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Abstract

Hybrid metal-halide perovskites have emerged as leading class of semiconductors for photovoltaic
devices with remarkable light harvesting efficiencies. The formation of methylammonium lead
iodide (CH3sNH3Pbls) perovskite into mesoporous titania (TiO2) scaffold by a sequential deposition
technique is known to offer better control over the perovskite morphology. The growth reactions
at the mesoporous TiO: film depend on reactants concentration in the host matrix and the reaction
activation energy. Here, we are characterizing formation of CHsNH3sPbls perovskite in mimic solar
cell photoelectrodes utilizing the developed NanoPlasmonic Sensing (NPS) approach. Based on
dielectric changes at the TiO> mesoporous film interface, the technique provides time-resolved
spectral shifts of the localized surface plasmon resonance that varies widely depending on the
different operating temperatures and methylammonium iodide (CHsNHsl) concentrations.
Analytical studies included Ellipsometry, Scanning Electron Microscopy, and X-ray diffraction.
The results show that perovskite conversion can be obtained at lower CHsNHzl concentrations if
reaction activation energy is lowered. A significant finding is that the NPS response at 350 nm
mesoporous TiO2 can widely change from red shifts to blue shifts depending on extent of

conversion and morphology of perovskite formed at given reaction conditions.
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1. Introduction

Inorganic-organic metal-halide perovskites have shown great potential for a
breakthrough of next generation solar devices [1-7]. Methylammonium lead halides exhibit
several advantages of light harvesting and transport properties [8-13]. Mixed-halide
perovskites have shown significant improvement in tuning the bandgap by adjusting the
stoichiometry [14]. Formation dynamics of Methylammonium lead iodide (CH3sNH3PDbl3s)
has been found to be processing specific [10]. Perovskite films have been deposited either
via thermal evaporation [15, 16], or spin coating techniques [5, 11, 12]. The two common
pathways often applied during film formation are one-step method in which the reactants
are thoroughly mixed prior to deposition [17, 18] and two-step method where the precursors
are sequentially deposited [1, 8, 13]. Perovskite morphology was controlled better using
the two-deposition [11, 12, 19]. The growth and fabrication conditions of these films
significantly affect the performance of the fabricated photovoltaic devices especially for
mixed-halide perovskites. While conversion of polycrystalline perovskite is preferred for
solar cells, growth of single crystals into multi-dimensional shapes has gained much
attention for various applications [18].

In a previous fundamental work, Rajab et al [20] used nanoplasmonic sensing (NPS) to
detect CH3NH3Pbls perovskite formation at the interface of thick TiO2 films with Au
nanodisks, where complete conversion of perovskite formation was characterized by slow
NPS red shifts while incomplete reactions were characterized by fast methylammonium
iodide (CHsNHzsl) crystallization. When complete reaction activation energies were

reduced, perovskite formation was characterized by relatively fast NPS red shifts.
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In this work, Rajab et al. demonstrate the capability to use the fast, minute and varying
NPS changes to detect the formation kinetics of CH3zNH3sPbls perovskite at the lower
interface of thin mesoporous TiO- films. The time-resolved spectral shifts of the Localized
Surface Plasmon Resonance (LSPR) are used to calculate the CH3NH3Pbls perovskite
reaction rate constants at the different conditions. We assess the perovskite structures
according to their formation kinetics and analytical results obtained by the characterization

techniques.

2. Experimental
2.1.Materials

Insplorion sensors with a dense TiO. coating were purchased from Insplorion AB
(Gothenburg, Sweden). TiO, paste (The average particle size 20 nm) was acquired from Dyesol.
Lead iodide (Pbl2) and methyl ammonium iodide (CHsNHzl: MAI) were purchased from
Solaronix. Dimethylformamide (DMF), propanol and ethanol were purchased from Sigma

