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Abstract
This project is aimed at investigating the application
of carbon nanotubes as an alternative for "p" and "n"
doped semiconductor material for perovskite solar
cells. In that purpose, this document presents a
functional procedure of nanotube doping, dissolution
as a liquid phase, and thin nanotube films
manufacturing. Those films of doped carbon nanotube
are then applied to a perovskite-based solar cell.
In the following document, the performances of those
experiments are detailed and discussed, as well a some
future perspectives, that can be studied to improve the
recorded solar cell efficiency obtained.
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1. Introduction and motivations
Energy is the at the basis of any natural process. It can be defined by physical equations or, more
philosophically, by what perpetually makes everything evolve from its present state to a new one.
The Earth naturally receives, at a regular rhythm, a large amount of energy by radiation from the
sun. Part of this energy is naturally consumed to provide meteorological cycles or even the plant
photosynthesis, which feed a fauna of which we are taking part.
Controlling energy is then a cornerstone of our way of life. Whether in the transport, industry,
agriculture, raw materials excavation or scientific research, mankind can now adapt its environment
by consuming a lot of it. This energy cannot be created, it is recovered in the environment,
concentrated, and converted into a form which is compatible with our technology. One of these
forms is the electric energy of which we consume about 3 kWh per capita [1].
A photovoltaic cell (ak.a. solar cell) is a device aimed at directly converting the incident sunlight's
energy into electrical energy. Photovoltaics is a relatively newcomer in the industry, since the first
practical devices were demonstrated only in the 50s. But today, this renewable alternative is rapidly
growing in our electricity production [2]. Physically, a solar cell is partially based on semiconductor
materials.
On the other hand, let’s consider the case of carbon nanotubes. Due to their remarkable and
promising mechanical, optical and electronic properties, investigations on carbon nanotubes have
largely increased since the early 1990s [3]. Especially, their reported semiconductor configuration
opened avenues for promising optoelectronic applications.
Considering the structure of a photovoltaic generator and the opportunities offered by carbon
nanotubes, this project is aimed at designing a solar cell concept using appropriate carbon
nanotubes as hole or electron selective contact. Since this project is hosted by a research group
working on perovskite, that kind of cells will be exploited as a basis from which the nanotube solar
cell will be developed. Compatible nanotube films will be created whose characteristics,
manufacturing, and deposition methods take the perovskite specificities into account in order to
assemble them to that substrate.
In this report, I will describe the scientific and technical solutions proposed to perform those p and n
doped films, how they were designed to be compatible with a perovskite basis, and how they will be
assembled to obtain an efficient perovskite-nanotube solar cell. Finally, we will discuss some
measurements of the solar cell power conversion efficiency, and compare them with the standard
perovskite solar cells.
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2. Theory
2.1. General operating principle solar cell: P-N junctions
A P-N junction designates the region of a semiconductor solid where the doped type of the crystal
changes from P type to N type (or the opposite) [2].
Especially, the P-N junction that form a photovoltaic cell is a multi-layer material with a p-doped
semiconductor edge and a n-doped semiconductor one.
2.1.1. Structure
Semiconductors are a type of materials whose energy band gap between the valence and conduction
levels is non zero, but can be crossed by current carriers under certain conditions like being excited
by an incoming light radiation.
When doping a semiconductor, the amount of current carriers increases. In a doped semiconductor,
this number is equal to the number of holes/additional electrons included by the doping impurities
in the crystal. Concretely, impurities replaces a normal atom in the crystal structure, and the
difference of valence electrons with the normal atom leads to incomplete bounding with the
neighbors. When these impurities provide an excess of valence electrons, the semiconductor is
called n-doped. Reversely, a charge deficit of electrons leads to a p-doped kind. Both of these
configurations highly improve the conductivity [2].
When combining two "p" and "n" semiconductors, a potential barrier is generated at the basis of the
permanent electric field. This barrier, also named depletion region, is formed by recombination of
the excess electrons of the zone "n" with the holes of the zone "p" when they are brought in contact
[2].

(FL)

Fig.1. The illustration describes the energy levels of a material around the
junction area.
NB: An increase of the temperature in the junction induces an excitation of the electrons, which
progressively fills all the higher states of energy. It removes the role of the forbidden band and
consequently the nature of the p-n junction.
2.1.2. Photovoltaic effect
Discovered by Alexandre Edmond Becquerel in 1839, the photovoltaic effect is obtained by
absorption of energy in photonic form by a semiconductor material [4].
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One can define the energy of a photon by the following relation:
h is the Planck constant : h ≈ 6,63.10− 34 J.s or h ≈ 4,14.10−15 eV.s
hc
E=hv=
Where :
λ is the light wavelength (m)
λ
v is the light wave frequency (Hz)
Then some of this energy is converted into electrical energy. Physically, when a photon strikes a
solar cell and if the energy to be absorbed is sufficiently large to allow for the electron to be excited
from the valence band to the conduction band, then it transmits its energy to the semiconductor
electron.
Mathematically hv > Egap = Econduction – Evalence
Hence, the electrons, i.e. the current carriers, leave the valence band to join the conduction one.
This phenomenon is called internal photovoltaic effect. In addition, the electron excitation comes
with the simultaneous creation of the correspondingly charged "holes" in the valence band: so
called electron-holes pairs. Such modification of the conduction proprieties is called photoconductivity [2].
Let’s now take into account the characteristics of the solar spectrum when recorded at the Earth's
surface and top atmosphere.

