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Abstract: Perovskite solar cells (PVSC) have drawn increasing attention due to their high photovoltaic
performance and low-cost fabrication with solution processability. A variety of methods have been
developed to make uniform and dense perovskite thin films, which play a critical role on device
performance. Herein, we demonstrate a polymer additive assisted approach with Polyamidoamine
(PAMAM) dendrimers to facilitate the growth of uniform, dense, and ultra-smooth perovskite thin
films. Furthermore, a lamp annealing approach has been developed to rapidly anneal perovskite films
using an incandescent lamp, resulting in comparable or even better device performance compared
to the control hotplate annealing. The facile polymer additive assisted method and the rapid lamp
annealing technique offer a clue for the large-scale fabrication of efficient PVSCs.

Keywords: perovskite solar cells; addition of polymer; rapid lamp annealing

1. Introduction

Hybrid perovskite emerges as a promising material in photovoltaics because of their
high absorption coefficient, long carrier life time, and micrometer diffusion length [1-3].
There are mainly two kinds of well documented device architectures: mesoporous and
planar heterojunctions [4-7]. In the mesoporous architecture, high temperature anneal-
ing is usually necessary to produce a TiO, layer with good crystallinity, whereas planar
heterojunction-based devices can be fabricated at low temperature. Unlike devices with
mesoporous structure, in which the perovskite material can readily infiltrate into the
porous matrix, planar perovskite solar cell devices usually suffer from pinhole and non-
uniform coverage of perovskite thin films on the top of hole-transport layers [7]. The
pinhole and non-uniformity are the major issues that are responsible for the poor device
performance [8] Controlling the nucleation and formation of perovskite thin film in planar
architecture is thus a main challenge for developing high-performance perovskite solar
cells (PVSC) [9-13].

Considerable efforts have been dedicated to control the morphology and crystallinity of
perovskite thin films [14-16]. The choice of solvent, [17-19] annealing temperature, [20-22]
moisture, [23-26] and composition [27-30] have been proven as effective measures to tune
the nucleation and growth of perovskite thin film. Additionally, incorporation of additives in
the perovskite solution process has been demonstrated as a feasible way to improve the thin
film coverage and crystallinity [31]. Different types of additives, including solvents, [32,33]
inorganic acids, [34,35] metal halide salts, [36,37] organic halide salts, [38,39] have been
implemented to perovskite thin films, which showed enhancement in device performance.
In comparison, polymer additives have multiple potential advantages, such as improving
the coverage of perovskite films, stabilizing the frame structure of perovskite and providing
better resistance to humidity [31,40,41]. In 2015, Chang et al. reported using poly(ethylene
glycol) (PEG) in precursor solution as an additive to fabricate perovskite solar cells with an
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power conversion efficiency (PCE) of 12.90% [42]. Zhao et al. showed stability improvement
with addition of PEG into perovskite precursor solution due to the formation of a scaffold
from the long-chain PEG polymers [43]. In 2016, Sun et al. used a two-step deposition
process and incorporated polyvinylidene fluoride—trifluoroethylene polymer P(VDF-TrFE)
into PblI2 solution, achieving a PCE up to 12.94% [44]. Dong et al. utilized polymer
additive polyethylenimine (PEI) to tune the morphology of perovskite films, boosting the
PCE to 14.07% [45]. In 2017, Zuo et al. added polymer poly(4-vinylpyridine) (PVP) into
CH3NH3PbI3 (MAPDbI3) film. The resulting devices showed PCE up to 19.1% and retained
85% of the initial efficiency after 90 days [46]. In 2018, Jiang et al. tried various polymer
semiconductors to dope the MAPDbI3 layer, obtaining PCE well above 18% [47]. In 2019,
Han et al. adopted poly(propylene carbonate) (PPC) as a polymeric additive to investigate
its effect on the formation and growth kinetics of perovskite layer [48].

