
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 6
:1

9:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Tetrabutylammo
aDepartment of Chemistry, University of Bath

ac.uk; p.j.cameron@bath.ac.uk
bDepartment of Chemical Engineering, Univ
cCentre for Sustainable Chemical Technolog

† Electronic supplementary informa
10.1039/c7ta06735f

Cite this: J. Mater. Chem. A, 2017, 5,
22325

Received 31st July 2017
Accepted 11th October 2017

DOI: 10.1039/c7ta06735f

rsc.li/materials-a

This journal is © The Royal Society of C
nium cations for moisture-
resistant and semitransparent perovskite solar
cells†

Isabella Poli, *ac Salvador Eslava bc and Petra Cameron *ac

Perovskite solar cells have gained increasing interest, especially after reaching performances which are

comparable with mature silicon PV technologies. However, the perovskite crystalline structure

CH3NH3PbI3 is unstable in the presence of moisture, which leads to fast degradation under ambient

conditions. The commercialisation of perovskite solar cells will only be achieved with the engineering of

long term stable materials. We report a modified perovskite absorber layer obtained by adding

methylammonium iodide (MAI) and tetrabutylammonium (TBA) iodide. The incorporation of TBA

improves the film coverage, reducing the number of pinholes. X-ray diffraction analysis suggests that, in

common with other mixed larger cation perovskites, two distinct phases coexist: a 3D perovskite

material and a 2D layered material. The TBA containing perovskite films showed improved

hydrophobicity, which contributed to significantly higher moisture stability. The cells maintained their

original PCE after 45 days under ambient conditions without encapsulation. In comparison, the

CH3NH3PbX3 3D perovskite device lost more than 60% of its original efficiency over the same time.
Introduction

Methylammonium lead halide perovskite is a promising mate-
rial for the development of cheap, solution processed solar cells.
Since the emergence of perovskite solar cells in 2012,1,2

improvements in lm morphology and fabrication techniques
have lead to a power conversion efficiency (PCE) of 22.1%.3

Some of the properties that allow halide perovskites to be so
efficient in photovoltaic applications are their good absorption
of light in the visible range, long electron and hole lifetimes and
optoelectronic tunability.4 A lot of research has focused on thin
lm fabrication to improve morphology and device reproduc-
ibility. Different lead sources have been investigated5–8 and
solvent engineering strategies developed to improve perovskite
crystallinity.9 These approaches have helped to increase the PCE
of halide perovskite solar cells rapidly.

A big challenge that remains is to ensure the long term
stability of perovskite solar cells under ambient conditions.
Perovskite materials suffer from very fast degradation when
exposed to water or even moisture in the air.10 Leguy et al.
showed that moisture in air induces a hydration process in
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CH3NH3PbI3, which causes strong current drops and voltage
losses.11 These losses can be reversed according to eqn (1).

4(CH3NH3)PbI3 + 4H2O # 4[CH3NH3PbI3$H2O] #

(CH3NH3)4PbI6$2H2O + 3PbI2 + 2H2O (1)

However, high excess of water results in a permanent
dissolution of the methylammonium cation and irreversible
degradation of the perovskite structure (eqn (2)).11

ðCH3NH3Þ4PbI6$2H2O �����!H2OðlÞ
4CH3NH3Iþ PbI2 þ 2H2O (2)

Over the last few years a number of strategies, summarised
in Fig. 1, have been developed to improve the moisture stability
Fig. 1 Diagram which summarizes the approaches found in the
literature to limit the moisture instability of perovskite solar cells.

J. Mater. Chem. A, 2017, 5, 22325–22333 | 22325

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ta06735f&domain=pdf&date_stamp=2017-10-26
http://orcid.org/0000-0002-1217-8039
http://orcid.org/0000-0002-2416-3205
http://orcid.org/0000-0001-8182-5546
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ta06735f
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA005042


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 6
:1

9:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
of perovskite solar cells (PSCs). The rst strategy is encapsula-
tion: a selection of sealing materials with good high tempera-
ture performance19 can protect the PSC and allow it to remain
chemically stable20 under normal working conditions. However,
encapsulation leads to considerably higher fabrication costs.

