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Renewable energy sources are among the most important
ingredients for the development of a human society with
sustainable environmental footprint. Among these, photovol-
taics (PV) plays a key role and is therefore a field of intense
research. The key parameters of a solar cell technology
includes not only the energy conversion efficiency but also
the operating lifetime and the overall cost of the energy pro-
duced. The latter must also be compared with other energy
sources. The optimization of all these different aspects
involves research across the whole photovoltaics value chain,
starting from material science up to system optimization.
Development of new solar cell device concepts is as important
as search for new materials with more suitable optoelectronic
properties or improved approaches for PVmodule design and
integration in power distribution systems. This requires a
comprehensive view on PV technology across all scales, from
the atomic to the macroscopic and industrial scale.

An important aspect of PV research and of development
of new devices and systems, is theoretical modeling as an
indispensable tool for both basic understanding and device
optimization. This involves modeling also on all scales, from
the microscopic properties of materials and nanostructures
up to the behavior of PV modules.

During the last decade, multiscale approaches have seen
increasing interest for application in numerical simulation
of electronic devices. In particular, modeling and under-
standing of advanced photovoltaic devices are expected to
benefit from multiscale modeling, which allows describing
consistently both macroscopic device behavior and local
microscopic processes governing light absorption, loss

mechanisms, carrier transport, and extraction. In fact, many
advanced PV concepts rely on effects or contain structural
features that are insufficiently described by standard numer-
ical simulation approaches or semianalytic models, both
regarding electronic and optical properties. The different
length scales of the electronic and optical degrees of freedoms
specifically lead to an intrinsic need for multiscale simula-
tion, which is accentuated in many advanced photovoltaics
concepts including nanostructured regions. Moreover, the
active layers in solar cells generally require to have a certain
thickness and a large overall device area, in order to absorb
a sufficient amount of light.

This special issue is an attempt to collect articles on
modeling of PV devices and systems on all scales. It includes
two experimental articles, one shedding some light on photo-
reflectance measurements when probing above the pump
beam energy and the other discussing morphology in hybrid
lead halide perovskite solar cells. One article describes
numerical modeling of Cu2O on Si tandem cells based on a
semiempirical approach. A further contribution shows a
physics-based model of a quantum dot solar cell, including
a comparison with experimental data. The remaining two
papers deal with system relevant aspects, namely, power
point tracking and electrical inverters for connecting PV
modules or power plants with appliances.
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This paper presents an experimental and theoretical study on the impact of doping and recombinationmechanisms on quantum dot
solar cells based on the InAs/GaAs system. Numerical simulations are built on a hybrid approach that includes the quantum features
of the charge transfer processes between the nanostructured material and the bulk host material in a classical transport model of the
macroscopic continuum. This allows gaining a detailed understanding of the several physical mechanisms affecting the photovoltaic
conversion efficiency and provides a quantitatively accurate picture of real devices at a reasonable computational cost.
Experimental results demonstrate that QD doping provides a remarkable increase of the solar cell open-circuit voltage, which is
explained by the numerical simulations as the result of reduced recombination loss through quantum dots and defects.

1. Introduction

Quantum dots (QDs) are being widely investigated since sev-
eral years as a promising material for advanced concepts such
as multiple junction [1], intermediate band [2, 3], and hot
carrier [4] solar cells. The basic building block of such devices
is typically made by an almost standard diode structure
embedding a region with QDs. Electronic effects and charge
transfer mechanisms in the QDs and between the QD local-
ized states and the continuum states of the host semiconduc-
tor present quantum mechanical features, while a large part
of the device is made by bulk regions working in the semiclas-
sical transport regime. Thus, device level simulation models
of QD solar cells inherently require multiscale approaches
which shall be able to combine the micro- and macroscale
description at an affordable computational cost [5].

In the hierarchy of multiscale models for the simulation
of QD solar cells (QDSCs), one of the simplest approaches

is provided by spatially resolved rate equation-based models,
which couple microscopic calculated quantities such as the
QD electronic structure, optical properties, and scattering
rates to macroscopic equations for transport in the extended
states. Several of the QD model parameters can also be
extracted from routinary experimental data, making such
approach suitable for both design and interpretation pur-
poses. Modelling approaches able to reproduce the behavior
of realistic devices and analyze the interplay of the involved
physical mechanisms allow gaining insight into experimental
results and provide useful feedback to the technology devel-
opment. In this respect, while detailed balance theory of
QDSCs has received a lot of attention and is useful to indi-
cate the long-term target efficiency [6–8], less effort has been
devoted to models based on semiconductor transport equa-
tions [9–13] and to the implications of QD carrier dynamics
on the photovoltaic performances [14]. On the other hand,
previous work by some of the present authors has shown
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that introducing a proper description of interband and inter-
subband QD dynamics is a crucial asset to address some of
the most critical issues encountered in QDSCs, such as poor
carrier collection efficiency and degradation of the open-
circuit voltage [15, 16].

In this work, we apply the QD-aware physics-based
model firstly proposed in [15] to the study of InAs/GaAs
QDSC exploiting selective Si doping. QD doping is exten-
sively investigated as an attractive means to control photocar-
rier dynamics and improve QDSC performance (see, e.g., the
recent review in [17] and the references therein). The present
work extends the analysis already proposed in [18] on the
interplay between doping and recombination processes in
QDSCs and provides an experimental-based validation to
the conclusions in [18]. To ensure an accurate description of
the cell behavior, the model in [15, 18] has been complemen-
ted by an accurate electromagnetic model for carrier photoge-
neration. In the following, we present the basic ideas of the
model, highlighting its thermodynamic consistency and dis-
cussing the identification of microscopic parameters from
quantum models and experimental characterization, and we
show with a real case study the valuable insight into device
behavior that can be gained with this simulation approach.

2. Model

QD-based solar cells usually exploit a p−n or p− i−n
structure with a region including a periodic stack of QD
layers. Figure 1 schematically shows the energy band dia-
gram of an In(Ga)As QD surrounded by GaAs barriers
and the carrier transfer processes that are included in the
model, as discussed in the following. From the electronic
standpoint, the 3D confinement gives rise to a deeply con-
fined energy level, the ground state (GS), one or more excited
states (ES), both of them with 0D density of states, and a
quasi-two-dimensional (2D) energy state associated with
the wetting layer (WL) [19]. At device level, the WL subband
is described as a 0D level with high degeneracy factor,
accounting for the 2D density of states of the WL and the
weakly confined excited states.

We assume negligible coupling between the QD layers;
thus, the exchange of carriers between localized states in dif-
ferent layers is always mediated by the barrier extended
states. Under such hypothesis, the QDSC operation is as fol-
lows: electrons and holes are photogenerated in the barrier
and QD states by above- and below-gap photons, respec-
tively. Charge transfer between continuum and bound states
is characterized by capture and escape processes through the
WL level. In the barrier, carriers move by drift-diffusion, and
when they arrive within the interaction range of the QD
region (a few nanometers), they can be either emitted
through the QD layer or captured in the QD states. Dually,
confined carriers may escape from the QD states through
thermal emission to the WL and from the WL to the barrier.
Only thermal escape is considered in this work, because in
the QDs under study, at room temperature, photon-assisted
escape is negligible [20]; moreover, due to the shallow con-
finement, thermal emission is so efficient that the inclusion
of an electric field-assisted mechanism does not provide

any significant change to the overall picture. In [15], a good
correlation between simulated and measured open-circuit
voltage of cells with QD ground state emission between
1000 nm and 1300nm has been demonstrated. On the other
hand, deeper QDs may be significantly affected by field-
assisted tunneling. Thus, the model formulation described
in the following shall be applied only to the study of relatively
shallow QDs at room temperature, hereinafter referred as
thermally limited operation.

The electrical problem is formulated in terms of electro-
statics and free carrier continuity equations, accounting for
charge localization due to the QDs and charge transfer mech-
anisms between barrier and bound states. At the QD layer,
Poisson’s equation and electron continuity equation (for
the sake of brevity, we omit hole equations) read as

∂
∂x

∈
∂ϕ
∂x

= −q p − n +〠
γ

pγ − nγ +N+
D −N−

A ,

∂n
∂t

= 1
q
∂Jn
∂x

−UB +GB −Un,CAP,

1

where ϕ is the electrostatic potential, n and p are the electron
and hole densities, respectively, in the barrier, nγ and pγ are
the electron and hole densities, respectively, in the QD state
γ, and N+

D and N−
A are the ionized donor and acceptor den-

sity, respectively. In the continuity equation, Jn is the electron
drift-diffusion current density, UB the net recombination
rate, GB the band-to-band photogeneration rate, and Un,CAP
the WL-mediated net capture rate from the barrier into the
QD states, that is, the difference between the capture rate
from barrier to WL and the escape rate from WL to barrier.
UB includes both radiative and nonradiative processes. Radi-
ative recombination is modeled as

UB,r = Bop pn − n2i , 2

Bop being the GaAs spontaneous emission coefficient and ni
the thermal equilibrium carrier density. Nonradiative recom-
bination follows the Shockley-Read-Hall theory

UB,nr =
pn − n2i

τp n + n1 + τn p + p1
, 3

where τn(p) is the SRH recombination lifetime and n1 and
p1 are the electron and hole densities, respectively, when
Fermi level corresponds to the trap energy level, here
assumed at midgap.

Capture and cascaded relaxation processes are described
by a set of rate equations establishing a detailed balance, for
each QD level, among all the interband and intersubband
charge transfer mechanisms. At each QD layer, the rate
equation describing the electron population in the subband
γ reads as

∂nγ
∂t

=Uγ+1→γ
n,CAP −Uγ→γ−1

n,CAP −Uγ +Gγ, 4

where Uγ≈ fn,γfp,γ/τr,γ and Gγ are the net interband radiative
recombination and photogeneration rates of the γ subband

2 International Journal of Photoenergy



state (γ=WL, ES, GS), respectively. For the sake of simplic-
ity, we consider only the radiative transitions associated to
electron and hole states in the same subband. A radiative life-

time of 1 ns is assumed for all the QD states. The term Uγ→l
n,CAP

is the net capture rate from the intersubband state k to the l
one. Note that capture and relaxation processes are allowed
to exist only between adjacent energy levels; thus, for
γ=WL, γ+1 state indicates the barrier, whereas for γ=GS
the terms involving γ− 1 must be ignored. To make the
formulation treatable, we assume in the following Maxwell-
Boltzmann statistics for the continuum states and Fermi-
Dirac statistics for the QD states. Moreover, we neglect QD
inhomogeneous broadening; thus, the QD density of states
is a Dirac delta function.

The capture or relaxation process of an electron from
state γ to state γ− 1 can be formulated as

RCAP = c′Nγ f γNγ−1 1 − f γ−1 , 5

where c′ is the scattering rate (cm3·s−1) of the transition and
Nk is the effective density of states in the k band, with distri-
bution function fk. The reverse escape process reads as

RESC = e′Nγ−1 f γ−1Nγ 1 − f γ

= e′Nγ−1Nγ f γ 1 − f γ−1 e Eγ−1
Fn −E

γ
Fn /kBTe Eγ−Eγ−1 /kBT ,

6

where the last term is derived taking advantage of the follow-
ing identity, which holds regardless of the specific statistics,
Boltzmann or Fermi [21],

f γ 1 − f γ−1 e Eγ−1
Fn −E

γ
Fn /kBT = f γ−1 1 − f γ e Eγ−1−Eγ /kBT 7

In (6), Ek and Ek
Fn are the energy of the k state and the

quasi-Fermi level of the corresponding electron population,

respectively. For barrier electrons, obviously, Ek coincides
with the minimum of the conduction band. The detailed
balance at thermal equilibrium imposes

c′ = e′e Eγ−Eγ−1 /kBT , 8

yielding the net capture rate Un,CAP =RCAP−RESC

Uγ→γ−1
n,CAP = 1

τ
γ−1
cap

nγ 1 −
nγ−1
Nγ−1

1 − e Eγ−1
Fn −E

γ
Fn /kBT , 9

nk=Nkfk being the free electron density in the k state
and τ

γ
cap = 1/c′Nγ−1. Equation 9 highlights the correlation

between the onsets of capture (Un,CAP > 0) or escape
(Un,CAP < 0) and the nonequilibrium condition between elec-
tron populations in the states Eγ and Eγ−1.

The above formulation can be generalized so as to include
the detailed energy dependence of the density of states of the
different subbands (e.g., to include a more physical descrip-
tion of the QD states and WL states), Fermi-Dirac statistics
in the continuum bands, as well as the energy dependence
of the microscopic scattering matrix elementMγ,γ − 1 describ-
ing the interaction between the two states [21]:

RCAP =
Eγ

dEγ
′

Eγ−1

gγ Eγ
′ f γ Eγ

′ Mγ,γ−1gγ−1 Eγ−1′

1 − f γ−1 Eγ−1′ dEγ−1′ ,

RESC =
Eγ

dEγ
′

Eγ−1

gγ Eγ
′ 1 − f γ Eγ

′ Mγ−1,γgγ−1

Eγ−1′ f γ−1 Eγ−1′ dEγ−1′

10

Introducing the energy averaged scattering element
Mγ,γ−1 , averaged over the entire ensemble of possible

WL

InAs QD layer

GaAs

hv

CB

VB

h+

e-

ES
GS

WL
ES
GS

Figure 1: Energy band diagram of one InAs QD layer embedded in GaAs including all the carrier processes considered in the model: capture/
relaxation (red), escape (blue), photogeneration (yellow), and recombination (black). WL is treated as a 0D state.
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initial and final states, and after some analytical manipu-
lation, one derives an expression of Un,CAP completely
analogous to 8, with τ

γ−1
cap = 1/ Mγ,γ−1 Nγ−1, nγ = E

gγ f γdE,
Nγ−1 = Egγ‐1dE.