*UV: Ultra-violet light range

Fig.2. The illustration sketches the radiation received by the Earth from the sun.
From this spectrum and the application of the energy equation described above, one can deduce that
the best range for a semiconductor which would be compatible with a solar cell manufacturing
should be around 1,5 eV, corresponding to the absorption of the highest peak.
The operation of a solar cell is to exploit those electron-hole pairs, generated by the photoexcitation, before their recombination. Pairs are recovered thanks to the potential inducted by the PN junction of the photovoltaic cell.
2.1.3. Current-Voltage curves and photovoltaic parameters
Let’s assume a solar cell prototype designed with a suitable material, i.e. having a band gap that
matches with the solar spectrum. The light excitation leads to the creation of electron and holes
carriers in the junctions, forming supplement pairs.
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The created (non-recombined) carriers tend to migrate to the material region with the same dopant
(n→n and p→p) which reinforce both the charge separation and the potential barrier.
One can plot a characteristic Current (I) v.s. Voltage (V) curve of the solar cell behaviour in power
generating mode, when exposed to a solar radiation. This curve permits to characterize the solar
module and get a specific maximum point (MP) for which the power of the solar cell is maximized.

Where:
P is the power curve of the solar cell,
on a Current (I) v.s. Voltage (V)
diagram.
IMP and VMP are, the current and voltage
of the maximum point, respectively.
Voc is the Open Circuit Voltage where
the voltage is maximum, which occurs
when the circuit continuity is broken.

Fig.3. Drawn in the illustration, the general shape of the Current v.s. Voltage
curve for a solar cell. The figure is adapted from the 1st illustration of [5]
Finally, the current is kept to provide an electrical circuit by placing electrodes on both electronic
edges of the solar cell. These connections and their manufacturing cause unwanted parasitic
resistive effects. They impact the efficiency and differentiate the measured experimental
characteristics of the photovoltaic cells from the previous theoretical description.
The power conversion efficiency of a solar cell describes the ratio between the maximum electrical
power produced by the cell and the amount of spectral irradiance received.
The efficiency (η) is calculated by the relation:
ηsolar cell=

I MP . V MP
light intensity (10 ³ Wm ⁻²)

where “MP” (Watts) refers to the Maximum Power Point, which is the point where the power value
supplied by the cell is maximized (MP = IMP .VMP)
2.1.4. Solar panels
The photovoltaic cells currently manufactured are generators of very low voltage and current (of the
order of a few Watts) compared to the needs of common actual electrical applications [2]. Thus, an
operational photovoltaic panel is made by connecting a large number of elementary cells in series
and parallel [2].
-

By a series connection named "String", the cells are crossed by the same current. The
resulting voltage corresponds to the sum of the unitary voltages generated by each cell.
By a parallel association of cells under the same voltage. The resulting current corresponds
to the sum of the unitary current of each cell.
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To conclude, the series assembly increases the voltage for a given current while the parallel one
increases the current for a given voltage.

Fig.4. This drawing illustrates the shape of the characteristic curves for a multicell solar module, with series and parallel solar cell assembled. From [6].
Finally, solar panels are formed of several unitary cells in series to reach a compatible voltage with
the technological application of interest. Those strings are then connected in parallel with other
strings to obtain the final expected voltage/current characteristics.

2.1.5. Perovskite solar cells
Reported for the first time in mid-2012, efficient perovskite solar cell power converters have seen
an unprecedented rapid progress, from a confirmed conversion efficiency of 16,2% at the end of
2013 [7] to 22,1% in early 2017 [8]. The enthusiasm aroused by those results led to the
development of a large diversity of performing concepts exploiting the high photonics performances
of this chemical structure, and resulting in fabrication processes that are more and more optimized.
Presented on Fig.5.1., the perovskite crystal structure of formula ABX3 is formed by an anion (X)
and cations (A and B, where A larger than B). In the case of our photovoltaic application, an mixed
perovskite formamidinium Lead Iodide (FAPbI3) and methylammonium lead bromide (MAPbBr3)
will be used. More precisely, the cation B in small amount is Lead (Pb), the anion X locations are
occupied by is a mixing of halogen bromide ions and iodide ions. Finally, the cation A in large
amount is also a mixing of a methylammonium (CH3NH3) and a formamidinium ion (CN2H5).

Fig.5.1. General perovskite crystal
structure of FAPbI3 + MAPbBr3.
Adapted from fig.1.a) of [7]

“P-& N-doped SWCNT film as hole & electron selective contact in Perovskite solar cells”. By Emilio GARCIA - Project
supervised by K.AITOLA from the research group of G.BOSCHLOO – Dpt. of Physical-Chemistry of Uppsala university.

Page 8

a)

b)

c)

