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Abstract: In recent years, halide perovskites have upstaged decades of development in
solar cells by reaching power conversion efficiencies that surpasses polycrystalline silicon
performance. The efficiency improvement in the perovskite cells is related to repeated
recycling between photons and electron-hole pairs, reduced recombination losses and
increased carrier lifetimes. Here, we demonstrate a novel approach towards enhancing the
efficiency of perovskite solar cells by invoking the Forster Resonance Energy Transfer
(FRET) mechanism. FRET occurs in the near-field region as bacteriorhodopsin (bR)
protein and perovskite have similar optical gaps. Titanium dioxide functionalized with bR
protein is shown to accelerate the electron injection from excitons produced in the
perovskite layer. FRET predicts the strength and range of exciton transport between
separated perovskite and bR layers. We show that the cells incorporating bR/Ti0, layers
exhibit much higher photovoltaic performance. These results open the opportunity to

develop a new class of bio-perovskite solar cells with improved performance and stability.
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1. INTRODUCTION

Organic and inorganic hybrid perovskites represent a new class of semiconductors with
promising characteristics for a wide range of optoelectronic applications. Hybrid
perovskites display many advantages such as long electron-hole diffusion lengths, simple
fabrication procedure, sustainable chemistry, and cost-effective raw materials. Perovskites
are represented by the generic formula, ABXj3, in a close-packed quasi-cubic unit cell. The
A-site cations, e.g. methylammonium (CH;NH3") (MA), formamidinium (HC(NH,),") (FA)
or cesium (Cs")), occupy the corners of the cube; the B-site cations are typically dominated
by group IVA metals with divalent oxidation state (Pb*", Sn*", Ge*"); the anion X is
generally a halide (C1 , Br , or I ). In recent years, hybrid perovskite based solar cells with
power conversion efficiencies up to > 23%'* have been demonstrated due to advancements
in solution-synthesis and film-deposition techniques. Such an improvement has been the
result of the development of new fabrication methods and the design of materials layers

with proper band alignment that promotes charge transport.

In case of photovoltaic power conversion efficiency, there are several factors that
contribute towards the improved performance: (1) composition-driven tunable bandgap
spanning a wide range of the solar spectrum’; (2) direct band-gap with high absorption
coefficients (high density of states above and below the band gap near the quasi-Fermi
level);* (3) low effective masses and relatively high carrier mobilities; (4) long carrier
diffusion lengths; (5) low excitonic binding energy values; (6) high photoluminescence
quantum yield® and (7) highly efficient radiative recombination rates due to sharp band
edges and absence of mid-gap states. The variation of the bandgap as a function of
composition and doping level has been widely studied in hybrid perovskites. By varying
cations on A and B site or anion X, a wide range of bandgaps can be achieved ranging from
1.2-2.3 eV. In typical perovskite solar cells (PSCs), several-hundred nanometer thick light
absorbing layer, with or without a mesoporous scaffold, is sandwiched between the
electron and hole transport layers (ETLs and HTLs, respectively). Upon the absorption of
incident photons, carriers are created in the absorber that travel through a transport pathway
including the ETL or HTL to the electrodes. The low non-radiative recombination rates

and high photoluminescence (PL) yields of these materials allow one photo-excited state



to undergo multiple radiative emission-absorption events before it is lost through non-
radiative decay. Repeated recycling between photons and electron-hole pairs creates charge
extraction over large length scales, and high excitation densities within the perovskite layer
allow high open-circuit voltages.” The architecture of PSCs is originated from the dye-
sensitized solar cell (DSSC), where mesoporous TiO, layer is employed as a scaffold
layer.” The high surface area of the TiO, mesoporous layer allows the sufficient adsorption
of light absorbing molecules for energy conversion. Thavasi et al. demonstrated the
feasibility of bacteriorhodopsin (bR) as bio-photosensitizer for TiO; in the so-called bio-
sensitized solar cell (BSSC).® In the BSSC, bR works as a light-driven proton pump during
charge separation initiated by photon absorption, with simultaneous electron ejection in the
TiO, layer. The sensitization of TiO, with bR has been further rationalized by first-
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principles calculations performed by Koch et al.” and has been used by Allam et al.'® for

enhancing the photoelectrochemical water splitting.