A second strategy to improve stability is by introducing new
coating layers in the structure. In 2014 the organic HTM spiro-
OMeTAD was replaced with a conducting carbon nanotube–
polymethylmethacrylate (PMMA) composite for the rst time.21

This novel layer was mainly introduced to mitigate thermal
degradation. The adopted PMMA–nanotube composite HTM
was found to protect the perovskite structure and seal in volatile
components more efficiently than the commonly employed
HTM spiro-OMeTAD, due to its nonhygroscopic nature.21 More
recently, uorinated photo-polymer coatings22 and hydrophobic
polymers, such as poly(4-vinylpyridine),23 which form strong
hydrophobic barriers, have been reported. The coating was
deposited on top of the perovskite lm once it was dried.

A third way of enhancing moisture stability is through the
use of small molecules adsorbed to the surface of the perovskite
crystallites in the lm. Young et al. showed how alkyl ammo-
nium cations can be used to functionalise the perovskite
surface. Perovskite lms were dipped into alkyl ammonium
iodide solution, improving the humidity tolerance and passiv-
ating surface defects.24 Li et al. used 2-aminoethanethiol (2-AET)
as a ligand for MAI and PbI2, adding it into the perovskite
precursor solution. The strong coordination interaction of PbI2–
2-AET–(MAI) generated a very efficient barrier layer, which
protected the perovskite crystal structure for over 10 minutes
aer immersion in water.25 A similar approach was reported by
Sun et al., who added 2-pyridylthiourea in the perovskite
precursor solution, achieving high conversion efficiencies and
relatively better stability.26 The implementation of these inter-
layers delayed perovskite degradation.

The fourth and nal approach is very promising as it has
been shown to create perovskite solar cells that are stable for up
to one year17 and importantly achieves comparable perfor-
mances to the standard 3D perovskite device. In this approach
2D/3D perovskite hybrids are prepared. Several cations have
been investigated to make these 2D/3D hybrid structures, which
are listed in Table 1. The rst layered 2D/3D perovskite used as
an absorber layer was reported in 2014 by Smith et al., using
phenylethylammonium (PEA).16 Devices containing (PEA)2
(MA)2Pb3I10 showed enhanced moisture stability, but poor
power conversion efficiency (the best performing cell had a PCE
of 4.73%). Later on, Tsai et al. overcame the issue of poor effi-
ciency, reporting a 12.52% efficient device using n-buty-
lammonium (BA) spacer cations in a mixed 2D/3D hybrid
structure.15 Very recently, a protonated salt of aminovaleric acid
iodide (AVAI) was added to the precursor solution, showing
much higher moisture resistivity in standard devices and one-
year stability in carbon-based solar cells.17 Grancini et al. sug-
gested that a 2D/3D junction is generated at the TiO2/perovskite
interface when AVAI is added,17 allowing the creation of carbon-
based PSCs with impressive stability. It is worth noting that the
XRD patterns of the AVAI/MAI mixed perovskites used to
fabricate the solar cells do not show evidence of low
22326 | J. Mater. Chem. A, 2017, 5, 22325–22333
dimensional perovskite being formed as is seen by others.12,13

The authors claimed that the 2D layer was too thin to be
observed; however, it could also suggest that AVAI is concen-
trated in the grain boundaries, modifying the crystal structure,
instead of generating a 2D/3D junction at the interface. Ma et al.
reported a 2D perovskite capping layer, which allowed an
increase in moisture tolerance while still keeping high conver-
sion efficiency of a 3D absorber layer.12 A solution of cyclo-
propylammonium iodide (CAI) was spin coated on top of the
formed 3D perovskite layer, generating a 2D/3D CA2PbI4/CH3-
NH3PbIxCl3�x perovskite interface at the perovskite/spiro-
OMeTAD junction.

Tetrabutylammonium (TBA) and other tetraalkylammonium
cations have been extensively exploited for their amphiphilic
properties in the crystallisation and templating of zeolites and
other porous materials.27 In perovskite solar cells, TBA is one of
the alkyl ammonium cations that have been recently used as
a moisture tolerant small molecule to functionalise the perov-
skite surface. Pre-formed perovskite lms were dipped in
a solvent containing TBA and the alkyl ammonium cations
assembled on top of the perovskite lms. The humidity toler-
ance of the lm was improved, although solar cells based on
these lms were not fabricated.24 Until now, TBA has been used
as a processing additive to prepare perovskites only once. It was
found that introducing the tetrabutylammonium iodide salt
into the perovskite precursor solution increased the coverage
and reduced the pinhole size.28 It was speculated that TBA
formed a layered organic–inorganic structure but no evidence
was shown in the XRD pattern. Furthermore, solar cells
prepared by adding only 1 wt% of TBA into the precursor
solution showed very poor PCE of 1.4%.28