Capture and relaxation in self-assembled In(Ga)As/GaAs
QDs happen through complicated dynamics involving
emission of longitudinal optical (LO) phonon emission,
polaron (electron-phonon coupling) decay, defect-mediated
relaxation, carrier-carrier scattering, and so forth (see, e.g.,
[22–24] and the references therein). The scattering time τcap
derived from quantum models is typically a function of the
carrier density in the WL and QD states, which in turn
depends on injection/photogeneration of carriers according
to the cell operating conditions and on design parameters
such as doping. At low carrier density, electron-LO-phonon
interaction and Auger electron-hole scattering act as very
efficient relaxation channels, providing relaxation times on
the scale of tenths of ps to tens of ps [22, 23, 25]. At high car-
rier density, carrier-carrier scattering may become signifi-
cant, yielding again relaxation times on the ps scale [24]. In
particular, for n-doped (p-doped) QD hole (electron), the
population is extremely low; thus, electron-hole scattering
is negligible and relaxation occurs through a combination
of electron-electron (hole-hole) scattering and carrier-LO-
phonon relaxation. These predictions are confirmed by sev-
eral experimental data on undoped and doped samples: in
[26], relaxation times from WL to QD ground state were
found to be 2, 3, and 6ps for p-doped, n-doped, and undoped
samples, respectively. Further experimental data of similar
sign are summarized in [23]. Overall, theoretical and experi-
mental results on In(Ga)As/GaAs QDs show that net cap-
ture/relaxation rates—on a ps scale—are extremely fast with
respect to the characteristic QD band-to-band and intraband
radiative lifetimes (about 1 ns and 100ns, resp. [25]), making
the QD carrier lifetime largely dominated by the QD radia-
tive lifetime. Moreover, the open-circuit voltage (Voc) penalty
in thermally limited QDSCs is dominated by the ratio
between carrier lifetime in the barrier and carrier lifetime in
QDs [27], the last one being the net result of the competing
processes of capture/relaxation/recombination through the
QDs—from the one hand—and escape from the QD bound
states and electric-field-driven sweep out through the
extended states—from the other hand. Thus, at least in
In(Ga)As/GaAs QDs and under nonconcentration opera-
tion, capture/relaxation times can be reasonably treated as
constant parameters, neglecting their carrier density depen-
dence and the possible electric-field dependence due to
tunneling mechanisms. In this respect, it may be remarked
that the electrical field across the interdot layers plays how-
ever an important role in the resulting net capture rate in
QDs: at high field, free-carrier transit time is high and the
probability of capture from the barrier into the QDs remains
low (such situation is representative of the short-circuit con-
dition, where QD recombination turns to be negligible). In
[28], carrier capture from the GaAs barrier was found to be
fully quenched in fields of only 15 kV/cm. When the electri-
cal field is significantly screened (e.g., as forward bias
approaches the maximum power point and open-circuit volt-
age), the transit time decreases and the net capture rate in the

QDs increases; that is, QDs turn into radiative trap centers
(see [15, 16] for a detailed discussion).

In the following simulations, we use empirical data
extracted in [15] from the interband-pump-intraband-probe
spectroscopy experiments reported in [29]. To this aim, we
assume very fast capture into the WL, which occurs through
one-LO-phonon interaction on a 0.1 ps time scale, followed
by cascaded relaxation of carriers into the ES and GS states.
Fitting the time-resolved IR absorption of QDs similar to
those in the present work, we estimated electron time con-
stants of about 1 ps [15] for WL-ES and ES-GS relaxation.
Due to their large effective mass, holes form closely spaced
energy levels, characterized by fast phonon-mediated cap-
ture and relaxation mechanisms, whose time constants are
set to 100 fs.

Concerning the photogeneration rates, the simulation
calculates the (optical) electric field profile across the multi-
layer structure, with each material characterized by the com-
plex refractive index n̂ = n + iκ = n + iαλ/ 4π (α being the
absorption coefficient), exploiting a scattering matrix formal-
ism for coherent multilayers [30]. From the optical electric
field profile Eop(x), the absorbed photon density (at each
wavelength) and the photogeneration rate (assuming unitary
quantum yield) are then calculated through the divergence of
the Poynting vector, yielding

G = σ

2hv Eop
2, 11

where hν is the photon energy and σ = nα/μ0c the electrical
conductivity (μ0 and c being the vacuum magnetic perme-
ability and light velocity, resp.).

The model numerical implementation is based on
the discretization of the electrical equations through the
Scharfetter-Gummel scheme and the self-consistent solution
of the resulting system of nonlinear equations through
Newton-based methods [31].

3. Experimental

All the epitaxial structures were grown using a solid-source
molecular beam epitaxy (MBE) on n+ GaAs (100) substrates.
InAs/GaAs QDSC structures based on those previously dem-
onstrated by Kim et al. [32] were used, as shown in Figure 2.
The structures consist of a 200 nm GaAs buffer layer with Si

50 nm p+ GaAs
30 nm p Al0.8Ga0.2As window

250 nm p−GaAs emitter
16 nm i GaAs

20 nm i GaAs
1000 nm n− GaAs base

30 nm n+ Al0.35Ga0.65As BSF
200 nm n+ GaAs buffer
n+ GaAs (001) substrate

4 nm i GaAs ×20

2.3 ML InAs QDs
(0 e/dot)

Figure 2: Sketch of the epilayer structure of the 20×QD solar cell
(R3 and R4 samples).
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doping density of 1× 1018 cm−3, 30 nm Al0.35Ga0.65As back
surface field (BSF) with Si doping density of 1× 1018 cm−3,
1000 nm GaAs base with Si doping density of 1× 1017 cm−3,
250 nm GaAs emitter with Be doping density of
2× 1018 cm−3, 100 nm GaAs emitter with Be doping density
of 5× 1018 cm−3, 30 nm Al0.75Ga0.25As window layer with
Be doping density of 2× 1018 cm−3, and 50nm GaAs contact
layer with Be doping density of 1× 1019 cm−3. 20 layers of
InAs QDs were grown in the intrinsic region of the SCs.
The QDs were grown by the Stranski-Krastanov mode with
the InAs coverage of 2.1 monolayers (ML) at a substrate tem-
perature of ∼500°C. A high growth temperature was used
during the growth of the GaAs spacer layers to suppress the
formation of dislocations [33–35]. No cap layer was applied
between the InAs QDs and the GaAs space layers. Direct Si
doping with doping densities of 14 e/dot was applied to the
QDs in the Si-doped QDSCs [32]. Whereas the InAs QD
layers in all other samples were separated by 20nm GaAs
spacer, the spacer layers in the QDSC with additional
spacer layers (R5) were 25nm each, which gave additional
100nm in total. For the post-growth sample cleaning, the
SCs were ultrasonicated in acetone and isopropanol for
10min each at room temperature. To remove the oxide
on the surface of the samples, the SCs were immersed in
diluted ammonia solution (1 : 19) for 30 s. A Au-Zn alloy
(95% Au, 5% Zn) was deposited in grid patterns to form
200nm thick p-type electrodes using a metal shadow mask
and a thermal evaporator.

The morphology of the QD layers was studied using
a Veeco Nanoscope V atomic force microscope (AFM).
532nm excitation from a diode-pumped solid-state laser
was used for photoluminescence (PL) measurements. The
sample temperature during the PL measurements was
controlled using a He-cooled cryostat. Current density
versus voltage (J−V) measurements was performed using
an LOT-calibrated solar simulator with a xenon lamp under
one-sun air mass (AM) 1.5G illumination at 25°C. The
devices were connected to a Keithly 2400 sourcemeter via a
4-point probe station, and ReRa Tracer 3 software was
used to collect the data. Photocurrent measurements were
obtained using a Halogen lamp chopped to 188Hz through
a Newport monochromator. A 4-point probe connected with
a lock-in amplifier was used to collect data. The monochro-
matic beam was then calibrated using a Si photodiode, and
the data was analysed with Photor QE 3.1 software to pro-
duce the external quantum efficiency (EQE).

4. Results and Discussion

An overview of the photovoltaic characteristics of the
undoped and Si-doped QD solar cells and of an undoped ref-
erence cell (same geometry and doping but without the inclu-
sion of QDs) is presented in Figure 3 and Table 1. The target
performances for the REF cell were Voc = 1.04V, short circuit
current density (Jsc) of 14.2mA/cm2, and fill factor (FF) of
86.5%. All the cells, included in the REF one, show quite
low FF and unusual rounded shape of the J−V characteristic,
whose origin is attributed to issues in the realization of the
metal grid. The observed behavior cannot be fitted by a

simple lumped model with series and shunt resistances: a
nonuniform three-section model of the cell [36] provides a
good fitting of the measured characteristics, as shown in
Figure 3, with extracted series resistances of about 50, 1,
and 1Ωcm2 for each subcell. The undoped QDSC shows a
marked penalty of Voc with respect to the REF cell, which is
partially recovered in the samples with directly doped QDs.
On the other side, the doped QDSCs have lower Jsc that can
be in part attributed to the shrinking of the space charge
region and subsequent reduction of carrier collection and in
part to lower minority carrier lifetime in the base and emitter
regions as demonstrated later (see Figure 4) based on mea-
sured EQE and simulations. In may be worth noticing that
under the assumption of similar material quality, the slightly
larger thickness of the undoped region of the R5 sample
(520 nm) with respect to the R4 one (420 nm) would produce
an absolutely marginal difference in terms of device level
behavior. Finally, the higher Jsc of the undoped QDSC with
respect to the REF cell is not related to QD photogeneration
but rather to a worse carrier collection efficiency in the emit-
ter causing a decreased EQE in the GaAs absorption range.

The electronic structure of QDs is estimated based on
room temperature steady-state PL. The measured PL spectra
at low and room temperature are shown in Figures 5(a) and
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Figure 3: Current density versus voltage characteristics measured
under one-sun illumination (AM 1.5G) for the reference GaAs
bulk cell (R2), undoped QDSC (R3), and two-doped (14 e/dot)
QDSC with interdot spacing of about 20 nm (R4) and 25 nm (R5).

Table 1: Photovoltaic parameters extracted from the measured
J−V characteristics in Figure 3.

Device Jsc, mA/cm2 Voc, V FF, %

R2, REF GaAs cell 13.37 0.942 59.7

R3, undoped QD 14.42 0.778 62.7

R4, doped QD 11.74 0.894 61.1

R5, doped QD 12.70 0.868 63.1
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5(b), respectively. At low temperature, only the GS state is
visible, with a slight redshift of the PL peak and an increase
of the full width at half maximum (FWHM) for the doped
samples with respect to the undoped one especially in the
longer wavelength region. The observed behavior suggests
that in the doped samples the distribution of the dot size is
less homogeneous, with an increased density of larger (i.e.,

more confined) QDs which emit at lower energies [37]. At
300K, the slight blue shift of the GS emission of the doped
samples may be indicative of a higher interband transition
energy and of a weaker quantum confinement of electrons
in the GS. More importantly, the PL spectrum makes well
visible the increase of the WL emission with respect to the
GS one with doping. This indicates less efficient ES and GS
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relaxation pathways for the WL state of doped QDSCs
that can be understood as a consequence of blocking of
electron relaxation in the ES and GS due to state filling
effects [18]. From the PL measurements, we identified
energy gaps of 1.24 eV, 1.28 eV, and 1.37 eV for GS, ES,
and WL, respectively, as representative values for all the
samples under study. The impact of slight variations in
the QD electronic structure and GS energy is analyzed in
detail later (see Figure 6), based on the analysis of Voc data.
Based on literature data [38], the confinement energy for
electron and holes in each state is set to 80% and 20% of
the difference between barrier and QD level energy gap [38]
(e.g., ΔEe

GS = 0 8 Eg − Eg,GS , Eg and Eg,GS being the barrier
energy gap and GS energy gap, resp.).

The analysis of the experimental results through the
device level model in Section 2 provides also an estimation
of the Shockley-Read-Hall lifetimes in (3) characterizing
nonradiative recombination across the barrier states. Even
though the strong interaction between continuum and local-
ized states makes not obvious to single out the impact of such
parameters on the cell photovoltaic behavior, some basic
knowledge of device operation (as routinely observed in bulk
cells) allows identifying a suitable strategy for their extraction.
In fact, it is worth reminding that short-circuit SRH recombi-
nation is more detrimental in the doped regions, whereas it
marginally affects carrier collection efficiency in the undoped
one. In contrast, at open-circuit condition, the most detri-
mental loss arises from SRH recombination in the undoped
region. Thus, once a reasonably accurate optical model of
the cell is established, the analysis of EQE spectra—in partic-
ular in the GaAs wavelength range—allows identifying lower
bounds for the SRH lifetimes in the base and emitter,
whereas the analysis of the open-circuit voltage provides
an estimation of SRH lifetimes in the undoped region.

The measured EQE spectra are shown in Figure 4. Fitting
the EQE of the undoped cell in the GaAs wavelength region,
we estimated a lower bound for the SRH lifetimes in the p-
doped emitter and n-doped base of about 8 ns and 10ns,
respectively. For reference, the expected lifetimes, accounting
for doping dependence, are about 20 ns and 300ns, respec-
tively [39]. Based on the model identified for the undoped
cell, we have verified the impact of QD doping on Jsc. Since
the actual distribution of dopant impurities is not known,
we compare in Figure 4 different hypotheses of dopant distri-
bution: dopant atoms at the QD site (direct doping), a thin
layer of dopant atoms located in the middle of the interdot
layer (mod. dop), and a uniform distribution across the
whole QD stack. A detailed analysis of the impact of the dif-
ferent doping profiles on the energy band diagram and
potential distribution may be found in [18]. Simulations in
Figure 4 show that doping induces a clear penalty in the
GaAs-range EQE, but such penalty is not sufficient to explain
the reduced EQE of the direct doped samples with respect to
the undoped ones. The EQE degradation is in fact repro-
duced by accounting for a reduction of minority carrier life-
time in the doped regions, with fitted SRH lifetimes of 500 ps
in the emitter of the R5 sample and 50 ps (emitter)/200 ps
(base) for the R4 sample.

Finally, the optical properties of the QD layer are esti-
mated from the analysis of the subband gap EQE of the
undoped cell reported in Figure 4(b). To this aim, the InAs/
GaAs QD layer is described as a homogeneous equivalent
medium with optical absorption αGaAs +Δα and real refrac-
tive index nGaAs +Δn, where Δα and Δn are the absorption
coefficient and refractive index of the QD material, weighted
by the QD areal density. For the GS and ES states, a Gaussian
distribution is used, with a peak absorption of 500 cm−1 and
1000 cm−1 and FWHM of 50nm, respectively. The WL
absorption profile is modeled by convolution of a Heaviside
step function with a Lorentzian broadening function, with
an absorption peak of about 2× 104 cm−1 and FWHM of
40 nm. Representative examples of the spectral behavior of
the extracted Δα and Δn can be found in [40]. The complex
refractive index of bulk materials was taken from [41].

Figure 4(b) also highlights the suppression of QD photo-
generation in the doped samples, with good agreement
between measurements and simulations.

At open-circuit condition, based on the QD electronic
model, we first analyze the predicted Voc penalty of the
QDSCs with respect to the bulk cell. To this aim, we take into
account possible fluctuations of the QD confinement as seen
from the PL spectra. Figure 6 reports the Voc of the QD solar
cell as a function of doping for different QD families with GS
transition energy between 1.18 and 1.25 eV. SRH lifetimes in
the doped regions are those extracted from the short-circuit
analysis; in the undoped region, a SRH lifetime of 500 ns is
assumed. For the sake of comparison, the Voc (design value)
of the REF cell is also reported. The analysis shows that the
inherent (i.e., for negligible defectivity of the QD material)
penalty due to the inclusion of the QDs is about 120mV
for the largest GS confinement, in agreement with previ-
ous theoretical works [20] and experimental data of QDSC
with record Voc [42]. Such penalty can be fully attributed

100 2 4 6
e/dot

8 12 14
0.7

0.75

0.8

0.85

0.9

0.95

1

1.05

V
oc

 (V
)

QD penalty

SRH penalty

𝜆GS
𝜏nr,QD = 500 ns

𝜏nr,QD = 0.5 ns

𝜏nr,QD = 0.25 ns
𝜆GS

Figure 6: Analysis of Voc penalty in QDSC as a function of the per
dot doping density, for different GS energy confinement (λGS ranges
from 990 nm to 1050 nm) and different minority carrier lifetime in
the interdot layers (τnr,QD). The black dash-dot line indicates the
Voc of the reference bulk GaAs cell. The red bullet indicates
experimental data in this work. The black bullet indicates
experimental data from Lam et al. [43].

