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2D Halide Perovskite Phase Formation Dynamics and Their
Regulation by Co-Additives for Efficient Solar Cells

Min Liu, Daming Zheng, Tao Zhu, Karol Vegso, Peter Siffalovic, and Thierry Pauporté*

The incorporation of large organic ammonium ions renders the crystallization
dynamics and layer formation process of halide perovskites complex, difficult
to control, and leads to problems of suppressed charge transport with the
formation of tiny-sized grains. In this paper, the use of methylammonium
chloride (MACl) and an excess of PbI2 is introduced as a co-additives in the
precursor solution for the control of phenylmethylammonium or
benzylammonium (PMA+ spacer) and formamidinium (FA+)-based quasi-2D
PMA2FAn−1PbnI3n+1 (n = 5) perovskite layers formation. By this method, the
morphology of the layer, the inner phase distribution, and the charge transport
properties are improved. By employing glow discharge-optical emission
spectroscopy (GD-OES) and other techniques, it is revealed that the quasi-2D
perovskites prepared in the presence of co-additives exhibit uniform removal
dynamics of the solvent across the film. Furthermore, the grain growth mode,
upon thermal annealing, is lateral. It results in large, monolithic grains with
low-trap state density and excellent substrate coverage. Particularly,
co-additives improve the cations dispersion upon the crystallization process,
thus suppressing the low-n phase formed through the aggregation of spacer
cations and accelerating the formation of the high-n phase.
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1. Introduction

Perovskite solar cells (PSCs) have become
a popular photovoltaic technology due to
their high energy conversion efficiency
and low processing cost.[1] For their
commercialization, their present rather
low stability remains a serious issue.[2]

The stability of metal halide perovskite
films can be enhanced by employing per-
ovskites with lower dimensionality as an
overlayer or at the grain boundaries.[3]

Halide perovskites, with crystal structure
stabilized by monoammonium (A′) or di-
ammonium (A″) organic cation spacers,
can also be directly employed as the so-
lar light absorber.[4] Rudlesden–Popper
(RP) and Dion–Jacobson (DJ) phases,
with molecular formulas Aˈ2An−1BnX3n+1
and A″An−1BnX3n+1 (with A being a
monovalent cation, B being Pb2+ or
Sn2+ and X a halogen), respectively, are
the two main types of perovskite struc-
tures with 2D perovskite-like slabs in-
terleaved by Aˈ or A″ cation spacers.[5]

In the following, we will use the term quasi-2D perovskite for
the compounds with 2 ≤ n ≤ 5. RP-phase perovskites are known
to have an outstanding resistance capability against humidity.[6 ]

Although 2D/quasi-2D RP perovskites have numerous mer-
its, several points remain to be solved for their efficient appli-
cation in solar cells.[6b,7] For example, their quantum-well struc-
ture limits the charge carrier transport and increases charge car-
riers recombination due to the insulating feature of the A’ or-
ganic cations.[8] Furthermore, owing to the huge spatial site re-
sistance of organic spacer cations, their incorporation compli-
cates the crystallization process of perovskite and renders the
morphology of the layer challenging to control. It aggravates the
non-radiative charge carrier recombination in quasi-2D-RP per-
ovskite films and affects the photoelectric capability of perovskite
solar cells.[9] Hence, various approaches have been developed to
adjust the crystal growth orientation, such as hot-casting depo-
sition, solvent engineering, and additive engineering. They aim
at favoring a (111)/(101) crystal orientation to accelerate charge
transport in quasi-2D RP perovskite devices.[10,11] Controlling the
phase distribution and the growth direction of the perovskite
layer is proposed as a promising strategy to enhance the charge
transport of quasi-2D perovskites.[12] For example, Shao and
co-workers introduced formamidinum (FA+) cations to replace
methylammonium (MA+). It greatly increased the portion of the
high-n phase, extraordinarily accelerated charge transport, and
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stabilized quasi-2D PSC.[13] Kong et al. introduced an additive
approach to rebuild quasi-2D perovskite architectures through
the interaction between the robust hydrogen bonding of methane
sulfonates and butyl ammonium (BA+) cations, resulting in en-
hanced energy acceptor–donor ratio of quasi-2D perovskite lay-
ers and ameliorated charge transport.[14] Huang’s team designed
an intermediate perovskite phase to homogenize the phase dis-
tribution by employing molten salt spacer n-butylamine acetate
into the precursor solution. It led to an enhanced photoelectric
capability of the PSC with a power conversion efficiency (PCE)
of 16.25%.[15] In the literature, only single additive approaches
have been described to promote the phase distribution of 2D per-
ovskites and to enhance the charge carrier transport. However,
these approaches still have some limitations in promoting layer
crystallization and controlling layer morphology.

The first embodiments of Rudlesden—Popper (RP) type
low-dimensional organic–inorganic perovskite solar cells were
demonstrated by employing phenylethylammonium (PEA+)
in 3D MAPbI3, transforming the 3D architecture into 2D
(PEA)2(MA)2Pb3I10.[16] In contrast to these well-known MA-
based 2D perovskites, FA-based perovskites, which are assumed
to be more stable phases under severe environmental and op-
erational conditions,[17] remain underrepresented to date. This
is likely due to the necessity of stabilizing FA-based systems
with another monovalent cation and to the difficulty in obtaining
high-quality FA-based perovskite layers in contrast to MA-based
systems.[18]

In this paper, a co-additive approach is adopted to manufac-
ture n = 5 (quasi-2D), FA-based films of perovskites with ho-
mogeneous phase distribution and enhanced crystal quality. We
show that methylammonium chloride (MACl) and lead iodide
(PbI2) co-additives accelerate the confined crystallization and the
phase rearrangement in quasi-2D perovskites, which can ame-
liorate the dispersion of spacer cations and of FA+ upon the re-
crystallization process. It therefore suppresses the formation of
low-n phases induced through the aggregation of spacer cations
and promotes the formation of higher-n phases. Moreover, we
show by glow-discharge optical emission spectroscopy (GD-OES)
that a co-additive approach changes the growing direction of the
perovskite layer upon annealing, improving the overall crystal-
lization quality and layer homogeneity. Hence, this approach is
proven to improve the phase distribution within quasi-2D per-
ovskite and to be beneficial to charge carrier transport. The cor-
responding perovskite solar cells efficiencies increased by more
than 500% with co-additive compared to pristine PSCs. The so-
lar cell’s PCE and stability were substantially enhanced. The best
PCE reached 17.71%, which is one of the highest efficiency of any
low-dimensional PMA-based (with PMA+ being phenylmethy-
lammonium or benzylammonium) perovskite solar cells with
n ≤ 6 reported up to now.