Here, we investigated the effects of polyamidoamine (PAMAM) dendrimers as a kind
of powerful additive on the regulation of perovskite thin film nucleation and growth. We
have incorporated PAMAM into a blend solution of lead iodide (Pbl,) and methylammo-
nium iodide (MAI) to tune the morphology and crystallinity of methylammonium lead
iodide (MAPbI3) perovskite films. The amine rich PAMAM additive chelates strongly
with Pb?* ions during film formation. The nucleation and growth of perovskite thin film
thus can be well mediated and regulated by the amount of PAMAM addjitive. There is a
recent publication that PAMAM was also utilized to manipulate perovskite morphology
and attain compact and uniform thin films [49]. This polymer additive assisted one-step
method represents a facile route for the controllable fabrication of smooth perovskite thin
films for planar PVSCs. Furthermore, a rapid annealing approach has been developed by
using a regular incandescent lamp to rapidly anneal perovskite films. In this study, the
devices employ a simple planar p-i-n structure ITO/PEDOT:PSS/MAPbI; /PCBM/AL The
perovskite solar cells from 250 W incandescent lamp annealing for 30 s on wood holder
show PCE of 10.3% as compared with efficiency around 9% from hotplate annealing for
60 min. The facile lamp annealing paves a way for speedy manufacturing of perovskite
solar cells thereby reducing fabrication cost while maintaining device performance.

2. Experiments
2.1. Materials

Pbl, (beads, 99.9999%) was purchased from Sigma-Aldrich, St. Louis, MO, USA.
Methylammonium iodide (MAI) was purchase from Dyesol. Polyamidoamine (PAMAM,
G3, 10% wt in methanol) was purchased from Sigma-Aldrich. Dimethylformamide (DMF),
chlorobenzene (CB), dichlorobenzene (DCB), diethyl ether (DE), and toluene were pur-
chased from VWR. PEDOT:PSS and PCBM were purchased from Alfa Aesar and Nano-C,
respectively. All the chemicals were used as-received without any further purification.

2.2. Solution Preparation and Thin Film Deposition

Pbl, and MAI were dissolved in DMF at a concentration of 1 mol/L and stirred at
70 °C overnight to make sure the complete dissolution of both MAI and Pbl,. The PAMAM
(in methanol) solution was added into Pbl, /MAI solution with stirring before spin-coating
on PEDOT:PSS substrate. Solutions with various PAMAM loading in weight have been
prepared for optimization of perovskite thin film. The resultant films were annealed at
100 °C for different time intervals.

2.3. Film Characterization

X-ray diffraction (XRD) measurements were conducted with a Bruker D8 X-ray diffrac-
tometer with a conventional cobalt target X-ray tube set to 40 KV and 30 mA. The absorption
thin perovskite films was measured using a Beckman D 800 UV-Visible spectrometer. SEM
images were taken by using a Joel 7000 Scanning Electron Microscope.

Device Fabrication: Substrates were cleaned in detergent followed by sonication in
deionized water, acetone, and isopropanol for 40 min, respectively. Substrates were then



Energies 2021, 14, 2656

30f10

subjected to oxygen plasma for 30 min. Substrates were heated on hot plate maintained at
80 °C for 5 min and PEDOT:PSS films were spin coated at 5000 rpm for 45 s and annealed
at 140 °C for 15 min. A blend of 1 M (precisely 461 mg mL~!) Pbl, (Sigma-Aldrich) and
1 M (precisely 159 mg mL~!) MAI dissolved in anhydrous dimethylformamide (Sigma-
Aldrich) was used as a precursor solution. After 1 wt% PAMAM dendrimer solution
(optimal loading) was added to the precursor blend and stirred, the resulting solution was
spin coated on PEDOT:PSS deposited substrate at 2000 rpm for 10 s and 4000 rpm for 45 s.
During the spin coating of precursor solution, after 8-10 s about 0.5 mL of toluene and
diethyl ether solvents were dropped on the substrate.

Hot-plate annealing: The as-spin-coated substrates were then moved onto a hot plate
maintained at 100 °C and annealed for 60 min inside the glove box.

Lamp annealing: A 125 W and a 250 W incandescent lamp were used as the heating
source (Sylvania lighting company, Newhaven, UK). Substrates were transferred in petri-
dish out of the glove-box and they were placed on three different bases (wood, metal, and
glass). Distance between the top of the base or holder and the bottom of the lamp was
maintained at about 3 inches and was undisturbed throughout the annealing process. After
annealing, 20 mg mL~! of PC71BM (Nano-C) solution was spin coated at 2000 rpm for
30 s and annealed at 100 °C for 30 min. The devices were completed by 100 nm thermal
evaporation of Alat2 A°/s.

