-100 
26.7 26.4 579.3 57.4 8.9 9.8 

ITO-100-SiO2 
31.1 31.6 584.2 55.3 10.1 10.8 

ITO-300 
26.7 26.2 598.2 60.0 9.6 10.2 

ITO-300-SiO2 
30.8 31.0 608.1 60.6 11.3 12.2 

Rear 

illumination 

ITO-100R 
21.3 20.5 554.5 37.2 4.4 4.6 

ITO-100-SiO2R 
28.7 28.2 561.5 43.5 7.0 7.8 

ITO-300R 
19.8 20.2 563.5 36.9 4.1 4.8 

ITO-300-SiO2R 
26.2 26.1 583.5 55.9 8.5 9.2 

 

Table 1 summarizes the front/rear PV parameters of the BSTUT SCs with/without SiO2 

NPs along with the equivalent current density jEQE integrated from EQE results, and 

Figure 2 plots the evolution trend. For simplicity, ITO-100 represents 100 nm thick 

ITO, and ITO-100-SiO2 means 100 nm thick ITO textured with SiO2 NPs. The 

abbreviations of ITO-300 and ITO-300-SiO2 are the same correspondingly.   

 



 

 

 
Figure 2. (a)-(d) Experimental photovoltaic parameters under front illumination before and 

after SiO2 NPs insertion. (e)-(h) Corresponding PV parameters under rear illumination. The 

error bars represent the standard deviation of the PV performance. 
 

3.1 Front illumination 

ITO-100-SiO2 shows 4.4 mA/cm2 jsc increase compared to ITO-100, which is close to 

the simulated 4.2 mA/cm2 [18]. Meanwhile, ITO-300-SiO2 shows 4.1 mA/cm2 jsc 

increment, also close to the simulation prediction. It is worth mentioning that 200 nm 

ITO was used in our previous simulation, and that the pattern dimensions are not exactly 

the same. ITO-100-SiO2 shows 0.3 mA/cm2 higher jsc than ITO-300-SiO2 because 

thinner ITO means a shorter optical path for the light reflected from the ITO/glass 

interface, thus less parasitic absorption loss [18]. The Voc is increased by 5 mV on ITO-

100 and 10 mV on ITO-300 with SiO2 NPs. This is attributed to the NPs’ light trapping 

effects again, as the Voc is related to the jsc by:  

𝑉𝑜𝑐 =
𝑛𝑘𝑇

𝑞
ln⁡(

𝑗𝑠𝑐

𝑗0
+ 1)  (1) 

where n is the diode ideality factor, kT/q the thermal voltage (0.0259 V at room 

temperature), j0 the dark saturation current density. If we set n to an extreme value of 2 

for all cells [31], j0 to 4E-3 mA/cm2 for ITO-100 and to 2.5E-3 mA/cm2 for ITO-300, 

the Voc gain of the SiO2 patterned cells can be closely correlated to the jsc increase via 

Equation (1) [31]. ITO-300 shows higher Voc and lower j0 than ITO-100 due to the so-

called Burstein-Moss (B-M) shift in the ITO layer that diminishes the back contact 

barrier height Eh at the CIGSe/ITO interface [24]. The fill factor FF shows a tiny 

fluctuation, as for ITO-100-SiO2 it decreases by 2.1% while for ITO-300-SiO2 it 

increases by 0.6% compared to their references. Actually, we repeated the same 

comparative experiments three times, as shown in the supporting information Figure 

S1 and Table S1. The overall trend is clear: both Voc and jsc are enhanced by the SiO2 

NPs, only the FF drops slightly. From the device point of view, the FF decrease can be 

attributed to the series resistance induced by the SiO2 NPs, as the SiO2 NPs are isolators 

with higher electrical resistivity. In terms of efficiency Eff, the NPs enhance it by 1.2% 

on 100 nm and by 1.7% on 300 nm ITO, demonstrating effective light trapping under 

front illumination. 

 



 

 

To better understand the mechanism of the jsc gain, external quantum efficiency (EQE) 

measurements were employed to characterize representative cells of each sample. 

Because the EQE measurements do not depend on the area of the cells, current density 

jEQE integrated from EQE is considered an independent method to cross check the jsc 

results measured by IV (current-voltage) characteristics [39]. The jEQE shows 

consistency with the jsc as listed in Table 1. Figure 3 compares the samples of different 

ITO thicknesses with and without NPs. For an improved understanding of differences 

in EQE (black line), it is helpful to compare it directly with the transmission/reflection 

(T/R), shown in red and green, respectively. 