Here we developed a new type of bio-perovskite solar cell (BPSC), as illustrated in
Figure 1. The band alignment is illustrated in Figure 1a and the schematic architecture of
the BPSC is displayed in Figure 1b. The valence band maximum (VBM) and conduction
band maximum (CBM) for the CH;NH;Pbl; (MAPDbI3) are reported to be 5.3 and 3.7 eV,
respectively,'' and the highest occupied molecular orbital (HOMO) of spiro-OMeTAD is
located at 5.2 eV."? The favorable band alignment of perovskite with TiO, ETL and Spiro-
OMeTAD HTL allows the charge carrier extraction to electrodes. The key component of
the BPSC is the bR molecules between TiO, and perovskite layers, which implements the
energy-transfer step involving photon absorption and hot carriers transfer. The transfer of
light energy absorbed by perovskite to bR occurs first via an efficient Forster resonance

energy transfer (FRET)"*"*

and further, from bR quantum dots (QD) to TiO,, via the
electron ejection mechanism of the bR proton pump mentioned above. The enhanced
thermal stability of bR and its mutants, accomplished by rational site-directed mutations,
provides additional advantages. The operation of these three transformative BPSC
paradigms holds great promise for construction of robust and efficient electrolyte free

solid-state photovoltaic devices.

2. EXPERIMENTAL SECTION



2.1 Synthesis of TiO,/bR Layer

Cys bR mutant was immobilized on TiO, substrate by covalent attachment of Ti to Cys
groups using standard experimental protocol.® The details of the synthesis and purification
of bR mutants were provided in Supporting Information. bR concentration of 6.67 g/L was
diluted 10 times in suspension buffer (150 mM KCI, 10 mM Tris-HCI, pH 8.2) to achieve
a final absorbance of 0.2 to 0.3 at 570 nm. We mixed 0.5 mL of this diluted bR solution in
suspension buffer with 250 uL of incubation buffer (300 mM KCI, 10 mM Tris-HCI, pH
7.82), and this mixture was placed on the glass substrate coated with TiO, incubated for 6
hr. The container was kept in the dark at room temperature during the attachment process.
After 6 hr, the substrate was rinsed with incubation buffer several times, followed by drying
at room temperature in the dark for 5 to 6 hr. Care was taken to keep the substrate always
under dark conditions. After rinsing, visual inspection did show pink and purple spots on

the TiO, substrates.
2.2 Perovskite Solution Preparation

The perovskite thin film was synthesized by exfoliating perovskite crystals and self-
assembling to thin film."> To prepare the MAPbI; crystals, 1.2 M MAPbI; solution was
fabricated by dissolving Pbl, and MAI (molar ratio 1:1) in y-butyrolactone and filtered in
the vial. Next, the vial with MAPDbI; solution was placed in an oil bath and slowly heated
to 120 oC and kept for 3h for MAPDI; crystal growth. The crystals were washed with diethyl
ether and dried under nitrogen gas. The MAPbI; crystals were exfoliated by exposing to
methylamine CH3;NH; gas. The MAPDI; crystals were placed in a vial and then packed in
a sealed bottle with methylamine ethanol solution for 12 h. The evaporated methylamine
gas diffused into the vial and reacted with MAPbI; crystals, forming a liquid perovskite
intermediate. The liquid perovskite was dissolved in acetonitrile to form 1 M perovskite

solution.
2.3 Device Fabrication and Characterization

The TiO, compact layer was fabricated by spin-coating titanium isopropoxide (TTIP)
ethanol solution on FTO glass at 2000 rpm for 20 s, followed by annealing at 500 °C for 1
h. To fabricate the TiO, mesoporous layer, the TiO; solution prepared by diluting 18NR-T



