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Inhibiting the radiative radiation is an efficient approach to enhance quantum yields in a solar sell. This work carries
out the inhibition of radiative recombination rate (RRR) in a quantum photocell with two coupled donors. We perform
explicit calculations of the transition rates, energy gaps and the absorbed solar wavelength-dependent RRR, and find that
two different regimes play the crucial roles in inhibiting RRR. One is the quantum coherence generated from two different
transition channels, the other includes the absorbed photon wavelength and gaps between the donor and acceptor in this
proposed photocell model. The results imply that there may be some efficient ways to enhance the photoelectron conversion

compared to the classic solar cell.
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1. Introduction

The photoelectron conversion efficiency!!* is a contin-
uous concern about solar cells or photovoltaic devices. When
research of the photoelectric conversion efficiency encounters
the bottleneck,>-'#! scientists turn their interesting to quan-
tum technology,!'3->! and they hoped to break through the
efficiency limitation, and further to improve the photoelectric
conversion efficiency by means of quantum mechanics.

When it comes to efficiency losses, there are two cate-
gories efficiency loss processes in the photovoltaic devices.

e, 126-28

One is the extrinsic losses such as series resistanc ! par-

(291 they are the-

asitic recombination and contact shadowing,
oretically avoidable and consequently are not considered in
fundamental limiting efficiency. The other is the intrinsic
losses such as non-absorption of photons with energy below
the bandgap,?%3?! thermalisation loss[*3-331 due to strong
interaction between excited carriers and lattice phonons and
emission loss according to Kirchoff’s law,*738] they are un-
avoidable in device design and will still be present in an ide-
alized solar cell.!®) What is more, the radiative upward tran-
sition and its reversal, the radiative downward transition co-
exist simultaneously,[39J which has been considered as the
fundamental limitP®! on the conversion efficiency. Scully!!!
proposed a scheme to reduce radiative recombination via the
quantum coherence with or without the drive field. Svidzin-
sky et al."! manifested that quantum coherence could in-
crease the flow of electrons through the load and enhance cell
power via the reduction of radiative recombination. Creatore
et al. showed that quantum interference induced by the dipole-

dipole interaction between molecular excited states guarantees

DOI: 10.1088/1674-1056/ab836f

an enhanced light-to-current conversion and power.[*"!

In this paper, we explicitly consider the regulation mecha-
nism of radiative recombination rate (RRR) in a quantum pho-
tocell with two coupled donors, and this intention requires a
more detailed density matrix analysis via the master equations
for this quantum open system. Furthermore, we focus on the
inhibited RRR by quantum coherence generated from two dif-
ferent transition channels and by other controlled parameters
of this photocell system. As compared to Ref. [15], some more
explicit principal issues rather than practical implications are
discussed deeply.

2. The photocell model with two electron donors

Before explicitly visiting the performance of quantum
photocell (seen in Fig. 1), we describe the quantum photocell
model firstly. The introduced photocell consists of the con-
duction band states |a;) ;—i ») and valence band state |b) as the
donor, level |c¢) and level |v) as the acceptor connected to the
external circuit. The two conduction band states |a;);— ) and
the ground state |b) are modeled as two dipole-dipole coupled
donors, which is similar to the model of Creatore et al.[*0! The
optical transition in coupling of two conduction band states
|ai)(i=1) and valence band state |b) is characterized by the
optical dipole moment p = e(b|r|a). As for the intermolecu-
lar interaction in a molecular aggregate, which is composed of
two electric neutral molecules, can be described by the elec-
trostatic dipole—dipole coupling!*!!
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where the dipole moments p,, and p,, are located at 7,
and r,,, respectively; and r = r, — 74, is the radius vec-
tor from r,, to r4,. For simplicity, we assume that the two
donors are identical and degenerate, so two coupled excited
states |a; ) and |ay) of the two donors have the same excitation
levels E;1 = E;»p = ho. Furthermore, their dipole moments
are aligned in the same direction, pt,, = p4, = p as depicted
in Fig. 1. The Hamiltonian for the system of two interacting
donors reads

