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ABSTRACT

An accurate assessment of bifacial solar cells under concurrent bifacial illumination is

critical to evaluate their real photovoltaic performance. In this work, we demonstrate

bifacial perovskite solar cells with bifacial equivalent power conversion efficiencies of

21% and 26% under concurrent bifacial illumination with an albedo of 0.2 and 0.5,

respectively. A detailed balance efficiency limit analysis further reveals the full potential

of bifacial perovskite solar cells.
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Introduction

Metal halide perovskite solar cells (PSCs) have gained significant interest in the past

decade due to their rapidly increasing power conversion efficiency (PCE) to more than

25%," ease of production using low-temperature solution-based processes,?* and

projected low manufacturing costs.> With the overwhelming success in the premature

stage, considerable research effort has now been directed toward moving this emerging

photovoltaic (PV) technology from lab to market.® In this regard, it is essential to achieve

a low dollar per watt ($/W) perovskite module cost that can compete with the low price

(<US$0.4/W)7 of today’s mainstream crystalline silicon solar panels. Such a low module

cost requires PSCs to deliver high output powers at relatively low production costs. To

achieve this goal, many strategies have been proposed for enhancing the power

generation of PSCs, such as tandem,®'! concentrated,'? 13 bifacial solar cells,'#'® or

their combinations.’® 20 Among them, bifacial solar cells are particularly promising for

practical use because they can boost the power output of solar models without a

significant increase in the production costs associated with additional subcells for
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tandems or the balance of systems for concentrated PV. For practical applications,

bifacial PV modules can be installed using vertical mounting or with a high albedo

surface (reflector).21-23

Rather than cover the entire back surface of a solar cell with an opaque metal electrode,

bifacial solar cell designs employ a transparent conducting electrode (often combined

with finger grids) to enable light-harvesting from both front and rear sides, allowing the

device to collect albedo light from the ground. Bifacial solar modules with a power boost

of an overall efficiency of more than 10% are top trending products by silicon solar

manufacturers in today’s PV market.2* However, efficient bifacial designs have rarely

been realized in inorganic thin-film solar cells, such as cadmium telluride and copper

indium gallium selenide, mainly due to the absence of a built-in electric field near the

rear surface of thin-film absorbers and insufficient lifetime and diffusion length that

sustain the transport of photoexcited minority carriers generated at the rear side to the

front heterojunction.25 26
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Unlike conventional thin-film PV, PSCs provide a unique opportunity to leverage their

bifacial potential because of their outstanding optoelectrical properties (e.g., high

absorption coefficients, long carrier lifetimes, defect tolerance, etc.) and device

architectures that do not rely on p-n junctions. To date, there are many reports on near-

infrared (NIR) transparent PSCs with an emphasis on the semi-transparent solar cells

for four-terminal tandem devices?’-2° and building-integrated photovoltaics (BIPV),3° but

their practical application as bifacial devices are currently underperformed and

undervalued (Table S1). Most of the bifacial PSC studies only measured device

performance under single-side illumination conditions and calculated the bifaciality, i.e.,

the efficiency ratio when illuminated from the front and rear side.'” The PV performance

of bifacial PSCs under concurrent bifacial illumination or adjustable albedo light has not

been accurately tested and reported. Particularly, the impact of a higher illumination

intensity on the PV parameters of bifacial PSCs has yet to be determined. The

perovskite PV community has not yet adopted the test standard (IEC TS 60904-1-2,

Measurement of current-voltage characteristics of bifacial PV device) that has been

proposed for commercial bifacial Si solar cells.3’
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To fulfill the need for accurately assessing the PV performance of bifacial PSCs, in

this work, we combine experimental and theoretical analyses to evaluate the practical

potential of bifacial PSCs. We show that the bifacial PSCs deliver output power

densities of ~210 and 260 W/m? with an albedo of 0.2 and 0.5, respectively. We further

perform theoretical analysis to show the relationship between the maximum output

power density and albedo light intensity of an arbitrary bifacial solar cell, highlighting the

full potential of bifacial PSCs.