paste with a-terpineol and ethanol was spin-coated on the top of TiO, compact layer. TiO,
layer was annealed at 500 °C for 1 h. The perovskite thin film was deposited by spin coating
the perovskite solution onto the TiO; layer at 4000 rpm for 20 s and then heated at 100 -C
for 10 min. The Spiro-OMeTAD solution was spin-coated on the perovskite layer at 4000
rpm for 20 s serving as the hole transport layer. Lastly, 80 nm of gold was thermally
evaporated as the metal electrode, keeping the active area of each device at 0.096 cm®. The
steady-state and transient photoluminescence spectra were measured by FLS1000
Photoluminescence Spectrometer (Edinburgh Instruments Ltd). The samples were excited
by a pulsed laser with a wavelength of 510 nm and illuminated from the film side for
excitation. The Oriel Sol 3A Class AAA Solar Simulator (Newport) was employed to
provide air mass (AM 1.5) illumination of 100 mW cm™. The samples were illuminated
from the left (the front side) by the monochromatic (continuous) flux of photons. However,
the model can be extended to an arbitrarily positioned (monochromatic or spectral)
illumination source due to photon recycling and recombination events. The J-V curve was
measured by Keithley digital source meter (Model 2440). The incident photon-to-current
conversion efficiency (IPCE) spectra were measured by QUANTX-300 system (Newport)
and the Electrochemical Impedance spectroscopy (EIS) was performed by using 600E

electrochemical station (CH Instruments, Inc.).
3. RESULTS AND DISCUSSION
3.1 bR Assisted Charge Transfer

The bR molecules are integrated within perovskite solar cells by attaching on the surface
of TiO, nanoparticles of the mesoporous layer to enhance the charge transfer between
perovskite and TiO, ETL. Figure 2a shows the cross-sectional scanning electron
microscopy (SEM) image of the BPSC, where the compact TiO, layer,
perovskite/mesoporous TiO,/bR, Spiro-OMeTAD, and Au electrode were deposited on the
FTO glass, respectively. The thickness of perovskite and mesoporous TiO,/bR is
approximately 500 nm, which can sufficiently absorb the light. The top-view SEM of the
perovskite layer deposited on TiO,/bR was presented in Figure S1, showing a uniform,
pinhole-free perovskite film with a grain size of around 200 nm. Upon light excitation, the

photogenerated electrons from both capping perovskite layer and penetrated perovskite



will be transferred into the mesoporous TiO; by the assistance of the bR molecules. To
study the coupling between bR and TiO,, we measured the photoluminescence (PL) spectra
for pristine TiO; film and TiO,/bR film. The TiO, mesoporous film was immersed in bR
solution for adsorption of bR on the surface of TiO, nanoparticles. As shown in Figure 2b,
the pristine TiO; film showed no emission in the wavelength range from 600 nm to 850
nm. Upon the adsorption of bR, there is a clear emission peak around 720 nm, which can
be attributed to the radiative recombination of electrons and holes excited from the bR
molecules, indicating that bR is bonding on the TiO, surface. The absorption spectrum of
the bR/Ti0, was presented in Figure S2, showing a distinctive absorption feature of bR
molecules. We then deposited MAPbI; perovskite on top of TiO; film and TiO,/bR film,
respectively, and measured the PL spectra, as shown in Figure 2c. The emission peak for
MAPbI; is at 768 nm, corresponding to a bandgap of ~1.6 eV. Interestingly, with the
adsorption of bR on TiO; film, the intensity of the perovskite PL decreased significantly.
The effect implies that there is a charge carrier extraction at the interface between the
perovskite and bR, decreasing the radiative recombination inside the perovskite and thus
reducing the PL intensity. In addition, the emission peak is blue shifted from 768 nm to
762 nm, which can be attributed to the FRET with the exciton transfer from perovskite to
the bR molecules. To understand the energy and charge transfer kinetics, we measured the
time-resolved PL spectra to extract the charge carrier lifetime, as shown in Figure 2d. The
stretched exponential PL decay can be expressed as:

tﬁl
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where /(¢) is the fluorescence intensity at time #, n is the number of components, /; is the
initial intensity of each component, 7; is the characteristic lifetime and f; is the stretching
exponent (0 < f; < 1). p deforms the exponential so that the initial decay is faster and the