A=Y ni6;6; +J12(676; +65 6)), )
i=1,2
where 67 = |a;){(b| and 61.6.:1’2) = |b){aj|;=1 are the

i(i=12)
Pauli rising and falling operators, respectively. Generally

speaking, the coupling strength Ji, is weaker than excitation
energy ho = E, — Ej, with E, = Eg; ;-1 ) + V2J12.1% The
cycle procedure starts in the ground state |b) absorbing solar
photons. The electron transport begins with the population
on the two coupled donor excited states |a;)(i—12). Next, the
excited electrons are transferred to the acceptor molecule, the
charge-separated state |c). In the quantum heat engine describ-
ing of a solar cell,[*?] the acceptor’s states |c) and |v) represent
the conduction and the valence band, respectively. The excited
electron is then assumed to be used to perform work, leaving
the charge-separated state |¢) decaying to the sub-stable state
[v), and the resistance of an external load connected to them
is characterized by the decay rate I" of electrons from |c) to
[v). The electronic current flowing from the conduction band
state |c) to the valence band state |v) is given by j = el p,,
where e and p. represent the fundamental charge of an elec-
tron and conduction band population, respectively. The volt-
age across the quantum photocell is defined as the chemical
potential difference!!>! between the two levels |c) and |v),

eV:e(Vc*Vv) = Uc — Hy, (3)
Considering the Boltzmann distributions for levels |c¢) and |v),
p\/ = e_ kBT ’ (4)

and the voltage of the photocell can written, with respect to

the energy levels and populations, as!!32423]
eV =E.—E,+k,T,In (pc). (5)
Py

Meanwhile, the acceptor’s states |c) with any excess en-
ergy will radiate phonons into the ambient environment. The
recombination between the acceptor and the donor is also con-
sidered with a decay rate of yI", where J is the RRR, a dimen-
sionless fraction. This loss channel brings the system back
into the ground state without producing a work current, which
could be a significant source of inefficiency. Finally, the state

[v) decays back to the ground state |b), closing the cycle. In
spite of another crucial loss procedure, the phonon-mediated
energy relaxation still exits in this model, which are included
in our kinetic model via the relaxation rates i, >, and 71, .
We argue that inhibiting the radiative radiation is an efficient
approach to enhance the quantum yield in our propose. In the
following comments, we focus on how to control radiative ra-
diation rate in this photocell model. Assuming that the donor
molecular is directly populated by the absorption of weak in-
coherent solar photons (%V;), the kinetics of the optically ex-
cited states obey the Lindblad master equation

d Sy A A
aps:—l[Haps]“"fpw (6)

where A can be taken from Eq. (2), and .Z is the Lindblad
super operator. Considering the two degenerated conduction
bands |a;), |az), the master equations in the interaction pic-
ture for Fig. 1 can be explicitly given as follows:

pit = —nl(n+1)p11 —npp] — Fil(ne +1)p11 — nepec
—Ti2(n+ 1)Re[p12] — 2 (ne + 1)Re[p12],

P2 = —pl(n+1)pn —npw| — Hl(ne +1)p22 — nepec]
—T2(n+ DRe[p12] — 7i2(nc + 1)Re[p12],

pia = —3 10+ 1)+ 1)+ + ) e+ Dlpz

—%[(ﬂ-i- 1)p22 + (n+1)p11 — 2npps)
- % [(ne +1)p22 + (ne+1)p11 — 2nepec],

pu == ’}71 [(I’l( + I)Pll - ncpcc] + 72[("0 + 1)P22 - ncpcc]
+2%2(ne 4+ 1)Re[p1a] = I'(1+ x)pees

P = I'pec — E(nv + 1)va +Icnyppp, @)

when the electronic system interacts with radiation and
phonon thermal reservoirs, the thermal solar photons with fre-
They
drive |a;) <> |b) and |az) < |b) transitions with the same av-

quency Vg are assumed to direct onto the photocell.

erage occupation number n = — and T; is the so-

lar temperature. The ambient thermal phonons at tempera-
ture T, drive the two low-energy transitions |c) > |a;) and
[v) <> |b). Their corresponding phonon occupation numbers
—, with E

are set as n. r and n,

— 1 _ 1
- e(E"ic/kB Ta)* - C(E[;u/kB Ta)

and Ep, being their corresponding energy gaps, respectively.
Here 12 = p1/71%, Ti2 = p2v/71 2 describe the quantum co-
herence between the relaxation rates 7y, %, and ¥, }», respec-
tively; p1 and p, quantitatively illustrate their strengths of the
quantum interference.