In this work, MAI is partly substituted with TBA using
different molar percentage concentrations. We show that TBA
can be used as an ionic additive in the precursor solution to
enhance the stability of the nal device. X-ray diffraction (XRD)
analysis suggests the coexistence of two distinct phases: a 3D
perovskite layer and a 2D layered perovskite. TBA might be
pushed towards the surface of perovskite grains, generating 2D
sheets and intra-layers at the perovskite/spiro interface. Mixed
2D/3D structures show comparable photovoltaic performance
to standard 3D MAPbX3, with PCEs over 10%. Above all, they
show better stability compared to the reference device. Higher
water contact angles were measured for mixed cation lms,
which might contribute to the greater moisture stability. When
aged in the dark, under ambient conditions (40 � 20% relative
humidity), the PCE for the TBA containing devices was found to
be unchanged aer over 40 days.

Experimental
Materials

CH3NH3I (MAI) was bought from Dyesol Australia. PbI2, PbCl2
and tetrabutylammonium (TBA) iodide were all bought from
Sigma-Aldrich. The standard perovskite precursor solutions
were prepared by dissolving MAI, PbI2 and PbCl2 in N,N-dime-
thylformamide (DMF, anhydrous, Sigma-Aldrich) to get 40 wt%
solution (MAI : PbI2 : PbCl2 – 4 : 1 : 1). TBA iodide was added
This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of some of the cations used as additives in the perovskite solution found in the literature and their impact on the perovskite
film and device

Additive Name Enhancement Ref.

Cyclopropylammonium

� 2D/3D interface

12
� Higher efficiency and improved moisture resistance

n-Butylamine
� 2D/3D layered perovskite absorber layer

13–15� 12.52% efficiency and greater tolerance to high RH

Phenylethylammonium � First 2D/3D layered perovskite absorber layer 16

5-Ammonium valeric acid

� 2D/3D perovskite junction

17� 1 year stability

Polyethyleneimine

� 2D materials in the nal structure

18
� Higher absorption and slower degradation in air
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into the perovskite precursor solutions. Cation A was partly
substituted with TBA instead of MAI with different molar
percentage concentrations TBA% : MAI% (1 : 99, 3 : 97, 5 : 95,
10 : 90, 30 : 70, 100 : 0). As the concentration of I and Cl in the
perovskite lm is uncertain, the representations MAPbX3,
(TBA)n(MA)1�nPbX3 and (TBA)PbX3 are used in the text.

The electron transport material solution consisted of
200 mM titanium diisopropoxide bis(acetylacetonate) in
ethanol. The hole transport material solution consisted of
85 mg ml�1 spiro-OMeTAD (Sigma-Aldrich) in chlorobenzene,
with additives of 30 mL mL�1 of t-butyl pyridine (Sigma Aldrich)
and Li-TFSI.

Solar cell fabrication

FTO glass (Sigma-Aldrich) was etched with zinc powder and
HCl. It was then cleaned in 2 vol% Hellmanex solution in water,
followed by deionised water, acetone, propan-2-ol and ethanol.

A compact TiO2 layer was deposited by spray pyrolysis, using
a hand-held atomiser to spray the solution onto the substrates
held at 500 �C. Substrates were then sintered at this tempera-
ture for 10 minutes. A mesoporous TiO2 layer (2 : 7 weight
mixture of Dyesol's 30NRD TiO2 paste in ethanol) was spun onto
the TiO2 compact layer and annealed for 15 minutes at 150 �C
and then a further 30 minutes at 500 �C. Aer cooling,
substrates were subjected to UV ozone treatment for 30
minutes. Perovskite deposition was performed in a nitrogen
lled glove box, following a one-step method. 100 mL of
precursor solution was spun onto the substrate at 4000 rpm for
30 seconds, and then dried at 100 �C for 90 minutes. Spiro
solution was spun onto the perovskite lm at 3000 rpm for 30
seconds. To establish the contacts, a 2 mm wide channel of
perovskite was removed from the centre of the substrate.
Finally, a 100 nm thin layer of gold was thermally evaporated
using evaporation masks to have 6 pixels of 0.0625 cm�2.
This journal is © The Royal Society of Chemistry 2017
Characterisation

PXRD. Powder diffraction patterns were collected using
a Bruker Advance D8 X-ray diffractometer with a Cu Ka source.
Measurements were taken from 2q values of 5 �C to 80 �C.