7International Journal of Photoenergy



to radiative recombination through the QD states [15, 18].
On the other hand, the comparison with the experimental
data suggests that some other loss mechanism is in play in
the devices under study, causing an added penalty of about
180mV for the undoped case. Besides the measured data of
the samples described in Section 3, we included also experi-
mental data of very similar QDSCs, reported by the same
research group in [43]. A very good agreement between sim-
ulated and measured data is obtained by assuming a signifi-
cant defectivity of the interdot spacer layers, causing SRH
lifetime (labeled as τnr,QD in Figure 6) on the order of frac-
tions of ns, that is, lower than the QD radiative lifetime.
The calculated trend of Voc as a function of the doping den-
sity closely follows the measured one, suggesting that dopant
atoms are well incorporated in the QDs and provide elec-
trons per dot in line with the nominal doping value. Overall,
the results highlight that doping is always beneficial in terms
of Voc, since it mitigates both QD radiative recombination
and nonradiative recombination. QD radiative recombina-
tion is in fact suppressed by QD state filling; SRH recombina-
tion is suppressed because doping shifts the electron quasi-
Fermi level far away from the intrinsic Fermi level reducing
the capture/emission probability of electrons and holes by
the midgap defect. Further analysis of doped-induced SRH
suppression and examples of calculated SRH recombination
rates in QDSCs may be found in [18, 44].

Finally, further supporting the interpretation that the
QDSCs under study are limited by SRH recombination,
Figure 7 compares the measured and simulated behavior of
the integrated PL (IPL) versus the excitation power (Pexc):
at T=10K, all the cells present a linear dependence of IPL
with Pexc (slope ∼ 1 in the log-log plot) regardless of doping,
since they are dominated by the radiative recombination
through the QDs. On the other hand, at T=300K, the

undoped cell shows a superlinear dependence of IPL with
Pexc (slope ∼ 1.8 in the log-log plot), while the doped ones
have again almost linear behavior. Our comprehension of
the mechanism is that at T=300K nonradiative recombina-
tion through the barrier is an effective loss mechanism
for photogenerated carriers that tends to be suppressed
(or saturated) as the excitation power increases: thus, at low
excitation power, IPL scales almost quadratically with Pexc
[18, 45, 46]. The introduction of doping changes the electro-
static potential and electrical field profiles of the cell in such a
way that SRH recombination results minimized. As a result,
the doped QD cells have again a radiative limited behavior
and their IPL scales linearly with Pexc.

5. Conclusion

We have applied physics-based numerical simulations to
investigate the photovoltaic behavior of quantum dot solar
cells which demonstrate a large increase of the open-circuit
voltage with doping. The analysis of the experimental results
points out that doping has profound effects on the cell behav-
ior, which are difficult to disentangle without the support of
device level simulations, since they involve the microscale,
in terms of QD carrier dynamics, and the macroscale, since
doping affects the electric field distribution across the photo-
active region. The analysis allows also assessing the margin of
improvement for the open-circuit voltage, taking into
account that the cells under study operate under thermally
limited regime; that is, two-step photon absorption is negligi-
ble. The presented device level simulations are developed
within a multiscale modeling framework which combines
in a self-consistent fashion transport equations in the
bulk, rate equations for carrier dynamics in the QD states,
and an accurate electromagnetic model of the optical field
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across the cell. Further physical mechanisms relevant to
QD-based solar cells, such as two-photon absorption, Auger
processes, and hot carrier relaxation can be incorporated in
this simulation framework allowing us to gain a deeper
understanding of the physics of real devices and directions
for their development.
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The morphology of compact TiO2 film used as an electron-selective layer and perovskite film used as a light absorption layer in
planar perovskite solar cells has a significant influence on the photovoltaic performance of the devices. In this paper, the spin
coating speed of the compact TiO2 is investigated in order to get a high-quality film and the compact TiO2 film exhibits
pinhole- and crack-free films treated by 2000 rpm for 60 s. Furthermore, the effect of annealing process, including annealing
temperature and annealing program, on CH3NH3PbI3-XClX film morphology is studied. At the optimal annealing temperature
of 100°C, the CH3NH3PbI3-XClX morphology fabricated by multistep slow annealing method has smaller grain boundaries and
holes than that prepared by one-step direct annealing method, which results in the reduction of grain boundary recombination
and the increase of Voc. With all optimal procedures, a planar fluorine-doped tin oxide (FTO) substrate/compact TiO2/
CH3NH3PbI3-XClX/Spiro-MeOTAD/Au cell is prepared for an active area of 0.1 cm2. It has achieved a power conversion
efficiency (PCE) of 14.64%, which is 80.3% higher than the reference cell (8.12% PCE) without optimal perovskite layer. We
anticipate that the annealing process with optimal compact TiO2 layer would possibly become a promising method for future
industrialization of planar perovskite solar cells.

1. Introduction

Perovskite solar cells (PSCs) have developed a variety of device
structures, since the first report fromKojima et al. in 2009 [1],
such asmesoporous,meso-superstructure, planar heterojunc-
tion, and hole-blocking layer-free structure [2–5]. The planar
heterojunction is considered to be the most competitive con-
struction on account of their simplified fabricating procedure.
Up to date, several materials could be chosen as electron-
selective layer (ESL), for instance, ZnO [6, 7], TiO2 [8],
Zn2SnO4 [9], SnO2 [10], fullerene, PCBM [11] and so on.
And many different advanced thin-film technologies have
been developed for obtaining high-quality perovskite layer,
such as one-step spin coating [2], two-step deposition
[8, 12, 13], vapor-assisted solution process [14], dual-source
thermal evaporation [4], compositional engineering [15],

and interface engineering [16]. Compact TiO2 (c-TiO2) film
and CH3NH3PbI3-XClX film are the most commonly used
materials in planar heterojunction PSCs due to the excellent
ability of carrier extraction and long carrier diffusion length
[17], respectively. However, no matter what material is
chosen or how method is adopted, the morphology of both
two layers is regarded as one of the most critical issues.

The ESL acts as the blocking layer to prevent photogener-
ated holes from reaching the FTO substrate, which would or
else short circuit the device. Karthikeyan and Thelakkat dem-
onstrated that an optimum thickness of c-TiO2 film, which
prepared by spray pyrolysis deposition, was 120–150nm for
the high cell performance in 2008 [18]. Excellent layer
thickness obtained for c-TiO2 film employed by spin coating
method was 80–180nm, which was reported by Kim [2].
Lellig reported that the best values of c-TiO2 film ranged
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from 40 to 70nm by using an amphiphilic diblock copolymer
as a functional template [19]. It must be mentioned that spin
coating is the most frequently used method owing to excep-
tional advantages such as easy operation and low cost. Several
excellent reviews so far have focused on the optimum thick-
ness of the ESL, nonetheless, no systematic study concerning
the effect of spin coating rate on the morphology of ESL.

It is commonly known that CH3NH3PbI3-XClX film has
appealing physical properties, for example, broad light
absorption range, high extinction coefficients, a small exciton
binding energy, and a tunable bandgap. Accompanied by
recent developments of improving the quality of the light
absorption layer, the PCE of PSCs has risen from 3.8% [1]
to 22.1% [20]. For typical annealing program, Huang et al.
showed the highest efficiency of ~13.58% in PSCs with Ag
electrode and 0.07 cm2 active area by multistep slow anneal-
ing method for the ultimate temperature of 95°C in 2015
[21]. It is worthwhile mentioning that the annealing proce-
dure, including annealing temperature and annealing pro-
gram, has an essential influence on CH3NH3PbI3-XClX film
morphology, in spite of many efforts that have been reported
to control the quality of the light harvest layer.

In this article, we show that the most excellent rate for
the spin coating ESL is 2000 rpm for 60 s. Moreover, two
different programs, one-step (OS) direct annealing method
and multistep (MS) slow annealing method, are employed
to prepare the high-quality perovskite film. We reveal that
the best temperature of OS direct annealing method is
100°C. The average PCE of MS devices is 47.3% higher
than that of devices produced by OS method results from
the smaller grain boundary recombination and the higher
Voc and FF. Our solar cell with the Au electrode, 0.1 cm2

active area, and optimal compact TiO2 layer has achieved a
best power conversion efficiency (PCE) of 14.64% by MS
annealing method for the ultimate temperature of 100°C.

2. Experimental and Methods

2.1. Materials. The zinc powder was purchased from
Sinopharm Chemical Reagent Beijing Co. Ltd. and Au from
ZhongNuo Advanced Material Technology Co. Ltd. Isopro-
panol was purchased from Beijing Chemical Works (AR) or
Sigma-Aldrich (99.8%). Ethanol, acetone, diethyl ether, and
hydrochloric acid were purchased from Beijing Chemical
Works, and TiCl4, methylamine alcohol (33%), and hydro-
gen iodide (HI, 55%–58%) were purchased from Aladdin
Industrial Corporation. PbCl2, N,N-dimethylformamide
(99.8%), isopropyl titanate (99.8%), 4-tert-butylpyridine
(TBP, 96%), Spiro-MeOTAD (2,2′,7,7′-tetrakis-(N,N-di-p-
methoxyphenylamine)-9,9′-spirobifluorene), chlorobenzene,
acetonitrile, and Li-bis (trifluoromethanesulfonyl) imide (Li-
TFSI) (C2F6LiNO4S2, 99.95%) were purchased from Sigma-
Aldrich. Deionized water was prepared by Research Center
for Sensor Technology, Beijing Key Laboratory for Sensor,
Beijing Information Science and Technology University.

2.2. The Preparation of Precursor. Hydrochloric (HCl) acid
solution (4mol/L) was prepared by mixing deionized water
(667mL) into hydrochloric acid (333mL, 12mol/L). 2M

HCl (35mL) was dissolved in 2.53ml of isopropanol (AR),
and the mixture was defined as A solution. Isopropyl titanate
solution was fabricated by dissolving 369μg isopropyl
titanate in 2.53ml of isopropanol (99.8%), to which the A
solution was added drop by drop by high rate stirring, and
then the final solution was filtered. CH3NH3I was synthe-
sized by stirring the mixture solution of methylamine alcohol
(24mL, 33wt%) and hydrogen iodide (HI, 55–58wt%) at 0°C
for 2 h. The mixture was evaporated in a rotavap, and the
remaining solid was washed with diethyl ether and dried
three times. The formation of white powder indicated the
successful crystallization. CH3NH3PbI3-xClx perovskite pre-
cursor solution was prepared as follows. 0.244 g PbCl2
(0.88mM) and 0.42 g CH3NH3I (2.64mM) were dissolved
in 1mL N,N-dimethylformamide. The mixture was stirred
for 180min at 90°C. 520mg of Li-TFSI was dissolved in
1mL acetonitrile, and the mixture was defined as B solution.
72.3mg of Spiro-MeOTAD and 28.8μL of TBP were dis-
solved in chlorobenzene (1mL), to which the B solution
(17.5μL) was added and stirred, in order to prepare the hole
transport material precursor solution.

2.3. Device Fabrication. The FTO (1.5× 1.5 cm2, <14 Ω/sq,
2.2mm thick, Pilkington, Solar Energy Technology Co.
Ltd., Wuhan Jinge, China) substrates were firstly etched
using Zn powder and hydrochloric acid solution for 2min
to form the retained area of 1.5× 1.0 cm2 as patterned elec-
trode. The etched FTO substrates were cleaned according to
the literature procedures [22]. And the following procedures
were done in a nitrogen-filled glovebox. The isopropyl
titanate solution was spin coated on the pretreated FTO
to prepare the c-TiO2 layer at 1000 rpm, 2000 rpm, and
3000 rpm for 60 s, before drying at 125°C for 10min and then
annealing at 500°C for 30min. The ESLs were then immersed
in 0.04M of TiCl4 aqueous solution to improve interface con-
tact with the light harvester [23–25]. The c-TiO2 layer was
immersed in TiCl4 aqueous solution for 30min at 70°C. After
washed with deionized water, the film was dried with N2 flow
and sintered at 500°C for 30min. The CH3NH3PbI3-xClx
film was deposited on the ESL by spin coating the
CH3NH3PbI3-xClx perovskite precursor solution at 2000 rpm
for 45 s and then treated by different calcined programs as
follow. The annealing temperatures were directly raise to
90°C, 100°C, 110°C, 120°C, or 130°C for OS direct annealing
method. The annealing time for every temperature was
90min, which was chosen according to the literature [26].
For the MS slow annealing method, the annealing tempera-
ture was raised from 30°C to 100°C, and the annealing times
for 30°C, 40°C, and 50°C were both 5min, for 60°C, 70°C,
80°C, and 90°C were both 10min, and the ultimate time
was 90min for 100°C. Once the CH3NH3PbI3-XClX films
deposited well, the hole transport material precursor solution
was spin coated at 2000 rpm for 45 s. Finally, a metal contact
electrode (~60nm), such as Al or Au, was deposited on the
Spiro-MeOTAD using thermal evaporation at a pressure of
1× 10−6mbar.

2.4. Material and Device Characterizations. The morphology
of all films was observed with a field emission scanning
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electron microscope (FESEM, Hitachi S-4800). X-ray diffrac-
tion (XRD) patterns were performed with Bruker D8
Focus (Bruker Corporation, Germany) to analyze the crys-
tal structure of the samples. UV-vis absorption spectra
were measured by Cary 5000 (Varian, America). The
current-voltage curves were characterized using a V3-400
(Princeton Applied Research) under AM 1.5G one sun illu-
mination (100mW/cm2) with a scan rate of 0.1V/s, which
was simulated by solar simulator (Newport Oriel Class
3A) equipped with Xenon lamp (L2175). The thickness of
TiO2 ESL was characterized with NanoMap Surface Profiler
(AEP Technology, USA).

3. Results and Discussion

3.1. Effect of the Different Spin Coating Speeds on the
Morphology of the c-TiO2 Film. Figure 1 presents a cross-
sectional scanning electron microscopy (SEM) image of a

representative planar heterojunction solar cell device. It is
generally accepted that the perovskite material harvests
light to generate hole-electron pairs and c-TiO2 film
suppresses the electrical contact between FTO and photo-
voltaic layer [27].

To achieve a better understanding of the effectiveness
of the different spin coating speeds on the morphology
of the c-TiO2 film, the SEM images of three different
speeds are showed in Figure 2. Figures 2(a), 2(c), and 2(e)
are the low magnification, and Figures 2(b), 2(d), and 2(f)
are the high magnification images of c-TiO2 film for
1000 rpm, 2000 rpm, and 3000 rpm, respectively. The SEM
images highlight the variation in the film surface morphology
of the ELS. The speed of 2000 rpm produces better surface
coverage and smaller film defect, as compared with the
c-TiO2 films prepared using other two speeds. The top
views of a film prepared with 2000 rpm (Figures 2(c) and
2(d)) reveal that the FTO is fully covered by the more

5.0 kV 4.3 mm × 45.0 k 1.00 �휇m

(a)

Active area

Glass

FTO
C-TiO2
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Spiro-MeOTAD

Au

(b)

Figure 1: Representative cross-sectional SEM image (a) and schematic illustration (b) of the planar heterojunction perovskite solar cell.
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Figure 2: Top view SEM images of c-TiO2 film with different spin coating speeds for 60 s. (a), (c), and (e) the low magnification and (b),
(d), and (f) the high magnification images for 1000 rpm, 2000 rpm, and 3000 rpm, respectively.
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uniform and smooth c-TiO2 layer. Especially, many cracks
can be observed from the film when fabricated with the
speed of 1000 rpm (Figures 2(a) and 2(b)), and numerous
pinholes can be discovered from the film when obtained
with speed of 3000 rpm (Figures 2(e) and 2(f)).

