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Abstract

Unordered aggregation of perovskite particles @y Thesoporous film surface is a
common problem in one-step solution process foridabng perovskite solar cells
(PSCs). This phenomenon is harmful for homogenetissersion of perovskite in
mesoporous Ti® film and responsible for the low photovoltaic perhance of
corresponding perovskite solar cells at the same.tDelicate control of perovskite
nucleation and growth is an effective route to ealvis problem. In this work, we
proposed a facile strategy to improve perovskitel{(@H;Pbk) growth by adding
CsHsCHoNH3l (BAI) or NH4l ionic compounds in perovskite precursor solutidfe
investigated perovskite crystal structure and molgdy, optical and electrochemical
properties of perovskite films or devices usingetént additives by XRD, SEM,
UV-Vis, IPCE, and EIS. We found that these addgigeuld decrease the grain size of
perovskite crystal and diminish perovskite part@atgregation on Tiofilm surface.
This effect is benefit for electron transfer on qeskite/TiQy interface. Finally,
perovskite solar cells using BAI or NHadditives obtain the best solar-to-electricity
conversion efficiency of 9.05% and 9.49%, respetyiwvhich are much higher than

that of the pristine one, 6.83%.
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1. Introduction

In the past few years, organic-inorganic lead Rali@rovskite based solar cells
(PSCs) have become a research hotspot, and itsr pmweersion efficiency has
increased from 3% to as high as 20% [1-4], whichcasnparable to traditional
photovoltaic devices, such as mc/a-Si, CdTe, etgafic-inorganic lead halide
perovskite materials generally have suitable dibeetd gap (~ 1.5eV) [5], high light
absorption coefficient (> f@m™) [5], fast electron and hole transfer rate, amflo
carrier transport length (100~1000 nm) by modutatits chemical composition
[6-10]. All these superiorities make this matewal outstanding light harvester for
photovoltaic devices. Perovskite material is irdiled in mesoporous Ttilm in
conventional perovskite solar cells. Electron-hgdairs generated under light
illumination in perovskite layer could be separatsmkily due to its low binding
energy (=50 meV). Whilst, as the suitable energsllef TiO, and hole transfer
materials (HTM) to CRNH3PbX;, electrons and holes could inject into Ti@yer
and HTM layer, respectively, and finally they redone in external circuit.
Organic-inorganic lead halide perovskite film coulde prepared by
solution-processed and vapor-assisted techniqueb, & one-step solution process
[11], sequential deposition process [12], dual-sedhermal evaporation process [13],
vapor-assisted solution processes [14-16], andcerblvost-treatment process [17], etc.
In all these techniques, one-step solution metisotheé simplest and cheapest one,
which has great potential in large-scale production

It has been demonstrated that the morphology aystadlinity of perovskite films
can significantly affect the photovoltaic propestieof devices [12, 13, 18].
Unfortunately, perovskite film fabricated by onegst solution method usually
presents inhomogeneous morphology [12]. The poalitguwof perovskite layer would
lead to low light harvesting, poor charge carriephitity and lifetime, and even
serious electron leakage. These disadvantages imduce low photovoltaic
performance of the device [2]. Therefore, speciichniques are required for
controlling perovskite crystal growth process. Addi-assisted method has been

demonstrated to be an effective approach to imppmrevskite layer morphology



[19-24]. By adding PbGlor CHNH3CI in the perovskite precursor solution, the
crystallinity of the resulting perovskite thin fisncould be enhanced greatly as the
addition of CI can slow down perovskite crystaltiaa rate during the annealing
process [6, 25, 26]. As a result, the mixed halmeovskites, CENH3PbkCls.y,
present greatly improved photo-physical propertiesipared to those derived from
pure iodide-based perovskite, especially in chacgerier diffusion process. HI
additive in perovskite precursor solution could tpbit the decomposition of
CH3NH3Pbk and obtain pure perovskite film without RPf27]. Solvent additives are
also applied to modulate perovskite crystal procébse use of a mixed solvent of
y-butyrolactone and dimethylsulphoxide (DMSO) in queskite precursor solution
could form homogeneous perovskite films via azNH3l-Pbb—-DMSO intermediate
phase which is favorable for retarding the rap@ctieon between Phland CHNHGal
[28].