 

Firstly, we compare ITO-100 and ITO-300 to see the influences of the ITO thickness, 

as shown in Figure 3 (a). In the short wavelength range from 300-510 nm where the 

window layers (ZnO:Al/i-ZnO/CdS) show severe absorption, the EQE plots overlap 

because the window layers are identical. In the range from 510-990 nm, a larger 

variation in EQE is visible originating from Fabry-Pérot interferences caused by the ITO 

thickness change [37]. Above 990 nm, ITO-100 shows higher EQE because thinner ITO 

induces less parasitic absorption, being most pronounced in the long wavelength range 

[40]. For the 100 nm thick ITO, more light can be reflected into the absorber from the 

ITO/glass interface. Due to the reduced parasitic absorption, ITO-100 also shows higher 

transmission, as the red solid line in Figure 3 (a) confirms. The EQE cut-off wavelength 

is the same for ITO-100 and ITO-300 as it relates to the absorber bandgap Eg, which is 

1.12 eV in both cases. 

 

 
Figure 3. Ultrathin CIGSe solar cells on 100 or 300 nm ITO back contact without or with 

integration of SiO2 nanoparticles under front illumination; shown is measured EQE (external 

quantum efficiency) in black, transmission in red and reflection green. 
 

Figure 3 (b) illustrates samples with 100 nm ITO with and without NPs. ITO-100-SiO2 

shows overall higher EQE, revealing excellent light trapping effects of the SiO2 NPs. It 



 

 

can directly be correlated to the lowered T/R, as the red and green short dashed lines 

show. At wavelengths of 1120 and 1180 nm, two pronounced EQE peaks are 

particularly interesting. According to our previous optical simulations study, waveguide 

modes induced by the SiO2 NPs are responsible for them [31]. From 500 nm onwards, 

ITO-100-SiO2 appears lower transmission than ITO-100. A single valley and double 

valley can be distinguished at 1085 and 1280 nm in transmission respectively, which is 

caused by the scattering of the NPs [18]. In short, the SiO2 NPs effectively diminish the 

T/R and enhanced the light absorption in the BSTUT SCs via improved light trapping.  

 

Similar to ITO-100-SiO2, ITO-300-SiO2 shows overall higher EQE and lower 

transmission, as can be seen in Figure 3 (c). The EQE of ITO-300-SiO2 is strengthened 

from 510 nm on because the NPs reduce the overall transmission and partly diminishes 

the reflection. Comparing ITO-100-SiO2 and ITO-300-SiO2 (Figure 3 (d)), we notice 

that the EQE overlaps in the range from 300-750 nm wavelength. The reason can 

originate from the dominating effect of window layer parasitic absorption which is 

identical for both cases, as well as from the main CIGSe absorption. From 750 nm on, 

ITO-100-SiO2 prevails in EQE, suggesting that the NPs work better on 100 nm ITO, 

especially in the long wavelength range, where the ITO parasitic absorption is non-

negligible. The EQE shows two peaks (1120 nm and 1180 nm) for ITO-100-SiO2, where 

ITO-300-SiO2 shows one at 1160 nm and a steep feature at 1100 nm. The stronger 

parasitic absorption brought by the thicker ITO can also be seen in the transmission line, 

being significantly lower and flattened in the long wavelength range. With NPs, the 

difference in ITO parasitic absorption coming from its thickness change appears 

intensified. This may be attributed to the jet-like forward scattering effect of the NPs, 

which concentrates the long wavelength light inside the ITO and increases the parasitic 

absorption there. 

 

 



 

 

Figure 4. Ultrathin CIGSe solar cells on 100 or 300 nm ITO back contact without or with 

integration of SiO2 nanoparticles under rear illumination; shown are EQE (external quantum 

efficiency) in black, transmission in red and reflection green. 

 

3.2 Rear illumination 

When it comes to rear illumination, we notice the SiO2 NPs improve all the PV 

parameters on both ITO thicknesses, as plotted in Figure 2 (e)-(h). Impressively, the jsc 

is enhanced by 7.4 mA/cm2 on 100 nm ITO and by 6.4 mA/cm2 on 300 nm ITO. This is 

much higher than the front jsc gain of 4.2 mA/cm2. It may imply that the NPs are trapping 

the light in a different regime under rear illumination. Optical simulations suggested that 

the highest electric field intensity locates closer to the space charge region (SCR) of the 

SC where the photo-generated carriers can be effectively separated and collected hence 

ensuring that most generated charges contribute to the jsc. Judging by the FF increase of 

the SCs, the SiO2 NPs have effectively improved the collection efficiency of 

photogenerated carriers under rear illumination [41]. The Voc also increases by 17 mV 

and 20 mV on 100 nm and 300 nm ITO, respectively, which is close to the enhancement 

estimated from equation (1), if we again set n to 2 (and kT/q = 0.0259 V) for all cells, 

j0 to 5E-3 mA/cm2 for ITO-100 and 3.5E-3 mA/cm2 for ITO-300. The consistency 

implies the Voc gain mainly originates from the light trapping effect. Similar to front 

illumination, the Voc of ITO-300 is higher than ITO-100 because of the B-M shift in the 

ITO; equally, the jsc of ITO-300 is slightly lower than that of ITO-100 because of the 

higher parasitic absorption losses [24]. So is the case for the jsc of ITO-300-SiO2 and 

ITO-100-SiO2. The Eff is boosted from 4.4% to 7.0% on 100 nm ITO, and from 4.1% 

to 8.5% on 300 nm ITO, corresponding to 59% and 107% relative efficiency 

enhancement.  