We analyze the phase purity of the c-TiO2 film prepared
with 2000 rpm by XRD (Figure 3(a)). For the c-TiO2 film, the
diffraction peaks are located at 2θ=25.3° and 38.0°, corre-
sponding to the 101 and 004 planes of the anatase structure
of TiO2 (JCPDS card number 21-1272). The diffraction peak
of TiO2 (101) plane showed a high intensity, indicating that
the c-TiO2 film by spin coating has a well-defined and
high-purity anatase phase.

In this study, we prepare PSCs using three kinds of
c-TiO2 films as ELS by different spin coating speeds and
measure the J-V curves of the devices with an active area
of 0.1 cm2 to investigate the influence of the rate on the
ELS. Figure 3(b) shows the J-V curves of three best cells,
and the detailed photovoltaics data extracted from the
reversed J-V curves for these devices can be found in
Table 1. Samples TiO2-1000, TiO2-2000, and TiO2-3000
are corresponding to the devices manufactured with
1000 rpm, 2000 rpm, and 3000 rpm, respectively. From this
data, the 2000 rpm cell gives a PEC of 8.12% corresponding
to a JSC of 18.3mA·cm−2, a Voc of 0.75V, and a FF of 0.58
and has the lowest series resistance (Rs) which is ~7.59
Ω·cm2. The good performance of this device is mainly due
to a decrease in the Rs, as is apparent from Table 1. We attri-
bute this lowest Rs to the best morphology of the c-TiO2
films which has smaller cracks and pinholes, in contrast to
the morphology of the 1000 rpm and 3000 rpm films. The

hysteresis observed in TiO2-2000 cell is weak compared to
the hysteresis in other two samples. The previous work
investigates that the FTO/c-TiO2 interface and c-TiO2/
CH3NH3PbI3-XClX interface are the origins of hysteresis
[28]. Furthermore, the deeper trap states, ferroelectric polar-
ization, and ion migration may also be responsible for the
hysteresis in PSCs. The dark J-V curves indicate that the
device with 2000 rpm TiO2 layer exhibits a better diode
behaviour than the samples with other two kinds of TiO2
layers. The direct contacts between CH3NH3PbI3-XClX layer
and FTO may be responsible for the poor rectification ability
of the TiO2-1000 and TiO2-3000 cells [5].

According to Ke at al.’s work [29], the thickness of c-TiO2
layer has a huge influence on the photovoltaic performance
on the PSCs. We characterized the thickness of TiO2 ESL
using the surface profiler. The thicknesses of c-TiO2
layers prepared by 1000 rpm, 2000 rpm, and 3000 rpm are
~67nm, ~47 nm, and ~36 nm, respectively. The 67nm TiO2
ESL is too thick to transfer the electron from the light absorp-
tion layer to the FTO. The too thin c-TiO2 layer (36 nm) leads
to a serious recombination process because the FTO is not
fully covered with the c-TiO2 layers, and the light absorption
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Figure 3: (a) XRD pattern of c-TiO2 film prepared with 2000 rpm. (b) J-V characteristics of devices based on various c-TiO2 films.

Table 1: Photovoltaic performance parameters extracted from
reversed J-V curves (Figure 3(b)).

Sample Jsc/mA·cm−2 Voc/V FF/% PCE/% Rs/Ω·cm2

TiO2-1000 15.9 0.55 0.45 4.05 12.98

TiO2-2000 18.3 0.75 0.58 8.12 7.59

TiO2-3000 17.7 0.64 0.58 6.57 9.25
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layer contacts with the FTO directly. The optimum thickness
of c-TiO2 layers is ~47 nm. In this article, we employ the
c-TiO2 film prepared by 2000 rpm method as the ELS in
the following fabrication of PSCs due to its excellent pho-
tovoltaic performance.

3.2. Effect of the OS Direct Annealing Temperature on the
Morphology of the Perovskite Film. Figure 4 exhibits the top
view SEM images of CH3NH3PbI3-XClX films deposited on
the c-TiO2 layer with diverse OS direct annealing tempera-
tures of (a) 90°C, (b) 100°C, (c) 110°C, (d) 120°C, and (d)
130°C. As the annealing temperature increases from 90°C
to 100°C, the number of pinholes is significantly decreased.
At a temperature of 100°C, the perovskite films show
denser packing and the coverage of perovskite film is obvi-
ously improved even though some c-TiO2 still remains
uncovered. However, as the annealing temperature increases
from 110°C to 130°C, the c-TiO2 layer uncovered with
CH3NH3PbI3-XClX films becomes pronounced due to the
size of pinholes and is significantly increased and the
perovskite film shows polydisperse perovskite islands.
These consequences are in qualitative agreement with pre-
vious researches on the thermal annealing precursor of
CH3NH3I and PbCl2, where it was found that high temper-
atures resulted in the rapid growth from a few nucleation
sites leading to the formation of large crystalline islands
and the associated large gaps in between [30]. The increase
in the uncovered c-TiO2 with increasing annealing tempera-
ture indicates that the lower annealing temperature (100°C)
is appropriate for the preparation of maximum coverage
CH3NH3PbI3-XClX films, which is consistent with the
research in the literature [31].

In Figure 5, we compare the XRD patterns of
CH3NH3PbI3-XClX films prepared by different annealing
temperatures and observe the appearance of a series of
diffraction peaks that are in good agreement with the litera-
ture data on the orthorhombic phase of CH3NH3PbI3-XClX.
The main diffraction peaks, assigned to the (110), (220),
and (330) peaks at 13.99°, 28.36°, and 43.10°, respectively,
are in identical positions for every temperature films,
indicating that all temperatures have manufactured the
same mixed-halide perovskite with an orthorhombic crystal
structure [4, 32]. At a temperature of 90°C, the diffraction
peaks are located at 2θ=15.5° and 31.3°, corresponding to
the 100 and 200 planes of the single-phase of cubic
CH3NH3PbCl3 [33]. CH3NH3PbCl3 is not suitable for the
absorber layer of efficient PSCs due to its significantly higher
energy bandgap than that required to achieve the Shockley-
Queisser limit [34]. At the temperature of 100°C, 110°C,

and 130°C, the diffraction peak that appears at 12.53° can
be indexed to the (001) planes of PbI2. Notably, looking
closely at the region of the (110) diffraction peak at 13.99°,
there is a small signal of a diffraction peak at 12.53° (the
(001) peak for PbI2) and no measurable diffraction peak at
15.5° (the (100) peak for CH3NH3PbCl3), manifesting a high
level of phase purity of CH3NH3PbI3-XClX films by the
annealing temperature of 120°C. Taking into account the
SEM images and XRD patterns, we employed 100°C in
our investigations.

3.3. Effect of Different Annealing Programs on theMorphology
of the Perovskite Film. To further address the effect of the
annealing program on the morphology of the perovskite
film, two different annealing programs for the ultimate
temperature of 100°C, OS, and MS, were adopted for
CH3NH3PbI3-XClX perovskite film treatment. Samples
CH3NH3PbI3-XClX (MS) and CH3NH3PbI3-XClX (OS) are
corresponding to the films manufactured with MS slow and
OS direct annealing method, respectively. The XRD patterns
and the UV-vis absorption spectra of CH3NH3PbI3-XClX
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Figure 4: Top view SEM images of CH3NH3PbI3-XClX films deposited on the c-TiO2 layer with diverse OS annealing temperatures. (a) 90°C,
(b) 100°C, (c) 110°C, (d) 120°C, and (e) 130°C.
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Figure 5: XRD patterns of CH3NH3PbI3-XClX films annealing at
different OS direct annealing temperatures on TiO2 layers. The
red squares and green circles indicate the peaks associated with
the CH3NH3PbCl3 and PbI2, respectively.
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films deposited on c-TiO2 layers with two different annealing
programs are shown in Figures 6 and 7, respectively. The
peaks at 13.99° and 28.36° are assigned to the CH3NH3
PbI3-XClX phase, revealing that both two anneal methods
have fabricated the same orthorhombic perovskite structured
CH3NH3PbI3-XClX crystals, and the narrow diffraction peaks
represent that the films have long-range crystalline domains
[3]. No new diffraction peaks or peak shifts are observed,
indicating that the crystal structure of the two sintered
CH3NH3PbI3-XClX films is the same, which is consistent with
the previous report [21]. The weak peak centered at 12.53° is
attributed to PbI2, and the CH3NH3PbCl3 phase (with a peak
at 15.5°) does not appear.

The absorption spectra (Figure 7) manifest the similar
light-harvesting capabilities over the visible to near-IR
spectrum regardless of the different annealing programs
adopted. Both two films exhibit the roughly same absorption
edge at about 780nm (corresponding to ~1.55 eV optical
bandgap of CH3NH3PbI3-XClX), which is consistent with
the previous studies [35]. However, the absorption edge of
MS film shows a slightly red shift, which should be due to
the improved crystallinity with this method [36]. And this
result is consistent with the conclusion from Figure 8.

However, the SEM pictures presented for two magnifica-
tions (Figure 8) reveal stark differences in perovskite film
morphology prepared by two different annealing programs.
Compared to the OS film, the film MS shows more homoge-
neous and dense surface morphology, which has a smaller
number of pinholes and grain boundaries. According to the
different surface morphologies of the perovskite films treated
by the two programs, we can expect different photovoltaic

performance of devices. The complete cells, which are named
MS-1 and MS-2, are fabricated by MS slow annealing
method, and the OS-1 and OS-2 cells are corresponding to
the control devices. In the OS devices, Jsc, Voc, and fill factor
are lower than the MS cells, as shown in the J-V curves
presented in Figure 9. Since the main difference among
these cells lies in CH3NH3PbI3-XClX, the variation of device
parameters should be attributed to perovskite films. The
significant decrease in these parameters (Table 2) may be a
consequence of inferior perovskite film coverage [37]. The
bare c-TiO2 regions (corresponding to the blue circle areas
of Figure 8(c)) with no perovskite coverage result in a drop
of photocurrent attributing to no light absorption. Further-
more, the larger level of grain boundaries leads to the
increase of nonradiative charge carrier recombination, which
caused a drop in Voc and FF. The higher parameters of
devices by MS method account for a high average PCE
(11.43%) values in this paper. The MS slow annealing
method is obviously suitable for the preparation of highly
efficient PSCs [21], due to the highly homogeneous perov-
skite structure which enables more uniform charge genera-
tion and collection as well as decreases the leakage with
fewer shunt paths [37].

3.4. Device Performance with All Optimal Processes. We
fabricate two cells by MS slow annealing method for the
ultimate temperature of 100°C with optimal c-TiO2 layer.
Detailed photovoltaics data for these two devices extracted
from J-V curves (Figure 10) can be found in Table 3. We
derive values of 22.33mA·cm−2, 0.985V, and 0.652 for Jsc,
Voc, and the fill factor, respectively, yielding a PCE of
14.64% for the best-performance cell measured at a light
intensity of Pin = 100mW·cm−2.

4. Conclusions

Our work represents a development of c-TiO2 film depend-
ing on spin coating speed and an improvement of
CH3NH3PbI3-XClX perovskite film relying on the annealing
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Figure 7: UV-vis absorption spectra of CH3NH3PbI3-XClX films
deposited on TiO2 layers with two different annealing programs
for the ultimate temperature of 100°C.
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process. Emphatically, the morphology and photovoltaic
properties of perovskite films produced by two annealing
programs are compared. Spin coating of 2000 rpm for 60 s

4 �휇m

(a)

200 nm

(b)

4 �휇m

(c)

200 nm

(d)

Figure 8: Top view SEM images of CH3NH3PbI3-XClX films deposited on the c-TiO2 layer with two different annealing programs,
(a) MS slow and (c) OS direct annealing method. (b) and (d) are the enlarged images of the selected rectangular areas of (a)
and (c), respectively.
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Figure 9: J-V characteristics of devices with CH3NH3PbI3-XClX
films treated by two different annealing programs.

Table 2: Photovoltaic performance parameters extracted from J-V
curves (Figure 9).

Sample Jsc/mAcm−2 Voc/V FF/% PCE/%

MS-1 18.44 0.92 0.63 11.15

MS-2 19.53 0.97 0.60 11.7

OS-1 18.34 0.82 0.52 7.94

OS-2 18.46 0.83 0.48 7.57
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Figure 10: J-V curves of two devices with all optimal processes
measured under standard AM 1.5G illumination (100mW/cm2).

Table 3: Photovoltaic performance parameters extracted from J-V
curves (Figure 10).

Sample Jsc/mA·cm−2 Voc/V FF/% PCE/%

1 22.10 0.97 0.576 14.30

2 22.33 0.985 0.652 14.64
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is found to be the excellent approach for controlling mor-
phology c-TiO2 film. For the perovskite film, MS slow
annealing method is better than OS direct annealing method
for the ultimate temperature of 100°C because of the
difference in morphology. Compared to the device with OS
method, the efficiency is increased from 7.94% to 11.7%
for the MS method and to 14.64% for the all optimal pro-
cesses. This combination of optimal c-TiO2 and MS slow
annealing method for low temperature is expected to help
push the organic-inorganic hybrid solar cells closer to
commercial feasibility.
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An accurate method is proposed to track the maximum power point of a photovoltaic module. The method is based on the
analytical value of the maximum power point voltage, determined from a mathematical model of the photovoltaic panel. The
method has the advantage of accuracy without any oscillations, as with certain conventional methods. The algorithm has also
the ability to track accurately the maximum power point under variable atmospheric conditions and load changes. Experimental
results are presented to show the effectiveness of the method. The implementation of the method needs an online measurement
of irradiance, panel temperature, and panel current and voltage.

1. Introduction

The solar energy is one of the most competitive sources of
electrical energy, especially photovoltaic (PV) devices. PV
panels are devices that convert solar energy into electricity
in a clean way and offer an alternative solution of electric
power generation in all industry sectors and domestic appli-
cations, particularly in remote areas.

The PV device performances are certainly very attractive
but could be influenced by some factors, especially the
relative panel orientation to solar rays, measurement
equipment, power converters, load and/or grid connection,
and the extraction of the maximum electric power. An
overall optimization of the system should be performed
to achieve the best possible performance. A variety of
methods to deal with these aspects has been proposed
and studied in the literature [1, 2].

The maximum power point tracking techniques (MPPT)
represent one of the most studied subjects in PV systems.
Since the MPP varies with the temperature and irradiation
levels, these techniques are equipped by specific algorithms
to extract the maximum available electric power. The deter-
mined maximum power voltage is used as a reference voltage

in the power converter loop. Many strategies to find the
MPP are available in the literature for different equipment
technologies, variable environmental conditions, complexity,
cost, range of effectiveness, convergence speed, and accuracy
tracking when irradiation and/or temperature change. An
exhaustive review of different MPPT algorithms can be
found in [3-6].