In this work, we detailedly investigated the infhee of benzylammonium iodide
(CeHsCH2NH3l) and ammonium iodide (NH) additives on CRNH3Pbk
crystallization behavior in one-step solution psseWe found that the additives
consisted of different cations had varied impactperovskite crystal formation. By
adding proper amount of benzylammonium iodide ormamum iodide, the
efficiencies of corresponding perovskite solar cahicreased by 33% and 39%,

respectively, compared to the one without any adft

2. Experimental Section
2.1. Synthesis of GNHsl and GHsCH,NHGl

The methylammonium iodide (GNH3l, MAI) was synthesized in accordance with
an early report [23]. Firstly, hydriodic acid (3ALpb7 wt % aqueous solution, J&K)
was slowly added into the methylamine solution 85 33 wt % in ethanol, J&K) in
flowing N, atmosphere under stirring in an ice bath for Afterward, the solution
was rotary evaporated at 60 °C for 1 h. The resylvhite precipitate was collected
and re-dissolved in ethanol, and then recrystallizg adding diethyl ether in ethanol

solution. The powder was re-dissolved and re-chyztd for three times. Finally, the



product was dried in vacuum at 60 °C overnight. Hemzylammonium iodide
(CeHsCHoNH3l, BAI) was synthesized by the similar process exceeplacing
methylamine with benzylamine (20mL, 99%, J&K).
2.2. Preparation of perovskite precursor solution

To prepare the perovskite precursor solutions withwithout additives, firstly,
MAI (0.75 mmol) and Pbl (0.75 mmol, Sigma-Aldrich) powders were mixed in
anhydrous dimethylformamide (DMF, 1.5 mL, J&K), atiten GHsCH:NH;l or
ammonium iodide (NH, J&K) were added with molar rations of 0.05, 0012, and
0.3 to MAI. The final solutions were stirred at 7G until clear solutions were
obtained, and they were filtered before using iropskite thin-film deposition.
2.3. Cell fabrication

FTO-coated glass (14 per square, Nippon Sheet Glass) with 20*20 mm wiae
etched by (Zn+HCI) solution to form two separatéet®odes. The etched substrates
were cleaned by ultrasonication in an alkaline agsewashing solution, and then
rinsed with deionized water, acetone, isopropaad ethanol, successivelyas our
early report [29]. After drying, a dense blockirayér of TiQ was deposited onto the
substrate by spin-coating a TBiColloid solution at 4500rpm for 30s and then
calcinated at 45 for 1h. After cooling to room temperature, a npEsous TiQ
film was fabricated by spin-coating at 5000rpm 30 using commercial Tgkpaste
(Dyesol 18NRT) which was diluted in ethanol (1:3vight ratio). The film was
prebaked at 10%C for 30min, and then sintered at 5@0for 1h in a muffle furnace.
The prepared Ti@ film was preheated at 7% before spin-coating perovskite
precursor solutions. The perovskite film was degealsby spin-coating at 3000rpm for
30s using the prepared precursor solutions whiate weintained at 7% during the
whole procedure. After that, the perovskite filmsaweeated at 10 for 30min. After
cooling to room temperature, the hole transportent (HTM) layer was deposited
by spin coating HTM solution at 3000 rpm for 30rke HTM solution was prepared
by dissolving 72.3 mg (2,2’,7,7'-tetrakis(N,N-difpethoxyphenylamine)-9,9-spirobi-
fluorene) (spiro-MeOTAD), 28,8 4-tert-butylpyridine (TBP), 17.5uL of
bis(trifluoromethylsulphonyl)imide (LiTFSI) in aaatitrile (520 mg/mL) in 1 mL



chlorobenzene. After standing at dried air ovehfi@Onm of silver was thermally
evaporated on top of the device to form the backanzi.
2.4, Characterization