Results and discussion

To demonstrate bifacial applications, we fabricated PSCs with a bifacial device

architecture of MgF,/glass/ITO/poly(triarylamine) (PTAA)/perovskite/Cgo/SnO/ITO/Ag

grid/MgF,, as shown in Figure 1a. We selected a methylammonium (MA)-free

formamidinium  (FA)-based perovskite absorber with a composition of

FAysCso2Pb(lgoBro 1) because of its better thermal and photostability than MA-

contained perovskite absorbers.3? Additionally, the so-called p-i-n device configuration is

chosen because it shows decent PV performance with negligible current density-voltage
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(J-V hysteresis).3® Detailed fabrication procedures are provided in the Electronic

Supplementary Information (ESI). Figure 1b shows the J-V plots of a typical device

under single-side illumination. Under the glass (film) side illumination, the cell delivers a

PCE of 18.4 (17.5)%, with a Vocof 1.124 (1.119)V, a Jsc of 20.4 (19.5) mA/cm?, and a

FF of 80.2 (80.1)%. The PCE of our semi-transparent PSCs are in a good level in

comparison to state-of-the-art devices (Table S1). External quantum efficiency (EQE)

measurement (Figure 1c) reveals that the slightly lower Jsc under the film-side

ilumination is ascribed to the lower conversion efficiencies below 500 nm. EQE

simulation (Figure S1) was performed using optical properties obtained by

spectroscopic ellipsometry, following our previously reported method.?* The result

shows that the optical loss at short wavelengths is mainly attributed to the parasitic

absorption of the ITO and Cgg layer. There is also room for the optimization of the film

stack thickness and anti-reflection coatings of PSCs, which can further enhance the Js¢

and PCE of the bifacial device. This bifacial PSC exhibits steady-state efficiencies of

18.3% and 17.5% when illuminated from the glass and film side, respectively (Figure

1d), consistent with the PCEs determined by the J-V measurements. The bifaciality of
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this device, which is defined as the PCE ratio under the front and rear illumination, is

thus determined to be 0.96, revealing the efficient utilization of photons incident from

both sides of the device. With proper tuning of the device structure, the Jsc difference in

bifacial PSCs can be adjusted to almost zero, and a bifaciality of 1 can be achieved.35
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Figure 1. (a) Schematic device structure of a bifacial perovskite solar cell. (b) J-V, (c)
EQE, and (d) steady-state efficiency curves of a typical bifacial perovskite solar cell

under single (glass or film) side illumination.



Page 9 of 19

Sustainable Energy & Fuels

To accurately evaluate the PV performance of bifacial PSCs, we built a setup to

measure the J-V characteristics of bifacial devices under concurrent bifacial illumination

(Figure S2). Figure 2a shows the J-V curves of a bifacial PSC under different bifacial

illumination conditions, consisting of a standard AM1.5G front illumination and an

adjustable rear-side illumination to simulate albedo light. The Jsc and V¢ of the device

increases while FF slightly decreases with increasing albedo light intensity (Figure 2b-

d), leading to a higher output power density under high albedo illumination (Figure 2e).

The increased V¢ is attributed to a higher photocurrent density because the /o¢ of a

solar cell is proportional to Ln(JsdJg+1), where Jsc and Jp are the photogenerated and

dark saturation current densities, respectively.3® The decreased FF is mainly due to the

thermal loss at the series resistance caused by the relatively high resistance value of

two ITO electrodes.3” A figure of merit named bifacial equivalent efficiency,’®

representing the efficiency of a monofacial solar cell needed to generate the same

power density under the same operating condition, is then used to characterize the

device. Figure 2e shows that the PSC achieves a bifacial equivalent efficiency of up to

26% under an albedo of 0.5. Note that an albedo of ~0.5 is feasible with a high reflective
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arrangement® or a high albedo surface, such as a white fiberglass rooftop (Figure
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Figure 2. (a) J-V curves of the device under concurrent bifacial illumination with various
light intensities (0 to 50 mW/cm?) from the rear (film) side. (b) Js¢, (¢) Voc, FF, and (e)
bifacial equivalent efficiency and output power density of the device under different

concurrent bifacial illumination conditions.