Aldrich.
2.2.Film formation

Standard films comprising of fused silica coated with Au nanodisks (100 nm diameter and 20
nm height) and 10 nm dense layer of compact TiO as a dielectric spacer layer were used to analyze
the nanoplasmonic sensing of Au nanosensors, similar to the early studied NPS experimental
system arrangements [21, 22, 23, 24]. These films were then spin-coated with mesoporous TiO>
films prepared by mixing a commercial TiO> paste from dyesol and ethanol (2:7 wt %) at 5000
rpm for 30 s. The films are calcinated at 500 ‘C for 30 min. The thickness of mesoporous TiO;

films was confirmed using VASE Ellipsometer VB-400. Then, 1M (462 mg/mL) of lead iodide
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(Pbly) in dimethylformamide (DMF) was prepared under stirring at 70 “C. The mesoporous TiO;
films were consequently infiltrated with Pbl> by spin coating at 6000 rpm for 90 s and dried at 70
°C for 30 min. Different concentrations of MAI in 2-propanol ranging from 5 to 15 mg/mL at

various temperatures from 25 to 53°C were prepared for in situ monitoring of perovskite formation.
2.3 In situ nanoplasmonic sensing of MAPbI3 perovskite formation

Insplorion Xnano was used to monitor nanoplasmonic peaks during CH3NHsPbls (MAPbDI3)
perovskite formation as described elsewhere. [20] Initially, a blank measurement was taken for a
fused silica substrate for subtraction. The coated Au sensor film was placed inside the system
chamber and wavelength scan shows the nanoplasmonic peak position of a sensor is located at 800
nm-900 nm depending on the Au discs size and discs spacing. The Au nanodiscs, which act as
optical antennas respond to events occurring at the interface between the sensor surface and sample
material. A peak-fitting method proposed by Dahlin et al. [25] is applied to enable monitoring the

spectral shifts on the order of 1 nm or less with a 0.01 nm resolution limit.

A fresh pure solvent was injected via the system pump to flush the tubes and to take a baseline
measurement as settings are set at continuous, optimum flow rate of 0.1 pL/min to avoid bulk
concentration gradient. At this point, minor spectral shifts were observed in both nanoplasmonic
peak position and extinction due to change in the dielectric constant of the medium near the
sensors. Upon diffusion of MAI into mesoporous TiO> film at the different concentrations and
temperatures, the refractive index at Au nanodiscs changes with film color change (dark brown),
known of perovskite reaction, as major spectral shifts of resonance wavelength and extinction of
the previously located, sensor-specific peak, are simultaneously, in real time collected and
monitored via Insplorer software. We have evaluated the injection time in the current study from

the starting point of MAI injection until the nanoplasmonic peak has plateaued, corresponding to
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the transition stage in Figs. 1(a), 4(a). Typical time scale ranging from 18 s to 57 s has been
calculated for the thinner 350 nm TiO: films, depending on MAI concentration used and operating
temperature. Much prolonged injection time was observed in case of thicker 650 nm films with a
range from 31 s up to 120 s [20]. In the standard sequential deposition method, 20 s dipping time
has been applied using the 10 mg/mL MAI concentration under stagnant conditions [1]. The
corresponding injection time in our study for the same MAI concentration (under continuous flow
conditions) was 22 s.

For comparison, fresh solvent can be pumped again for rinsing the films. The sensors were
removed for characterization. X-ray diffraction (XRD), Bruker AXS D4 Endeavour X
diffractometer using Cu Koz, Aa1=154.060 pm, Ao2=154.439 pm radiation, was used to obtain
XRD measurements on different substrates to probe perovskite phase formation as well as content
of reactants and products. As indicated in, Fig. S1, the control samples show peaks of tetragonal
MALI at 20 = 19.74° and 29.79° along with a hexagonal Pbl at 20 = 12.8°. The XRD patterns on
different substrate surfaces were acquired as control samples. As complementary characterizing
technique, scanning electron microscopy (SEM) (JEOL-6300F, 5 kV), was used to obtain SEM
images, which were analyzed using Image J software to generate histograms of particle size
distributions.