2. Results and Discussion

2.1. Effect of Co-Additives on the Film Properties

We manufactured FA-based 2D-RP perovskite (n = 5) layers via
one-step sequential deposition, as demonstrated in Figure 1a. A
perovskite precursor film was first deposited on the TiO2 elec-
tron transport layer (ETL) by spin-coating a solution, dripped

with anti-solvent, and subsequently thermally annealed at 150 °C
for 14 min. Perovskite layers were prepared from a solution
containing PMAI : FAI : PbI2 (FAI = formamidinium iodide;
PMAI = phenylmethylammonium iodide; PbI2 = lead iodide) at
a PbI2 concentration of 1.3 mol L−1 and with molar ratios of 2 : 4 :
5 that corresponds to a PMA2FA4Pb5I16 general formula. We also
investigated precursor solutions with an addition of 40% MACl
and with 40% MACl plus 20% PbI2 excess to manufacture per-
ovskite layers. For convenience, the samples with the addition
of 0% MACl, 40% MACl, and 40% MACl with 20%PbI2 are re-
ferred to as “Pristine”, “MC” and “MC&PI”, respectively, in the
following. As shown in Tables S1–S3 (Supporting Information),
investigating different concentrations of MACl and PbI2, led to
best results for the additive with 40% MACl and 20% PbI2.

Scanning electron microscopy (SEM) observations were used
to study the changes in surface morphology of pristine and mod-
ified FA-based RP 2D perovskite layers. As shown in Figure S1
(Supporting Information), the pristine sample exhibited poor
surface uniformity with a rough surface, numerous obvious
cracks, and pronounced pinholes that are responsible to some
extent for the low VOC of the cell. The cross-sectional SEM image
of the pristine sample in Figure 1b shows no clear grain bound-
aries along the vertical direction in the layer. The MC perovskite
layers show numerous compact and homogeneous grains, grain
interstitials are clearly visible. After the addition of MACl, a dense
perovskite layer with moderate grain size was formed. Increas-
ing the concentration of the MACl additive resulted in an in-
crease in grain size, as shown in Figure S2 (Supporting Infor-
mation). MACl effectively stabilizes a high-n phase intermedi-
ate by cationic site substitution alone, resulting in a highly crys-
talline high-n phase perovskite with an ultra-pure phase.[19] Nev-
ertheless, several vertical crystal boundaries are evident within
the layer, possibly formed by high-n perovskite grains. The dis-
tinctive horizontal grain boundaries might be caused by resid-
ual stresses due to broken low-n/high-n perovskite grains.[20]

The cross-sectional SEM picture (Figure 1b) shows no clear ver-
tical orientation of grain boundaries. To solve this issue, MC&PI
approach was utilized. The addition of PbI2 substantially sup-
presses the aggregation of colloids, which could enhance the crys-
tallization process, leading to the generation of a quasi-2D per-
ovskite layer and increasing the size of grains.[21] After employing
PbI2 excess, the MC&PI layer exhibited a dense and smooth sur-
face morphology. This crystal morphology could be better identi-
fied by the cross-sectional SEM. Compared to the pristine per-
ovskite layer with disordered crystals, the grain quality of per-
ovskite layers was substantially enhanced after using MC&PI co-
additives. Furthermore, MC&PI perovskite presents a columnar
monolithic structure, that is benefitial for the charge transport
and should enhance the short-circuit current density (Jsc).

[22]

To further explore the effect of MC&PI on the crystallinity
and orientation of quasi-2D perovskite, grazing-incidence small-
angle X-ray scattering (GIWAXS) of the perovskite layers is
shown in Figure 1c. The GIWAXS pattern of the pristine sam-
ple reveals a textured layer with two distinct orientations, one
of which is the more favorable, with the vertical orientations of
2D perovskite slabs indicated by a 111 maximum along the qz
direction.[23] Just the addition of MACl alone improves the tex-
ture significantly and the MC sample shows an uniaxial texture
with the (111) planes parallel to the sample surface, as indicated
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Figure 1. a) Schematic of the manufacturing process of FA-based 2D-RP perovskite solar cells applying the one-step sequential procedure. b) Cross-
sectional scanning electron microscopy (SEM) images for the pristine, MC, and MC&PI films. c) GIWAXS patterns of the pristine, MC, and MC&PI films.
d) X-ray diffraction (XRD) patterns of the pristine, MC, and MC&PI film. The 𝛿 and * labels indicate the 𝛿-FAPbI3 and PbI2 phases, respectively. e) UV–vis
absorption spectra of the pristine, MC, and MC&PI films.

by a single maximum along the qz direction.[23b] The combined
effect of MC&PI additives further improves the texture, as indi-
cated by the increased intensity of 111 diffraction compared to the
MC additive alone. Meaning that MC&PI promotes an enhanced
vertical alignment of 2D perovskite layers, which is beneficial

for charge transport through the layer. Additional information
on perovskite phases can be found in conventional 𝜃−2𝜃 XRD
scans (Figure 1d), supplementing the information in the miss-
ing wedge of GIWAXS patterns. For reference purposes, XRD
scans of perovskite layers with n = 1/2/3 are shown in Figure S3
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(Supporting Information). The parasitic PbI2 phase was low, es-
pecially in the presence of the 20% PbI2 excess. The XRD pat-
tern of the pristine sample exhibited 2D n = 2 phase peaks and
a small amount of undesired 𝛿-phase. When MACl was added at
40 mol%, the n = 3 phase was present, and the n = 2 phase de-
creased slightly. As previously reported, MACl improves the layer
morphology and phase crystallinity, which directly affects the en-
hancement of charge transport in the perovskite layer.[19] Finally,
for the perovskite layer with MC&PI additives, the peaks for n = 3
phase are missing, indirectly confirming the vertical orientation
of the perovskite layers already validated by GIWAXS measure-
ments.