Considering the steady solution to Eq. (7), one can ob-
tain the expression of the delivering power P = j-V, to the
external load circuit as a function of the RRR . Furthermore,
utilizing the energy level populations in the steady status and
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the Boltzmann distribution,!**! the expression of RRR x can
also be obtained as functions of other parameters such as the
energy gaps, absorbed photon wavelength and quantum coher-
ence generated by different relaxation channels.

|a1)

|b)

Fig. 1. Quantum photocell models consisting of two dipole-dipole
coupled donors and the acceptor. Solar radiation (%vs) drives transi-
tions between the valence band state |b) and the conduction band state
|a; (i=1.2))- The curve with double arrows represent dipole-dipole cou-
pled interaction between the conduction band state |a;(—;,)). The
dashed curves represent the transferring channels of electrons. Tran-
sitions between level |a;)i—1 2 <> |c), |v) <+ |b) are connected to a load.

3. Results and discussion

It is know that the losses due to radiative recombination in
principle represent one of major loss mechanisms.[!>! There-
fore, based on Fig. 1, we propose a parametric toy solar cell
model to explore the effect of radiative recombination on the
charge transport process, and study its influence on the quan-
tum yields.

jlevy
(Pout/7)/eV

0 0.2 0.4 0.6 0.8
Voltage/V

Fig. 2. Current j and power Py as a function of induced cell voltage
V with different RRR y. The red and blue curves designate the output
current j and delivered power Py, respectively. It takes y; = /2y eV,
=01y, 7 =507, h=55%,p1 =045,p, =075, =1.5y,I;. =
0.1y, Ecy = 1.3 eV, Ea; b = 1.43 eV, L 0.01 eV,
J12 = 0.50 eV with Y being the scale unit.

The current—voltage characteristic (red curves) and power
(blue curves) delivered to the external load circuit versus the
RRR yx are plotted in Fig. 2 with their parameters shown in
its caption at the room temperature 7, = 0.0259 eV and the
solar temperature 7y = 0.5 eV. The results show that the peak
currents and powers decrease with the increments of RRR by

0.1, and RRR’s uniform increments generate the unequal re-
ductions both for peak currents and powers. For example, the
decrement of the peak values within the range from 0.22 to
0.32 of yx is larger than that within the range from 0.42 to 0.52
indicated by the red curves, and the similar characteristic is
also shown by the blue curves in Fig. 2. The nonlinear influ-
ence on the quantum yields has also presented in a different
quantum photocell model.!**! Figure 2 manifests the nontriv-
ial passive role of the RRR y in the quantum yields in this
quantum photocell.

Therefore, it is of great significance to inhibit the radiative
recombination in this quantum photocell model. Scully!!”!
proposed that the quantum yields in a different quantum pho-
tocell could be enhanced by the quantum coherence with or
without driving fields compared to the classic one. In this
quantum photocell, the Fano quantum coherence can be gen-
erated from two transition channels, i.e., |a;) <> |b) channel,
and |a;) <> |c) channel. In the following, the RRR yx will be
discussed as functions of the transition rates y; and 7 in Fig. 3.
The contour lines in Fig. 3 show the shockwave type curves,
and the values for different contour lines increase with the in-
creasing transition rates y; and J», which can be observed by
the white numbers on the diagonal lines in Fig. 3. Meanwhile,
it is also noted that transition rates y; and }, are different in
one contour line with the same value RRR y, and 7;, 1» on
the diagonal simultaneously have the smallest values. For ex-
ample, among the three points A, B, and C in the contour line
with RRR y = 5.36%, the point B on the diagonal has smaller
" and P, (here y; = 7») than those corresponding to other two
points A and C.

3.5

3.0

2.5

71

2.0

1.5

1.0

0.5H
0.5 1.0 1.5 2.0 25 3.0 3.5

Fig. 3. Contour plot of the radiative recombination rate  as functions of
the transition rates y; and 7». The parameters used here are 7} = 3.5y,
% =357, p1 =p2 =080, I = 0.1y, I = 045y, E,, = 0.15 eV,
Eai,(i:l,z)f = Ep, = 0.05 eV, and the other parameters are the same as
those in Fig. 2.

In this proposed photocell model, it should be mentioned
that the quantum coherence is expressed by 12 = pi1v/71 72,
Y12 = pov/11 72 with py, po quantitatively describing their
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strengths. In Fig. 3, a more robust quantum coherence, i.e.,
p1 = p2 = 0.80, is considered in this photocell. Hence, the
inhibited RRR yx with the largest value 12.73% is achieved in
Fig. 3. The increasing ¥; and 9 can also influence the quantum
coherence in two different transition channels, i.e., |a;) <> |b)
channel and |a;) <> |c¢) channel, due to their parametric rela-
tions between ¥, 7> and 7;, }» in Fig. 3. Here 7; and % indicate
that the most robust quantum coherence will be achieved by
the equal transition rates ¥, and 7. As a result, the inhibition
of the RRR ¥ is the most prominent, which can be manifested
by three points A, B and C on the contour line with y =5.36%.