 

Generally, the major factors influencing the EQE in the short wavelength range are the 

corresponding front layers and their Eg, while in the long wavelength range, the 

absorption of free charge carriers in the front or rear layers is influential. Figure 4 

compares the EQE aligned with T/R under rear illumination (the appendix R represents 

rear illumination). In this case, it is the ITO parasitic absorption that dominates the loss 

in the short wavelength range, replacing the ZnO/CdS layers which dictate the optical 

loss behaviour under front illumination [24]. For this reason, a bump at around 370 nm 

can be seen in the rear illumination EQE, where there is none under front illumination. 

In Figure 4Error! Reference source not found. (a), the black short dash shows a higher 

EQE for ITO-300R than for ITO-100R in the wavelength range from 340-520 nm, the 

reason being a wider Eg for 300 nm ITO than for 100 nm [40, 42]. In addition, ITO-

300R shows a lower EQE in the range from 730-1260 nm because the increased ITO 

parasitic absorption becomes dominant for long wavelengths. This is confirmed in T/R 

from 1050-1350 nm wavelength, as the ITO-300R shows lower transmission and 

reflection thus overall higher parasitic absorption. It is worth to mention that Fabry-

Pérot interferences can also be seen in reflection from 300-650 nm wavelength: whilst 

one peak is found for ITO-100R, there are three for ITO-300R, which is related to 

thickness variation of the ITO in the multilayers system.  

 

In Figure 4 (b), ITO-100-SiO2R shows an overall higher EQE than ITO-100R. In the 

long wavelength range, the absorption might be enhanced by the jet-like forward 

scattering of the NPs and stronger optical scattering in general [18, 43]. At 960 and 1080 

nm, two pronounced EQE peaks show up, corresponding to waveguide modes 



 

 

originating from the regularly arranged SiO2 NPs [31]. T/R is effectively suppressed, as 

the red and green short dashed lines show. At around 400 nm, both ITO-100R and ITO-

100-SiO2R exhibit the thickness dependent identical Fabry-Pérot interference peak in 

reflection. On 300 nm ITO (Figure 4 (c)), the insertion of SiO2 NPs may have tuned the 

Fabry-Pérot interferences of the multilayer solar cells, as the reflection interferences 

peak at 380 and 520 appears shifted. Overall, the transmission is suppressed by the NPs 

for ITO-300-SiO2R, hence the EQE is enhanced enormously.  

 

Comparing ITO-100-SiO2R with ITO-300-SiO2R, as shown in Figure 4 (d), ITO-300-

SiO2R exhibits higher EQE in the wavelength range from 300-630 nm. This can be 

understood because ITO-300-SiO2 has a wider Eg of ITO due to the B-M shift [24]. 

However, ITO-100-SiO2R shows much higher EQE in the range from 670-1300 nm, 

which implies that optical scattering, dominant in the long wavelength range, can work 

more efficiently for light trapping with the higher transmission through the thinner ITO. 

Hence, the waveguide mode enhancement at 1080 nm is much stronger on ITO-100-

SiO2R than on ITO-300-SiO2R, and a peak at 960 nm can only be recognized on ITO-

100-SiO2R. Overall, ITO-100-SiO2R achieves the highest jEQE of 28.2 mA/cm2. 

Besides, the reflection in 300-750 nm is dominated by the Fabry-Pérot interferences 

alike in Figure 4 (a). In the wavelength range from 600-1350 nm, transmission valleys 

aligned with each other are attributed to their NPs having the same height, size, and 

pitch, which decided the corresponding wavelengths of enhanced absorption.  

 

 
Figure 5. (a) Jet-like electrical field distribution in the BSTUT under bifacial illumination 

and (b) the orientation of the jet-like electric filed to the SCR of the SC under front and rear 

illumination. Green colour represents the electric field distribution under front illumination, 

and blue colour corresponding to the rear illumination. The wavelength of the illumination is 

around 800 nm. 