The UV–vis absorption spectra of pristine, MC, and MC&PI
FA-based quasi-2D perovskite layers (n = 5) and their differen-
tial absorption spectra are shown in Figure 1e and Figure S4b
(Supporting Information), respectively. Figure S4a (Supporting
Information) exhibits the UV–vis absorption spectra of reference
n = 1/2/3 perovskite layers. It can be seen that there are two
clear excitonic peaks corresponding to a distribution of perovskite
phases with low-n phase (n = 2) and high-n phase for pristine
quasi-2D perovskite layers, demonstrating the existence of mul-
tiple perovskite phases in the pristine layers. For the MC layer, a
weak (n = 3) absorption peak is evident, indicating the genera-
tion of a higher n phase through MC. Furthermore, the absorp-
tion of the MC layer is improved, which may be assigned to the
transformation from the low-n phase (defined as n lower than
four) to the high-n phase (defined as n higher than four).[24] Like-
wise, for the MC&PI layer, there was no clear absorption peak
in the short-wavelength range and the absorption intensity of
the MC&PI layer was enhanced. This phenomenon could be at-
tributed to the increase and homogenization of n phases induced
by MC&PI in the quasi-2D perovskite layer, implying that the
MC&PI promotes the generation of high-n phases, leading to a
stronger absorption of the quasi-2D perovskite layer. It is because
MC&PI substantially suppresses the aggregation of colloids in
the precursor solution and thus improves the recrystallization
upon the annealing process.[21] The clustered 2D phases vanish
and PMA+ spreads evenly across the perovskite film, resulting in
the disappearance of the low-n phases and the concurrent rise of
the high-n phases observed during characterization.[8] The abun-
dant high-n phases in MC&PI quasi-2D perovskite layers pro-
vide exceptional pathways for charge carrier extraction, conse-
quently leading to increased Jsc (short-circuit current) in quasi-
2D PSCs.[25] Tauc plots of 3D (1.525 eV) and MC&PI (1.527 eV)
layers are shown in Figure S4c,d (Supporting Information).

2.2. Investigation of Film Formation Process

To acquire an extensive insights into the nucleation and growth
mechanism of various perovskite phases, UV–visible spec-
troscopy measurements were conducted on the pristine, MC,
and MC&PI perovskite layers upon their thermal annealing
(Figure 2). The changes in absorption peaks in low-n phases
(n = 2, 3, or 4) and high-n phases demonstrate distinct trends
as a function of thermal annealing time. Therefore, competi-
tion arises between the nucleation of low-n and high-n phases
in quasi-2D perovskite during the annealing process.[26] An ob-
servation is evident in perovskite films in their pristine state: af-

ter 20 s of thermal annealing, the absorption intensity of high-n
phases is significantly low, while the absorption peak correspond-
ing to n= 2 is clearly prominent. This signifies the generation of a
substantial quantity of low-n phase perovskites. As the annealing
time progresses and the energy brings to the system increases,
the absorption intensity from the high-n phases increases, while
the low-n phase (n = 2) weakens. In the case of the MC sample
(Figure 2b), after an 8 s annealing time, the absorption intensity
of MC films in high-n phases is evident, while the absorption
peaks corresponding to n = 2 remain distinct and strong. This
indicates the generation of a significant number of low-n phase
perovskites. With increasing annealing time, the absorption in-
tensities from high-n phases become more pronounced, the low-
n (n = 2) phase decreases in intensity while the low-n (n = 3)
phase absorption peak increases. After 2 min of annealing time,
the n = 3 absorption peak reduces in turn, implying a transfor-
mation from low-n phase into high-n phases.

In the case of MC&PI perovskite layers (Figure 2c), the nu-
cleation process of high-n phases is nearly complete after a 5 s
annealing time at 150 °C, as the absorption intensity attributed
to high-n phase perovskites remains unchanged with increas-
ing annealing time. As with the MC sample, an increase in n-
phase is observed upon annealing. Therefore, MC&PI facilitates
the homogeneity of the solution and promotes high-n phase seed
formation, thereby suppressing the generation of low-n phases
resulting from the aggregation of spacer cations and FA+.[21]

Consequently, this process leads to the dispersion of perovskite
phases, where high-n phases are homogeneously distributed
throughout the film.[24]

In order to gain further insights into the distribution of phases
and the dynamics of charge in quasi-2D perovskite layers, steady-
state photoluminescence (PL) spectra were measured. Figure S5
(Supporting Information) displays the steady-state PL spectra of
perovskite layers with n = 1/2/3 compositions. The PL on the
back of the layer was examined using an excitation wavelength of
470 nm. As illustrated in Figure 2e, the dominant PL peak for the
MC&PI layer appears at 805 nm, which corresponds to the high-n
phases. A weak emission peak at 576 nm (n = 2) is also detected.
In contrast, besides the main peak, distinct emission peaks at
≈576, 640, and 682 nm are observed in the pristine layer, indicat-
ing the presence of low-n phases (n = 2,3,4) in the pristine quasi-
2D perovskite layer. This finding is consistent with the UV–vis
absorption data discussed earlier. Additionally, both the MC&PI
and MC layers exhibit a stronger PL intensity compared to the
pristine layer, indicating a reduced presence of traps and higher
crystal quality in the perovskite layer, which results in decreased
non-radiative recombination.[18] In general, quasi-2D perovskite
precursor solutions typically include colloidal particles exhibit-
ing an unpredictable size distribution. These particles have the
potential to serve as sites for nucleation, leading to unfavorable
crystal morphology in quasi-2D perovskite structures.[27] It is ev-
ident that MC&PI interacts with spacer cations and FA+ within
the quasi-2D perovskite system, resulting in the formation of a
plentiful and uniform colloidal dispersion in the precursor solu-
tion. This interaction plays a crucial role in promoting the gener-
ation of a uniform composition during the crystallization process
of quasi-2D perovskites.