Fig.5.2. The illustration presents, an example or perovskite solar cell structure
with its corresponding energy levels (in eV) and the electron-transfer process
when excited by light energy. Adapted from the figures 2.a), 2.b), 4.a) of [7]
The charge separation process of a perovskite solar cell is a little different from the basic P-N
junctions presented in sections 2.1.2. & 2.1.2.. On the Fig.5.2., the hole/electron processes in a
perovskite solar cell with its conducting layers is presented. To that purpose, the levels are sketched
in the order they are in the solar cell stack. This stack is illustrated in Fig.5.2(a). Their values are
compared on Fig.5.2.(b) and their relative energy levels permit to deduce a relative position and
thickness of their corresponding energy-band levels.
One can notice that the perovskite layer is surrounded by a compound of lower energy level on one
side, and one of higher energy level on the other side. This comparison between the energy levels
can be analysed with respect to the elements of the sections 2.1.1. & 2.1.2., in order to expect the
hole/electron-transfer behaviour in the solar cell.
Under the excitation induced by an external energy (light), current carriers moves as presented on
Fig.5.2.(b)(c). Their direction is enforced by the levels of the semiconductor compounds that
surround the perovskite. Indeed, the electrons of the perovskite valence band that are excited to the
conduction band can only relax to a lower level, therefore to TiO 2 side. Moreover, the charge deficit
(hole) in the valence band, resulting from the electron excitation, is completed by an arrival electron
coming from a higher level of Hole Transport Material (HTM) side. So that the hole moves to HTM
layer. This reasoning is illustrated on the Fig.5.2(c), where the electron-transfer process across the
different layers of the solar cells are sketched, depending on the relative bulk energy-band of the
compounds. The green arrows indicate the electron-transfer during the energy conversion process
[7].
2.2. Carbon nanotubes
2.2.1. Structure
In nature, the crystalline allotropic structures under which carbon atoms are mostly found is
graphite and diamond. This graphite can be simply described as a stack of graphene sheets. Those
graphene layers are themselves formed of a hexagonal lattice of carbon atoms, bonded to their four
closest three neighbors and whose orbital hybridisation of carbon atoms is sp². Also, keep in mind
that interactions between two layers of graphene are van der Waals interactions.
These graphene sheets (two dimensional structures: 2D) are the basis of many graphitic assemblies
of all sizes. From the graphite (3D) previously mentioned, to the nanotubes of interest (1D) [9].
When studying the synthesis of fullerene compounds (0D sphere of several tens of carbon atoms in
hexagonal configuration), Sumio Iijima observed multi-walled carbon nanotubes (MWCNT) in
1991[3]. Its publication triggered global scientific enthusiasm for carbon nanotube research.
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Subsequently, Bethune and Iijima independently succeeded in manufacturing single-walled carbon
nanotubes (SWCNT), through the addition of a metallic catalyst in synthesis by electric arc ablation
[10][11].
Because of their unique properties, it is this second type that is used in this research project. Indeed,
SWCNT films have superior transparency v.s. conductivity values over MWCNT films. Moreover
they have either a metallic or a semiconductor behaviour, depending on their chirality and diameter.
2.2.2. Chirality
The atomic structure (chirality) of a SWCNT depends on the orientation of the hexagons noticed in
section 2.1.1., in relation to the tube axis.
The formation of these nanotubes (1D) can be imagined to be resulting from the rolling of a
graphene sheet into a cylinder. This rolling leads to a hollow tube, exclusively made of sp²
hybridised carbon atoms in hexagonal configuration. The nanotubes extremities can be described to
be capped by a half-fullerene (0D).

Fig.6.1. The figure illustrates this way to imagine the carbon nanotubes. A
graphene sheet is rolled into a SWCNT and the tube is capped by a half-fullerene
at each extremity. The figure is adapted from [12].
Then, when rolling the graphene sheet, one can state a chiral vector C h = n.a1 + m.a2 where Ch is
orthogonal to the nanotube axis, whose norm is equal to the tube circumference, and expressed in a
vector basis (a1, a2) with the Hamada indices (m, n).
This vector permits to define the direction along which the elementary hexagonal pattern is
repeated. Then, in the previous basis, one can point out three main types of structures; The
“armchair” type when m = n, the “zigzag” type when n = 0, and finally the “chiral” structures for
any other configuration.

a)

b)

Fig.6.2. In the illustration a) one can identify the axis and the chiral vector,
related to the geometry of the carbon hexagons in the graphene sheet, with
respect to the nanotube axis [12]. In the illustration b) is sketched the two
hexagons configurations: armchair and zig-zag [12].
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The electronic properties of the nanotubes depend on this geometrical kind. More precisely,
nanotubes with a metallic behavior follow the relation “m–n=3k” where k is an integer, while the
nanotube is semiconductor otherwise. Notice that a metallic behavior, actually, results from a
semiconductor band structure with a very small band gap.
2.2.3. Diameter
About SWCNTs, some diameter and length order can be kept in mind. Most of the synthesis
protocols provide SWCNTs with a length range of 0,2-5,0 μm for a diameter about 1-2 nm [13].
That is why they can be approximated as a 1D structure since their ordinary ratio between length
and diameter exceeds 10 000:1, and the longer ones can even reach up to 1,32.10⁸ :1 [14].
Since MWCNTs are either formed of several concentrically rolled sheets or a single one rolled
several times, their diameter is larger and rather from 2 to 100 nm [13][15] with an interlayer
distance of around 0,34 nm [16]. The large variation range is due to their diversity led by the
number of rolled sheets.
2.2.4. Carbon nanotube doping
2.2.4.1. P-doping
Some experimental observations pointed out a p-type behaviour of the SWCNTs when exposed to
the ambient atmosphere [17][18][19]. This phenomenon has been attributed to an oxygen molecule
(O2) adsorption that naturally p-dopes the nanotube [17][18][19]. This sensitivity of the carbon
nanotubes field effect transistors (CNT-FETs) to oxygen molecules was then shown both
experimentally [20] and theoretically [21].

Fig.7. The figure illustrates the
adsorption geometry of a single O2
molecule on the carbon hexagon of a
single walled carbon nanotube.
Adapted from [22]

In this project, we exploit that property to easily obtain p-doped SWCNTs. This oxygen
"contamination" is very fast, and does not require a dedicated procedure since the nanotubes adsorb
oxygen immediately after being exposed to ambient conditions of the laboratory.
2.3.1.2. N-doping
This doping is performed by mixing the naturally p-doped SWCNTs with a chemical dopant in a
solvent. Doping SWCNTs with a chemical compound is already experimented and the results are
documented in the literature [23]. Considering those results, the molecules triphenylphosphine
(TPP) P(C6H5)3 and 1,3-bis(diphenylphosphino)propane (DPP) (CH2)3(P(C6H5)2)2 are selected
which are soluble in non-polar organic solvents.
Notice that the DPP is a more efficient dopant [23], but also more expensive than TPP. That is why
measurements with TPP-doped nanotubes will be presented in the following, when the experiments
are aimed at establishing the processes of solar cell manufacturing. On the other hand, further
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experiments aimed at obtaining a better power conversion efficiency of the solar cell will be
performed with DPP-doped nanotubes.