2.4. Device Measurements

The J-V curves of devices were measured with a semiconductor device analyzer
(Agilent B1500A, Santa Clara, CA, USA) under solar simulator at air mass (AM) 1.5
condition. The solar simulator (Newport 91195A, Newport, UK) had an intensity of
100 mW cm 2 calibrated by a standard silicon cell (Oriel 91150V, New York, NY, USA).

3. Results and Discussion

PAMAM weight percentage and thermal annealing time. Based on X-ray diffraction
(XRD) patterns of perovskite thin films with different ratios of PAMAM additives shown
in Figure 1a, it has been found that the presence of PAMAM dendrimers regulates the
nucleation and growth of perovskite thin films. As the amount of PAMAM increases from
0.5 wt% to 2.0 wt%, the ratio of peak intensity at 16.5° and 32.8° decreases, suggesting the
inhibition of nucleation and growth of perovskite along the (110) direction. The effect of
hotplate annealing time has also been investigated on the nucleation of perovskite thin film
with PAMAM polymers. The precursor solution contains equal moles of Pbl, and MAI,
thus ideally there would be no peaks from both MAI and Pbl; if all the precursors convert
into MAPbI3 perovskite. However, in Figure 1b, there exists MAI peaks at 2 theta of around
12° from short period of time of thermal annealing (10 min and 20 min), indicating a strong
interaction between Pbl, and PAMAM, which competes with MAI for reacting with Pb*.
After 30 min of thermal annealing, all the MAI peaks disappear and generate pure thin films
of MAPbI; perovskite. Above observations from XRD characterization clearly indicate that
the highly branched PAMAM dendrimers can strongly interact with Pb?*. It is expected
that the amine functional groups of PAMAM chelate with Pb?* in the blend solution and
hinder the combination of Pb ions and MAI to form MAPbI; perovskite. Because of this
interaction, the kinetics of MAPbI3 perovskite growth can be tuned by adjusting the amount
of PAMAM in the blend solution to grow dense and ultra-smooth perovskite thin films.
The optical properties of perovskite thin films with PAMAM have been investigated by
using ultraviolet-visible (UV-Vis) spectroscopy. The PAMAM concentration-dependent
UV-Vis spectra are shown in Figure 1c, from which we find that the light absorption of
perovskite thin film can be enhanced by increasing the amount of PAMAM, resulting in
more compact and dense film.



Energies 2021, 14, 2656 40f 10

(a) —— PAMAM-0.5%
r '1 T T 3 § A i T N T T 1
l —— PAMAM-1%
A
I T T 1 T 1
—— PAMAM-1.5%
I\ A )
r .4 T * T = T ) T = 1
—— PAMAM-2%
_k A A An A
r ¥ T 2 T % T . T E 1
10 20 30 40 50 60
2theta (degree)

(b) —— Anneal-10min
M— ~ A=A 7

l —— Anneal-20min
M

n —— Anneal-30min
A

r T T T T T T T T T 1

I —— Anneal-60min

r T T T T 1

10 20 30 40 50 60
2 theta (degree)

(c)
214
—— PAMAM-0.5%
= qa. —— PAMAM 1.5%
= —— PAMAM 2.5%
<
% 155
O
0 )
] 12
™
o
3 0.9
2 009-
0.6

ke T A/ T T T T
400 500 600 700 800
wavelength (nm)
Figure 1. (a) XRD patterns of perovskite thin films with different weight percentages of PAMAM
dendrimers (annealing at 100 °C for 60 min); (b) XRD patterns of perovskite thin films with 1 wt%

of PAMAM at 100 °C for different annealing times; (c) UV-Vis spectra of perovskite thin films with
PAMAM loading of 0.5%, 1.5%, and 2.5% in weight.