Furthermore, we conducted a comparison of the photolumi-
nescence (PL) spectra obtained from back (substrate) side and
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Figure 2. UV–vis absorption spectra evolution upon annealing at 150 °C: a) pristine, (b) MC, and (c) MC&PI perovskite layers. e) Photoluminescence
(PL) spectra of pristine, MC, and MC&PI layers (back side). PL spectra were recorded from the back and front sides for f) pristine layers and g) MC&PI
layers. h) Schematic description of the uniformization of phase distribution and conductive pathway.

front (air) side excitations (Figure 2f,g; Figure S6, Supporting In-
formation). Under the back-side excitation configuration, signif-
icant PL emission was observed from the low-n phases in the
pristine layer (predominantly n = 2) and the MC layer (predomi-
nantly n = 3 and n = 4). Conversely, under the front-side excita-
tion configuration, the PL emission corresponded to the high-n
phases in the pristine and MC layers. This indicates a nonuni-
form vertical distribution of the phases with the low-n ones being
localized near the substrate and the high-n phase being found
on the layer top. Typically, quasi-2D perovskite layers deposited
through a solution-based approach consist of multiple 2D per-
ovskite phases with varying n-values. These 2D perovskite phases
with different n-values are randomly arranged, resulting in the
formation of quantum wells with various widths, which conse-
quently leads to significant energy disorder (Figure 2h).[22a] In the

meantime, the charge mobility within the quasi-2D perovskite
was impeded due to the dielectric mismatch caused by the sub-
stantial organic cations present in the low-n phases, thereby sig-
nificantly impacting the photovoltaic performance of perovskite
solar cells.[28] Under both the back and front side excitation con-
figurations of MC&PI, more intense photoluminescence (PL)
emission was observed solely from the high-n phases, suggest-
ing a uniform vertical distribution of phases (Figure 2h).[29]

2.3. Solvent Elimination upon Thermal Annealing and Film
Growth Types

To confirm that the inclusion of MC&PI additive promotes a
significantly homogeneous distribution in FA-based quasi-2D
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Figure 3. Evolution of GD-OES sulfur element (S) profile upon thermal annealing. Perovskite precursor films are followed upon Stage-1 and Stage-2 of
thermal annealing. a1) a pristine, (b1) MC and (c1) MC&PI films at stage-1. a2) Pristine, (b2) MC and (c2) MC&PI films at Stage-2. Normalized peak
integral area of the GD-OES S profiles for the upper layer, lower layer, and whole film at different annealing times: (a3) pristine, (b3) MC and (c3) MC&PI.
(Green dashed line: linear fit line of the upper layer in Stage-2; Red dashed line: linear fit line of the lower layer in Stage-2; Blue dashed line: whole film
in Stage-2).

perovskite samples, we conducted a comprehensive investiga-
tion of the layer formation process during the thermal annealing
using glow discharge optical emission spectroscopy (GD-OES)
measurements. The principle of the technique is explained in
Figure S7 (Supporting Information) and in the accompanying
text. The advantages of the technique include its swiftness and
the possibility of following the crystallization, stating from a pre-
cursor film soaked with structural solvent. Moreover, we have
recently published a review paper on its working principle and
reviewed the information that it can provide in the perovskite
solar cell research field.[30] The interest of GD-OES here is the
timeliness of the measurement, and the use of a soft vacuum
to avoid a profound change in solvent content and distribution
between the layer preparation and the end of the analysis. The
removal of residual solvents is a critical step in the synthesis that

occurs during the recrystallization and growth of the quasi-2D
perovskite layer. This work is the first to describe the distribution
of solvent molecules evolution upon the thermal annealing. It
provides notably important information on the recrystallization
and on the growth direction. The results on quasi-2D perovskite
layers are analyzed based on our previous investigation of the
formation of 3D perovskite films.[22,30] In our experiments, the
solvent employed is a N,N-dimethylformamide (DMF)-dimethyl
sulfoxide (DMSO) mixture, and the presence of the S element
in DMSO enables its tracking through GD-OES. The S element
profiles for various quasi-2D perovskite layers and increasing
annealing times are presented in Figure 3a,b. In GD-OES, as
the GD plasma sputtering time increases, deeper regions of the
quasi-2D perovskite film are analyzed until reaching the meso-
TiO2 film. Figure S7 (Supporting Information) shows that the the
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meso-TiO2 layer is reached after a 25 s long sputtering time. Prior
to annealing, the profile of DMSO exhibits a strong peak in the
upper part of the spin-coated layer for pristine and MC samples
(Figure 3a1,b1). On the other hand, the solvent distribution is re-
markably homogeneous for MC&PI sample (Figure 3c1).

Regarding the thermal annealing process, we have identified
two distinct stages based on the film aspect (Figure S8, Support-
ing Information) and their XRD (Figure S9, Supporting Informa-
tion). The initial layer composition varies with the initial solution
composition. As found for the 3D perovskite, in the presence of
MACl, the perovskite phase is detected and is pure for MC&PI.
Upon Stage-1, the solvent is quickly removed. GD-OES shows
that the near-surface sulfur peak disappears for the pristine and
MC samples. Upon Stage-1, the active quasi-2D perovskite phase
is formed through the decomposition of the precursor phase.[31]

During Stage-2, the quasi-2D perovskite phase grains undergo
preferential growth in a specific direction, while the residual sol-
vent continues to be eliminated. The initial composition of the
intermediate plays a crucial role in regulating the speed and di-
rection of grain growth, which is observed through the progres-
sive elimination of solvent across the film thickness. GD-OES
(Figure 3) shows that, in the pristine and MC samples, DMSO
is slowly eliminated near the surface, while less solvent remains
in the deeper region of the film. Based on our previous work on
3D perovskite growth mechanism,[22] the pristine quasi-2D per-
ovskite layer has a profile typical of an upward growth of grains
from the bottom to the top (Figure 3a2). This promotes the for-
mation of multiple and oblique grain boundaries, as well as rel-
atively small quasi-2D perovskite grains. In the presence of MC
in perovskite precursor solution(Figure 3b2), the S profiles ex-
hibit differences compared to the pristine sample. The second
peak decreases at a slower rate than the primary peak, and the
gap between them is not as pronounced as in the pristine sam-
ple. This results in the formation of a denser quasi-2D perovskite
layer. With the inclusion of MC&PI, the S profiles exhibit dis-
tinct characteristics (Figure 3c2). The S profile is distributed more
evenly throughout the film thickness. Upon annealing, the sol-
vent profile decreases uniformly across the entire film thickness.
This suggests that a lateral grain growth occurs, leading to the for-
mation of uniform quasi-2D perovskite layers with large mono-
lithic grains, as demonstrated in the cross-section SEM image
(Figure 1b).