Fig.8. The n-dopant added to the SWCNTs: triphenylphosphine P(C6 H5)3 (TPP)
& 1,3-bis(diphenylphosphino)propane (CH2)3(P(C6H5)2)2 (DPP).

2.3. Solar cell design
The doped nanotubes described before and their manufacturing processes are designed such that the
film can be integrated in the perovskite solar cell, as its electron transporting and electron contact
layers [24][25]. It permits to experiment the doped nanotube films on a solar cell basis that is
already mastered and optimized [24][25].
Two types of solar cells are selected. In each, both the top contact layer and the top semiconductor
layer are replaced by a corresponding carbon nanotube film. Hence, one obtains two types of
functional solar cell structures, where only the carbon layer differs from the reference. It allows to
perform a comparative test of the capacities of the n- and p-doped films.
.

* Spiro-OmeTAD (Borun) is the short name for the hole-transporting layer (C81H68N4O8) :
N²,N²,N²′,N²′,N⁷,N⁷,N⁷′,N⁷′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-2,2′,7,7′-tetramine

PCBM is the short name for the electron-transporting layer phenyl-C61-butyric acid methyl ester
FTO the one of fluorine doped tin oxide
ITO the one of Indium tin oxide
Fig.9. The figure illustrates schematically the multi-layer stack structure of both standard and
inverted perovskite based solar cells, with their respective chemical composition.
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Fig.10. Illustration of the two stack structures (standard and inverted) presented
by Fig9. when adapted to work with the nanotube films.
For the p-doped type, the gold hole contact layer and Spiro-OMeTAD hole-transporting layer are
replaced by a film of p-doped carbon nanotube.
For the n-doped type, the silver electron contact and PCBM electron transporting layer are removed
and replaced by a film of n-doped carbon nanotube.

3. Experimental
3.1. Solar cell manufacturing
3.1.1. General structure
In order to transform the basic stack of chemicals described in Fig.9. and Fig.10. into a functional
solar cell, one should adapt it to permit a direct and separated connection to the bottom layer and to
the top one. Then a current generated by the active materials can pass through an electronic circuit.
In both cases presented on Fig.10., the 3D structure is adapted to create those two connectible
junction-edges which enforce a current carrier way across the materials of the solar cell. The
direction of this displacement depends on the configuration of the solar cell (standard/inverted), due
to the specific energy level of the materials surrounding the perovskite, as detailed in section 2.1.5.
f

Fig.11. The
schematic illustration
sketches the crosssection of both
standard and inverted
configuration of
Fig.10., when
adapted as a
functional solar cell
prototype with two
poles between which
the current circulates.
“P-& N-doped SWCNT film as hole & electron selective contact in Perovskite solar cells”. By Emilio GARCIA - Project
supervised by K.AITOLA from the research group of G.BOSCHLOO – Dpt. of Physical-Chemistry of Uppsala university.

Page 13
Practically, part of the bottom doped layer is removed on one edge and covered by silver (substrates
left edge on Fig.11.). This protection should not touch the upper layers to not short-circuit the solar
cell. The top of the semiconductor layer in nanotube is painted with silver which creates a contact
layer for the characterization and protect the nanotube surface [24].
Notice that the bottom semiconductor and conducting layers are removed under the area of the
upper silver connector (substrates right edge on Fig.11.). Indeed, silver solution could penetrate the
perovskite and short circuit the solar cell by directly linking the top nanotubes to the bottom of the
cell. Since the nanotubes can’t pass through the perovskite, we do not need to have them removed
from this area.
3.1.2. Manufacturing the perovskite solar cell
3.1.2.1. Bottom conducting and semiconductor layers
On a glass basis, which initially holds a conducting chemical, a specific semiconductor is deposited
whose type depends on the configuration of the desired solar cell. As follow, the procedure to
produce that basis, adapted from [25].
1 → FTO / ITO glass etching
First, one takes the glass substrate which, is a
normal large glass holder where a conducting
layer of FTO or ITO is already deposited..
On that glass, a series of single small pieces
2,4/1,4cm is etched, grouped in columns or five
pieces (→ 5x2,4cm). Then, one cuts the initial
glass surface to obtain several medium size
glass substrates, each of which comprising two
columns of etched single pieces.
2 → Conducting layer removing
On each medium size plate of two columns, one
covers the conducting surface with tape, except
for 3mm on the inside edge of each column.
So that, there is an unprotected band of 6mm in
the middle of the plate, on which one places a
few milligrams of Zinc powder. Then, a few
milliliters of chloridic acid are added with a
Pasteur pipette. The compounds
mixture
dissolves the unprotected conducting layer.
3 → Glass washing
Then, the plates are washed in an ultrasonic
bath by four successive cleaning steps, with
three washing soaps in which the substrates are
submerged:
- Step 1: A bath deionized water with 2% of
Sodium hydroxide RBSTM 50 (Fluka) during
30min. RBS is a liquid and multi-purpose
detergent with a high emulsifying and wetting
power, and which is efficient at low
concentrations.
- Step 2: A bath of deionized water 15min.