UV/vis spectroscopy. Thin lm optical transmission and
reectance measurements were performed on a Perkin-Elmer
Lambda 750S UV/Vis spectrometer, from 900 nm to 300 nm.

Absorption was calculated as a ¼ log
�
1� R
T

�
.

J–V curves. JV curves were measured using a Keithley 2601A
potentiostat, under 1 sun intensity and AM 1.5. The voltage was
swept at 100 mV s�1 from 1.2 V to 0 V and back to 1.2 V. The 6
pixels were measured independently using a mask to cover the
non-active area.

SEM and AFM images. Top-view SEM images were taken on
a JEOL SEM 6480LV, at an acceleration voltage of 5 kV. AFM
images were taken on a Nanosurf Easyscan 2 FlexAFM system in
phase contrast mode using a force of 2 nN. A ContAl-G Tip was
used for measurements.

Results and discussion

Perovskite solutions of (TBA)n(MA)1�nPbX3 with n ¼ 0, 0.01,
0.03, 0.05, 0.1, 0.3 and 1 were used to fabricate thin lms, in
such a way that some of the MA cations are partially or entirely
substituted with TBA cations. The growth characteristics,
optical properties and lmmorphology were investigated. Fig. 2
shows the chemical structure of the TBA ion. In Table 2, the
ionic radii of cations commonly used in organic–inorganic
perovskite materials are listed. Formamidinium (FA) and
methylammonium (MA) have similar size and they are consid-
erably bigger than caesium. When one of these cations or
mixtures of them are used to generate perovskite materials,
a tetragonal 3D structure is created. The ionic radius of
J. Mater. Chem. A, 2017, 5, 22325–22333 | 22327
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Fig. 2 Chemical structure of the tetrabutylammonium (TBA) cation.

Table 2 List of ionic radii of cations commonly used in organic–
inorganic perovskite materials compared to the ionic radius of 4(C4H9)
N+ (TBA)

Cation Name rc [Å] Ref.

CH3NH3
+ MA 2.70 29

CH3(NH2)2
+ FA 2.79 29

Cs Cs 1.81 29
(C4H9)4N

+ TBA 4.94 30

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
O

ct
ob

er
 2

01
7.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 6
:1

9:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(C4H9)4N
+ (TBA) is considerably larger. Being such a big cation,

it is more likely to form a 2D perovskite structure, like the one
created by using n-butylammonium cations.15

Structural properties

X-ray diffraction (XRD) measurements of 2D/3D hybrid perov-
skite lms found in the literature showed consistent peaks at
low angles (2q < 10 �C).12,13,17,18 Fig. 3 shows XRD patterns of thin
lms made with (TBA)n(MA)1�nPbX3 solutions, with n ¼ 0, 0.01,
0.03, 0.05, 0.1, 0.3 and 1 (from the bottom to the top).

XRD patterns reveal that the perovskite structure changes
considerably when TBA is added to the solution. Diffraction
peaks at approx. 14 �C, 28 �C and 32 �C correspond to the (110),
(220) and (310) crystal planes, assigned to the tetragonal phase
of the 3D MAPbX3 perovskite structure.9,31 A very strong
diffraction peak at 2q ¼ 7.8 �C appears in lms with TBA-only
(100% mol – n ¼ 1) and remains in the nal mixed perov-
skites. The position of this peak is consistent with the
Fig. 3 XRD patterns of (TBA)n(MA)1�nPbX3, from perovskite precursor
solutions with n ¼ 0 (0%), 0.01 (1%), 0.03 (3%), 0.5 (5%), 0.1 (10%), 0.3
(30%) and 1 (100%) respectively. Films have spun onto FTO c-glass
substrates. Peaks that originated from the SnO2 underlayer are marked
by asterisks.

22328 | J. Mater. Chem. A, 2017, 5, 22325–22333
characteristic peak of 2D perovskites observed in the literature
when 2D/3D hybrids were formed.12,18

Ma et al., who reported a 2D perovskite capping layer using
a solution of cyclopropylammonium iodide, observed that the
intensity of the diffraction increased with the concentration of
CAI.12 Similarly, the intensity of the diffraction peak assigned to
the 2D perovskite phase (TBA)PbX3 increases with the concen-
tration of TBA. Fig. S1† shows the integrated intensity of the
diffraction peaks with increasing concentration of TBA. In the
mixed perovskite lms, the 2D perovskite phase (TBA)PbX3

coexists with the 3D MAPbX3 perovskite phase. TBA containing
lms with concentrations higher than 3 mol% show preferen-
tial growth along the 2D (TBA)PbX3 perovskite phase direction.
The peak at 2q ¼ 7.9 �C, assigned to the 2D component, slightly
decreases when 30 mol% of TBA is added to the precursor
solution. However, the intensity of the peaks assigned to the 3D
components ([110] and [220]) decreases similarly, indicating
reduced crystallinity of the lm. Fig. S2† shows the variation of
the ratio between the 2D peak and 3D peak ([110]); for TBA
concentration higher than 5%, the ratio is found to be fairly
constant.