To rationalize the analysis, we divided the film into upper
and lower parts and we employed the approach and quantita-
tive tools developed for 3D perovskite in Ref. [22] and described
in Figure S10 (Supporting Information). In Figure 3(a3–c3), we
present the integrals for each film at various annealing times. We
determined that the (re)crystallization took place during Stage-
1, while the layer growth predominantly occurred in Stage-2. In
Stage-2, we observed solvent removal at a relatively constant rate,
and we calculated the slopes of two linear fits: SUS-2 slope for the
upper layer and SLS-2 slope for the lower layer. Subsequently, we
established a parameter indice that relates to the relative growth
speed of each layer parts.[22] The index, short-named GI, stands
for Gap Index and is defined as:

GI(%) = (SUS − 2 − SLS − 2) ∗ 100∕Max{SUS − 2, SLS − 2} (1)

The values of SUS-2 and SLS-2 are provided in Table 1. By an-

Table 1. Effect of additives on the solvent elimination speed: Slopes, GI(%)
parameter, and global growth direction.

System Additive SUS-2a) SLS-2b) GIc) [%] Global growth
direction

(PMA)2FA4Pb5I16 Pristine
−0.01835 −0.03158

−41.9 Upward

MC -0.01193 -0.01825 -34.6 Upward

MC&PI -0.01427 -0.01145 +19.7 Lateral

They are extracted from the linear fit lines of upper layer and lower layers at stage-2
(Figure 3);

a)
SUS-2 : The Slope of Upper layer in the Stage-2;

b)
SLS-2 : The Slope

of Lower layer in the Stage-2;
c)

GI (Gap Index) = (SUS-2 – SLS-2) × 100/Max{SUS-
2,SLS-2}.

alyzing and comparing the slopes of the two curves (Table 1), we
can accurately determine the direction of layer growth for differ-
ent perovskites. GI serves as the primary parameter for quantify-
ing the differences in layer growth among perovskites (Table 1).

From Figure 4 and Table 1, we can draw the following con-
clusions: i) When SLS-2 is lower than SUS-2 with GI lower than
−30%, the quasi-2D perovskite layer grows upward, from bottom
to top. This applies to the pristine and MC samples. In such cases,
multiple and oblique grain boundaries are formed, resulting in
relatively small perovskite grains. Additionally, these layers ex-
hibit higher roughness compared to films produced through lat-
eral growth. The growth mode of these two layers is defined as
Type II. ii) In contrast, when the slope of the upper film of MC&PI
in stage-2 (SUS-2) is very close to that of the lower film in stage-
2 (SLS-2), it leads to the formation of uniform layers with large
monolithic grains. We refer to this growth trend as lateral growth.
This phenomenon is observed in the MC&PI samples, which ex-
hibit a monolithic architecture in Figure 1b. The latter, is defined
as Type III growth mode in our Ref. [22] It produces a monolithic
structure with reduced and vertically oriented grain boundaries,
resulting in smoother films. It facilitates fast charge transport to
the contact at both sides of the MHP layer in the solar cells.

One remarkable finding of this study is that the co-additives,
MC&PI, regulate the solvent elimination and consequently con-
trol the growth of the quasi-2D perovskite layer throughout its en-
tire depth. They enhance the quality of the layer, as evidenced by
significant improvements in crystalline quality. Importantly, our
findings demonstrate that the location and density of the initial
seeds/crystallites, determined by the microstructure and compo-
sition of the precursor film, dictate subsequent steps, particu-
larly the direction of film growth, as shown in the middle part of
Figure 4. Their density influences the final size of crystals in the
quasi-2D perovskite film. The MC&PI additives control the layer
formation from the early stages and play a crucial role in modulat-
ing the size and composition of precursor aggregates and initial
nuclei.

MC&PI enhances the dispersion of PMA+ spacer cations and
FA+ during the recrystallization process. Sparsely dispersed crys-
tallites are desired as they facilitate the growth of large grains that
contribute to the final performance of the devices. In general,
additives improve the homogeneity of nucleation sites, promote
larger precursor crystallites, regulate the solubility of precursor
solutes and the composition of crystallized intermediate phases,
and influence the speed of solvent removal and film growth.

Adv. Mater. Interfaces 2024, 11, 2300773 2300773 (7 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Schematic of perovskite layer formation during thermal annealing. Classification of perovskite layer growth: Direction and mechanism of grain
growth, along with growth parameters. The white arrows indicate the directions of growth.

By combining the information presented in Figures 2 and 3,
we can draw the following conclusion:

– For the pristine sample, an initial low-n phase (n = 2) predom-
inantly forms on the layer bottom, Followed by the gradual up-
ward growth of the high-n phase.

– For the MC sample, the initial low-n phase (n = 2) and a cer-
tain proportion of the high-n phase are primarily generated on
the lower layer part, with subsequent upward growth, accom-
panied by the conversion of the low-n phase (n = 2) into a less
pronounced low-n phase (n = 3).

– For the MC&PI sample, the low-n phase (n = 2) and high-n
phase initially develop uniformly in the lateral direction, fol-
lowed by the gradual conversion of n = 2 into n = 3 as an inter-
mediate phase. Then most low-n phase components transform
into higher n phase in the same lateral direction.

The explanation lies in the fact that the gradual crystallization
process (indicated by GD-OES slope), facilitated by MC&PI, re-
sults in the reorganization of organic spacer cations and FA+

within the quasi-2D perovskite structure. This, in turn, strongly
reduces the formation of low-n phases that are typically induced
by the aggregation of spacer cations. Due to the reorganization
of spacer cations and FA+, the low-n phases tend to undergo a
transformation into high-n phases. By incorporating MC&PI, the
occurrence of low-n phases is greatly minimized, with a corre-
sponding increase in high-n phases, indicating the effective con-
version from low-n to high-n phases. It results in exceptional
pathways for efficient carrier extraction, leading to enhanced
charge transport within the quasi-2D perovskite layer (Figure 2h).
For MC&PI film, the high-n phase of the whole perovskite film is
very homogeneous with perovskite slabs largely oriented perpen-

dicular to the substrate, which is favorable to the charge transfer
process. In the pristine film, the distribution of different n-value
perovskite phases is not uniform throughout the perovskite film,
and the low-n-value perovskite phase is mainly found at the bot-
tom part of the perovskite film. Moreover, the orientation of high-
n phase is more random than that of MC&PI film, which is un-
favorable to the charge transfer process.

2.4. Photovoltaic Capability of the Perovskite Solar Cells

Subsequently, we fabricated n–i–p heterojunction perovskite so-
lar cells using the pristine, MC, and MC&PI perovskite layers,
employing a glass/FTO/TiO2/perovskite/spiro-OMeTAD/Au ar-
chitecture (Figure S11, Supporting Information). The J–V char-
acteristics under standard AM 1.5G illumination are presented
in Figure 5b.