- Step 3: A bath of Acetone during 15min.
- Step 4: A bath of Ethanol during 15min.
4 → Deposition of dense TiO2 or NiOx
TiO2 layer
Now one deposits the bottom semiconductor
blocking layer.
The plates are placed on a hotplate at 500°C.
The edges of those plates are covered, and
about 50-100nm TiO2 is added by spray
pyrolysis deposition.
NiOx layer
By stirring on a hotplate at 70 °C,
diethanolamine (DEA) is added to a solution of
nickel(II) acetate (dissolved in methanol at a
concentration of 0,3molL⁻¹) with a molar ratio
of nickel (II) acetate/DEA of 1.0.
Then, the solution is spin-coated on a ITO
substrate at 3000 (r.p.m.) during 30s.
Finally the substrate is annealed at 350 °C
during 1h in normal atmosphere (air at 1atm).
(5) → Spin coating for mesoporous TiO2 layer
(case of standard configuration)
The etched single pieces are separated, and the
edge where the conducting layer were removed
is covered by a tape protection. 75µL of
mesoporous TiO2 (150mg TiO2 particle paste
Dyesol 30 NR-D in 1mL ethanol) is deposited
with a pipette and the plate is spin coated during
30sec at 4000 rotations per minute (r.p.m.)
The substrate is finally heated at 500°C during
30min. On that new small substrate, a
perovskite layer is added.
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3.1.2.2. Perovskite film
The perovskite film of is prepared as follows. The precursor solution is made in an Argon-filled
glovebox where the amount of oxygen atoms is below one parts per million. This is due to the
perovskite and its precursors being sensitive to ambient water molecules.
The perovskite solution is made by mixing formamidinium lead iodide (FAPbI 3) and
methylammonium lead Bromide (MAPbBr3) → FAPbI3 + MAPbBr3 (molar ratio of 5:1) [24][25]
by addition of : FAI(s) + PbI2 (l) in DMF-DMSO* (l)
&
MABr(s) + PbBr2 (l) in DMF-DMSO (l)
DMF-DMSO is made by mixing DMF: N,N-Dimethylformamide (HCON(CH₃)₂ and DMSO:
Dimethyl sulfoxide (CH₃)₂SO, with a volume ratio of 4:1.
This perovskite solution is deposited on a glass substrate, in either standard or inverted
configuration (structures on Fig.9. and Fig.10.), whose manufacture is described in section 3.1.2.1.
The application of the perovskite solution on the semiconductor layer is made in a Nitrogen-filled
glovebox. An initial deposit of 75µL is spin coated. During this rotation, 150µL of chlorobenzene is
added as an “antisolvent” [25].
For a cell in standard configuration: The plate is spin coated during 10sec at 1000 r.p.m with an
acceleration of 1000, and then during 30sec at 4000 r.p.m. with an acceleration of 4000.
After 25 sec of rotation, 150µL of CLB is added.
For a cell in inverted configuration: The plate is spin coated during 15sec at 5000 r.p.m. with a
acceleration of 5000. After 4,5sec of rotation, 150µL of CLB is added.
The addition of CLB during the rotation permits to eject the DMF-DMSO solvent from the solar cell.
The film is then heated at 100°C for around 45min to ensure complete crystallization.
3.1.2.3. Dissolution of the doped SWCNTs and film deposition
3.1.2.3.1. Carbon nanotube dissolution
Chlorobenzene (CLB) (C6H5Cl) is a non-polar, aromatic and organic compound, which perfectly
matches with both the dopant and the perovskite requirements. This colorless solvent is commonly
used in the manufacturing of other chemicals. In our case, the CLB does not dissolve the perovskite
when deposited on it (perovskite is extremely sensitive to polar solvent), and the dopant can easily
be dissolved in it. In addition, it evaporates readily at 100°C, and the solar cell can withstand this
heating [23][26].
5mg of SWCNTs is diluted in 11,1g (10mL) of solvent to yield a weight ratio (wt%)
SWCNTS/CLB of about 0,5wt% [23]. Depending on the doping type expected, either the
atmosphere naturally p-dopes the nanotubes during the process, or one adds 5wt% of n-dopant
powder (TPP or DPP) [23].
SWCNTs are known to be significantly difficult to dissolve as a stable suspension in a solvent. This
is due to their high ability to aggregate, creating so called bundles, results from their strong
reciprocal Van Der Waals interactions discussed before. This property complicates their use in many
practical applications. In this project, a powerful sonication is performed to ensure the dissolution.
As a result, one can obtain a solution of SWCNTs that can be considered as stable during the time
scale of the solar cell manufacturing.
Hence, the nanotubes are dissolved in chlorobenzene with powerful ultra-sonic waves produced by
a Branson Digital Sonifier 450 (BD-S450) That sonication is performed in three phases of 1h at
30% of the maximum power (400 Watts) during which the sonication is alternating in 2sec on/2sec
off cycles. A break of 30min between two sonication periods permits the solution to cool down.
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This protocol is established empirically to obtain a stable and homogeneous ink of dissolved carbon
nanotubes, making sure not to damage the SWCNTs by a too high sonication power or too long
sonication time.
The following processes are aimed at transferring the nanotubes on the perovskite layer, as a
homogeneous film. The quality of the films can be tested through their conductivity. One can
assume (empirically) that a resistance higher than 500 ohms between the multimeter probes (when
touching the surface of the nanotube film) points out to a poor quality carbon nanotube film. This
very basic quality control is only aimed at doing a basic control before continuing the
manufacturing process.
As a comparison, all the well formed films which have led to efficient solar cells have resistances
essentially lower than 100 ohms.
Carbon films are made from two types of carbon nanotube powder supplied by Carbon solutions,
Inc: AP-SWNT and P2-SWNT, which are differenced by their carbonaceous purity of (60-70% and
> 90%, respectively) and their metal content (< 30wt% and 4-8wt%, respectively, from synthesis).
The diameter of these nanotubes is 1,4nm on average and are manufactured with a dispersion in
DMF.
3.1.2.3.2. P-doped films: Drop-cast deposition
The perovskite created following the protocol described above is heated at 90 °C. Then, a layer of
carbon nanotube solution can be deposited by so called drop-casting on its top surface with a plastic
Pasteur pipette. This direct deposition is a straightforward, fast, and low cost process. To counter the
natural diffusion of the nanotubes from the dropping arrival point, a short distance to the substrate is
used and drops are distributed evenly on it, allowing to obtain a thin and homogeneous liquid phase
at the top of the substrate.
Due to the high temperature, the solvent rapidly evaporates, which means that the procedure can be
repeated soon after the first cycle. So that, as described on Fig.12., one can reach a dense,
homogeneous and dry film of carbon nanotubes on the perovskite top layer.