The P&O (Perturb and Observe) and the Incremental
Conductance algorithms are the most common [7-12]. Their
main advantages are the easy implementation, low computa-
tional demand, and only the measured voltage and current
are required as information about the PV array. But they also
have some drawbacks, like oscillations around the MPP in
steady-state conditions and poor tracking under rapidly
changing irradiation levels. This is due to the fact that the
search for maximum power point is related to the choice of
the perturbation step. The latter infects the convergence time
and the amplitude of the oscillations antagonistically.

The constant voltage (CV) is also a well-known
method in which the operating voltage Vmax is set to a
fixed percentage of the open-circuit voltage Voc. The main
problem with this algorithm is that Vmax is not always at
the fixed percentage of Voc and the energy is wasted when
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the circuit is opened to measure Voc [4, 5, 13]. Instead of
operating with voltage, one can operate with current to
obtain the so-called short-current pulse-based MPPT
which is similar to the CV method. The operating current
Imax is then a fixed percentage of the short-circuit current
Isc. Many improved versions of these methods are pub-
lished in the literature [9, 12].

Look-up table method and Curve-fitting-based MPPT
are offline techniques [14]. In the first one, technical data
and panel characteristics at different environmental condi-
tions are stored in a memorized table. Then, measured power
of the PV panel is compared with those of stored values to
track MPP and operating point is shifted to the new max-
imum power point. Thus, the system requires a large
memory capacity to store all necessary data for varying
atmospheric conditions. This method is slow and not very
accurate [5]. In the second method, the power-voltage
characteristic of PV panels is approached by a polynomial
function. The MPP voltage is deduced according to the
polynomial coefficients. The operating point on the charac-
teristics of the panel is then moved to track the MPP. This
approach requires also large memory and large computation
time to calculate the polynomial coefficients for different
environmental conditions [5, 14].

In the so-called “beta (β) method,” the MPP is approx-
imated using an intermediate variable β which depends on
the parameters, the current, and the voltage of the PV
panel [3, 5]. The variable β is continuously computed
and compared with a constant reference to track MPP.
This method gives fast tracking speed during varying
atmospheric conditions.

Some methods are based on neural networks and fuzzy
logic [3, 11, 15, 16]. The mean advantage is their ability to
take into account the nonlinearities without handling nonlin-
ear mathematical models. However, a good user experience
on the PV module characteristics is needed.

In this paper, an accurate method is proposed to track
the maximum power point of a photovoltaic module. The
method is based on a mathematical model of the PV mod-
ule to compute the theoretical value of the MPP voltage,
for an online measured PV current, PV voltage, irradiance,
and temperature. The method has the advantage of accu-
racy without any oscillations, as with some previously
mentioned methods. This accuracy depends of course on
the accuracy of the model. The MPPT algorithm has also
the ability to track, with a fast speed, the maximum power
point under variable atmospheric conditions and load
changes. Simulation and experimental tests were performed
to validate the method.

The rest of the paper is organized as follows. In Section 2,
the mathematical model of photovoltaic panel is presented.
The proposed theoretical computation of the MPP voltage
is introduced in Section 3. The steps of the deduced
MPPT algorithm are described in Section 4. Section 5
deals with the implementation of the proposed MPPT
method, including the validation of the model, the descrip-
tion of the experimental platform, and finally, the presenta-
tion and discussion of the obtained results. The conclusion
is given in Section 6.

2. Mathematical Model of Photovoltaic Panel

A photovoltaic cell is an electric power generator. Under
solar irradiation, it converts the absorbed photon energy into
electrical energy. Depending on the load to which it is con-
nected, the cell can behave as a current generator or a voltage
generator. A PV system naturally exhibits nonlinear current-
voltage (I-V) characteristic which depends upon the solar
irradiation and cell temperature. The single-diode model
with the equivalent circuit, as shown in Figure 1, is a simple
model that is commonly used because of its practical conve-
nience and the fact that it represents a reasonable compro-
mise between accuracy and simplicity [17].

The circuit comprises a current source in parallel with a
diode and a shunt resistor Rp, materializing the leakage cur-
rent at the junction, and a resistivity grid resistor Rs. The cur-
rent Iph is generated by the incident light and is directly
proportional to the sun irradiation, I0 is the reverse satura-
tion or leakage current of the diode, and ID is the Shockley
diode current. Based on the circuit of Figure 1, the mathe-
matical model of a photovoltaic cell can be defined in accor-
dance with

I = Iph − ID − Ip with ID = I0 eV/aV t − 1 ,

Ip =
V + RsI

Rp
, 1

where Vt=kT/q is the junction thermal voltage, q is the elec-
tron charge, k is the Boltzmann constant, T is the tempera-
ture of the p-n junction, and a is the diode ideality constant.

The relationship between I and V is given by

I = Iph − I0 e V+RsI /aV t − 1 −
V + RsI

Rp
2

The current Iph describes the spectrum of the photovol-
taic cell and depends on climatic conditions such as ambient
temperature and irradiation G as follows:

Iph =
G
Gr

Iscr − ki T − T r , 3

where Tr is the reference temperature, Iscr is the cell’s short-
circuit current at Tr, ki is the temperature coefficient of the
short circuit, and Gr is the nominal irradiation.

The diode saturation current I0 depending on tempera-
ture may be expressed by

I0 = Ior
T
Tr

3
eqEg/Ak 1/Tr − 1/T , 4

V

IRs

Rp Ip
IDIph

Figure 1: Equivalent circuit model of the ideal PV cell.
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where Ior is the nominal saturation current and Eg is the band
gap energy.

Practical PV array is composed of several interconnected
cells. The configuration of the PV array model requires the
knowledge of the physical parameters of the panel, which
are always provided with reference to the nominal conditions
or at standard test conditions of temperature and solar irradi-
ation. The most important parameters widely used for
describing the cell electrical performance are the open-
circuit voltage Voc, the short-circuit current Iscr, the voltage
at the maximum power point (MPP) (Vmax), the current at
the MPP (Imax), and the maximum experimental peak output
power (Pmax). The rest of parameters could be deduced from
the mathematical model equations and the PV technology.

The model of a PV panel with np cells in parallel and ns
cells in series can be represented by (6) [17].

Let

Rst =
ns
np

Rs,

Rpt =
ns
np

Rp,

ξ = 1 + Rst
Rpt

,

β = 1
V tans

,

h = Iph + I0 np

5

Then, (1) can be written as

ξI = h − I0npe
β V+RstI −

V
Rpt

6

3. Theoretical Computation of the MPP Voltage

As the PV power is given by P = IV , (6) can be rewritten as

ξP = hV − I0npVe
β V+RstP/V −

V2

Rpt
7

The so known current-voltage (I-V) and power-voltage
(P-V) characteristics are represented in Figure 2, for a given
temperature T and a given irradiance G.

The maximum power Pmax of the PV module is obtained
for the voltage Vmax and the current Imax. Due to the non-
linearity nature of (7), the determination of the analytical
expression of the maximum power voltage Vmax is not
obvious by using the standard derivative computation. In
the literature, a numerical approach is often used to solve
this equation. In this paper, we showed that, by determin-
ing the analytical equation of the tangent at each point of
the power-voltage (P-V) curve, one can deduce that Vmax is
given by

Vmax =
βh Rst − RGL + ξ − RGL/Rpt
β Rst/RGL − 1 ξ + RGL/Rpt

, 8

where RGL represents the global load, seen by the PV panel
(Figure 3).

Indeed, consider (6) and suppose that we move from a
point (In,Vn), for a sampling index n, of the I-V curve to a
closely neighboring point (In+1,Vn+1), indexed by n + 1, as
illustrated in Figure 4, in such way that

In+1 = In − i,
Vn+1 =Vn + v,

9

where i is a very small variation of the current (i→ 0)
and v is the corresponding very small variation of the
voltage (v→ 0).

From (6), one can write for both points:

ξIn = h − I0npe
β Vn+RstIn −

Vn

Rpt
,

ξIn+1 = h − I0npe
β Vn+1+RstIn+1 −

Vn+1
Rpt

10

By taking into account (9) in the second equation of (10),
we have

ξIn − ξi = h − I0npe
β Vn+RstIn+v−Rsti −

Vn + v
Rpt

, 11

and then

ξIn − ξi = h − I0npe
β Vn+RstIn eβ v−Rsti −

Vn + v
Rpt

12

Since i→ 0 and v→ 0 as assumed before, we can con-
sider that β v − Rsti → 0 and then make the following
approximation:

Vmax

Pmax

Imax
Isc

Current-voltage

Power-voltage

Voc

Vmax Voc0

0

Figure 2: Current-voltage (I-V) and power-voltage (P-V)
characteristics of a PV module.

eβ v−Rsti ≃ 1 + β v − Rsti 13
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Equation (12) can then be approximated as

ξIn − ξi = h − I0npe
β Vn+RstIn 1 + β v − Rsti −

Vn + v
Rpt

,

ξIn − ξi = h − I0npe
β Vn+RstIn −

Vn

Rpt

ξIn

− I0npe
β Vn+RstIn β v − Rsti −

v
Rpt

14

Eliminating ξIn and its equivalent expression leads to

and then

i =
I0npe

β Vn+RstIn β + 1/Rpt
ξ + I0npe

β Vn+RstIn βRst
v 16

According to (10), I0npe
β Vn+RstIn = −ξIn − Vn/Rpt + h.

This allows us to write (16) as

i =
h − ξIn − Vn/Rpt β + 1/Rpt
ξ + h − ξIn − Vn/Rpt βRst

v 17

This expression seems better, numerically speaking, than
(16) which contains an exponential term.

Equation (17) or (16) can be interpreted as the tangent
(Δ) to the I-V curve at the point (In,Vn), Figure 4.

Moving from the point In, Vn to the point (In+1,Vn+1) on
the I-V characteristic means also that the powermoves from the
point (Pn,Vn) to the point (Pn+1,Vn+1) (Figure 5) so that

Pn+1 = Pn + p, 18

where p is the power variation corresponding to the voltage
variation v.

Equation (16) can be written as

Vn+1In+1 =VnIn + p⇒ Vn + v In − i

=VnIn + p⇒ vIn − vi −Vni = p
19

We can consider that iv could be neglected in (19) as
i→ 0 and v→ 0. So,

p ≃ vIn −Vni 20

Equations (20) and (17) lead to

p = In − Vn

h − ξIn − Vn/Rpt β + 1/Rpt
ξ + h − ξIn − Vn/Rpt βRst

v, 21

which can be interpreted as the tangent (Δp) to the power
curve at the point Pn, Vn (Figure 5). We can deduce that

v

Δi

I

In
In+1

Vn Vn+1

V

Figure 4: I-V curve section.

V

P

Pn+1

Pn v
p

Vn+1Vn

Δp

Figure 5: A power-voltage curve section.
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Figure 3: PV system with MPPT controller.

ξ + I0npe
β Vn+RstIn βRst i = I0npe

β Vn+RstIn β + 1
Rpt

v,

15
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when Pn = Pmax and Vn =Vmax, the tangent (Δp) becomes
horizontal and then p = 0, which means that

Imax − Vmax
βh − βξImax − βVmax/Rpt + 1/Rpt
ξ + βRsth − βRstξImax − βRstVmax/Rpt

= 0

22
As Imax =Vmax/RGL, (22) can easily be rearranged to lead

to the result of (8).
One can finally notice that approximations (13) and (20)

do not affect the analytical nature of the solution, since i and
v are assumed infinitely small.

4. Proposed MPPT Algorithm

In PV systems, the MPPT controller is aimed at comput-
ing Vmax as a reference voltage and translating it into a
PWM command signal to act on the DC/DC converter
and adjust the PV voltage to the computed reference volt-
age value under varying load and weather conditions. The
proposed algorithm is based on Vmax computed according
to (8) and implemented using the following steps at every
sampling time:

(i) measure I, V, G, and T;

(ii) compute RGL =V/I;
(iii) compute h = Iph + I0 np;

(iv) compute Vmax with (8);

(v) compute e = V −Vmax and use it as a PI controller
input, for example, to generate the command signal
which is translated into PWM form to control the
DC/DC converter (Figure 3).

By analyzing the steps of this algorithm, the reference
voltage Vmax is calculated using algebraic formula (7), once
the radiation and temperature are measured. This lets us
to think that the convergence of the PV voltage towards
Vmax will not present any oscillations around the latter.
Moreover, the convergence time will be mainly linked to
the performance of the used controller to eliminate the
error between these two voltages. During our tests, we
opted for a PI controller for its simplicity. As mentioned
before, the accuracy of Vmax is limited by the accuracy
of the used model, from which formula (8) was deduced.
On the other hand, from (8), one can expect that for
any variation of irradiation and/or temperature, an appropri-
ate Vmax should be generated. Thus, the MPPT algorithm will
be able to adapt to climatic conditions. The calculation time
will not be considered as an influence factor, since the
algorithm does not require any data storage nor a heavy
data processing.

5. Implementation of the Method

As mentioned previously, the accuracy of the method is
based on the accuracy of the PV model. The mathematical

model of the PV device should then be validated. The
PV device we have used is an SR-20 with the specifications
in Table 1.

5.1. PV Model Validation. According to the nonlinearity
nature of the algebraic equations (6) and (7), we have used
the well-known Newton-Raphson numerical method and
Matlab software to implement the model. The simulated I-
V and P-V characteristics at nominal conditions are shown
in Figure 6.

The result shows that the model is able to reproduce the
values of the key parameters of the SR-20 PV device, under
nominal conditions, such as Voc, Iscr, Vmax, Imax, and Pmax.
The model was also validated offline with actual data mea-
sured during cloudy periods. The measured irradiance, tem-
perature, and voltage of the panel were stored in a data file to
be used as model inputs. The validation test consisted of
comparing the measured current with the current provided
by the model combined with Newton-Raphson numerical
method. The results are shown in the first part of Figure 7.
The corresponding measured irradiation, voltage, and tem-
perature are shown in the second, third, and fourth part of
Figure 7, respectively.

We can observe that the cloudy periods allowed us to
cover a large irradiation interval, between about 200W/m2

and more than 800W/m2. Under this condition, the current
provided by the model followed accurately the measured cur-
rent. The model could then be considered as valid and robust
to determine Vmax with (8).

5.2. Experimental Setup. The schematic representation of the
experimental platform is given in Figure 8. The proposed
study has been implemented using a dSpace 1104 board
which works with Matlab/Simulink® software. It consists of
a PV module SR-20 connected to a resistive variable load.
The LEM LA55-P current sensor, the LEM LV20-P voltage

Table 1: SR-20 PV device specifications (A.M.1.5, 1 kW/m2, 25°C).