The quantum coherence has been proved to be a very ef-
fective way to inhibit radiative recombination in this proposed
quantum photocell. Are there any other ways to inhibit radia-
tive recombination except for the quantum coherence? In the
following, Fig. 4 shows the controlled radiative recombina-
tion when the photocell system is operating under other para-
metric conditions with a weaker quantum interference, i.e.,
p1 = p2 =0.35. The RRR y is plotted as functions of the en-
ergy gaps Eqc = Ej,y, absorbed photon wavelength A between
the levels |a;);=1 2 and |b). Considering the fact that the solar
spectrum ranges from about 354 nm to 2480 nm, the absorbed
photon wavelength A falls in this range as shown in Fig. 4.
Figure 4 explicitly illustrates that the RRR y increases with the
increment of gap E,. = Ep, when the photocell absorbs pho-
tons with a certain wavelength, while greatly increases when
the photocell absorbs a longer-wavelength photon. However,
the RRR y gains far less when the gap energy E,,. = Ep, is
less than 0.2 with absorbing different-wavelength photons. In
a word, the inhibited RRR y can be achieved with a smaller
energy gap (E, = Ep,) when it absorbs shorter-wavelength

photons.
Radiative recombination rate x/%

1.0 60
0.8 50

>

[}

0.6

S

& 40
0.4
0.2 30

5 10 15 20 25
Wavelength A/102 nm
Fig. 4. Radiative recombination rate y as functions of the energy gap
E,;c and absorbed photon wavelength A between the levels |a;);— 2 and
|b). It takes the parameters y; = 1.5%, %» = 0.5%, p1 = p» = 0.35,
I. =4.5y, E,, = 1.05 eV. The other parameters are the same as those
in Fig. 3.

The physical regime reflected in Fig. 4 comes from two
aspects. One is the the electron transfer process, the other is

the absorbed photons. In this proposed photocell, the gaps
E,,c = Ep, designate the difficulty of electron transferring from
the donor to acceptor. When the photocell with smaller gaps
E,. = Ep,, more photo-generated electrons are transferred
smoothly to the acceptor and delivered to perform utilizing
work, and less electrons radiate to the ground state |b). On
the contrary, photo-generated electrons are difficult to trans-
fer to the acceptor when the photocell system has a larger gap
between the donor and acceptor, most of them radiate to the
ground state |b), which results in the larger RRR y. However,
the higher-energy solar photon is absorbed and more energetic
electrons are excited. The energetic electrons have a higher
probability of transport to the acceptor, which also brings out
the inhibited RRR .

Before concluding this work, we would like to point out
some items. Although we try to use some experimental pa-
rameters to carry out theoretical discussion, we have not car-
ried out the corresponding experimental verification. Our re-
sults may enlighten the current field of experimental research,
and can even propose some interesting experimental research
within this theoretical framework. We also remark that the
theoretical significance will be considered in our forthcoming

investigations.

4. Conclusions

In this work, we have proposed a inhibited RRR scenario
in a quantum photocell with two coupled donors. After gaz-
ing at the influence of the RRR on the quantum yields, we
explore the relationships among the quantum coherence gen-
erated by two different transition channels, gaps between the
donor and acceptor, and the absorbed photon wavelength de-
pendent RRR Y. The results reveal that the quantum coher-
ence generated by the monotone increments of transition rates
7 and 7 cannot furthest inhibit the RRR, whereas the quan-
tum coherence generated by two equal y; and 7 has a bet-
ter inhibition on the RRR, which is different from the pro-
posal of radiative recombination reduced by the mentioned
quantum coherence scheme.!!'>! When the energy gap between
donor and acceptor is small, the transport of photo-generated
electrons is more smoothly carried out, and the inhibition ef-
fect on the RRR is more robust. When the short-wavelength
photons are absorbed by this photocell, more photo-generated
electrons with more kinetic energy could be transported to the
external load more quickly, which results in the smaller RRR.
These theoretical results may enlighten the current field of ex-
perimental research, and can even be helpful for proposal of
some interesting experimental research within this theoretical

framework.