Cao et al. have previously reported that in the case of mixed
(BA)2(MA)n�1PbnI3n+1, with n > 1, a competition between BA and
MA ions arises in the structure. The former tries to conne the
growth on the planar layer; the latter tries to expand the
perovskite outside the layer.13 Assuming TBA behaves similarly
to BA, and referring to the intensity of diffraction peaks in
Fig. S1,† it might be concluded that the vertical growth pushed
by TBA cations increases with TBA concentration, suggesting
that thicker 2D layers are present. On the other hand, the
integrated intensity of peaks assigned to the 3D tetragonal
phase ([110] and [220]) slightly decreases with the concentration
of TBA, suggesting reduced growth of the 3D MAPbX3 crystal.

Neat MAPbX3 lms show a small peak at 2q ¼ 12.7 �C (100),
which is a characteristic peak of PbI2, indicating that PbI2 has
not been fully converted. This peak completely disappears as
soon as some TBA is added to the structure ((TBA)n(MA)1�nPbX3

solutions with n $ 0.01), indicating a full conversion of PbI2.
Even in the XRD pattern of the lm with no MAI (100% TBA),
there is no detectable peak of unconverted PbI2, suggesting
that a strong interaction between PbI2 and TBA is formed
in DMF solution. On the other hand, peaks at 2q ¼ 9.7 �C
and 2q ¼ 14.7 �C are observed in the (TBA)PbX3 lm. The one at
2q ¼ 14.7 �C is detected also in mixed perovskite lms with TBA
concentration higher than 3%.

Based on XRDmeasurements, it appears that a 2D phase has
been formed in the (TBA)PbX3 lms. Similarly, other large size
cations, such as the ones listed in Table 1, also formed a low
dimensional 2D perovskite phase.12–18 A mixed perovskite based
on methylammonium and polyethyleneimine (PEI), which is
a very large cation, showed evidence of the formation of a mixed
2D/3D perovskite phase in the XRD pattern.18 Good evidence of
a 2D phase coexisting with the 3D MaPbI3 phase is given by the
presence of diffraction peaks at low angles. It is open to debate
whether XRD can conclusively say that a 2D/3D mixed phase
structure is formed, but it is good evidence for the coexistence
of 2D and 3D phases.
This journal is © The Royal Society of Chemistry 2017
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Optical properties

Fig. 4(a) and (b) show the UV-vis absorption spectra and the
Tauc plot of MAPbX3 and (TBA)n(MA)1�nPbX3 perovskite lms
prepared with different concentrations of TBA. The lm
prepared with TBA-only looked bright yellow and highly trans-
parent, and the spectrum is not shown here. The linear regime
in the Tauc plot denotes the onset of absorption that translates
into an optical bandgap of 1.57 � 0.02 eV for all the samples.
This result is fully consistent with what has previously been
reported in the literature for MAPbX3 lms.12,32 Measurements
were repeated on three different samples prepared in different
batches.

In Fig. 4(c), images of the (TBA)n(MA)1�nPbX3 annealed
perovskite lms prepared with n ¼ 0, 0.01, 0.03, 0.5, 0.1 and 0.3
are shown. Films with n # 0.05 look fairly similar. They appear
to be black and reective. At higher concentrations of TBA (n $

0.1), the color changes and the lm becomes more transparent.
However, this net colour change is not related to the thickness
of the lms, which has been measured by a prolometer and
found to be consistently between 300 and 350 nm (Fig. S4†).
Fig. 4 (a) UV-vis absorption spectra and (b) Tauc plot of (TBA)n
(MA)1�nPbX3 perovskite films prepared on glass substrates with n ¼
0 (0%), 0.01 (1%), 0.03 (3%), 0.5 (5%), 0.1 (10%), 0.3 (30%) and 1 (100%)
respectively; (c) images of fabricated (TBA)n(MA)1�nPbX3 perovskite
films deposited on glass substrates.