The optimized concentration of MACl was determined as 40%
(molar ratio of FAI), to get pinhole-free films and the best crys-
tallinity (Figure S2, Supporting Information), consistent with
that of device performance (Table S1, Supporting Information).
The optimized PbI2 excess was also determined as 20% (molar
ratio of PbI2 compared to stoichiometric PbI2) based on the de-
vice performance (Tables S2 and S3, Supporting Information).

The pristine-based device (n = 5) exhibited a PCE of only
2.61%, a JSC of 6.76 mA cm−2, a VOC of 1.003 V, and an FF of
38.52% (Table 2). These samples gather many deleterious proper-
ties. The pristine sample contains pinholes and is made of coarse
grains (Figure 1b and Figure S1, Supporting Information). On
the cross-sectional view, voids can be observed between the TiO2
layer and the perovskite layer (Figure 1b) XRD, absorbance and
PL measurements show that the pristine perovskite is made of

Adv. Mater. Interfaces 2024, 11, 2300773 2300773 (8 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) Normalized PCE of maximum power point tracking curve of MC&PI cell in air at 25 °C with 50–55% RH. b) Reverse scan J–V characteristics
of the pristine, MC, and MC&PI perovskite solar cells. c) Forward and reverse scans for the MC&PI solar cell. e,g) External quantum efficiency (EQE) and
integrated short-circuit current (Jsc) of the leading cells for the pristine, MC, and MC&PI perovskite solar cells. h) Histogram illustrating the distribution
of efficiencies for the pristine, MC, and MC&PI perovskite solar cells. i) Dependence of open-circuit voltage (VOC) on light power density. j) Dark J–V
curves of the pristine, MC, and MC&PI perovskite solar cells.

a mixture of quasi-2D phases with different low-n values. Espe-
cially, the n = 2 perovskite is present, notably at the film bottom,
and this phase delivers low performances. The bottom low-n has
a larger bandgap. Moreover, n decrease creates an energy band
upward shift.[32–35] Both lead to an energy barrier with the TiO2

Table 2. Photovoltaic J–V parameters, PCE, and HI of the best cells.

Cell n = 5 Scan
direction

VOC /V Jsc
[mA cm−2]

FF /% PCE /% HIa) /%

Pristine Reverse 1.003 6.76 38.52 2.61 33

Forward 0.989 4.78 36.67 1.73

MC Reverse 1.069 12.50 54.85 7.33 27

Forward 1.040 10.65 48.52 5.37

MC&PI Reverse 1.098 23.43 68.87 17.71 12

Forward 1.073 22.83 63.17 15.47
a)

Hysteresis index : HI(%) = (PCErev−PCEfor) × 100/PCErev

electron transporting layer that strongly reduces the charge trans-
fer. Furthermore, the 2D phase is oriented with the inorganic
slabs parallel to the surface. This orientation is detrimental for
the charge transfer as it creates energy barriers for the charge
transfer across the perovskite slabs. The low absorbance of the
pristine film is also detrimental for the performance (Figure 1e).

The MACl-based (n = 5) device showed a significantly im-
proved PCE of 7.33% with a VOC of 1.069 V, JSC of 12.50 mA cm−2,
and FF of 54.85%. Encouragingly, the MC&PI PSC achieved
a champion PCE of 17.71% with a VOC of 1.098 V, JSC of
23.43 mA cm−2, and FF of 68.87%. Remarkably, the PCE of this
study is near the highest reported PCE for PMA-based n < 6
2D halide perovskite devices, demonstrating its competitive-
ness (Table S4, Supporting Information).[36] MC&PI-based de-
vices exhibited higher VOC and JSC compared to pristine devices.
Noteworthily, the adding of PbI2 and MACl changes the chem-
ical formula of the perovskite. Getting the final composition of
the perovskite film after addition is difficult. If we consider that
the formed quasi-2D perovskite is an iodide, we obtain a general

Adv. Mater. Interfaces 2024, 11, 2300773 2300773 (9 of 13) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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formula of PMA2FA4MA0.66Pb5.66I18, so the new n = 5.66. If chlo-
ride is incorporated, we can then write a new general formula:
PMA2FA4MAPb6I18Cl and n = 6. The conclusion is that the dra-
matic increase in PCE is not attributable to the n increase which
is small.

To further demonstrate the photoelectric performance of
MC&PI PSC, we conducted a steady-state photocurrent measure-
ment and analyzed the steady PCE output under standard AM
1.5G illumination for 300 s while maintaining the voltage at the
maximum power points (Figure 5a). The MC&PI devices exhib-
ited a steady PCE of 16.21%, indicating excellent operational sta-
bility in the illuminated environment. The addition of MC&PI
substantially improved the crystal quality and facilitated the low
dispersion in n phase. It enabled the efficient charge transport
through the widespread (111) oriented high-n phase, the good
charge transfer to TiO2, and it resulted in a significantly enhanced
and stable JSC in the MC&PI PSC.

To compare the occurrence of hysteresis in MC&PI perovskite
solar cells, we conducted forward and reverse scans of the de-
vices, as shown in Figure 5c. The MC&PI PSCs exhibited mini-
mal hysteresis index (HI). Additionally, we statistically analyzed
the distribution of PCE for the pristine, MC, and MC&PI devices
(Figure 5h), revealing a higher average PCE and improved repro-
ducibility. Figure S12 (Supporting Information) displays the dis-
tribution of JSC, VOC, FF, and HI for the pristine, MC, and MC&PI
devices. Notably, the MC&PI devices demonstrated a narrow dis-
tribution in VOC and FF, indicating high reproducibility.

Figure 5e,g presents the external quantum efficiency (EQE)
and integrated JSC of the pristine, MC, and MC&PI quasi-2D per-
ovskite solar cells. Particularly, the MC&PI device exhibited an
integrated JSC of 22.48 mA cm−2, which closely matched the mea-
sured value from the J–V curve. In contrast, the pristine devices
showed an integrated JSC of 4.09 mA cm−2, indicating superior
charge transport and reduced carrier recombination of MC&PI,
validating the effectiveness of MC&PI in improving the growth
of high-n phases.