Voltage at MPP Vmax = 17.2V

Current at MPP Imax = 1.17A

Short-circuit current Iscr = 1.28A

Open circuit voltage Voc = 21.6V

Maximum power Pmax = 20W

Ideality factor A= 1.9

Charge of 1 electron q= 1.6e−19 C

Boltzmann constant k= 1.380658e−23 J/K

Band gap energy Eg = 1.12 eV

Reverse saturation current at Tr Ior = 5.98e
−6 A

Short-circuit current generated at Tr Iscr = 1.28A

Temperature coefficient of
short-circuit current

ki= 512.10
−6 A/K

Number of cells connected in series ns = 36

Number of cells connected in parallel np = 1

Internal series resistance of a cell Rs = 0.004Ω
Internal parallel resistance of a cell Rp = 1000Ω
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sensor, and the thermocouple temperature sensor (K) are
used to measure the current, the voltage, and the temperature
of PV module, respectively. All measured signals are condi-
tioned and transformed in the voltage range 0 to ±10 volts
and sent to the dSpace Controller Board. The latter includes
an analog–digital converter (ADC), a digital–analog con-
verter (DAC), and a processing system. The dSpace works
on Matlab/Simulink platform which is common engineering
software. The dSpace boards are associated with Control
Desk software, which makes the data acquisition and real-
time analysis easy. The dSpace Real-Time Interface (RTI) is
based on the Matlab Real-Time Workshop (RTW) to create
real-time codes.

The MPPT algorithm is based on a C-S function code
which allows a real-time compilation via a Simulink box.
The real-time code is loaded on the dSpace board. A real-
time handling of data becomes then easily accessible via

the Control Desk software. During the experimental valida-
tion, the noisy measured signals are eliminated using a
low-pass filter. Figure 9 is a photograph of the designed
experimental platform.

5.3. Experimental Results and Discussion. Experimental
tests were carried out during alternating sunny and cloudy
periods, in Marrakech on June 10, 2016, from 11h30 to
18h30. The PV panel we have used was fixed on a mechanical
solar tracker. The same tests could also be done with a
fixed panel. Figure 10 shows the measured irradiance
and temperature. The cloudy periods were observed at
the end of the day.

Very large and abrupt irradiation changes, caused by the
cloudy periods, gave rise to a high irradiation variation up to
almost 700W/m2. Which is a favourable condition to test the
robustness of the algorithm.
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As stipulated in subsection 5.1, the used PV model, com-
bined with the numerical Newton-Raphson method, was able
to reproduce with accuracy the behaviour of the PV panel.

The potential maximum power computed from this model
was then taken as a reference value. The comparison of the
maximum power provided by the proposed MPPT algorithm
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Figure 10: Measured irradiance and temperature in Marrakech on June 10, 2016, from 11h30 to 18h30.

Experimental platform
with MPPT algorithm

PV model with the
Newton-Raphson method

Measured 
irradiance

Measured 
temperature

Power curves
(see Fig.12)

PMPPT

PModel

Figure 11: Comparison technique of the actual power with the expected one.

0 1 2 3 4 5 6 7
2

4

6

8

10

12

14

16

18

Time (h)

Po
w

er
 (W

/m
²)

Maximum power computed
from the PV model

Maximum power provided
by the MPPT algorithm

Zoomed in region,
see Fig. 13

Figure 12: Results of the actual power, given by MPPT algorithm, and the power computed using the PV model.

8 International Journal of Photoenergy



with this reference value, according to the diagram of
Figure 11, is illustrated in Figure 12.

To closely examine the ability of the method to follow
the irradiation fluctuations, the framed part in the cloudy
period region of Figure 12 is zoomed in Figure 13.

As can be observed, the proposed MPPT algorithm
remains fast and robust in extreme changes of irradiation,
especially with the abrupt decrease down to 200W/m2.

Since the performance of a PV generator is influenced
by the load to which it is connected, it is interesting to test
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if the MPPT algorithm is able to maintain the power at its
maximum value in spite of load variations. To do so, we have
varied the resistive load according to the profile shown in the
third part of Figure 14, within a time interval in which the
irradiation was relatively constant.

In the last part of Figure 14, the power has indeed
been maintained at its maximum value after every short
transient (about 3 s) due to abrupt load changes and then
the PV current. The observed insignificant accuracy errors
are due to PV model accuracy and the acquisition system
including cables.

6. Conclusion

The effectiveness of the proposed method has been tested
in practice with an experimental platform under realistic
conditions, such as cloudy periods and a variable resistive
load. The obtained results respond to all expectations for-
mulated in the introduction and in the sections where the
principle of the method was introduced.

The MPPT algorithm managed to follow rapidly the
variations of the optimum power under a variable resistive
load and in the case of abrupt and very significant changes
of irradiation. The observed insignificant accuracy errors
are due to PV model parameters’ tuning and the acquisition
system including cables. The last kinds of errors could be
eliminated by designing an MPPT controller based on a
printed circuit board with a specific DC/DC converter and
a microcontroller as a calculator.

However, in addition to current and voltage measure-
ments, the PV temperature and irradiance measurements
are also needed. The PV model, on which the method is
based, must also be accurate. To reduce instrumentation
and maintenance costs, a software estimator of the solar irra-
diation that we developed in our previous publication could
be used [18]. Other implications and limitations should be
reported. Indeed, our method has not been tested particularly
in the case of large PV areas and PV arrays under partial
shading and under certain types of cloud cover. This could
be an extension of our future works on this subject.
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A tandem solar cell consisting of a bottom c-Si high-efficiency subcell and a top low-cost Cu2O subcell in parallel
configuration is evaluated for the first time by a use of an electrical model. A numerical simulation based on the single-
diode model of the solar cell is performed. The numerical method determines both the model parameters and the
parameters of the subcells and tandem from the maximization of output power. The simulations indicate a theoretical
limit value of the tandem power conversion efficiency of 31.23% at 298K. The influence of temperature on the maximum
output power is analyzed. This tandem configuration allows a great potential for the development of a new generation of
low-cost high-efficiency solar cells.

1. Introduction

Recently, tandem solar cells made up of various materials
such as silicon (monocrystalline, polycrystalline, and
amorphous) [1–3], perovskite [4–6], polymer [7, 8], dye-
sensitized solar cells [9], and quantum dot solar cells [10]
have been theoretically or experimentally studied. However,
tandems with a high efficiency at low cost have still not been
realized. The silicon-based tandem heterojunction solar cells
made up of a high-efficiency crystalline silicon (c-Si) bottom
subcell and a low-cost upper subcell are a promising candi-
date for both reducing the fabrication costs and increasing
the efficiency above the silicon single-junction record of
25.6% [11]. The band gap of the top subcell is required to
be higher than the band gap of silicon (1.1 eV) in order to
absorb the photons of higher energy, thus yielding two
complementary absorbing subcells. Generally, the bottom
subcell generates a higher current and has a lower open-
circuit voltage than the top subcell.

The cuprous oxide (Cu2O) solar cell represents one of
the best choices as top subcell. This semiconducting
metal oxide has a band gap of 2.1 eV, a high optical

absorption, is nontoxic, and has the potential of a low
manufacturing cost [12]. The theoretical limit of the
power conversion efficiency for a Cu2O solar cell is
approximately 20% [13, 14] under the solar radiation
spectrum AM 1.5G. However, the highest conversion effi-
ciency of 81% achieved experimentally for a solar cell made
up of zinc oxide (ZnO) and Cu2O based on thermally oxi-
dized copper sheets [15] suggests the potential of further
increase of the conversion efficiency.

In this paper, a comprehensive numerical simulation of
the performance parameters of a tandem solar cell based on
c-Si and Cu2O subcells in parallel configuration is presented.
The ideal working conditions for tandem are defined. The
single-diode model for solar cells is used [16]. The parame-
ters of the subcells and tandem are calculated from the max-
imum condition of the output power. The values of the main
parameters, that is, the short-circuit current density (Jsc), the
open-circuit voltage (Voc), the fill factor (FF), and the power
conversion efficiency (η), are calculated and discussed. The
value of the maximum power conversion efficiency of this
configuration type is estimated. The influence of temperature
(T) on the performance of the tandem is analyzed.
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All the programs used for the simulations are written in
Mathcad environment.

2. Theoretical Model

A tandem solar cell based on a bottom c-Si subcell and a
top Cu2O subcell as active layers of p-type materials is
investigated. For the Cu2O subcell, a wide range of possi-
ble n-type materials, including ZnO, ZnS, TiO2, CdS, and
Ga2O3 [13–15] can be used. There are two possibilities
of electrical connection for the two subcells, namely, series
and parallel. The parallel connection is more advantageous
[17] since it does not require current matching between
the subcells and allows independent optimization of the
subcells. A four-terminal device has the subcells electrically
decoupled and independently controllable that can be con-
nected in parallel, ensuring a maximum output power at
all times [18]. The tandem efficiency is estimated to reach
values above 30% [1, 2, 6, 19]. A possible four-terminal
configuration is presented in Figure 1 [20].

The following ideal conditions of the solar cell opera-
tion—including illumination conditions, subcell materials,
radiation absorption processes, and carrier generation
processes in subcells—are considered:

(1) the solar radiation spectrum AM 1.5G [21];

(2) no optical losses due to nonactive layers (glass, n-type
materials, encapsulation layer, etc.);

(3) the carrier-injection efficiency ηinj = 1 for each subcell;

(4) no resistive and recombination losses, Rs = 0, for
each subcell;

(5) the standard temperature T∗ = 298 K.

2.1. Optical Model. In the conditions above, the photoelec-
tron generation rate determined by the solar radiation inci-
dent on the surface of the active layer is

Ginj L =
λ2

λ1

α λ ϕ λ exp −α λ L dλ, 1

where L is the thickness of the active layer (Cu2O or c-Si), λ is
the wavelength of incident radiation, the integration limits λ1
and λ2 are imposed by the absorption characteristics of the
active layer through the absorption coefficient α(λ), and
ϕ(λ) is the spectral incident photon flux density. The photo-
electrons are then collected without any losses.

Note that there is a range of wavelengths in which both
Cu2O and c-Si absorb radiation. The incident radiation on
the top surface of the Cu2O layer is the entire AM 1.5G solar
spectrum; at the top of the c-Si layer, the spectral irradiance
of the AM 1.5G solar spectrum is diminished due to the par-
tial absorption of Cu2O layer. These lead to the possibility of
optimization in choosing the thickness of the two layers so
that the output power of tandem cell is at maximum.

2.2. Electrical Model. The current density J through each sub-
cell, in the single-diode model [16], is

J = JL − J0 exp V + Rs J
γV th

− 1 −
V + Rs J
Rsh

, 2

where JL is the light-generated current density, J0 is the
reverse saturation current density of the diode, V is the

AM 1.5G

Glass

ZnO (n-type emitter)

Cu2O (p-type absorber)
Cu2O subcell

Cu2O :N (p+)
TCO

Encapsulation layer

AgAg

c-Si (n-type emitter)

c-Si (p-type base)

c-Si (p+)
Rear metal contact (Al)

SiNx

c-Si subcell

Figure 1: Schematic configuration design of a tandem solar cell based on Cu2O and c-Si subcells.
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output voltage, γ is the ideality factor, Rs is the series resis-
tance, Rsh is the shunt resistance, and V th = kBT/q is the ther-
mal voltage, where kB and q denote the Boltzmann constant
and elementary electric charge, respectively. In the condi-
tions above, (2) becomes

J ideal = JL − J0 exp V
γV th

− 1 −
V
Rsh

3

In the approximation of a negligible diffusion of carriers
and assuming a uniform field across the active layer (subcell
materials are without any defects and impurities), the light-
generated current density is [22]

JL = qGinj L μτ
Vbi −V

L
1 − exp −

L2

μτ Vbi −V
, 4

where Vbi is the built-in voltage [23] and the product μτ is
given by the relation

μτ = μpτp + μnτn, 5

where μp, μn and τp, τn are the hole and electron mobilities
and lifetimes, respectively.

By use of (3) and (4), the output power density of the
solar cell is

P = qGinj L μτ
Vbi − V

L
1 − exp −

L2

μτ Vbi −V

− J0 exp V
γV th

− 1 −
V
Rsh

V

6

One can observe that, at a given temperature, P depends
on seven parameters: L, J0, V, Rsh, γ, μτ, and Vbi.

In the following, the two subcells will be considered elec-
trically connected in parallel. In the steady state, the current
densities and voltages obey the relations

J tandem = J top + Jbottom 7

and

V tandem =V top =Vbottom 8

2.3. The Influence of Temperature on Tandem Cell
Performance. The solar cells for usual applications are used
at temperatures ranging from −15°C to 100°C. Many stud-
ies have pointed out that the performance of solar cells
degrades as temperature increases [24–28]. The variation
of Rsh with temperature slightly affects the efficiency of a
solar cell [27, 28]. We analyze the variation with tempera-
ture of parameters Vth and J0.

The thermal voltage dependence on temperature is

V th T = kBT
q

=V∗
th

T
T∗ , 9

where V∗
th is the thermal voltage for the standard

temperature.
The dependence on temperature of the reverse bias satu-

ration current density J0 is [25]

J0 T = J∗0
T
T∗

3
exp

Eg T

kB

1
T∗ −

1
T

, 10

where J∗0 = J0∣T=T∗ and Eg T is the band gap energy of the
semiconductor (the active layer) which depends on tempera-
ture by the relationship [26]

Eg T = Eg 0 −
αT2

T + β
, 11

where Eg(0) is the band gap value at T≈ 0K, and α and β are
constants.

3. Results and Discussion

The operation of a tandem solar cell with a Cu2O top subcell
and a c-Si bottom subcell is simulated using the presented
theoretical model. The performance of the tandem is
obtained by numerical simulations in the conditions stated
in Section 2. The solar radiation spectrum AM 1.5G has
values between the wavelength limits 280nm and 4000nm
and a flux power density of 1000W/m2. The active layers of
c-Si and Cu2O have the absorption wavelength range
([280 nm, 1450 nm] [29] and [280 nm, 640nm] [30], resp.).

The parameters Rsh, γ, J0, μτ, and Vbi of the single-diode
model are material constants that depend on materials and
the manufacturing of cells. Therefore, the calculated
parameters of the c-Si and Cu2O cells remain unchanged
in the tandem configuration. These parameters can be calcu-
lated by different methods, such as fitting methods [31, 32],
Lambert-W function [33], and asymptotic approximation
[34] by use of J–V experimental data.

The method used in this paper was previously applied to
the study of solar cells containing a heterojunction with
Cu2O [14]. The method consists in the maximization of the
output power density (7) which leads to the parameter values
of the theoretical model. The obtained values, separately for
the Cu2O and c-Si cells, are presented in Table 1. The cell
voltages are 1.61V and 0.88V, respectively, and the thickness
of the active layers is 11.94μm and 115.00μm, respectively.
The cell parameters calculated based on the values of
Table 1 are shown in Table 2. The results indicate a maxi-
mum power conversion efficiency of 19.29% for the Cu2O
cell of 11.94μm active layer thickness and 31.29% for the c-
Si cell of 115.00μm active layer thickness. The maximum

Table 1: Single-diode model parameter values of the Cu2O and c-Si
ideal cells.

Cell Rsh (Ω cm2) γ J0 (pA/cm
2) μτ (cm2/V) Vbi (V)

Cu2O 5000 3.00 1.0 5.00 · 10−5 1.91

c-Si 6500 1.68 2.3 1.55 · 10−2 1.16

Table 2: Cell parameters calculated for the values from Table 1.