Effect of different anti-solvents. Different anti-solvents have been used to wash the
perovskite film during the spin-coating deposition to improve the surface morphology and
remove the residues of unreacted MAI and Pbl,. SEM images in Figure 2a show thin-film
morphologies after washing with four different anti-solvents, including chlorobenzene
(CB), dichlorobenzene (DCB), diethyl ether (DE), and toluene, yielded perovskite films with
similar grain size. Compared with other three anti-solvents, DCB produced non-uniform
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films with needle-like features on the film surface. XRD was carried out to investigate the
composition of the films washed with CB, DCB, DE, and toluene anti-solvents, as shown
in Figure 2b. It was found that all the films showed identical perovskite peaks except for
DCB-washed films, which presented an obvious Pbl, peak. The XRD results explain the
origin of needle-like defects on the DCB-washed films displayed in the SEM image, which
can be attributed to the incomplete conversion of precursors.

(a) CcB

( b) ‘J —— diethyl ether
A AA A J..__A ) Y

I < T = T = T b L} 4 1
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T T T T T T T T 1
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Figure 2. (a) SEM images of perovskite-PAMAM (1 wt%) thin films washed by different anti-solvents,
including chlorobenzene, dichlorobenzene, diethyl ether, and toluene; (b) Corresponding XRD
patterns. All films were annealed on a hotplate at 100 °C for 60 min before SEM observations and
XRD measurement.

Rapid lamp annealing of perovskite thin films. In addition to anti-solvent washing,
annealing also plays a critical role to ensure optimal film crystallization thereby attaining
high quality perovskite films. Typically, a hotplate is used for thermal annealing of per-
ovskite films. For hotplate annealing of perovskite thin films with incorporation of PAMAM
dendrimers, long period of time is needed to fully convert the Pbl, and MAI into MAPbI3
perovskite. Perovskite thin films annealed with hotplate for less than 30 min showed the
presence of a peak at ~12° (Figure 1b), which is the characteristic peak of MAI [50]. Only
hotplate annealing over 30 min, pure perovskite thin films can be obtained free of both Pbl,
and MAI residues. Such long annealing time makes the fabrication of perovskite solar cells
incompatible with scale-up manufacturing through roll-to-roll (R2R) printing. In contrast,
annealing of perovskite films using an incandescent lamp holds major advantages over
the conventional hotplate annealing, including rapid heating and uniform temperature
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distribution. The majority of the electromagnetic radiation from the incandescent lamp
used in this study falls in near-infrared range with some visible light. Infrared light (IR)
is well-known for its heating effect. When IR light is absorbed by spin-coated precursor
films, it stimulates vibrational modes within the molecules and heat up the material. Once
the film becomes darker in color, the visible light from the lamp also provides energy to
facilitate the crystallization of the target films. By increasing the lamp power, large number
of photons can bring the thin films to intended temperatures in a much short annealing time.
Moreover, with an incandescent lamp as the energy source, holders on which the Indium
Tin Oxide (ITO) substrate resides on, can be used to manipulate the substrate temperature.

Lamp annealing was first conducted by using a 125 W incandescent light bulb with
flat surface facing the substrate. During the lamp annealing process, the distance between
the top of the supporting plate and the surface of the lamp was maintained at 3 inches.
Sample substrates coated with perovskite precursor thin films were placed on a supporting
plate, which can be metal, wood, or glass. Figure 3a shows the sample temperature versus
annealing (radiation) time. When sample substrates were placed on the wood holder, it
takes 5 min (300 s) for samples to reach 100 °C, which is the required temperature for
annealing perovskite thin films on hotplates [51]. However, when sample substrates were
placed on either iron metal or glass holders, in 5 min their temperature can only reach about
43 °C and 60 °C, respectively, far away from the targeted 100 °C annealing temperature.
Then the 125 W lamp was replaced by a 250 W lamp for doubling the power of photonic
annealing. The temperature of samples for different annealing time under radiation of
250 W lamp are shown in Figure 3b. Sample temperature increases quickly when these
samples are placed on the wood holder. It only took 30 s for samples to reach the aimed
annealing temperature of 100 °C on the wood plate. On the other hand, the temperature
of samples placed on either the iron metal or the glass holders increased much slower
as the annealing time increased. It took 1 min and 3 min for samples to reach 100 °C on
the iron metal and glass holders, respectively. As shown in Figure 3, the material of the
sample holder does matter for the heating procedure in the lamp annealing. In this study,
iron metal, glass, and wood holders with thermal conductivity of ~80, 1, and 0.1 W/(mK),
respectively, were used as substrate holder for studying the heating effect of the lamp
annealing. The wood holder gives much higher annealing temperatures in a shorter time
than iron and glass holders. This can be attributed to that wood has a much lower thermal
conductivity than that of iron and glass, plus it is opaque and does not allow radiation to
pass through (glass) or reflect from (iron). It is hard for the produced thermal energy to
be accumulated on iron plate because of its high thermal conduction for heat dissipation.
On the other hand, although glass has much lower thermal conductivity, its transparency
spares part of the incoming radiation energy, resulting in less generation of heat and slower
temperature increase.