By analyzing the relationship between VOC and the logarithm
of the incident light power density, we determined the ideality
factor n through the slope nkT/q (Figure 5i). The MC&PI device
exhibited the smallest n at 1.51, confirming the reduction of trap-
assisted recombination. This can be attributed to MC&PI’s ability
to narrow phase distribution and to govern the growing direction,
reducing inner traps caused by perovskite during the crystalliza-
tion process and minimizing inner bulk traps, thereby lowering
trap-assisted recombination.[9a]

To further investigate the charge recombination of various de-
vices, dark J–V curve measurements were performed, as shown
in Figure 5j. It can be observed that the dark current density of the
MC&PI device is diminished compared to MC and pristine. It is
in agreement with the higher Voc and confirms a lower presence
of bulk traps in the quasi-2D PSC.

2.5. Stability Study of Perovskite Layers and Devices

The stability of layers against moisture is a crucial factor in the
commercialization of perovskite solar cells, thus the stability tests
of pristine, MC, and MC&PI layers under the corresponding con-
ditions are presented. MC&PI presented reduced grain boundary

formation, thereby reduced water permeation and a significantly
improved humidity stability. Photographic images of the pristine,
MC, and MC&PI layers were captured under continuous aging
conditions of 25–55% RH at 25 °C in ambient air (Figure S13,
Supporting Information), further confirming the enhanced hu-
midity stability of MC and MC&PI layers.

Figure 6a–c displays the XRD patterns of the aged layers at
25 °C with 25–55% RH in ambient air. The pristine layer de-
graded rather quickly. The 𝛼-phase peak intensity was strongly
decreased and gave way to a strong 𝛿-phase peak after 720 h of
aging. This instability is due to the absence of small cation (MA+)
in the lattice which is required for the 𝛼-phase stabilization. On
the other hand, even after 720 h, the aged MC&PI perovskite
layers only showed a weak peak of lead iodide and a slight de-
crease in the intensity of the perovskite peaks, indicating that the
MACl and PbI2 excess addition significantly enhanced the en-
vironmental stability of the quasi-2D perovskite layer in ambient
air. The improved thermal and humidity stability of the layers are
attributed to both the hydrophobicity of large PMA+ cation and
the MC&PI process, which substantially reduce the formation of
grain boundaries, defects, and limits moisture intrusion.

We calculated the relative peak intensity of the high-n phases
for the pristine, MC, and MC&PI during aging (Figure S14,
Supporting Information). The MC&PI layers exhibited excellent
phase stability, contributing to the improved structural stability
of the PMA2FAn-1PbnI3n+1 phases.

Based on the aforementioned stability test of the quasi-2D per-
ovskite layer, tests of the corresponding devices under various
conditions were further evaluated. In a N2 glovebox, the efficien-
cies of the MC&PI solar cells remained at approximately 100%
for 2 months (Figure 6d). Figure 6e shows the normalized PCE
variation curves of unsealed pristine, MC, and MC&PI devices
that underwent aging in ambient air at 25 °C with 25–55% RH.
The pristine device exhibited the poorest stability during the hu-
midity aging process, with a clear decrease in PCE after 480 h.
In contrast, the MC&PI device demonstrated the highest stabil-
ity, with over 89% of the initial PCE retained. Under continuous
light exposure, the efficiency was maintained at the same level for
5 h (Figure 6f). This is because MC&PI drastically reduces the for-
mation of grain boundaries, thereby limiting water intrusion and
significantly improving the humidity stability of perovskite solar
cells.

3. Conclusion

In conclusion, MACl and PbI2 were employed as perovskite pre-
cursor solution additives to homogenize the formed phases and
enhance the quality of FA-based 2D perovskite layers. Our ex-
tended investigation of the film formation process has shown that
MACl expedited the confine crystallization and phase reorgani-
zation in the quasi-2D FA-based perovskite, facilitating the tran-
sition from the low-n phase to the (111) oriented high-n phase
in the FA-based quasi-2D perovskite. Simultaneously, adding an
excess of PbI2 significantly inhibited the aggregation of colloids
in the precursor solution, thereby improving the crystallization
of the high-n phase during the annealing process. The abun-
dant high-n phase coexisting with the low-n phase was uniformly
dispersed within the perovskite, creating a continuous path-
way for charge transport throughout the layer. We systematically
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Figure 6. XRD patterns of a) pristine, b) MC, and c) MC&PI perovskite layers pre- and post-aged at 25 °C in the air with 25–55% RH. d) Normalized
PCE variation curves of unsealed pristine, MC, and MC&PI devices at 25 °C store in N2. e) Standardized PCE of unsealed 3D perovskite (FA1-xMAxPbI3)
(n = ∞), MC and MC&PI quasi-2D devices in the air at 25 °C with 25–55% RH for extended stability testing. f) Normalized PCE of maximum power
point tracking curve of MC&PI cell in air at 25 °C with 25–55% RH for extended stability test.

investigated the impact of MC and MC&PI on solvent evapo-
ration and layer growth direction in the layer formation pro-
cess using the GD-OES technique. We show the altering of the
growth direction of the FA-based perovskite layer from an up-
ward growth (Type II) to a lateral growth (Type III). The elec-
tron trap densities in the MC and MC&PI devices were signifi-
cantly reduced compared to the pristine sample, aligning with the
longer carrier lifetime and diffusion length. Therefore, MC&PI
effectively decreased trap states and suppressed non-radiative re-
combination in the devices, resulting in a reduction of trap den-
sity within the layer. It also suppresses the energy barrier with
the bottom contact layer. The dual additive composition has been
optimized. Finally, the efficiency of the FA-based quasi-2D device
with MC&PI layer was enhanced to 17.71%, and the correspond-
ing devices exhibited high stability.

4. Experimental Section
Materials: N,N-dimethylformamide (DMF, 99.8%), dimethyl sul-

foxide (DMSO, 99.9%), isopropanol (IPA, 98%), 4-tert-butylpyridine
(96%), acetonitrile (99.8%), chlorobenzene (CB, 99.8%) and lithium
bis(trifluoromethanesulfonyl)imide (99.95%) were purchased from
Sigma-Aldrich. Lead iodide (PbI2, 99.9985%) was purchased from TCI
Europe N.V.. TiO2 NR30-D paste, formamidinium iodide (FAI, 99.99%)
and Phenylmethylammonium iodide (phenylmethylamine hydroiodide
or benzylammonium iodide, PMAI 99.5%) were obtained from Greatcell
Solar Materials. 2,2′,7,7′-tetrakis-(N,N-di-p-methoxyphenylamine)−9,9′-
spirobifluorene (spiroOMeTAD, ≥99.8%) was purchased from Borun

New Materials Technology LTD.. All chemicals were used as received
without further purification. Fluorine-doped SnO2 (FTO) coated glass
substrates is TEC 7 from Pilkington.