For more practical applications with relatively low albedo surfaces, the proposed

bifacial PV test standard uses an albedo of ~0.2.3" To evaluate the potential for real-

world applications, we compare the PV performance of bifacial PSCs with opaque PSCs

with an average PCE of ~20% (Figure S3). Figure 3 shows that under the standard
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testing condition with a back-side illumination intensity of 20 mW/cm?, bifacial PSCs

deliver a higher power output than their monofacial counterparts with an opaque (Ag)

back electrode. It is worth noting that typical concrete surfaces or grass ground have

albedo higher than 0.2 (Figure S4). Another benefit for bifacial PSCs is better device

stability than conventional monofacial cells. Bifacial PSCs eliminate direct contact with

metal electrodes and cover the top surface of the film stack with a uniform and

impermeable metal oxide coating, which is known to suppress the halide induced

electrode corrosion and the egress of volatile species of perovskite absorbers.40- 41 In

agreement with the literature,*> we found that bifacial PSCs exhibit much-improved

stability than monofacial PSCs under thermal and light stresses (Figure S5). The results

show that the long-term stability of bifacial PSCs is feasible, provided that the intrinsic

stability issue of perovskite absorbers can be addressed. The potential of

simultaneously achieving high PCE and stability makes bifacial PSCs promising for

practical applications.
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Figure 3. Statistical distributions of (a) equivalent PCE, (b) Jsc, (¢) Voc, and (d) FF of

monofacial PSCs with Ag electrodes and bifacial PSCs with ITO electrodes under two

different (Albedo = 0 and 0.2) bifacial illumination conditions.

To further assess the full potential of bifacial PSCs, we analyze the detailed balance

bifacial equivalent efficiency limits of bifacial solar cells with different absorber

bandgaps by modifying the Shockley—Queisser thermodynamic limit calculation.*3

Various albedo light conditions (Figure 4a) were considered the secondary light source

to add to the photocurrent generation. Details of the analysis are provided in the ESI.

The results show that with a uniform albedo of 0.1 to 0.5, the output power density (or

equivalent bifacial efficiency) of bifacial PSCs can be increased by 10.2% to 51.5% for a
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typical perovskite bandgap range of 1.45 to 1.75 eV (Figure S6). The bifacial

illumination with different albedo surfaces can boost the bifacial equivalent efficiency to

more than 35-50% or the output power density of 35 to 60 mW/cm?2 (Figure 4b). Such

increased power generation can reduce the $/W cost of perovskite PV modules by 10 to

~33% based on our previous technoeconomic analysis (Figure S7),°> which may make

bifacial PSCs one of the cheapest PV technologies in the future.
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Figure 4. (a) Albedo spectra of different ground materials under AM1.5 solar
illumination, including snow, fiberglass rooftop, grass, yellow sand, concrete, and tile.
The reflectance data is adapted from NASA’s ECOSTRESS Spectral Library. (b)
Detailed balance bifacial equivalent efficiency and output power density limit of bifacial
solar cells with different absorber bandgaps with different albedo surfaces. The shaded

area highlights the bandgap range for high-efficiency PSCs.

Conclusion
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In sum, we demonstrated that bifacial PSCs have the potential to achieve a higher

output power density than monofacial devices under a proper albedo light illumination

and exhibit enhanced device stability. Theoretical analysis shows the bifacial solar cells

are promising to convert more solar energy into electricity with a high albedo surface.

Overall, bifacial designs, therefore, deserve serious consideration for the future

commercialization of perovskite PV.
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