 

3.3 Front and rear illumination comparison 

After the detailed electrical and optical comparison, we notice that the light trapping 

mechanism of the same SiO2 NPs is different when the illumination direction is 

reversed, and the jsc enhancement under rear illumination is much higher than front 

illumination. To better see the differences in mechanism, and the deviation between 

simulation and experiments, Figure 5 (a) shows the forward scattering light trapping 

effects under the front (green) and rear (blue) illumination, which was vividly coined as 

jet-like by Yin et al. [18]. The electric field distribution of the jet-like profile is similar 

to the so-called photonic nano-jets, even though the shape of the NPs are hemispheres 

for jet-like and spheres for nano-jets. As shown in Figure 5 (b), it is a narrow, high-

intensity and non-evanescent light beam that emerges from the shadow-side surface of 



 

 

an illuminated NP [36]. The size and shape of the NPs [29], as well as the refractive 

index of the NP vs the one of the medium can influence the shape of the jet-like electric 

field distribution [28]. Yet, under different illumination directions, the most critical 

point is the location of the jet with respect to the space charge region (SCR). When the 

ultrathin SC is working under front illumination, the jet-like light focus is directed into 

the ITO layer, which cannot be utilized by the SC. In this case, the NPs enhance the 

absorption via light scattering and enhanced reflectivity from the SiO2/CIGSe interface 

[18]. When the illumination is reverted to the rear side, however, the SiO2 NPs will 

generate the jet-like electrical field and enhance the absorption inside the device. In 

addition, the concentrated electric field is directed towards the SCR of the SC, where 

the recombination is much smaller than at the CIGSe/ITO interface. It brings extra 

electronic benefits to the carrier extraction in the solar cell, and it is significant because 

the SCR width of the ultrathin CIGSe solar cell is close to the thickness of the absorber 

[34]. Those benefits are similar to the quantum dot solar cells on nanopatterned 

substrates, in which the light trapping geometry shifted the optical hot spot which 

affected the collection efficiency of the photogenerated carriers. The improved rear FF 

of the SCs with NPs also suggests that the photogenerated carriers are extracted more 

efficiently [41, 44]. For the deviation in rear jsc gain between the simulations and 

experiments, the reference sample in our early simulations used an Ag mirror on the 

front side of the cell, which is not the case in experiments presented here [18]. Still, the 

higher gain in rear jsc than the front jsc gain is suggesting extra advantages of improved 

collection efficiency in addition to light trapping effects for SiO2 NPs under rear 

illumination. Our experimental findings reveal the potential of the SiO2 NPs in the 

BSTUT SCs, especially under rear illumination, which is equally important to be 

considered in BSTUT SCs.  

 

4. Conclusions 

 

Compared to the CIGSe SCs of standard thickness (~2000 nm), the BSTUT SCs suffer 

from a low jsc because of insufficient light absorption. Appropriate light management is 

essential, as it can effectively enhance the light absorption in the ultrathin absorber. 

Combining the EQE with the T/R characteristics of the BSTUT SCs, this work 

comparatively studies the influences of SiO2 NP integration underneath a 468 nm thick 

CIGSe absorber along with variations of ITO back contact thickness. The PV 

performance shows that the insertion of NPs at the CIGSe/ITO interface is beneficial 

for the SCs on both 100 and 300 nm thick ITO substrates. With SiO2 NPs, the front 

illumination jsc is increased by 4.1-4.4 mA/cm2, consistent with the simulation 

prediction of 4.2 mA/cm2. The average front Eff increases from 8.9% to 10.1% on 100 

nm ITO, and from 9.6% to 11.3% on 300 nm ITO. The rear illumination jsc is enhanced 

by 6.4-7.4 mA/cm2, which is higher than the front jsc gain, suggesting that the SiO2 NPs 

not only enhance the light absorption but also contribute to the collection efficiency of 

the photogenerated carriers. Unlike front FF, the rear FF is enhanced for the samples 

with SiO2 NPs, which confirms the improved carrier extraction under rear illumination. 

The average rear Eff increases from 4.4% to 7.0% and from 4.1% to 8.5% on 100 and 

300 nm ITO, corresponding to 59% and 107% relative increase, respectively. The 

bifacial illumination Eff would be 15.0% if we sum up 100% front and 30% rear Eff of 

our best solar cell [9], close to the 15.2% record of the Mo-based ultrathin CIGSe solar 

cells [17]. Compared to the flat reference samples, the SiO2 NPs induce waveguide 

modes and enhance front and rear absorption in the ultrathin CIGSe layer. The NPs also 



 

 

induce jet-like forward scattering, which further enhances the light localization inside 

the absorber layer and increases the collection efficiency of photogenerated carriers 

under the rear illumination. The thicker ITO casts higher parasitic absorption in the long 

wavelength range but also brings higher rear illumination EQE in the short wavelength 

range and higher front/rear Voc due to the wider Eg caused by the B-M shift. For the SiO2 

NPs, those experimental results verify the light trapping theory under the front and rear 

illumination, which reveals a promising prospect in bifacial semi-transparent solar cells. 
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