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An array of semiconductor quantum dots introduced into photoelectric materials is currently an effective tool
to increase the efficiency of photoelectric devices and photovoltaic cells. This is related to additional energy levels
which expand the range of absorption frequencies towards the infrared. We consider the model with a semiconductor
quantum dot in form of nanodisc surrounded by another semiconductor material. The results of calculation of the
generation of non-equilibrium carriers in the conduction and valence bands are presented. The calculations account
for discrete levels of the quantum dots embedded into perovskite material. Using the calculated generation and
relaxation rates, the photocurrent is also determined.
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1. Introduction

Photovoltaic materials with perovskites [1] are of in-
creasing use on an industrial scale now [2]. It is related
to their extreme efficiency combined with rather cheap
production process. In this process, the perovskite ma-
terial can be easily applied by printing on various sur-
faces. The increasing efficiency of a cell can be reached
by using some low-dimensional structures, which provide
additional energy levels. It allows quantum transitions
for a wide wavelength spectrum of electromagnetic ra-
diation [3]. Numerous recent experiments confirm the
existence of such effect [4].

For the calculation of light absorption and photocur-
rent, the energy levels and wave functions of localized
states in the quantum dot (QD) should be determined.
In most cases, for the description of electronic states in
the quantum dot, one can use the single-band semicon-
ductor model. An example is the II–VI quantum dot
of CdTe (CdS), or the III–V dot (GaAs, AlGaAs, etc.).
In the case of narrow-gap semiconductors, a multiband
model should be used.

In the following consideration, a single-band model is
used. We assume that the spin–orbit interaction is weak,
and it can be omitted in the calculations.

2. Model

The model is described by the Hamiltonian on elec-
tron with effective mass mc in the conduction band of
the semiconductor QD. The corresponding Schrödinger
equation reads
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[
−~2∇2

2mc
+ U(r)− E

]
ψ(r) = 0. (1)

The geometry of the system dot-environment is a two-
dimensional potential U(r) with cylindrical symmetry
(circular for 2D). The solution of Eq. (1) gives the en-
ergy levels in the quantum dot, which are presented
in Fig. 1.

Fig. 1. Schematic presentation of the electronic struc-
ture of QD for CdS quantum dot in perovskite band
structure and the band structure of adjacent quantum
dots.

Generation rate of electrons in the conduction band
due to electron excitations from the dot levels and from
the valence band (here E > 0) and the generation rate
of holes (here E < −Eg) can be calculated by using

gc(E) = [1− f(E)]
[
Nd

∑
i

f(Ei)αic(E − Ei)

+

−Eg∫
−∞

dE′f(E′)α̃vc(E,E
′)
]
, (2)
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gv(E) = f(E)
[
Nd

∑
i

[1− f(Ei)]αvi(Ei − E)

+

∞∫
0

dE′[1− f(E′)]α̃cv(E,E
′)
]
, (3)

where Nd is the density of quantum dots, and i = 1, 2, ...
labels the energy levels in the dot.

The light absorption coefficients for transitions dot
level-conduction (valence) band are

αic(E − Ei) =

2π

~
4π2e2~2P 2A2

0(E − Ei)ρc(E)

m2
0c

2

×
∑
k

∣∣∣∣A∫ Rc

0

rdrJm(knr)Jm(kr)

+B

∞∫
Rc

rdrKm(κnt)Jm(kr)

∣∣∣∣2δ(E − εck), (4)

αvi(Ei − E) =

2π

~
4π2e2~2P 2A2

0(Ei − E)ρv(E)

m2
0c

2

×
∑
k

∣∣∣∣A
Rc∫
0

rdrJm(knr)Jm(kr)

+B

∞∫
Rc

rdrKm(κnt)Jm(kr)

∣∣∣∣2δ(E − εvk), (5)

where Rc is the radius of QD.

The interband absorption coefficients are calculated
by using the golden rule
α̃vc(E,E

′) = (6)

2π

~
∑
k

∣∣∣∣〈vk∣∣V̂ ∣∣ck〉∣∣∣∣2δ(E − E′ + εvk − εck)δ(E′ − εvk),

α̃cv(E,E
′) = (7)

2π

~
∑
k

∣∣∣∣〈vk∣∣V̂ ∣∣ck〉∣∣∣∣2δ(E′ − E + εvk − εck)δ(E′ − εck).

For the calculation of energy relaxation time two
mechanisms are of main importance: recombination to
the valence (conduction) band and to discrete quantum
dots levels. The other mechanisms are included by using
phenomenological parameters

τ−1c (E) = Nd

∑
i

[1− f(Ei)]αic(E − Ei)

+

−Eg∫
−∞

dE′[1− f(E′)]α̃vc(E,E
′) + τ0c, (8)

τ−1v (E) = Nd

∑
i

f(Ei)αvi(Ei − E)

+

∞∫
0

dE′f(E′)α̃cv(E,E
′) + τ0v. (9)

The density of generated photocarriers depends on the
generation and relaxation rates. In stationary state we
obtain

δn(E) = g(E)τc(E). (10)

The photocurrent is due to the carriers reaching the
p–n junction, which is located at a distance d from the
region of electron excitation. If d� ` (` is the mean free
path), then the current is due to diffusion of carriers. It
can be calculated from

jph =
e

d

∞∫
0

dEDc(E)δn(E). (11)

The set of these equations allow to calculate the main
characteristics of photovoltaic devices.

3. Results of calculations and conclusions

Here we consider the generation, absorption and pho-
tocurrent in the structure with CdS quantum dot in
CH3NH3PbI3−xClx perovskite. Figures 2 and 3 present
the dependence of absorption coefficients, relaxation
rates, and generation of carriers as a function of energy
in conduction and valence bands for two different Fermi
level positions. The magnitude of calculated photocur-
rent and the parameters are included in the description
of the figures.

As we see, the density of photocarriers generated by
interband transitions is much larger than for the carriers
generated in transitions between discrete dot levels and
the bands. However, the real efficiency of quantum dots
in the generation of charge carriers can be significantly
greater. This is related to the broadening of energy lev-
els due to the overlap of wave functions localized at the
neighboring dots and due to the dispersion of dot sizes.

The calculated recombination factor in the quantum
dot is of the order τ−1 ∼ 1020 s−1. Taking it into account
leads to very effective mechanism of recombination at
the dot traps, which strongly reduces the photocurrent.
However, one can show that the recombination at the dot
can be blocked by the p–n junction forming at the inter-
face between the dot and perovskite solid. Because of
that, it is possible to generate additional charge carriers
from the energy levels lying in the perovskite energy gap.
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Fig. 2. Calculated generation and relaxation rates for CdS quantum dot on perovskite solid. The parameters of
calculations are: chemical potential µ = −0.4 eV, temperature T = 300 K, radius of QD R0 = 4 nm. Calculated
currents for electrons and holes are: jphc = 6.761 mA/cm2 and jphv = 5.355 mA/cm2.

Fig. 3. Calculated generation and relaxation rates for CdS quantum dot on perovskite solid. The parameters of
calculations are: chemical potential µ = −1.2 eV, temperature T = 300 K, radius of QD R0 = 4 nm. Calculated
currents for electrons and holes are: jphc = 0.182 mA/cm2 and jphv = 31.316 mA/cm2.
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