Cell Jsc (mA/cm2) Voc (V) FF (%) η (%)

Cu2O 13.38 1.835 78.51 19.29

c-Si 37.76 1.014 81.70 31.29
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values of the power conversion efficiency are in good agree-
ment with the data reported in literature, ~20% for the
Cu2O cell [13, 14] and 32.9% [35], 29.8% [36], or 33.5% [5]
for the c-Si cell.

The dependence of the tandem output power density, (6)
where J ideal is J tandem, on the voltage and the total thickness of
the active layers (Cu2O and c-Si layers) is analyzed. The
results for two ratios of the thicknesses of the active layers,
LCu2O/Lc‐Si = 1/40 and LCu2O/Lc‐Si = 1/100, are shown in
Figure 2. They show amaximum of the tandem output power
density. The output power density of tandem as a function of
voltage, and the thickness of the two active layers LCu2O and
Lc‐Si has been maximized. The calculated parameters for the
two subcells and tandem are presented in Table 3. The
obtained maximum output power density is 312.3W/m2 for
0.88V tandem voltage, 0.64μm Cu2O layer thickness, and
60.62μm c-Si thickness. Therefore, the maximum power
conversion efficiency is 31.23%. It can be noticed that in case
of tandem, the thickness of the subcells is significantly
reduced compared to the case of separate cells (see
Table 2). In case of the c-Si and Cu2O layer thicknesses
obtained above, the J–V curves for the two subcells, as well
as for the tandem cell, are presented in Figure 3. The open-
circuit voltage of the tandem cell (see Table 3) is located
between the Voc values of separate subcells (see Table 2),
practically being equal to that of the separate c-Si subcell.
There is a limitation in the voltage for tandem operation,
but this drawback is compensated by the advantages of

parallel connection [18]. These results are consistent with
theoretical or experimental values reported in literature for
other types of tandem cells [5, 7, 8, 37].

Figure 4 shows the dependence of the maximum output
powerdensity on temperature for the thickness of active layers
from Table 3 and for the following parameter values of (11):
Eg,Cu2O 0 = 2 173 eV, αCu2O = 4 8 ⋅ 10−4 eV/K, βCu2O = 275 K
[38], Eg,c‐Si 0 = 1 1557 eV, αc‐Si = 7 021 ⋅ 10−4 eV/K, and
βc‐Si = 1108K [26]. A decrease of the maximum output
power density with increasing temperature is observed.
This decrease is due to the temperature dependence of
the reverse bias saturation current density (10). The drop
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Figure 2: The output power density of a tandem cell versus voltage and the total thickness of the active layers for two ratios of subcell
thickness: (a) LCu2O/Lc‐Si = 1/40 and (b) LCu2O/Lc‐Si = 1/100.

Table 3: The parameter values of the Cu2O and c-Si subcells and the
tandem in the case of maximum output power density of the
tandem cell.

Cell
L

(μm)
Jsc

(mA/cm2)
Voc (V) FF (%) η (%)

Cu2O top subcell 0.64 10.19 — — 8.78

c-Si bottom subcell 60.62 27.34 — — 22.45

Tandem cell — 37.53 1.015 82.02 31.23
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Figure 3: Current density versus voltage for the two subcells in
tandem and tandem cell, for the thicknesses 0.64μm and 60.62μm
of the Cu2O layer and the c-Si layer, respectively: JCu2O (○), Jc−Si
(Δ), and J tandem (■).
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of the output power density is 20.90% for a temperature
increase from 298K to 348K. This result indicates that
the temperature is a major factor in decreasing the tandem
solar cell performance.

4. Summary and Concluding Remarks

The paper presents a comprehensive numerical simulation of
performance optimization of the tandem solar cells using c-Si
and Cu2O subcells. A numerical simulation based on the
single-diode model of the solar cell is performed. The numer-
ical method determines both the model parameters and the
parameters of the subcells and tandem.

The thickness of active layers c-Si and Cu2O in tan-
dem cell is obtained from the maximization of output
power. The tandem power conversion efficiency has a
maximum of 31.23% for a 0.64μm Cu2O layer thickness
and 60.62μm c-Si layer thickness. These thicknesses are
significantly reduced compared to the case of separate
cells, and the efficiency represents the theoretical limit
at 298K. A realistic model of the tandem will include
optical losses for each layer of the tandem as well as a
smaller than unity injection efficiency in the active layers.
Therefore, a lower value of the tandem efficiency is
expected. The numerical simulation shows that tempera-
ture is a factor in decreasing tandem cell performance;
therefore, temperature should be taken into account in
tandem design.

The results of this paper give indications for the design
and performance optimization of real tandem solar cells
using Cu2O and c-Si subcells.

An approach of the solar cell tandem using experimental
data will be the subject of future research.
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Photovoltaic (PV) power plant is an attractive way of utilizing the solar energy. For high-power PV power plant, the multilevel
inverter is of potential interest. In contrast to the neutral-point clamped (NPC) or flying capacitor (FC) multilevel inverter,
the nested neutral point clamped (NNPC) four-level inverter has better features for solar photovoltaic power plant. In
practical applications, the common mode voltage reduction of the NNPC four-level is one of the important issues. In order to
solve the problem, a new modulation strategy is proposed to minimize the common mode voltage. Compared with the
conventional solution, our proposal can reduce the common mode voltage to 1/18 of the DC bus voltage. Moreover, it has the
capability to balance the capacitor voltages. Finally, we carried out time-domain simulations to test the performance of the
NNPC four-level inverter.

1. Introduction

In recent years, the grid-connected wind and PV power sys-
tems have attracted considerable interests around the world
[1–4]. Many industrialized nations have installed significant
solar power capacity into their electrical grids, providing an
alternative to conventional energy sources. While an increas-
ing number of less developed nations have turned to solar to
reduce dependence on expensive imported fuels. Different
from most building-mounted and other domestic solar
power applications which are mainly for the low-voltage local
users [5, 6], the high voltage is necessary to integrate the solar
photovoltaic power plant into utility. In this case, the multi-
level inverters are of potential interest for PV plants [7–11].
In practice, however, there are leakage currents and EMC
issues in high-power photovoltaic plants [12]. The leakage
currents and electromagnetic interferences have potential
safety problems [13, 14]. Therefore, it must be eliminated
before connecting them into grid. For this aim, the solutions
based on the interesting topologies and modulation strategies
have been developed in recent years. Typically, there are
three classical topologies of the multilevel inverters such as
the flying capacitor (FC) topology, cascade H-bridge

topology, and neutral point clamped (NPC) topology
[15–18]. Compared with the conventional two-level inverter,
the multilevel inverter has unique features such as reduced
voltage stress, less dv/dt and high waveforms. In contrast to
the existing topologies, a novel nested neutral point clamped
(NNPC) inverter is proposed in [19], it is of great interest for
medium-voltage power conversion, especially for solar PV
plant applications. In practice, however, the common mode
voltage may arise, resulting in the leakage current. In order
to solve the problem, a new modulation strategy is proposed
to minimize the common mode voltage. Compared with the
conventional solution, our proposal can reduce the common
mode voltage to 1/18 of the DC bus voltage. Meanwhile, it
has the capacitor balancing capability. Finally, the time-
domain performance tests are carried out. The results verify
the effectiveness of the proposed solution.

2. Analysis of Four-Level NNPC Inverter

The schematic diagram of the novel four-level NNPC
inverter is illustrated in Figure 1, where each phase includes
6 switches, 2 diodes, and 2 flying capacitors, which has fewer
number of components and complexity than four-level NPC
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or FC inverter. Take phase A for example, there are six oper-
ation states of a phase, as shown in Table 1.

When the switch turns on, it corresponds to the state “1”
in Table 1, while when the switch turns off, it corresponds to
the state “0.” The four levels of phase voltage are labeled as 3,
2, 1, and 0, which correspond to the topology of VDC/2,
VDC/6, −VDC/6, and −VDC/2. Different from the conven-
tional four-level NPC inverter, there are two kinds of redun-
dant states on “1” and “2” levels of NNPC topology. “1” level
corresponds to 1A and 1B, while “2” level corresponds to the
2A and 2B in Table 1. It should be noted that the flying
capacitor is used in the NNPC inverter. So the capacitor volt-
age balancing should be considered. The impact of switching
states on the capacitor voltage is shown in Table 1.

As shown in Figure 2, only the flying capacitor Ca1 is
charged or discharged during the state “2A,” remaining the
flying capacitor Ca2 unaffected, while both the flying capaci-
tors Ca1 and Ca2 will be charged or discharged during the
state “2B.” It is worth noting that if the current direction is
different, the capacitor charging or discharging is also differ-
ent. Take the state “2A” for example, when the current ia > 0,
the capacitor Ca1 is charged, and while the current ia < 0, the

capacitor Ca1 discharged. The details regarding the capacitor
voltage balancing will be presented in the following section.

3. Common Mode Voltage of Four-Level NNPC
Inverter

The common mode voltage is one of the important issues for
power converters [20]. The common mode voltage of the
NNCP inverter can be expressed as (1), where vcm is the com-
mon voltage, and van, vbn, and vcn represent the three-phase
voltages, respectively.

vcm = van + vbn + vcn
3 1

There are 4 switching states in each phase. So there are 64
switching states for NNPC inverter. The relationship
between the common mode voltage and switching state is
shown in Table 2. Taking “000” in Table 2 for example, it is
indicated that the a phase output is 0 level, the b phase output
is 0 level, and the c phase output is 0 level.

From Table 2, it can be observed that there are 10 kinds of
values, including ±VDC/2, ±7VDC/18, ±5VDC/18, ±VDC/6,
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Figure 1: Schematic diagram of the four-level NNPC inverter.

Table 1: States, switching states, and flying capacitors voltage of four-level NNPC inverter.

Level S1a S2a S3a S4a S5a S6a VCa1 VCa2 Van

3 1 1 1 0 0 0 — — VDC/2

2
2A 1 0 1 1 0 0

C ia > 0
D ia < 0 —

VDC/6
2B 0 1 1 0 0 1

D ia > 0
C ia < 0

D ia > 0
C ia < 0

1
1A 1 0 0 1 1 0

C ia > 0
D ia < 0

C ia > 0
D ia < 0

−VDC/6
1B 0 0 1 1 0 1 —

D ia > 0
C ia < 0

0 0 0 0 1 1 1 — — −VDC/2

C: charging; D: discharging.
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and ±VDC/18 regarding the common mode voltage of the
NNPC inverter. Obviously, the commonmode voltage would
be very high if all switching states are involved. In order to
reduce the common mode voltage, two groups of switching
states can be utilized. In this way, the common mode voltage
can be reduced to 1/18 of the DC bus voltage. The space
vector diagram is as shown in Figure 3.

4. Proposed Modulation Strategy

As discussed above, the common mode voltage can be signif-
icantly reduced to ±VDC/18 by selecting the specified vectors
and switching states. In order to achieve the objective, a new
modulation strategy is proposed in this paper. Firstly, the
desired level arrangement is generated by the modulation
strategy. Secondly, select the redundant state to balance the
flying capacitor voltage.

As shown in Figure 3, the vectors of the selected 24
switching states are similar to those of three-level vectors. If
the outermost four-level vectors (e.g., 130 and 230) are not
considered, the other four-level vectors are associated with
the three-level vectors. Taking the sector of A1 as an example,
the three-level vector of 000 in Figure 3(a) (redundant vec-
tors 111 and 222) corresponds to the virtual vector (red cross
presents the virtual vector) in Figure 3(b), while the three-
level vector of 211 (redundant vectors 100) corresponds to
the four-level vector of 211. Other relationship can also be
derived, as shown in Table 3.

For the virtual vector, it can be achieved by vector synthe-
sis. Taking the virtual vector of sector A1 for example, it can
be synthesized through (1) vectors 221 and 310, (2) vectors
220 and 311, and (3) vectors 320 and 211. The vector synthe-
sis diagram is shown in Figure 4.

Based on the above analysis, a novel modulation method
is proposed in this paper. Firstly, comparing two triangle
waves with sine wave, the three-level vectors can be
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Figure 2: Six switching states of NNPC inverter: (a) switching state 3; (b) switching state 2A; (c) switching state 2B; (d) switching state 1A;
(e) switching state 1B; and (f) switching state 0.

Table 2: Switching states and common mode voltage of four-level
NNPC inverter.

Common mode
voltage

Switch states

−VDC/2 000

−7 VDC/18 001, 010, 100

−5 VDC/18 002, 011, 020, 101, 110, 200

−VDC/6 003, 021, 012, 030, 102, 111, 120, 201, 210, 300

−VDC/18
013, 022, 031, 103, 112, 121, 130, 202, 211, 220,

301, 310

VDC/18
023, 032, 113, 122, 131, 203, 212, 221, 230, 302,

311, 320

VDC/6 033, 123, 132, 213, 222, 231, 303, 312, 321, 330

5 VDC 18 133, 223, 232, 313, 322, 331,

7 VDC/18 233, 323, 332

VDC/2 333
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generated, as shown in Table 3. With the logical transforma-
tion, these vectors can be linked to the four-level vectors. The
synthesis method is shown in Table 4.

For the selection of the carrier modulation, the in-
phase disposition (IPD) modulation is used due to the
following advantages.
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Figure 3: Space vector diagram (a) three-level inverter and (b) four-level inverter vcm = ±VDC/18.

Table 3: Relationship between three-level inverter voltage vector
and four-level inverter voltage vector.

Three-level vector Four-level vector

211, 100 211

200 311

210 Virtual vector

221, 110 221

220 220

120 Virtual vector

121, 010 121

020 131

021 Virtual vector

122, 011 122

022 022

012 Virtual vector

112, 001 112

002 113

102 Virtual vector

212, 101 212

201 Virtual vector

202 202

000, 111, 222 Virtual vector

310221

(a)

311

220

(b)

211

320

(c)

Figure 4: Virtual vector synthesis diagram.
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(1) In IPD modulation, voltage vector complies with the
“near three vector principle,” that is, there no longer
exists jumping of the two levels on the corresponding
four-level vector.

(2) In the A1 sector, for example, in a switching period
of IPD modulation, the vector 210 (i.e., three-level
vector corresponding to the four-level virtual vector)
has the same effect time in the first half and the
second half switching periods. Therefore, it is easy
to realize the vector synthesis in Table 4 (in the first
Ts/2 with a synthetic vector, after Ts/2 with another
synthetic vector).

As discussed above, the desired level can be generated by
means of carrier modulation and logical transformation.
Note that there are redundant states about “1” or “2” level
(see Table 1) of the NNPC inverter. The capacitor voltage
balance can be achieved with the redundant states. Taking
one phase as an example, the variation of the flying capacitor
voltage is defined as (2), where Vci is the flying capacitor
voltage, i = 1, 2. The capacitor voltage can be balanced if
ΔVci is close to 0.

ΔVci =Vci −
VDC
3 2

The capacitor voltage balancing mechanism is shown in
Table 5. The balance of the capacitor C1 can be achieved only
by selecting the redundancy state of “2” level, while the
balance of the capacitor C2 can be achieved by selecting
the redundancy state of “1” level.