This journal is © The Royal Society of Chemistry 2017
Despite the lms having the same thickness, the absorption of
the TBA containing lms is lower. However, SEM images, which
are discussed in the next section, show that the coverage is
better and fewer pinholes are observed. The absorption drops
when high concentrations of TBA are added to the precursor
solution; this reduction is mainly due to greater transparency,
as shown in Fig. S5.† Although the lms prepared with higher
concentrations of TBA have higher transmittance, they could be
used as semi-transparent PVs for window applications.

Morphology

Fig. 5 shows the top-view SEM images of perovskite lms
without and with different concentrations of TBA. Perovskite
lms were spin coated on identical substrates and under the
same conditions to compare the different SEM images and
investigate the effect that TBA has on the crystallisation.

Neat MAPbX3 shows the typical branch-like perovskite
grains.33 Particularly, large and elongated crystals are observed,
fully consistent with what has previously been reported in the
literature for MAPbI3�xCIx.5 Spin-coating the precursor solution
directly onto the compact TiO2 layer results in a dewetting effect
that causes poor surface coverage.34 Fig. S6† shows larger top
view SEM images, and large pinholes on the substrate, which
are coloured in red for easier comparison, are emphasized.
When TBA is used, the elongated crystals disappear and larger
more homogeneous crystallites with enhanced surface perov-
skite coverage and fewer pinholes were observed. Moreover, the
SEM images show that some small crystals start to form on the
surface of the lm, which may be 2D TBA crystallites. When
using more TBA, the number of small 2D TBA crystallites sitting
on top of the perovskite grains increases. Top surface AFM
images (a) without and (b–f) with TBA as the additive are
Fig. 5 Top surface SEM images of (TBA)n(MA)1�nPbX3 perovskite films
with different TBA concentrations (n ¼ 0 (0%), 0.01 (1%), 0.03 (3%), 0.5
(5%), 0.1 (10%), 0.3 (30%) and 1 (100%) respectively); films were
deposited onto a compact layer of TiO2.
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illustrated in Fig. S7.† Neat MAPbX3 lm crystals look quite
homogeneous, with grains of similar size. When TBA is used,
a much larger variety of grain sizes can be seen, with inter-
connected big crystals and relatively small crystals. As shown in
Fig. S7(g),† the addition of TBA changes the average roughness
of the perovskite lms. These values have been measured over
50 mm � 50 mm size images (Fig. S8†) and averaged over 8
different images. The average roughness indicates the micro-
scopic peaks and valleys that can be found on the surface, which
is found to increase with TBA concentration.

Recent reports have suggested that additives, such as 2-ami-
noethanethiol and 2-pyridylthiourea, might slow down crystal-
lisation, allowing the formation of intermediate phases and
pushing additives from grain boundaries throughout the lm to
the surface of the lm itself.25,26 It is possible that a similar
process is also occurring when TBA is added, leading to a high
concentration of 2D TBA crystallites on the surface. Looking at
the colour change during annealing, it was noticed that when
the TBA cation was added to the precursor solution, the reaction
between the organic iodide and the PbI2 was retarded. This delay
may cause enhanced surface coverage. From Fig. S6† it can be
seen that at the highest TBA concentrations, 2D TBA crystallites
are found in between the larger perovskite grains. In the top-view
SEM of 30 mol% in Fig. 5, it can be clearly seen that some TBA
crystallites are found between crystal grains and some of them
can be seen underneath, suggesting a mixed 2D/3D structure.
JV performance

To investigate the photovoltaic performance, J–V curves of PSCs
with and without TBA weremeasured and are shown in Fig. 6(a).
The curves were obtained under reverse scan, the forward scan
is shown in Fig. S9.† The average device performance of each
case has been used as the basis of the comparison. The corre-
sponding VOC, JSC, ll factor (FF) and power conversion effi-
ciency (PCE) at reverse and forward voltage scans are
summarized in Table 3, together with the champion PCEs ob-
tained. It is important to note that the cells were not optimised
for efficiency as it was more important to obtain a reproducible
baseline for a standard cell so the effect of TBA could be
understood. The efficiency can be pushed to higher values by
controlling the crystallization kinetics of perovskites. Several
techniques can be used, including anti-solvent methods where
solvents, such as toluene or chlorobenzene, are dripped onto
the spinning perovskite to obtain smooth and compact lms.35

However, it was not clear whether the anti-solvent method
would change the ratio of 2D to 3D perovskite in the cells with
TBA so it was decided to use the simplest preparation method
and to sacrice some efficiency for better comparability.