tail longer. The lifetime of a stretched exponential decay is quantified by its mean

relaxation time (t):
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The lifetime calculated from the PL decay is 7;= 1.31 ns, o= 9.55 ns, 13= 24.47 ns for
Ti0O,/perovskite. In the case of TiO,/bR/perovskite, the lifetime analysis yields: 7;= 0.89
ns, 1= 3.63 ns, ©3= 12.17 ns. Clearly, the lifetime of the excited electron is decreased
significantly upon the adsorption of bR on TiO, film, which further confirms the bR can

assist the charge carrier extraction from perovskite to TiO, ETL.

To study the effect bR molecules on the conversion efficiency of perovskite solar cells,
the J-V characteristics of the two devices were measured, as shown in Figure 3a. The
conventional cell (TiO,-PSC) showed J. of 22.59 mA cmfz, Voe of 1.02 V, FF 0of 0.618,
corresponding to the efficiency of 14.59%. The perovskite solar cell with bR (TiO,/bR-
PSC) exhibited J;. of 22.61 mA cmfz, Ve of 1.05 V, FF of 0.705, with the conversion
efficiency of 17.02%. The histogram of the conversion efficiency (Figure S3) shows
majority devices present efficiency over 16%, and the average efficiency is 16.34%. The
efficiency improvement with the bR is mainly attributed to the increased fill factor, from
0.618 to 0.705, which is due to the fast electron transfer from perovskite to bR and then
Ti0,, reducing the electron transport resistance at the perovskite/TiO; interface. Figure 3b
shows the incident-photon-to-charge conversion efficiency (IPCE) spectrum of the BPSC.
The maximum external quantum efficiency (EQE) is over 95% at the wavelength of 531
nm and the EQE response edge is at around 770 nm, which is consistent with the absorption
edge of MAPDI; perovskite. The integrated J,. calculated from the IPCE spectrum is 22.5
mA cmfz, which is consistent with the J,. from J-V curve. The forward and reverse scan J-
V characteristics were performed for both PSCs, as shown in Figure S4. The TiO,-PSC
exhibited a reverse-scan efficiency of 14.59% and a lower efficiency of 12.66% with
forward scan. In contrast, the TiO,/bR-PSC exhibited a reverse-scan efficiency of 17.02%
and a forward-scan efficiency of 16.26%, showing a much less hysteresis, which can be
ascribed to the enhanced charge transfer assisted by the bR molecules, releasing the
interfacial charges at the ETL/perovskite interface. Electrochemical impedance
spectroscopy (EIS) was measured to study the interfacial charge carrier transfer behavior.
Figure 3¢ and 3d compare the Nyquist plots for the PSCs with and without bR in dark and
illuminated conditions, respectively. The charge transfer resistance of the TiO,-PSC and
TiO,/bR-PSC 1is 309.2 ©Q and 177.5 Q in the dark; 30.6 Q and19.2 Q in the 1 sun

illumination condition, respectively. This reduction in the transfer resistance is attributed



to the enhanced charge extraction assisted by the bR molecules, rationalizing the increase

of FF for the BPSC.
3.2 Theoretical Interpretation

The present results can be rationalized in terms of a FRET model. The lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) of bR is
determined by surface photo-voltage spectroscopy (SPS) to be 3.8 eV and 5.4 eV following
Li et al.'® The details of the Density Functional Theory (DFT) calculation for molecular
orbitals of retinal in bR is given in the Supporting Information and the electronic transitions
between the HOMO and LUMO in the retinal was illustrated in Figure S5. Since both
MAPbI; and bR have almost the same gap they are resonantly coupled and FRET occurs
in the near-field region. The efficiency and the spatial range of this mechanism for exciton
transfer can be estimated using the near-field resonance of electric dipoles as shown by
King et al."* The shortening of the perovskite emission lifetime upon the adsorption of bR
on TiO, film is a clear proof that FRET provides an effective way to achieve the Purcell
effect in our solar cell. '”'® From the lifetime change, one can estimate the FRET rate as
about 0.36 (1/ns). As mentioned earlier, the main effect of bR is manifested in increase in
the FF of BPSC. FF is a parameter which quantifies the rectification of a solar cell device
within the fourth quadrant of the J-V characteristics where power is generated. FF is

influenced by charge carrier recombination losses which are significantly reduced by FRET.