064207-4



Chin. Phys. B Vol. 29, No. 6 (2020) 064207

References

[1

—

[2

—

(3]
(4]

[]
(6]
(7]

[8

—

[9]
[10]
[11]
[12]
[13]
[14]

[15]
[16]

[17]
[18]
[19]

[20]
[21]

[22]

Wiirfel P 2016 Physics of solar cells: from basic principles to advanced
concepts 3rd edn (Birlin: Wiley-VCH)

Huang H B, Tian G Y, Zhou L, Yuan J R, Fahrner W R, Zhang W B, Li
X B, Chen W H and Liu R Z 2018 Chin. Phys. B 27 038502

DuHJ, Wang W C and Gu Y F 2017 Chin. Phys. B 26 028803

Chen WB, XuZ X, Li K, Chui S S Y, Roy VAL, Lai P T and Che C
M 2012 Chin. Phys. B 21 078401

Shockley W and Queisser HJ 1961 J. Appl. Phys. 32 510

Henry C H and Henry C H 1980 J. Appl. Phys. 51 4494

LiJ M, Chong M, Zhu J C, Li Y J, Xu J D, Wang P D, Shang Z Q,
Yang Z K, Zhu R H and Cao X L 1992 Appl. Phys. Lett. 60 2240
Bruns J, Seifert W, Wawer P, Winnicke H, Braunig D and Wagemann
H G 1994 Appl. Phys. Lett. 64 2700

Luque A and Mart A 1997 Phys. Rev. Lett. 78 5014

Kasai H and Matsumura H 1997 Sol. Energy Mater. Sol. Cells 48 93
Han L Y, Koide N, Chiba Y, Islam A, Komiya R, Fuke N, Fukui A and
Yamanaka R 2005 Appl. Phys. Lett. 86 213501

Engel G S, Calhoun T R, Read E L, Tae-Kyu A, Tomis M, Cheng Y C,
Blankenship R E and Fleming G R 2007 Nature 446 782

Mukti R J, Hossain M R, Islam A, Mekhilef S and Horan B 2019 En-
ergies 12 2602

Guo PF, Ye Q, Yang X K, Zhang J and Wang H Q 2019 J. Mater. Chem.
A 72497

Scully M O 2010 Phys. Rev. Lett. 104 207701

Scully M O, Chapin K R, Dorfman K E, Moochan B K and Anatoly S
2011 Proc. Natl. Acad. Sci. USA 108 15097

Svidzinsky A A, Dorfman K E and Scully M O 2011 Phys. Rev. A 84
053818

Kiihn O and Lochbrunner S 2011 Semiconductors and Semimetals 85
47

Killoran N, Huelga S F and Plenio M B 2015 J. Chem. Phys. 143
155102

Yao Y 2015 Phys. Rev. B 91 045421

Zhang Y T, Sangchul O, Alharbi F H, Engel G S and Sabre K 2015
Phys. Chem. Chem. Phys. 17 5743

Sangchul O 2017 arXiv:1709.08337

(23]
[24]
[25]
[26]
[27]
(28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
(36]

(371
(38]

[39]
[40]

[41]
[42]

[43]

064207-5

Daryani M, Rostami A, Darvish G and Farshi M K M 2017 Opt. Quan-
tum Electron. 49 255

Zhao S C and ChenJ Y 2019 New J. Phys. 21 103015

Zhao S C and Wu Q X 2020 Superlattices Microstruct. 137 106329
Handy R J 1967 Solid State Electron. 10 765

Saglam M, Ayyildiz E, Giimiis A, Tiiriit A, Efeoglu H and Tiizemen S
1996 Appl. Phys. A 62 269

Kar G S, Maikap S, Banerjee S K and Ray S K 2002 Semicond. Sci.
Technol. 17 938

Kajiyama Y, Joseph K, Kajiyama K, Kudo S and Aziz H 2012 Sid
Symp. Dig. Tech. Papers 43 1544

Luque A, Mellor A, Ramiro I, Antoln E, Tobas I and Mart A 2013 Sol.
Energy Mater. Sol. Cells 115 138

Tian L and Dagenais M 2015 Appl. Phys. Lett. 106 171101

Kum H, Dai Y S, Aihara T, Slocum M A, Tayagaki T, Fedorenko A,
Polly S J, Bittner Z, Sugaya T and Hubbard S M 2018 Appl. Phys. Lett.
113 043902

Richards B S 2006 Sol. Energy Mater. Sol. Cells 90 2329

Conibeer G, Patterson R, Huang L M, Guillemoles J F, Konig D,
Shrestha S and Green M A 2010 Sol. Energy Mater. Sol. Cells 94 1516
Hirst L, Fithrer M, Farrell D J et al. 2011 37th IEEE Photovoltaic Spe-
cialists Conference (Seattle, WA) p. 003302