According to the literature, when mixed FA/MA cells and
triple cation Cs/FA/MA cells are fabricated, the hysteresis is
commonly not pronounced.29,36 Similarly, the presence of large
cations, such as cyclopropylammonium and polymeric ammo-
nium, seemed to reduce the hysteresis effect with respect to
standard MAPbX3 cells.12,18 It is interesting to note that in
contrast to what is found in the literature, the presence of TBA
does not appear to reduce hysteresis.
22330 | J. Mater. Chem. A, 2017, 5, 22325–22333
Final devices demonstrate good reproducibility (Fig. 6(c)). JV
curves in Fig. 6(a) show that initially the average photo-
generated current increases when a thin 2D perovskite layer is
added (1 mol%). This could occur if the 2D perovskite layer
passivates the surface of the lm. However, when the amount of
2D perovskite in the lm is further increased (TBA concentra-
tion higher than 3 mol%), more transparent lms were ob-
tained and the photocurrent decreased. The maximum current
that can be extracted from a device strongly depends on the
light absorption. The photogenerated current was found to
decrease as the transparency of the perovskite lms increased.
JV curves as well as JSC and lm transparency data are shown in
Fig. 6(a) and (c). Similarly, Yao et al. observed that the JSC of
mixed methylammonium and polymeric-ammonium devices
was lower than the JSC of the control MAPbX3.18 It is possible
that the presence of thick 2D perovskite layers reduces carrier
mobility, increasing the electron–hole recombination.10 1 mol%
was found to be the optimum TBA concentration to get the
maximum extractable current.

The open circuit voltage is improved slightly (by an average
of 0.05 V) following the addition of low concentrations of TBA.
SEM images proved that higher coverage is obtained when TBA
is added to the solution, decreasing the pinhole density. Further
increasing the concentration of TBA pushes the VOC to lower
values, comparable to the one obtained for the reference solar
cell (0% TBA). On the other hand, devices with 10% and 30% of
TBA showed higher FF.

The PCE decreases with the concentration of TBA; the main
parameter affecting a lower PCE is the JSC. A reduction in the
photocurrent was observed for higher transmittance devices,
which is fully consistent with what is observed in the litera-
ture.37,38 Fig. 6(b) shows the JSC and the spectral absorption as
a function of the concentration of TBA in the precursor solu-
tion. It was found that the reduction of absorption with
increasing concentration of TBA was mainly due to higher
transparency. When compared to the trend of photocurrent,
a linear correlation between optical properties and JSC was
found.
Long term stability

An important advantage of the TBA containing perovskite solar
cells is that we found them to have a higher resistance to
moisture. Fig. 7 shows the long term stability of samples
without and with 1 mol%, 3 mol% and 5 mol% of TBA added to
the precursor solution.

Solar cells were stored in the dark, at room temperature and
ambient relative humidity, which varied between 30% and 60%
over time, and tested without encapsulation in an ambient
environment. The variation of the other device parameters (VOC,
JSC and FF) is shown in Fig. S11.† VOC and FF were not signi-
cantly affected by moisture. The photocurrent density of the
device without TBA decreases in just a few days. On the other
hand, the PCE of devices with some TBA starts to drop aer
about 45 days, showing much slower degradation. We believe
that the bulky organic TBA delays the ingress of water, slowing
the degradation of the device when stored under ambient
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) JV curves of average performing devices based on 3D MAPI perovskites (0%) and mixed 2D/3D (TBA)n(MA)1�nPbX3 (with n ¼ 0 (0%),
0.01 (1%), 0.03 (3%), 0.5 (5%), 0.1 (10%), 0.3 (30%) and 1 (100%) respectively). Typical JV curve obtained by reverse scan from 1.2 V to 0 V. (b) JSC and
average spectral absorption of films (absorption data averaged between 450 and 750 nm) as a function of the concentration of TBA; the error
bars indicate upper and lower 95% confidence interval boundaries computed for a normal distribution fitted to the dataset (between 11 and 21
different pixels for each TBA concentration). (c) Photovoltaic parameters shown as box plots for efficiency distributions of perovskite solar cells
based on 3D and mixed 2D/3D with various TBA concentrations tested under AM 1.5 and 1 sun illumination (reproducibility evaluated by
characterising between 11 and 21 different pixels for each TBA concentration).