Fig.12. The figure illustrates
schematically the direct drop
deposition of the nanotube ink on a
perovskite layer (steps 1 to 3), and
the measurement of the solar cell
characteristics (step 4).
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About 2mL of ink deposition on the substrate surface (2,4x1,4cm²) is needed to reach a low enough
sheet resistance for the solar cell purposes. This film has a relatively high conductivity and can
provide charge carrier contacts for the solar cell.
The resulting top layer is mechanically quite stable, but not stable enough towards electrical
connectors such as alligator clips. Adding the silver paint on the edge of the film protect it, as
described in section 3.1.1. . Moreover, silver paint also improves the electrical connection, this is
why it is commonly used in solar cell designing for those two purposes [24][25].
3.1.2.3.3. N-doped films: Deposition by vacuum filtering and press-transfer
The direct deposition presented for the p-doped film manufacturing cannot be utilized to deposit the
n-type solution of carbon nanotubes, since the dopant tends to crystallise during the deposition
process, rendering the films unoperational for the solar cell purposes. When depositing the solution
on the perovskite, it results in a gel of nanotubes and solvent (possibly due to the π-π interactions of
the benzene rings in the dopant (Fig.8), nanotubes and chlorobenzene) that does not dry and also
forms solid domains of crystalline dopant. Therefore, the n-doped film deposition is performed in
two steps. The nanotubes are first deposited on a porous membrane filter by vacuum filtering to
remove all the solvent, and create the film (Fig.13.1.). Then, as illustrated in Fig.13.2., the film is
transferred to the perovskite substrate.
The carbon nanotube ink is deposited on an inert
porous mixed nitro-cellulose ester membrane
Whatman™ ME 24 Porstorlek from GE Healthcare
company. whose pore diameters are around 0,2 μm.
The membrane filter captures the doped SWCNTs from
the solution, while the vacuum stimulates the
chlorobenzene solvent crossing through. That permits
to enforce the separation between the n-doped
nanotubes and the chlorobenzene to remove the solvent.
In order to reduce the deformation of the membrane
filter due to the Büchner funnel holes, three membranes
are used at the same time. It prevents the created
nanotube film from cracking locally due to the
distortion of the surface. Finally the deposited
nanotubes only lies on the top membrane, which is
recovered separately to make the deposition.
The vacuum filtering is performed until the carbon
nanotube film reaches a good homogeneous surface
quality with a resistance lower than 100 Ω. Then, the
filter is removed from the funnel and dried.

Fig.13.1. Schematic illustration of the
vacuum filtering, to obtain a dopednanotube film on the filter paper
(inert porous mixed nitro cellulose
ester membrane)

Finally, the membrane is placed face down on the perovskite layer heated at 70°C, and some drops
of chlorobenzene are deposited on the upper face. Experiments have shown empirically that this
wetting of SWCNTs significantly improves their detachment from the filter paper.
The filter paper is then pressed by about 1kg/cm² on the perovskite layer until the chlorobenzene is
evaporated. When the filter paper is dried, it can be removed and the carbon film is transferred on
the perovskite substrate.
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Fig 13.2. Illustration of the nanotube transfer from the filtering paper (inert
porous mixed nitro-cellulose ester membrane) to the perovskite layer (step 1 to 3),
and the measurement of the solar cell characteristics (step 4).
Finally, a silver paint is added on the edge of the SWCNT film, where the solar cell will be
connected to the measuring tools with alligator clips.
3.1.2.4. Chemical removing
As presented in section 3.1.1., some chemical layers at the edge of the substrate should be removed
before adding the silver contact. This upper layers cleaning, as shown in the illustration Fig.11., is
made by:
- Scratching the perovskite layer with a knife.
- A final cleaning with a solution of pure acetonitrile (CH 3CN) which is a medium-polar solvent
able to remove a wide range of non polar and ionic materials [24][25][27].
This procedure is also used to divide the photo-sensitive surface into several independent solar cells
on the same plate. In that project case, two solar cells are crafted on each plate. .
3.2. Measurement protocol
The solar cell behavior is tested by exposing the photo-sensitive (front-side) surface of the solar cell
to a solar simulator Newport-91160 with a xenon arc lamp of 300 W, providing a light spectral
distribution similar to the sun (spectral distribution of reference AM 1.5G) with an intensity of 1000
Wm⁻². The calibration is performed with a reference silicon solar cell Fraunhofer ISE. The
ensemble is supplied by a source meter Keithley-2400.
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The current-voltage curve presented in the theoretical section 2.1.3. is calculated numerically,
thanks to a setup composed of a data acquisition board LabJack-U6, a monochromator Spectral
Products CM110, a xenon lamp Spectral Products ASB-XE-175 and coordinated by a homemade
Labview software.
It performs a series of measures and calculations on the incident photons with a delay of 500ms
over a voltage interval where the cell is in generator regime. The characteristic curve shape is
simulated either from its lower limit or from its higher limit. That is to perform either a forward or a
backward computation. Then, one obtains the Maximum Power Point on both curves, and deduce
two efficiency values whose average value can be considered to be a good estimation of the cell
performance.
Concerning perovskite devices, it is reported that the scan direction of current-voltage measurement
impact the solar cell performance metrics of short-circuit current (J SC), open-circuit voltage (VOC)
and fill factor (FF) [28]. This difference is due to hysteretic effects and is typical of the perovskite
[28].
Finally, Notice that a black mask is used to select a constant sensible area to be exposed to the
photons.