The structure and morphology of the as-preparedsfivere measured by X-ray
diffraction (XRD, D8 ADVANCE, Bruker), scanning ef@on microscopy (SEM,
1530VP, LEO). The photo-absorption properties dfedent perovskite films are
characterized by UV-Vis spectrophotometer (CARY &¥nhc). Photocurrent—voltage
(J-V) characteristic curves of PSCs were recorded bglestrochemical workstation
(Keithley, 2420 Source Meter). The cell was illuatied by a solar simulator (Oriel
Sol 3A, Newport) under 100 mW-é&nirradiation, calibrated by a standard silicon
solar cell (Oriel Instrument). A non-reflective raketperture of 0.1 chiwas used to
define the active area of the device and avoid lgglattering through the sides. The
scan range was 1.0V to OV. Electrochemical impeéaspectroscopy (EIS) was
recorded using IM6ex electrochemical workstatiofS Epectra were measured in
dark, and the frequency range was from 100 kH2®rhHz with an AC modulation
signal of 10 mV and bias DC voltage of 0.60 V. TREE was measured using a
power source (Newport 300W Xenon lamp, 66902) witinonochromator (Newport

Cornerstone 260) and a power meter (Newport 2936-C)

3. Resultsand Discussion
3.1 Microstructure and optical property of perouskiilms

XRD patterns of different perovskite films are shmow Fig. 1. For the pristine
perovskite film, peaks at 13.9°, 19.8°, 28.2°, 3140.4°, and 42.8° are in good
agreement with the tetragonal phase of the;NHHPbL perovskite [28, 30],
corresponding lattice plane are marked in Fig.The sharp diffraction peaks indicate
that perovskite film has good crystallization. Asetaddition of BAI, the most
remarkable change is the variation of peak streagfl8.9°. For perovskite film using
BAI/MAI of 0.05, corresponding diffraction peakseasimilar to the pristine one.
However, as BAI/MAI ratio increases, the peak at913urns weak and wide. The

relatively low diffraction intensity indicates srhalized perovskite grains or poor



crystallization. In the case of perovskite filmangs NHyl additive, the diffraction
peaks turn weak a little as the increase amounNIgfl additive, but they are
relatively sharper even when NMHMALI is up to 0.3 than BAI based perovskite films.
This result indicates that NHpresents weaker influence on €NHH3;Pbk perovskite
growth compared to BAI. The varied impact of BAldaNH,l on perovskite growth
may be induced by the larger ion size of BAan NH;".

The scanning electron microscopy (SEM) is employed observe surface
morphology of different perovskite films. As shown Fig. 2, for the pristine
perovskite film without any additives, perovskiteanoparticles aggregate into
irregular rods and scatter on Ti@lm. The morphologies of perovskite films are
similar to the pristine one when additive of BAINH,l are few (BAI/MAI=0.05-0.1
and NHI/MAI=0.05-0.2), except that the density of perowskrods on TiQ film
reduce slightly. When BAI/MAI ratio increases td0perovskite rods are cracked
into different sizes of pieces with relatively pomwystallization. As BAI/MAI ratio
increases further to 0.3, small perovskite pasigdather densely. In regard to NH
additive, large perovskite rods disappear and @artaggregations arise when
NH4I/MAI ratio reaches to 0.3. Briefly, BAl and NJHadditives could diminish the
size of perovskite particles on TiGurface while weaken crystallinity of perovskite
films. This morphology transformation concurs wiXilRD patterns above. In fact,
pristine perovskite film with well-crystalline isofmed due to the strong ionic
interactions under evaporation and convective @®dering spinning. BAand NH,"
in precursor solution would intercalate betweens®@Hs* and [Pbd]* and prevent the
fast deposition of CENHsPbk. The slow deposition process could suppress
agglomeration of perovskite grains, but reducetatlysation quality of perovskite in
the subsequent heat procedure. From XRD and SEMsewe find that BAI present
stronger ability in surpressing crystallization gges of perovskite than NHadditive.

It might derive from the larger size of BAhan NH;".