3. Results and Discussion

3.1 Effect of MAI concentration on mesoporous TiO, films

The effect of changing MAI concentrations from 5 to 15 mg/mL at a high temperature of 41
°C on NPS response using Au sensors/compact TiO2/350 nm mesoporous TiO2/Pbl> was evaluated.
Fig.1 (a, b) and Fig.S1 (a) show the characteristic curves of nanoplasmonic peak position shifts

and peak extinction shifts using 350 nm TiO: films. Fig.1 (a, b) show blue, fast shifts (higher rate
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constants) in the nanoplasmonic peak position for all concentrations except for the intermediate
MAI concentration level at 10 mg/mL, which exhibits a red, slow shift (lower rate constant). The
characteristic curves in Fig.S1 (a) depict the opposite behavior in nanoplasmonic peak extinction
for all concentrations.

The perovskite formed at MAI concentrations of 5 mg/mL show smaller crystalline structures,
Fig.2 (), due to the fast conversion of 85 s, Fig.1 (b). The MAI concentration of 5 mg/mL shows
the highest intensity of XRD diffraction peaks at 20 = 14.25°, 28.57°, Fig 3 (c-d). Hence,
perovskite conversion was achieved using low MAI concentration by lowering the reaction
activation energy (operating at temperature of 41 °C). The perovskite formed at other MAI
concentrations of 7.5 mg/mL and 12.5 mg/mL show similar results, Fig S3. However, the MAI
concentration of 7.5 mg/mL shows dense, small crystalline morphology with highest rate constant
of 125 st where XRD diffraction peaks show highest residual unreacted Pbl at 20 = 12.8°, Fig. 3
(b).

The perovskite formed at the 10 mg/mL MAI concentration and 41 °C is largely in cubic and
nanowire form, Fig 2 (c), with slow and maximum conversion seen in NPS rate constant of 3.4 s~
! Fig.1 (b), and highest intensity of XRD diffraction peak at 20 = 31.95°, Fig 3 (€), respectively.
The perovskite formed at MAI concentration of 15 mg/ml show similar morphology (nanowires
and sheets with higher particle size distribution, Fig. S3 (e)) to the 10 mg/mL with a rate constant
of 50 s where XRD diffraction peaks show highest residual of MAI at 20 = 19.74°, Fig 3 (a). It
is noticeable that the slower reactions that allow growth in multi-dimensions such as those at MAI

concentrations of 10 and 15 mg/mL are reflected by red or minimum blue NPS shifts.


http://dx.doi.org/10.20944/preprints201809.0124.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2018 d0i:10.20944/preprints201809.0124.v2

(a) 40 T 1 T T T T T (b) 140 T I’ T T T
; T Lt et i
20 it 120 1 f
E 0 alll )t T ==— 5 mg/mL
£ "*ﬁ -====10mg/mL 7 100 | 1
pus | —=— 7.5 mgimL - 1
S 20 | P sms= 125mgml o L
% A I -=—— 15 mg/mL b= 80 f * E
[l
8 wof i | Ii J 3
Q o | ] =
x i I 5 60} i
© Pl || O
o -60 - Vo e et — - P ?
o 1 Ll e rﬂ—‘ e S e 3] 40 L ]
w ! o
o8- ;| -
z i V8 e o o o o e e ] 20 | J
-100 - 1 E
Jasim s bt it b b b e e ol 4 |
120 I I | 1 I | L | + | |
200 300 400 500 600 700 800 4 6 8 10 12 14 16
Time (s) MAI concentration (mg/ml)

Figure 1. Characteristic MAI concentration curves measured for Au sensors/compact TiO2/350
nm mesoporous TiO2/Pbl, prepared by continuous spin coating program showing (a) the
nanoplasmonic peak position shifts for MAI concentrations ranging from 5 to 15 mg/mL at 41 °C
and (b) the rate constants derived from the NPS peak position shifts. Both red and blue shifts are

presented as positive rate constants.