Preparation of Substrates, Compact TiO2, and Mesoporous TiO2 Layers:
Fluorine-doped SnO2 (FTO) substrates were etched through zinc pow-
der and 10% HCl solution and then cleaned with soap and water. The
substrates were subsequently immersed in a concentrated 2.2 m NaOH
ethanol/water (10:1 v/v %) for 20 min and then cleaned with deionized wa-
ter under ultrasonics for 15 min. The substrates were heated at 500 °C for
15 min. The TiO2 compact film (noted c-TiO2) was deposited by an aerosol
spray pyrolysis process. The formed TiO2 film was dense, pinhole-free and
30–35 nm thick. The TiO2 nanoparticle solution for the preparation of the
mesoporous film (noted mp-TiO2) was prepared in advance and stirred
for at least 12 h.[37] The TiO2 NR30-D paste was diluted in ethanol with a
1:7 w/w ratio. The mesoporous film was spin-coated by dropping 45 μL of
the TiO2 solution on the compact TiO2 film and then quickly transferred
to a hotplate at 70 °C and dried for 5–10 min. Finally, the mp-TiO2 was
heated at 500 °C under an air flux for 30 min, cooled down to 200 °C, and
removed from the hotplate. The thickness values of the mesoporous TiO2
ranged between 120 nm and 150 nm.

Preparation of 2D Perovskite Layers: (PMA)2FA4Pb5I16 perovskite pre-
cursor solutions were prepared by dissolving specific stoichiometric quan-
tities of PMAI (61.11 mg), FAI (89.42 mg) and PbI2 (299.65 mg) in
DMSO/DMF (100 μL: 400 μL volume ratio) mixed solution. The PbI2 con-
centration was 1.3 m. MACl additive with a concentrations of 40 mol%
of FAI was added into the precursor solutions. PbI2 excess with concen-
trations of 20 mol% of stoichiometric PbI2 was added into the precur-
sor solutions. The solutions were primary stirred for a minimum of 2 h
at room temperature in a N2 glovebox. Forty five microliters of this so-
lution was placed on top of the substrates. A two-step spin-coating pro-
gram was introduced: primary spinning at 1000 rpm for 10 s and then at
6000 rpm for 30 s. Chlorobenzene (100 μL) was dripped 20 s after the
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starting of the spinning routine. The layers were then annealed at 153 °C
for 15 min.

Device Manufacture: A fresh solution was manufactured by dis-
solving 78 mg of spiro-OMeTAD in 1 mL of chlorobenzene. The
Cobalt (Co) doped spiro-OMeTAD layer was manufactured through
doping 18 μL tris(2-1H-pyrazol-1-yl)−4-tert-butylpyridine)-cobalt(III) tris
(bis(trifluoromethylsulfonyl)imide) (376 mg in 1 mL acetonitrile) in the
spiro-OMeTAD precursor solution. The lithium (Li) and Co doped spiro-
OMeTAD layer was manufactured through doping 18 μL Co-salt solu-
tion, 23 μL bis(trifluoromethylsulfonyl)imide lithium salt solution (Li-TFSI)
(517 mg in 1 mL ACN) and 39 μL TBP (tert-butylpyridine) in the spiro-
OMeTAD precursor solution. The samples coated with spiro-OMeTAD
layer were transferred into a nitrogen filled glovebox for one night. The
devices were then completed by evaporating an 80 nm thick gold contact
in a vacuum chamber.

Characterizations: The morphology of perovskite thin layers was mea-
sured in a field-emission SEM equipment (Zeiss Supra 40) in the in-lens
mode. The structure of the organometal lead perovskite layers was charac-
terized through a PANanalytical X-Pert high-resolution X-ray diffractome-
ter (XRD) operated at 40 kV and 45 mA and applying the Cu K𝛼 radiation
with 𝜆 = 1.5406 Å. The layer specular absorbance was measured by a Cary
5000 UV–vis-NIR spectrophotometer. A glass/FTO/c-TiO2/mp-TiO2 sam-
ple was introduced for the baseline. The photoluminescence spectra were
measured by a Cary Eclipse fluorescence spectrophotometer.

Glow-Discharge Optical Emission Spectrometry (GD-OES) analyses
were performed by a HORIBA Jobin Yvon GD Profiler 2 equipment. This
instrument was equipped with a RF-generator (at 13.56 MHz), a stan-
dard HORIBA Jobin Yvon glow discharge source with a cylindrical anode
of 4 mm inner diameter and two optical spectrometers (a polychroma-
tor and a monochromator) for fast-optical detection. The Ar plasma was
generated at an Ar pressure of 420 Pa and an applied power of 17 W. The
precursor or perovskite film was mounted on an O-ring at one side of the
plasma chamber and adopted as a cathode. The interests of the technique
was its rapidity and easiness for use. It did not need high vacuum nor
specific sample preparation (See Supporting Information). Therefore, the
films could be characterized rapidly (less than 1 min) after each step of
preparation.

GIWAXS measurements were performed using a microfocus X-ray
source (IμS, Incoatec, Germany) producing Cu K𝛼 radiation (𝜆 = 1.54 Å).
GIWAXS patterns were recorded with a 2D X-ray detector (Pilatus 100 K,
Dectris, Switzerland) with an exposure time of 10 s. The incidence angle
was set at 1° and the distance between the sample and the detector at
73 mm.

The J–V curves were recorded by a Keithley 2410 digital sourcemeter,
applying a 0.1 V s−1 voltage scan rate. The solar cells were illuminated
with a solar simulator (Abet Technology Sun 2000) filtered to mimic AM
1.5G conditions (100 mW cm−2). The illuminated surface was delimited
through a black mask with an aperture diameter of 3 mm. The power den-
sity was calibrated at 100 mW cm−2 using a reference silicon solar cell.
The tracking experiments were performed under ambient conditions. The
current was followed at the voltage of the maximum power. The external
quantum efficiency (EQE) spectra were measured by an Oriel QUANTX-
300 system.
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Supporting Information is available from the Wiley Online Library or from
the author.
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