4. Results & Discussion
4.1. Nanotube film work function
The work function of the nanotube film surface is measured with a Kelvin probe force microscope
(KPFM).
For the three films used (or expected to be used) in this project, the work function values are;
→ For a film of SWCNTs, p-doped with O2 = - 5,16 eV.
→ For a film of SWCNTs, n-doped with TPP = - 4,57 eV
→ For a film of SWCNTs, n-doped with DPP = - 4,44 eV
One can point out that the mean value of the Fermi level for the p-doped film is the lower one. This
is coherent since it is in the lower band gap region, as presented in section 2.1.5. . Reversely, the
Fermi level is higher for the n-type films, since it is supposed to be in the higher band gap region
(the closest to the conduction band).
Comparing with the donor/acceptor levels described in the illustration Fig.1. and Fig.5.2., one can
confirm that the n-doped films with DPP would be more efficient as an electron selective contact.
That also confirms that the O2-doped SWCNT film works as a hole selective contact.

4.2. Characterization of the reference perovskite solar cells
First, the standard perovskite solar cells, from which the SWCNT-cells prototypes of this project are
inspired, are manufactured. The highest efficiencies obtained by the research group is about 20% for
the standard configuration cells and about 13 % for the inverted cells. Then, as described in section
2.3.2., the n-doped SWCNT films are tested in the inverted configuration, while the p-doped type
are tested with the standard one.
The manufacturing of those perovskite solar cells is reproduced. As a reference, one chooses a
group of four solar cells whose efficiency and physical constants are statistically significant over the
group of manufactured cells. The average value of their metrics are recorded in the table Tab.1:
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Reference solar cells in both configurations:
Mean value (F/B*) of
Isc (A.cm⁻²)

FF ( %)

Voc (V)

Inverted configuration: -2,0x10⁻² ±0,1x10⁻²
1,1 ±0,1
Standard configuration: -1,2x10⁻² ±0,0
8,1x10⁻¹ ±0,1

Area
Backward
(cm²)

Forward

Efficiency measurement
Backward

Forward

0,126 63,5 ±1,5 38,8 ±3,2 13,8% ±0,5% 8,2% ±1,0%
0,126 70,7 ±1,2 54,0 ±2,6 7,0% ±1,0% 5,3% ±0,3%

*The mean value (F/B) of Isc and Voc are calculated between the ones from the backward
and the forward measurement.
Where:
Isc is the short-circuit current, that is the maximum current of the photo-sensitive
solar cell surface when short-circuiting the two output connectors.
VOC is the open-circuit voltage, that is to say the maximum voltage which is
provided by this photovoltaic surface in open circuit conditions.
FF is the fill factor which indicates how much the shape of the characteristic curve is
similar to an ideal one, where the current-voltage function is almost a square since
it is formed by the vertical and horizontal lines from Isc and Voc.
Area is the surface limited by the mask.

Tab.1. The table describes the physical characteristics and power conversion
efficiency measured on the solar cells, in inverted and standard configuration,
that are manufactured in the same conditions than the future perovskite-nanotube
solar cells.
The power conversion efficiencies presented in Tab.1. are lower to the ones that the research group
obtained with the same protocol. It can be due to a less well mastered manipulations (due to my
lack of experience) and/or an unexpected element that have changed at one step of the protocol.
Typically, the presence of an unexpected compound in one of the glove-boxes could disturb the
perovskite crystallization. One can assume that this defect is repeated during the manufacture of
perovskite-nanotube solar cells, therefore the Tab.1. values are taken as a reference when analyzing
the processes and results in the following.
4.3. Characterization of perovskite-nanotube cells
4.3.1. P-type nanotubes (inspired from perovskite solar cell in standard configuration)
The measurements are performed on solar cells made with AP-SWNT, which are the less pure and
cheaper SWCNTs. The following describes the experiments that are aimed at establishing the
processes of solar cell manufacturing.
The perovskite solar cells are manufactured as described in section 3., with a p-doped film on the
top as a hole transporting and contact layer.
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Standard cell: p-doped SWCNTs
Mean value (F/B*) of
Isc (A.cm⁻²)
Mean value of the metric* -1,1x10⁻² ±0,2x10⁻²
Metrics of the best cell
-1,1x10⁻²