In the present model shown in Figure 4a, MAPDI; replaces the semiconductor quantum
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dot originally considered by King et al.”” The FRET coupling strength U is determined by

the relation:

— KD PeDbR

U
s R’

3)

where s, 1s the permittivity of the medium, R is the separation between the molecules, Dp,
and Dy are the dipole moments of the Perovskite and bR, respectively, and the angular
factor x depends on the orientations of dipoles relative to the separation between molecules.
We use the dipole values of Dp . = 1.94 and Dyz = 40 from literature.'” 2° We assume the

medium dry and take a permittivity s, = 1, kK = 1 and keep the bR-perovsite separation



distance R as a free parameter. The model also needs another parameter y which is the
inverse lifetime of an exciton in bR, and can be determined to be around 0.05 eV according
to King et al.'* Other rates can be neglected in the calculations since they are much smaller
than y. Figure 4b shows the FRET efficiency as a function of R. For separations R larger
than the FRET radius Ry the efficiency is less than 50%. Thus, in the present model, FRET
radius R, ranges between 4-7 nm if y varies between 0.05 and 0.1 eV. Figure 4c illustrates
that for R = 2 nm, the exciton transfer from perovskite to bR occurs within a few hundred
femtoseconds. Interestingly, the exciton transfer presents a damped oscillatory behavior
shown by the blue curve in Figure 4c when y=0.05. This feature is not captured by previous
FRET models and reveals that exciton transport can be coherent-like rather than diffusion-

like.
4. CONCLUSION

We have developed a BPSC that utilizes novel optoelectronic characteristics of perovskite
and bR. The concept of photon recycling utilized to explain the perovskite success is
combined here with FRET to achieve significant improvement in the performance of PSCs.
FRET is possible because of bR and perovskite possessing similar optical gaps. The
perovskite acts as an antenna for photon absorption, with subsequent transfer to the retinal
complex in bR. The retinal complex in bR is known to be an efficient absorber of photons
through direct capture, and a similar efficiency is found for non-radiative transfer of
excitons from perovskite to bR via the FRET mechanism. The decrease in
photoluminescence by photosensitive bR indicates that FRET plays an important role in
the excitonic transport. Thus, the present increase of FF can be explained by the fact that
charge carrier recombination losses are significantly reduced by FRET process. In the
future research, the nanostructure and the chemical bonding between bR and TiO; can be
modified for enhancing the proton pumping property of bR and facilitating charge transfer,
which is expected to further improve the efficiency of BPSC. This work opens a new
direction to utilize the unique functionalities of biomaterials in photovoltaics for improving

the charge transfer and thus the photo conversion performance.
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FTO Glass

Figure 1. (a) Band alignment of the bR/perovskite solar cell (BPSC). (b) Schematic of the
BPSC architecture, where the compact TiO; layer, perovskite/mesoporous TiO,/bR, Spiro-
OMeTAD, and Au electrode were deposited on the FTO glass, respectively.
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Figure 2. (a) Cross-sectional SEM of BPSC. (b) Steady-state photoluminescence (PL)

spectra of TiO, and TiO,/bR layers. (c) Steady-state and (d) time-resolved PL spectra
Ti0,/perovskite layer and TiO,/bR/perovskite layer.
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Figure 3. (a) J-V characteristics of the perovskite solar cell with and without bR integration.
(b) IPCE and the integrated J of the BPSC. EIS of the PSCs with and without bR in the
(c) dark and (d) illumination conditions.
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Figure 4. (a) Schematics of FRET model showing perovskite interaction with bR. (b)
Exciton transport efficiency for bR-perovskite as a function of separation. (c) Occupation
probability of initial excited state for R=2 nm as a function of time for y = 0.05 and 0.1 eV.
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