Table 3 VOC, JSC, FF and PCE of average-performing devices without
and with TBA at different concentrations at reverse (rev.) and forward
(for.) voltage scans. The champion PCE (ch. PCE) is also shown

Concentration
of TBA Dir. VOC [V] JSC [mA cm�2] FF PCE [%]

ch. PCE
[%]

0% rev. 0.75 17.46 0.68 8.87 11.05
for. 0.75 16.95 0.62 7.88

1% rev. 0.85 20.82 0.56 9.91 9.95
for. 0.84 20.71 0.51 8.76

3% rev. 0.81 18.71 0.58 8.85 9.64
for. 0.81 18.63 0.54 8.25

5% rev. 0.85 17.75 0.53 8.01 9.08
for. 0.85 17.95 0.49 7.51

10% rev. 0.76 10.37 0.61 4.85 6.03
for. 0.75 10.20 0.55 4.25

30% rev. 0.75 8.75 0.59 3.88 4.53
for. 0.74 8.58 0.56 3.55

Fig. 7 Evolution of PCE over time for samples without and with
different concentrations of TBA ((TBA)n(MA)1�nPbX3 with n ¼ 0 (0%),
0.01 (1%), 0.03 (3%), 0.5 (5%)). Each point is representative of 6 pixels.
The marker indicates the mean value of each set of data. The top and
the bottom of the error bars are upper and lower 95% confidence
interval boundaries computed for a normal distribution fitted to the
dataset. All the values have been normalised with respect to the mean
value obtained after deposition (7.13%, 7.36%, 8.73% and 6.65% for 0%,
1%, 3% and 5% TBA respectively).
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conditions. These results reinforce the conclusion that 2D TBA
crystallites are present at the surface. The perovskite structure
of mixed cation lms decomposed when dipped into water.
However, contact angle measurements using water droplets
showed that the mixed cation perovskite lms had a more
hydrophobic surface (see Fig. 8). This result might signicantly
contribute to the greater moisture stability reported.
This journal is © The Royal Society of Chemistry 2017
Aer about 45 days the cells with TBA started losing their
efficiency. However, degradation and decomposition of the
solar cells might be affected by other factors, such as damage to
J. Mater. Chem. A, 2017, 5, 22325–22333 | 22331
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Fig. 8 Water contact angle measurements of perovskite films (a)
without and (b–f) with various concentrations of TBA added to the
solution. (a) 0% TBA: 48 �C; (b) 1% TBA: 66 �C; (c) 3% TBA: 71 �C; (d) 5%
TBA: 72 �C; (e) 10% TBA: 73 �C; (f) 30% TBA: 69 �C.
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the Au contacts due to repeated measurements, corrosion of
thin metal layers,19 degradation of the spiro HTM due to
hygroscopic additives39 and formation of voids in the perovskite
layer due to detachment of the material from the TiO2 layer.19

Films with TBA look black aer over 100 days, indicating that
the formation of PbI2 may not be the main degradation mech-
anism (see Fig. S12†). Once water molecules attack the perov-
skite interface, it has been suggested that CH3NH2 and volatile
gases are released, enlarging the pinholes and causing delam-
ination, which limits charge collection.39 As water molecules
gain access through pinholes, smooth and pinhole-free surfaces
are expected to show higher stability.40 By optimizing the device
with anti-solvent methods, the stability of mixed TBA–MA
perovskite based solar cells is expected to reach greater heights.
Conclusions

In summary, (TBA)n(MA)1�nPbX3 perovskite lms with improved
hydrophobicity have been observed. Tetrabutylammonium was
added to the perovskite precursor solution in different concen-
trations. The lms containing TBA, which is a much larger
cation than MA, showed better coverage and fewer pinholes
when compared to a MAPbI3 lm. The presence of TBA delayed
the formation of the perovskite phase, retarding the change in
lm colour change. X-ray diffraction measurements showed that
mixed TBA/MA lms lead to the growth of perovskite lms,
where the 2D perovskite phase coexisted with the 3D MAPbI3
phase. Top-view SEM images suggested that 2D (TBA)PbX3

crystallites are deposited on the surface when TBA is added. 2D
perovskite layers may result in surface passivation; we estimated
that the maximum extractable current was obtained when a TBA
concentration of 1 mol% was used. The TBA containing perov-
skite solar cells showed higher moisture stability, with stable
PCE aer more than 40 days under ambient conditions without
encapsulation. We suggest that TBA cations might be driven to
the surface of perovskite grains. The bulky alkyl chains could act
as a hydrophobic layer on the surface, delaying the degradation
of the perovskite lm under ambient conditions.
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