Fig. 3 shows the UV-vis absorption spectra of thepskite films processed with

or without additives. Apparently, the perovskitens based on BAI additive have

higher absorbance than the pristine one. Usualbh ltoverage and continuous



perovskite crystalline film could absorb more sghti However, we could see from
SEM images that coverage of perovskite crystalfiims did not increase as the
addition of BAI. On the contrary, the surface cags of perovskite films decrease as
the addition of BAI arised from 0.05 to 0.3. Thessults demonstrate that the
increased light absorbance should not be induceidhpyovement of perovskite film
coverage. In our opinion, the enhanced light almsmb may be attributed to the
better penetration of smaller perovskite grainsli@, porous film. In the case of
perovskite films based on NHadditive, light absorbance is close to each otimeter
different amount of additive. It could be attribditeo the unconspicuous change of
perovskite crystal according to XRD results. Howewhe light absorbance is
enhanced greatly in the long wavelength ranginghf&b0 to 750 nm. In fact, light
absorbance enhancement of perovskite film is teeeqguisite for a high short-circuit

current in perovskite solar cells.

3.2 Photovoltaic performance of perovskite soldisce

The J-V curves of different devices are shown in Fig. dd @ahe corresponding
photovoltaic performance parameters are summarinedable 1. The pristine
perovskite solar cell exhibits a conversion efincge of 6.83% withJsc of 11.51
mA/cn?, Voc of 0.85 V, andFF of 0.70. As BAI is introduced in perovskite presor
solution, corresponding devices show significanpriovement inJsc The BAI
additive based devices achieve the best photoegb@iformance when BAI/MAI is
0.2, presenting a conversion efficiency of 9.05%hwisc of 14.61 mA/cm, Voc of
0.86 V, andFF of 0.72. Perovskite morphology optimization anghti absorption
enhancement owing to BAI addition are the main arador photovoltaic property
improvement of the device. However, when BAI/MAlackes to 0.3, conversion
efficiency of the device drop down dramatically @@4%, although the perovskite
film has high performance in light absorbance. T¢vsild be induced by the poor
crystallization of perovskite and residual impuriy BAI in perovskite film. For
NH4l additive based devices, the photovoltaic propsrtiare enhanced when

increasing NHI/MAI from 0 to 0.1, but declined as NMMAI is raised further to 0.3.



The best performance is obtained whensXWAI is 0.1 with Jscof 15.31 mA/cm,
Voc of 0.86 V,FF of 0.72, and conversion efficiency of 9.49%. Conegato BAI
additive based PSCs, these devices present réyahiigher Jsg deriving from their
larger absorption in long wavelength region and garable crystallinity to the
pristine one. Finally, perovskite solar cell usmgtimal amount of Nkl additive has
relatively higher photovoltaic performance thant th@sed on BAI additive.

The incident photon-to-current conversion efficigfPCE) spectra are shown in
Fig. 5. The onset of photocurrent at 800 nm is isbest with the band gap of
CH3NH3sPbk (~1.5 eV). The pristine device presents conversiticiency from 45%
to 65% in the range of 400-700 nm. As BAI additigeintroduced in precursor
solution, the quantum efficiency increase evident4hen BAI/MAI reaches to 0.2,
corresponding devices show the highest quanturnieiity, which is in accordance
with its highestJsc value. For NHI addtive based devices, similar results are
proceeded. However, quantum efficiency reduces ralaely from 450 nm to 700
nm for NH,l addtive based devices than BAI additive basedcdsvand the pristine
one. This result should be attributed to the reddyi stable absorbance of perovskite
films using NHI additive from 550 nm to 750 nm, as shown in U\$-\fpectra.
Besides, we could see that quantum vyield of peitevsdolar cells do not always
coincide with light absorption strength of corresgimg perovskite films from
UV-Vis and IPCE results. For example, perovskite fivith BAI/MAI=0.3 exhibits
the highest absorbance in all the perovskite filbg, the corresponding solar cell
presents a relative lower performance than the fismg BAI/MAI=0.2. In fact,
guantum yield of solar cells concerns not onlytigarvesting of active layer but also
charge transfer process both in perovskite film amal TiOJ/perovskite or
perovskite/HTM interfaces. As demonstrated in Fig. perovskite film with
BAI/MAI=0.3 presents poor crystallinity, which isal for the charge transfer in

perovskite film.