Film quality and device performance of lamp annealed perovskite solar cells with
incorporation of PAMAM dendrimers. SEM monographs in Figure 4a show uniform and
smooth perovskite films with addition of PAMAM dendrimers at optimal 1 wt% loading
under lamp annealing. Without addition of PAMAM dendrimers, the perovskite film made
from pre-mixed Pbl, and MAI solutions is composed of fiber like structure and with a
large amount of pin holes on it. Too little PAMAM addition may not function well to form
high-quality film. On the other hand, too much loading could negatively affect charge
transport and efficiency because of insulating nature of PAMAM dendrimers. All films
were washed by toluene during spin coating. Compared to 1 h annealing on hotplate,
the dense thin films with ultra-smooth surface morphology can be attained in less than
1 min by lamp annealing. Based on the XRD spectra shown in Figure 4b, only perovskite
peaks are observed and no crystal peaks from Pbl; and MAI precursors appear, indicating
complete conversion of precursors into perovskite in the rapid lamp annealing. From
the current density versus voltage (J-V) characteristics in Figure 4c, PVSCs with lamp
annealing of 30 s on wood plate show even better performance with a PCE of 10.3% than
PCE of 9.0% from hotplate annealing for 1 h. That is, rapid lamp annealing could improve
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efficiency while significantly reducing the annealing time. Table 1 lists device parameters
extracted from J-V characteristics, including PCE, fill factor (FF), open-circuit voltage (Voc),
and short-circuit current density (Jsc).
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Figure 3. Sample temperature versus lamp annealing time under (a) 125 W lamp and (b) 250 W lamp when placed on wood,
iron metal and glass sample supporting plates.
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Figure 4. (a) SEM monographs show morphologies of perovskite films with addition of PAMAM (1 wt%) under various
lamp annealing conditions, including 30 s for samples on wood plate, 60 s also on wood plate, and 3 min on glass sample
holder; (b) Corresponding XRD spectrum; (¢) Comparison of -V characteristics between fast lamp annealing with samples
on wood and glass holders and traditional hotplate annealing.
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Table 1. Device parameters extracted from J-V characteristics of PVSCs with 1 wt% PAMAM loading.

PCE (%) FF Voc (V) Jsc (mA/cm?)

Hot-plate annealing 9.0 70.49 0.84 15.13
(1h) ' ' ' '

IR lamp annealing 103 68.44 0.88 17.14
(wood, 30 s) ' . . .

IR lamp annealing 8.6 64.45 0.9 14.88
(wood, 1 min) ' . . .

IR lamp annealing 9.1 65.91 0.97 14.17

(wood, 3 min)

4. Conclusions

In summary, a new method for deposition of perovskite films has been demonstrated
by introducing polyamidoamine (PAMAM) polymer as an additive to control the growth
and nucleation of perovskite films. A lamp annealing approach has been developed
to rapidly anneal perovskite films using an incandescent lamp, which can rapidly heat
sample up with great uniformity as compared with the traditional hotplate annealing.
The PAMAM-containing perovskite solar cells annealed by a 250 W incandescent lamp in
less than 3 min showed similar or even better device performance than reference devices
obtained by annealing on a hotplate for 60 min. Particularly, perovskite solar cells with fast
lamp annealing for 30 s on a wood holder showed an efficiency of 10.3% as compared with
an efficiency of 9.0% for solar cells obtained by hotplate annealing for 60 min. These results
not only exhibit an enhanced effectiveness of lamp annealing over hotplate annealing, but
also prove the feasibility of using the facile polymer additive approach for the deposition
of perovskite thin films.
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