The control block diagram is shown in Figure 5. In this
way, the output four-level voltage can be achieved. Mean-
while the common mode voltage can be significantly reduced
to ±VDC/18. Aside from that, the capacitor voltage balancing
can be achieved.

5. Simulation Results

In order to verify the effectiveness of the proposed solution,
the time-domain simulations are carried out in MATLAB/

Simulink. The type of simulation model we use is a real cir-
cuit with power switches, instead of a transfer function or
mathematical description model. The simulation parameters
are listed in Table 6.

The simulation results are shown as follows. From
Figures 6 and 7, it can be observed that the flying
capacitor voltages can be well balanced around 2200V
(VDC/3), and the ripple is less than 7.5% of the rated
voltage. The output phase voltage is four-level waveform,
while the line voltage is seven-level waveform. On the
other hand, the common mode voltage of the conventional
solution is as high as ±5VDC/18, while the common mode
voltage of the proposed solution is significantly reduced
to ±VDC/18.

In order to verify the dynamic performance of the pro-
posed solution, the simulations are carried out with a step
change from half to full loads at 0.1 s. As shown in
Figure 8, it can be seen that the current increases from
half to full loads, and the waveform quality of current is
kept well all the time. Note that the fluctuation of capaci-
tor voltage after heavy loading increases, but it is still less
than 7.5% of the rated voltage. So the system has a good
dynamic performance. At the same time, the common
mode voltage, before and after the load step, remains
around ±VDC/18.

In order to further verify the effectiveness of the capacitor
voltage balancing scheme, the balancing control is enabled,
then disabled, and finally enabled, as shown in Figure 9.

From Figure 9, it can be observed that when the balan-
cing control is disabled, the capacitor voltage tends to
diverge. Meanwhile, the common mode voltage is negatively
impacted with higher amplitude; that is, the capacitor voltage
balancing has an impact on common mode voltage. After the
balancing control is recovered at t = 0 1 s, common mode
voltage and capacitor voltage can be quickly restored to
normal operation state, which verifies the effectiveness of
the proposed solution.

6. Conclusion

This paper has presented themodeling and analysis of a novel
four-level NNPC inverter for PV power plant applications. It
is concluded that the proposed solution can significantly
reduce the common mode voltage to VDC/18. Also, it can

Table 4: Relationship between virtual and synthesis vectors.

Virtual vector Synthetic vector

210 Sector A1∩B1 221 and 310

210 Sector A1∩B2 211 and 320

120 Sector A2∩B2 121 and 230

120 Sector A2∩B3 221 and 130

021 Sector A3∩B3 122 and 031

021 Sector A3∩B4 121 and 032

012 Sector A4∩B4 112 and 023

012 Sector A4∩B5 122 and 013

102 Sector A5∩B5 212 and 103

102 Sector A5∩B6 112 and 203

201 Sector A6∩B6 211 and 302

201 Sector A6∩B1 212 and 301

Table 5: Mechanism of capacitor voltage balancing.

Level ΔVCi Phase current ia Redundancy state

2

ΔVC1< 0
<0 2B

≥0 2A

ΔVC1≥ 0
<0 2A

≥0 2B

1

ΔVC2< 0
<0 1B

≥0 1A

ΔVC2≥ 0
<0 1A

≥0 1B
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Desired output
four levels

Voltage vector corresponding
shown in Table 4

Capacitor voltage balancing
shown in Table 5

Phase k
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Δ
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Vck2Δ

Figure 5: The controller diagram of the four-level NNPC inverter.

Table 6: Simulation parameters.

Parameters Value

DC voltage 6.6 kV

Output frequency 60Hz

Output inductor 5mH

Output resistor 7.5Ω
Flying capacitor 2200μF

Modulation index 0.95
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Figure 6: Simulation results (conventional solution).
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achieve the capacitor voltage balancing. Different from the
conventional solutions, the proposed one has advantages
such as easy implementation with no need of complex space
vector modulation. Therefore, it is of great potential interest
for solar plant applications, where the common mode EMI is
a major concern. It should be noted that the CMV and EMI
reductions of the four-level NNPC inverter are focused for
PV power plant. Other issues such as grid synchronization,
control, and protection [21–26] are beyond the scope of
the paper.
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Photoreflectance is used for the characterisation of semiconductor samples, usually by sweeping the monochromatized probe beam
within the energy range comprised between the highest value set up by the pump beam and the lowest absorption threshold of the
sample. There is, however, no fundamental upper limit for the probe beam other than the limited spectral content of the source and
the responsivity of the detector. As long as the modulation mechanism behind photoreflectance does affect the complete electronic
structure of the material under study, sweeping the probe beam towards higher energies from that of the pump source is equally
effective in order to probe high-energy critical points. This fact, up to now largely overseen, is shown experimentally in this
work. E1 and E0+Δ0 critical points of bulk GaAs are unambiguously resolved using pump light of lower energy. This type of
upstream modulation may widen further applications of the technique.

1. Introduction

Photoreflectance (PR) is a pump and probe spectroscopy well
known in the characterisation of semiconductor materials
and devices [1, 2]. It relies on the diffusion of charge carriers
photogenerated with the pump beam and the subsequent
screening of electric fields already present in the sample at
space-charge regions, typically located at interfaces and free
surfaces. The dielectric constant of the specimen and thus
its reflectance R are slightly perturbed upon the field
modulation. Such small changes in reflectance, ΔR, are
detected using phase-sensitive techniques with a probe light
beam swept in wavelength and typically expressed as relative
ΔR/R ratios. The technique contributed significantly to the
present understanding of the electronic structure of most
typical semiconductors [3] and has found continuity as a
valuable characterisation tool of novel materials, like dilute
nitrides [4], low-dimensional structures [5, 6], and their
potential applications [7]. The detection stage in PR largely
relies on the rejection of any pump light scattered upon inter-
action with the sample that may eventually end up at the
detector. Scattered pump light is typically the main source
of background noise, together with sample luminescence, in
the resulting spectra [8], as it enters right at the chopping
frequency tracked by phase-sensitive detection. The use of

long-pass filters (LPF) right in front of the detector is
commonplace in order to avoid such spurious scattering.
PR proceeds thereof by sweeping the monochromatized
probe beam toward lower energies from the uppermost value
set by the filter edge, recording changes in reflectance of the
probe upon the action of the pump beam. Implicitly, the
highest energy accessible to the experiment is therefore set
by the optical edge of the LPF, normally chosen a few
hundreds of meV below the nominal photon energy of the
pump source. This small offset accounts for both the line
broadening of the source (particularly if LEDs are used) as
well as the finite width of the filter optical edge.

In contrast to this sort of standard PR, the so called “first
derivative” modulation spectroscopies [9], like piezoreflec-
tance (PzR) or thermoreflectance (TR), do not appear
bounded at high energies as a result of the perturbing action.
In the case of piezoreflectance [10], stress-strain cycles are
imposed on the sample, usually by means of a piezoelectric
actuator attached to the sample, whereas in thermoreflec-
tance [11], the sample is subjected to thermal cycles induced,
for example, by a Peltier element. The same applies to
electroreflectance (ER), making use of an externally applied
modulated electric field on the sample [12]. Even when each
modulation mechanism is executed at a reference frequency
thereby used for detection, the detection itself is in principle
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not constrained to a certain photon energy range of the probe
beam. The only practical limitations are imposed by the spec-
tral content of the source and the responsivity of the detector
employed. The reason is that the perturbation used as mod-
ulation agent, independently of its origin, does affect the
entire electronic structure of the sample under test. PR is
not different from PzR, TR, or ER in that respect. The gener-
ation of photovoltage upon pump illumination of a semicon-
ductor, on which PR is based, is better illustrated as a change
in band bending at those regions in the sample sustaining
space charge (SCR), typically free surfaces or interfaces, as
schematically shown in Figure 1. Even when photogenera-
tion of free carriers upon appropriate illumination may just
involve the first interband transitions allowed between occu-
pied and empty states, the entire electronic structure of the
material is thereby affected, as long as the modulation of
the electric field associated to the SCR is active. It is thus
expected that electronic transitions at energies higher than
those directly accessible with the pump beam be equally sub-
ject to the modulating action and consequently not PR-silent,
as schematically shown in Figure 1. In other words, upstream
modulation using probe photon energies higher than that of
the pump beam should be equally accessible as in down-
stream PR using LPF, should the photon energy of the pump
beam be sufficient in order to develop a measurable photo-
voltage. The latter can actually happen at the fundamental
absorption edge of the sample or via defect states at subband-
gap energies. In what follows, we show evidence of the

modulation of high-energy critical points showing up in PR
spectra of GaAs when using pump light of lower energy.

2. Methods

For this purpose, we have used a Si-doped GaAs wafer (AXT,
n = 1 × 1018 cm−3). The reason is that n-type-doped GaAs
exhibits intense and broad signatures in PR at room temper-
ature, particularly in the range of E1 transitions, that are
typically better resolved than in intrinsic material. PR was
measured using the light beam of a quartz-tungsten-
halogen lamp (operated at 150W) as probe of intensity
I0(λ). The light is passed through a monochromator (1/8m
Cornerstone-Newport) and focused with optical lenses on
the sample. Light directly reflected with intensity I0(λ)R(λ)
is focused on a solid-state Si-detector. The current signal is
transformed into a dc-voltage and preamplified (Keithley).
The pump beam from a laser source is mechanically chopped
at 777Hz and superimposed onto the light spot of the probe
on the sample, providing the periodic modulation. Three
laser sources have been used as pump in the experiments,
the 325 nm line of a 15mW He-Cd laser, the line at
632.8 nm of a 30mW He-Ne laser, and a solid-state laser
diode operating at 814nm. The signal recorded at the detec-
tor contains therefore two components: the dc average signal
I0(λ)R(λ) and the ac modulated contribution I0(λ)ΔR(λ),
where ΔR(λ) is the modified reflectance resulting from the
modulated perturbation. The complete signal feeds a lock-
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Figure 1: Schematic representation of critical points (CPs) E0, E0+Δ0 (indicated as ESO), and E1 of GaAs represented in ascending energy on
the same energy axis of a typical experimental PR spectrum (left). The band diagram picture (right) illustrates the modulation mechanism at
CPs, namely, periodic SPV generation, upon illumination with a chopped pump beam of energy slightly above Eg, inducing transitions at the
fundamental gap. Notice that, although the E0+Δ0 transition involves a valence state below the valence band edge (reference at zero energy),
the corresponding energy is greater than the fundamental gap Eg.
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in amplifier (Stanford Instruments), which tracks the ac
signal at the chopping frequency. The relative change in
reflectance is obtained thereof by normalizing the ac signal
with respect to the dc component, with typical values in
the range of 10−3 to 10−6.

3. Results

Figure 2 shows recorded spectra as a function of wavelength
between 400 and 1100 nm under different pump beams and
pass filters. Long-pass filters (LPF) and short-pass filters
(SPF) are indicated in the figure together with the nominal
edge. The upper panel shows three measurements performed
under 325 nm pump and different filter combinations: (i)
LPF 395 nm, (ii) LPF 395 nm and LPF 665 nm, and (iii)
LPF 395 nm and SPF 600 nm. LPF 395nm prevents scattered
laser light entering in the detector. Additional LPF 665 nm
and SPF 600nm further restrict the accessible wavelength
range towards higher or lower wavelengths from their nom-
inal edge, respectively. Three PR signatures are readily
observed in the figure, corresponding to E0, E0+Δ0, and E1
transitions, as shown previously in Figure 1. Such interband
transitions are well documented: E0 corresponds to the low-
est direct gap at the Γ point of the Brillouin zone between
Γ8 valence- and Γ6-conduction-band states; E0+Δ0 corre-
sponds to the split-off valence band Γ7 due to spin-orbit cou-
pling, connecting to the same Γ6-conduction-band state;
finally, E1 is the next critical point in order of ascending
energy and takes place along the Λ direction from the center
of the Brillouin zone [13]. The filter edges can be identified in
the spectra with the declining signals deviating from the LPF
395nm spectrum. Perfect overlapping over the respective
wavelength ranges with the measurement using just LPF
395 is observed, confirming the absence of eventual second-
order harmonics in the spectra.

The medium panel shows spectra obtained under
632.8 nm pump illumination. The short wavelength spec-
trum was obtained with SPF 600nm, whereas the long
wavelength one was obtained with LPF 665 nm. The
nominal wavelength of the laser is indicated by the dotted
line. As it can be observed, the spectra collected under
632.8 nm pump keep track of E0 and E1 signatures (E0+Δ0
is affected by the filter edges), very much like the 325 nm
pump does, even when E1 is not directly accessible now
under 632.8 nm illumination. Instead, upstream modulation
of high-energy critical points results from absorption involv-
ing lower energy transitions E0 and E0+Δ0. The modified
built-in potential and the associated field, due to photogener-
ated carrier screening at SCR, is the modulating mechanism
affecting the entire electronic structure, including all high-
energy critical points. They can be probed thereof in a similar
fashion as low-energy critical points in downstream
modulation. Finally, the lower panel of Figure 2 shows a
PR spectrum obtained under 814nm pump illumination
using SPF 800nm. The dotted line indicates the wave-
length of the pump beam. Again, high-energy critical
points E1 and ESO are readily probed when pumped with
light of lower energy.

4. Discussion

Upstream photoreflectance is better understood when
considering the character of modulation spectroscopies as
absorption-based techniques. As such, and contrarily to the
case of luminescence, PR also probes unoccupied states
which are accessible to the energy range of the photons in
the probe beam. However, it is not necessary that the pump
generating the periodic perturbation be absorbed in a process
involving that particular transition to be probed in the
experiment. This result has been recently reported in GaSb
[14] and previously in subbandgap PR on GaAs [15]. The
latter case illustrates the fact that upstream modulation can
also be activated via optically active defect states in the band-
gap. As a matter of fact, the upstream energy range in PR has
largely been overseen in the past, as evidenced by the absence
of related literature, with just a few exceptions mentioned.
Even in such cases, results have oftentimes been presented
in relation to certain specificities of the samples, rather than
as an expected output.

5. Conclusion

In summary, it has been shown that the information range
accessible to PR can be extended to energies above that of
the pump beam. Its practical implementation is simple, either
replacing LPF with SPF or alternatively using notch or
narrow-band filters around the wavelength of the pump
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Figure 2: PR spectra of n-GaAs wafer obtained under different
pump beam energies and pass filters. Dotted lines indicate the
nominal wavelength of the pump beams. Critical points E0, E0+Δ0
(labeled as ESO), and E1 are also indicated. (Upper panel) using
325 nm pump with LPF 395 nm and additional LPF 665 nm or SPF
600 nm. (Middle panel) using 632.8 nm pump with LPF 665 nm or
SPF 600 nm. (Lower panel) using 814 nm pump and SPF 800 nm.
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beam. Probing upstream is a direct consequence of the
absorption-based nature of the technique and the intrinsic
modulation mechanism involved, based on photovoltage
generation upon the action of the pump beam affecting the
entire electronic structure of the material under test.
Accounting for this fact, apparently not much explored yet,
may widen the current applicability of the technique.
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