3.3 Electrochemical property of perovskite soldisce

To investigate the electrochemical properties tériaces with or without different



additive treatments, electrochemical impedancetspaetry (EIS) of the pristine cell,
BAI and NHl based cells with the highest photovoltaic perfance are conducted
under dark conditions with a bias voltage of 0.én\this work. As shown in Fig. 6,
Nyquist plots are usually composed of two irregamicircles, including the small
one at high frequency and the large one at lowuigaqy [31-33]. The equivalent
circuit is inserted in Fig. 6. The value of thersStey point at the real part of the
Nyquist plot corresponds to the series resistanse H®& is mainly related to the
resistance of FTO substrate [34, 35]. The firstisgobe is attributed to the resistance
(R1) of hole transporting on the HTM/perovskiteeifiice. The second semicircle in
the low frequency range is associated with the mdxoation resistance (R2) at the
TiOJ/perovskite interface, a large R2 value indicatebaad recombination. The
devices with or without additive treatments exhibisimilar resistance Rs and R1.
The main difference of perovskite devices lies i R could be observed that both
BAI additive-based and NMH additive-based perovskite devices present a much
higher resistance (R2) than the pristine one. Tweased resistance will retard
charge recombination at Tiperovskite interface. Because of the low recontimna
rate at TiQ/perovskite interface, it is reasonable that adeibased PSCs show a
higherJscandVoc than that of the pristine one [36].

In fact, the decreased recombination rate at/pEdovskite interface is closely
related to morphology modification of perovskitérfiin the device. BAI additive
could diminish perovskite grains and further enlarice infiltration process of
perovskite in TiQ pores. This modification would improve the intdrac between
perovskite and Ti@ particles and promote the charge transfer in,/p€rovskite
interface. For Nl based perovskite film, perovskite grains preseldtively smaller
changes in size compared to BAI. This result mathkemain reason that NHoased
perovskite solar cells have a smaller recombinatsistance (R2) on Tiperovskite
interface than BAI based one. The light absorptamihancement of NH based
perovskite films in long wavelength is the mains@a for their high photovoltaic

performance.
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4. Conclusion

We presented a facile procedure to improve the quoithic performance of
perovskite solar cell by introducing BAI or NHadditives in perovskite precursor
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precursor solution was crucial for perovskite aifstation and growth in Ti®
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Figure captions

Fig. 1 XRD patterns of perovskite films using difat amounts of BAI (a) or N (b) additives.

Fig.2 SEM images of pristine perovskite film omig with BAI and NHI additives. The values

mean molar ratio of BAI/MAI or NEH/MAL. The scale bars areuin.

Fig. 3 UV-Visible absorption spectra of differerdrpvskite films based on BAI additive (a) and

NH,4I additive (b).

Fig. 4 Current density—voltage curves of devicethwiifferent amounts of BAI (a) or NH(b)

additives in the perovskite films. All the devicesre measured under illumination of 100

mW/cnf and active area of 0.1ém

Fig. 5 IPCE spectra of perovskite devices baseBAinadditive (a) and N additive (b).

Fig. 6 Nyquist plots of PSCs based on pristine yskite film, and films with BAI (BAI/MAI=0.2)

or NH,4l additive (NHI/MAI=0.1) in dark at 0.6 V. The inset is corresjimy equivalent circuit.



Table caption

Table 1 Photovoltaic parameters of perovskite smils based on different additives in perovskite
films. Js¢ Voc FF, andy represent short-circuit current density, openttirgoltage, fill factor,

and conversion efficiency, respectively.



Samples Jse (MA-cm?) Voe (V) FF n (%)

Pristine One 11.51 0.85 0.70 6.83
BAI/MAI=0.05 12.26 0.83 0.70 7.18
BAI/MAI=0.1 13.41 0.85 0.72 8.11
BAI/MAI=0.2 14.61 0.86 0.72 9.05
BAI/MAI=0.3 13.67 0.86 0.70 7.84
NH4I/MAI=0.05 13.24 0.86 0.69 7.91
NH4/MAI=0.1 15.31 0.86 0.72 9.49
NH4I/MAI=0.2 14.86 0.83 0.71 8.69
NH4I/MAI=0.3 12.83 0.84 0.70 7.54

Table 1
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Highlights
1. Perovskite films were deposited in one-step solution process using BAI and NHl
additives
2. Photovoltaic performance increased by 33% and 39% for BAI and NHy4l additive
based perovskite solar cells compared to the pristine one
3. BAI and NH4l additive could improve perovskite morphology and perovskite/TiO,

interface