Voc (V)
8,0x10⁻¹ ±0,5
8,2x10⁻¹

FF ( %)
Area
Backward
(cm²)
0,68
0,88

Forward

Efficiency measurement
Backward

Forward

32,7 ±2,5 31,3 ±3,3 2,7% ±0,3% 2,7% ±0,3%
33,3
32,5
3,0%
2,9%

Tab.2. This table presents the physical characteristics and power conversion
efficiency measured on 8 perovskite-(p-)nanotube solar cells in standard
configuration and manufactured in pairs on 4 different plates.
First, both the values of I sc and Voc shown in Tab.2. come very close to the ones of the reference
perovskite solar cell group, which are recorded in Tab.1. More precisely, for the reference solar
cells, the mean value of the open circuit voltage is ~8,12x10⁻¹ V, while the one with p-SWCNTs is
~8,01x10⁻¹ V. On the other hand, the mean value of the short circuit current is ~ -1,21x10⁻² Acm⁻²
while the one with p-SWCNTs is ~ -1,05.10⁻² Acm⁻². So that, the voltage of the perovskitenanotube prototype is lower than the reference by 1%, while its current differs by 1,2%.
In addition, both the current and voltage of the most efficient perovskite-(p-)nannotube solar cell
are equivalent to the ones of the most efficient standard perovskite reference solar cell.
Reversely, the solar cell fill factor is also about half of the reference inverted solar cell. This is a key
point to be improved for that prototype.
In addition, the power conversion efficiency of the solar cells manufactured are very close (with a
standard deviation of about 0,3%) which is a good point. But still, the perovskite-(p-)nanotube cells
efficiency is lower than half of the one of the perovskite cells of reference.
The law of power conversion efficiency can be attributed to badly matching energy levels between
the nanotube films and the perovskite, or a too high contact resistance between the layers. It also
might be due to unwanted recombinations between electrons and holes at the interface. On the worst
solar cell (edge of the standard deviation), defects of the perovskite or impurities may typically
induce a local bad matching energy levels or a higher contact resistance, respectively.
4.3.2. N-type nanotubes (inspired from perovskite solar cell in inverted configuration)
The cheaper nanotubes (AP-SWCNTs) are used also in the n-doping experiments, since these are
preliminary non-optimized experiments. Moreover, the chemical dopant is TPP for the same reason.
The dopant will be replaced by DPP in future experiments to improve the Fermi level shift and to
increase the cell power conversion efficiency when an optimized deposition protocol will be found.
The results from the n-doping experiments are shown in table Tab.3.1. These solar cells reach a
maximum of almost 1% of power conversion efficiency. Even if the efficiency is quite low, it is
promising considering that this protocol is in the early stages.
First, one can point out that the solar cells characteristics measured are very homogeneous. On the
other hand, the Voc is about half of the reference cells’ value, while the I sc is about an order lower
than the reference. In addition, the solar cell fill factor is also about half of the reference inverted
solar cell.
Notice that, again, the power conversion efficiency of the solar cells manufactured are very
homogeneous (with a standard deviation of about 0,1%) which is a good point.
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But still, the loss of power conversion efficiency compared to the reference is higher than for the p
type cells. It might be due to the fact that the procedure of carbon film transfer is less
straightforward than in the p-type films case, and therefore goes with more parameters to be tested
and combined in order to optimize the procedure. For example, different thickness of the SWCNTfilm can be studied further, as well as varying the pressure when transferring from the membrane to
the perovskite layer.
Inverted cell: n-doped SWCNTs
Mean value (F/B*) of
Isc (A.cm⁻²)
Mean value of the metric* -4,7x10⁻³ ±0,4x10⁻³
Metrics of the best cell
-3,1x10⁻³

Voc (V)
5,4x10⁻¹ ±0,4
6,0x10⁻¹

FF ( %)
Area
Backward
(cm²)
0,42
0,42

Forward

Efficiency measurement
Backward

Forward

27,0 ±0,7 24,5 ±0,4 0,7% ±0,1% 0,5% ±0,1%
28,3
25,0
0,98%
0,97%

Tab.3.1. This table presents the physical characteristics and power conversion
efficiency measured on 4 perovskite-(n-)nanotube solar cells in inverted
configuration and manufactured in pairs on 2 different plates.
Finally, the elements proposed in section 4.3.1. concerning the p-type law efficiency can also be
guessed to occurs here as well, and contributes to this poor efficiency. In particular, the contact
resistance between the deposited film and the perovskite could be higher than in p-type case since in
the film is not formed directly on the surface but transfered.

5. Conclusions
In this project we established procedures for manufacturing two types of functional perovskite solar
cells, where the upper semiconductor layer was made of a thin film of doped carbon nanotubes.
We manufactured a suitable mastered basis with a perovskite layer deposited on two possible types
(n or p) of doped semiconductor. Then, we developed a method to dope the SWCNTs as a p or n
semiconductor type and proposed an appropriate method to deposit the corresponding on the
perovskite layer. As expected, these nanotube films work as hole or an electron selective contact
(depending on the doping nature), so that we obtain functional perovskite-SWCNT solar cells.
The power conversion reached by our cell prototypes is around 3% for the p-films and 1% for the nfilms, which is a good starting point for further work. This lack of efficiency, compared to the
reference, could be attributed to low performances on the physical constants of the solar cell, like
the voltage, current and fill factor that need to be optimized in order to improve the total
performance of the solar cell.
Several physical elements are thought as being responsible for this lack of efficiency. Some of them
can be fixed by improving the manufacturing protocol, like reducing the contact resistance between
the perovskite layer and the film. Others would need to adapt the prototype composition, like
improving the matching of the energy levels between the nanotube films and the perovskite.
Some possibilities can be explored to improve the previous points, and consequently the power
conversion efficiency of the perovskite-SWCT solar cell.
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Elements presented in this report will be tested to improve the solar cells efficiency. The P2SWCNTs can replace the AP-SWCNTs in both n and p films. In addition, the dopant of n type films
can be replaced by DPP compound. Theoretically, it could improve the solar cells performances, as
seen in Kelvin probe measurement. By the way, other dopants could be explored.
Finally, the film transfer from the porous membrane is also a process that can be optimized in the
future.
In the coming weeks, the project will be continued by attempting to improve the solar cells’ power
conversion efficiency. In the future, a solar cell where both the p and n type layers which are made
with carbon nanotubes could be attempted, even if this experiment is very challenging.
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