Figure 2. Typical SEM images of as-formed perovskites at different MAI concentrations; (a) 5,
(b) 7.5, (c) 10, (d) 12.5 and (e) 15 mg/mL. Inset is shown for image (c) (at 10 mg/mL). The SEM
images taken at different MAI concentrations for the 350 nm films revealed well-crystalline phase

formation with different crystal morphologies.
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Figure 3. X-ray diffraction of Au sensors/compact TiO>/thin mesoporous TiO/Pbl, for varying
MAI concentrations from 5-15 mg/mL at 41 °C. A series of diffraction peaks at 26 = 14.25°,
28.57°, 31.95° corresponding to the tetragonal phase of MAPbI3 perovskite have been detected at
all MAI concentrations. MAI concentrations of 5.0 mg/mL shows highest peaks at 26 = 14.25°,

and at 26 = 28.57°, while MAI concentration of 10 mg/mL shows highest peak at 26 = 31.95°.
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Tetragonal MAI at 26 = 19.74° for MAI concentration of 15 mg/mL along with hexagonal Pbl, at

20 = 12.8° for MAI concentration of 7.5 mg/mL are maximum.

3.2 Effect of Temperature on mesoporous TiO- films

The effect of operating temperature (from 25 to 53 °C) at a fixed high MAI
concentration of 12.5 mg/mL on NPS response for Au sensors/compact TiO2/350 nm
mesoporous TiO2/Pbl> was evaluated. Figure 4 (a, b) and Fig.S1 (b) show characteristic
temperature curves on nanoplasmonic peak position shifts and peak extinction shifts using
compact/350 nm mesoporous TiOz films. The characteristic curves in Fig. 4 (a, b) show red
(positive) shifts of low rate constants of 3.4- 12 s in the nanoplasmonic peak position for
temperatures from 25-36 °C indicative of slow conversion. They also show blue (negative)
shifts of higher rate constants of 34- 87 s for temperatures from 41-53 °C indicative of
fast conversion. The effect of changing the temperature on perovskite formation at high

MAI concentration shows a non-linear relationship between the rate constant and

temperature.
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Figure 4. Characteristic temperature curves measured for Au sensors/compact TiO2/350 nm

mesoporous TiO2/Pbl> showing (a) the nanoplasmonic peak position shifts for temperatures
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ranging from 25 to 53 °C at MAI concentration of 12.5 mg/mL and (b) the rate constants derived

from the NPS peak position shifts. Both red and blue shifts are presented as positive rate constants.

The conversion of Pblz with a dielectric constant (€0=6) to MAPbI3 perovskite with
much higher (€0~20)?%, Fig 5 (a-c), leads to the red shifts observed in NPS extinction at
temperatures of 25-36 °C. However, the partial change in morphology from smooth
(precursor Pbl; film) to rough, sparse large crystals of MAI and MAPbI; perovskites, Fig
5 (d-e), reduces the contact area at the Au sensor interface leading to the blue shifts

observed at temperatures of 41-53 °C.

Figure 5. Typical SEM images of as-formed perovskites at different temperatures; 25, 31,
36, 41 and 53 °C, respectively. The perovskite formed at (a) 25°C is leaf-like flakes of
perovskite. The perovskite formed at (b-c) 31-36 °C show interconnected particles. The
perovskite formed at (d-e) 41-53 °C show non-uniform formation of large and scattered

crystals.

11


http://dx.doi.org/10.20944/preprints201809.0124.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2018 d0i:10.20944/preprints201809.0124.v2

4. Conclusions

MAI injections at varying conditions to confined Pbl crystals can be monitored and
recorded as red or blue shifts as seen by the formation of perovskites of various geometries.
The change in dielectric constants of the materials upon injection of MAI into the Au
sensor-coated TiO2/Pbl> films provides insight on the interface interactions and
subsequently the ensemble peak pattern of the gold nanosensors can result in red or blue
NPS shifts indicating perovskite conversion. While red shifts indicate slow reactions with
multi-dimensional shapes, blue shifts showed faster reactions with lower conversions. By
varying operation conditions, various perovskite structures can be synthesized and

predicted utilizing their NPS responses.
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