Conibeer G, Shrestha S, Huang S J, Patterson R, Aliberti P, Xia H,
Feng Y, Gupta N, Smyth S and Liao Y 2012 38th IEEE Photovoltaic
Specialists Conference (Austin, TX) p. 000032

Graziani F R 2004 J. Quant. Spectrosc. Radiat. Transfer 83 711

Yi Y, Massuda A, Roques-Carmes C, Kooi S E, Christensen T, Johnson
S G, Joannopoulos J D, Miller O D, Kaminer I and Soljai M 2018 Nat.
Phys. 14 67

Wiirfel P 2007 CHIMIA Int. J. Chem. 61 770

Creatore C, Parker M A, Emmott S and Chin A W 2013 Phys. Rev. Lett.
111 253601

Abramavicius D, Benoit P and Shaul M 2009 Chem. Phys. 357 79
Dorfman K E, Voronine D V, Shaul M and Scully M O 2013 Proc. Natl.
Acad. Sci. USA 110 2746

Dorfman K E, Svidzinsky A A and Scully M O 2013 Coherent Opt.
Phenom. 142


https://doi.org/10.1088/1674-1056/27/3/038502
https://doi.org/10.1088/1674-1056/26/2/028803
https://doi.org/10.1088/1674-1056/21/7/078401
https://doi.org/10.1063/1.1736034
https://doi.org/10.1063/1.328272
https://doi.org/10.1063/1.107042
https://doi.org/10.1063/1.111496
https://doi.org/10.1103/PhysRevLett.78.5014
https://doi.org/10.1016/S0927-0248(97)00075-5
https://doi.org/10.1063/1.1925773
https://doi.org/10.1038/nature05678
https://doi.org/10.3390/en12132602
https://doi.org/10.3390/en12132602
https://doi.org/10.1039/C8TA11524A
https://doi.org/10.1039/C8TA11524A
https://doi.org/10.1103/PhysRevLett.104.207701
https://doi.org/10.1073/pnas.1110234108
https://doi.org/10.1103/PhysRevA.84.053818
https://doi.org/10.1103/PhysRevA.84.053818
https://www.onacademic.com/detail/journal_1000035603311110_221e.html
https://www.onacademic.com/detail/journal_1000035603311110_221e.html
https://doi.org/10.1063/1.4932307
https://doi.org/10.1063/1.4932307
https://doi.org/10.1103/PhysRevB.91.045421
https://doi.org/10.1039/C4CP05310A
https://doi.org/10.1039/C4CP05310A
https://doi.org/10.1007/s11082-017-1090-8
https://doi.org/10.1007/s11082-017-1090-8
https://doi.org/10.1088/1367-2630/ab473a
https://doi.org/10.1016/j.spmi.2019.106329
https://doi.org/10.1016/0038-1101(67)90159-1
https://doi.org/10.1007/s003390050297
https://doi.org/10.1088/0268-1242/17/9/306
https://doi.org/10.1088/0268-1242/17/9/306
https://doi.org/10.1002/j.2168-0159.2012.tb06110.x
https://doi.org/10.1002/j.2168-0159.2012.tb06110.x
https://doi.org/10.1016/j.solmat.2013.03.008
https://doi.org/10.1016/j.solmat.2013.03.008
https://doi.org/10.1063/1.4919381
https://doi.org/10.1063/1.5037238
https://doi.org/10.1063/1.5037238
https://doi.org/10.1016/j.solmat.2006.03.035
https://doi.org/10.1016/j.solmat.2010.01.018
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6186643&isnumber=6185829
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6186643&isnumber=6185829
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6317562&isnumber=6317554
http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6317562&isnumber=6317554
https://doi.org/10.1016/S0022-4073(03)00116-X
https://doi.org/10.1038/s41567-018-0180-2
https://doi.org/10.1038/s41567-018-0180-2
https://doi.org/10.2533/chimia.2007.770
https://doi.org/10.1103/PhysRevLett.111.253601
https://doi.org/10.1103/PhysRevLett.111.253601
https://doi.org/10.1016/j.chemphys.2008.10.010
https://doi.org/10.1073/pnas.1212666110
https://doi.org/10.1073/pnas.1212666110
https://doi.org/10.2478/coph-2013-0002
https://doi.org/10.2478/coph-2013-0002

	1. Introduction
	2. The photocell model with two electron donors
	3. Results and discussion
	4. Conclusions
	References

