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The high performance devices were realized by dutcong small molecule N,N’-
bis(naphthalen-1-yl)-N,N’+-bis(phenyl)benzidine (BJPin MAPbI; perovskite layer.

A high efficiency of 19.22% was achieved based dPBNmodified MAPb} with
improved stability and suppressed hysteresis, wicah be attributed to cation-
interaction between NPB and MAThe introduced NPB not only reduce intrinsic
defects in perovskite films, enhance the crystation and passivate the perovskites
films, which is benefit to improve the stability perovskite film and improved the

efficiency of planar perovskite solar cells.
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Abstract: In organic-inorganic hybrid perovskite solar celtsigration of intrinsic
ions (e.g., MA, P, I) have a significant impact on the current-voltéuysteresis
and stability of devices. Here, N, N’-diphenyl-2;blphenyl-4, 4’-diamine (NPB)
was introduced into MAPbBIperovskite layer to facilitate the stability ofrpeskite
film and improved the efficiency of planar perovsksolar cells (PSCs). The results
suggest that migration of intrinsic ions are intadieffectively by catione interaction
between NPB and MA and lead to reduce intrinsic defects in peroeskiins, which

is benefit for the stability of devices. Lewis basi of NPB enhances the
crystallization, passivates the perovskites filmd addresses the issue of low electron
extraction efficiencyConsequently, solar cells made using NPB modifie&lPidl;
resulted hysteresis-free, enhanced power conversfboiency of 19.22% with
improved stability.

Keywords: Perovskite Solar Cells; Migration of intrinsias Cations Interaction



their excellent optoelectronic performance [1,2fgk absorption coefficient [3,4],
high carrier mobility [5], large diffusion length6[7], and tunable flexibility in
bandgap [8-10]. In recent years, organic—inorgamlwrid perovskite solar cells (PSCs)
have emerged as a very promising alternative foxt-generation solar cell
technology and the power conversidfi@ency (PCE) kept rising from 3.8% in 2009
years to 23.2% [11-13]. Given the impressive garRCE, it is natural that long time
stability becomes the main research topic in threroanity. So much intrinsic defects
produced during annealing or light irradiation, Is@s ionic migration and vacancy of
the ions, inevitably result in instability of peskite [14-16]. The ion migration
problem has been considered as the one of maiongdsr causing instability and
degradation in the perovskite solar cells.

Several of researchers attempt to suppress thenigration by all kinds of
experimental and theoretical methods [17-20]. bt,fthere are two main mobile ions
in the organic-inorganic perovskites (OIPs), thgamic cation and halide ions [21,22].
In addition, poling field would result in the orgamedistribution, which would affect
the chemical and electric equilibrium of solar cd#vices [23]. Thus, inhibiting
organic cation migration could enhance the eleaittiansport properties and stability
of the OIPs device efficiently.

Cation-z interaction is a type of electrostatic attractbmiween cation and large

n surface of benzene and other aromatic [24]. kemés astonishing stabilization with



by mixing aromatic NPB into perovskite films, thessist during the film-forming
process to restrict the migration of organic caiofhus, by fine tuning the
concentration of NPB in MAPblleads to suppressing cation mobility and hysteresi
in solar cells that resulted into the improved perfance and stability of PSCs.
2. Experiment

The glass/FTO substrate of 25x25 fsquare shape was sequentially washed
with isopropanol, acetone, alcohol and distilledexaThe sheet resistance of FTO
(the thicknesses ~250 nm) used herahsut 14 Q. For TiO, nanoparticles films,
TiCl4 (4.5 ml) solution is instilled into 200 ml diselli water ice cube. Sixty minutes
later, this TiC} solution is poured into culture dish in which theres washed
glass/FTO substrate and then annealed in drying av&0(] for 60 min. After 30
min ozone treatment for the TiGilm (electron transport layer), the perovskitknfi
was spin-coated onto the Tiayer at 1000 rpm/10 s and then 4000 rpm/40 sgusin
the mixed solution of chlorobenzene and NPB assuitient. Perovskite-NPB graded
heterojunction would be obtained. This precurslon fivas annealed at 100 for 10
min in nitrogen glove box. After annealing, HTLp(®-OMeTAD) in chlorobenzene
solution was coated onto the perovskite layer &5@m/30 s. Finally, Mo®layer
(10 nm) and Ag electrode (150 nm) was evaporatedacuum chamber under
vacuum at 2x10 Torr.

Current density—voltage characteristics of pskde solar cells were performed



measurement was carried out by a system combinkggman lamp, a monochromator,
a chopper, and a lock-in amplifier together wittadibrated silicon photodetector. The
absorbance of the HTLs films was measured with aAvid spectrophotometer

(PerkinElmer Lambda 750). The surface morphologyaotypical sample was

characterized by SEM SUPRA™ 40. Steady-state PLsureaents were acquired
using Edinburgh Instruments FLS920 fluorescencectspmeter with a 532 nm

pulsed laser as excitation source at the room teahye.

3. Resultsand discussion:

Fig. 1(a) shows the device configuration of plahaterojunction perovskite
solar cells. The micro-molecular organics
N,N" -diphenyl-1,1 -biphenyl-4,4 -diamine (NPB) (the molecular structure of NPB
is shown in Fig. 1(b)) is introduced into the pesiate absorber layer. This introduced
NPB-MAPbk perovskite employed into the
FTO/TIO.//MAPbDI3-NPB/Spiro-OMeTAD/Ag solar cell architecture. NPBem used
as the hole transporting layer (HTL) in PSCs dukgstonatching bandgap between the
HOMO level (5.4 eV) and the VB edge of the MARBIWhen NPB introduced in
MAPDI3, cations interaction between electron-riatsystem and adjacent MAation
will form by noncovalent forces when introduce aatim NPB into MAPbi[24]. To
make sure formation of cationinteraction, the main structure parameters and the

optimized geometry active site were calculated wad chosen by density functional



initial position points were optimized under B3LY¥3/6-311G (d.p) level with
dispersion corrections. Frequency calculations weeied out to ensure that the
conformations obtained are stable points. Singl@tpenergy calculations with the
correction of basis set superposition error (BS®Eje performed to estimate the
interaction energy. Two most stable catiomteraction positions (labeled locus 3#
and locus 6#, respectively) shown in Fig. 1(c) #dd which have no imaginary
frequency and the lowest energies, were selecteal fine six possible positive points.
According to the results, the stable molecularcttmes of MA-NPB have two N-H
bonds of MA cations toward NPB with the bond lengths of 1.Q4nkich hook the
central tetracene for interactions @f_y. nes. Moreover, these two N-H bonds are a
little longer than that of the other N-H bond paigt away from NPB (1.02 A) (as
shown in Fig. 1(c) and (d)). Different bond leng#veals the interaction between
NPB and perovskite materials again. In additior,itlieraction between MAcations
and NPB has relative larger interaction energy.g3&al mol* (locus 3#) and -39.2
kcal mol* (locus 6#) in gas phase), which is remarkablyrgfeo than that of a
common catiore interaction such as MAbenzene (-18.8 kcal mbin gas phase). It
is reported that cations are always strongly agto ther face of benzene and other
aromatic structures [26]. Therefore, such strongraction could be attributed to the
synergetic effect of multiple off-axis catian4interactions, leading to the mobile

organic cations MAanchored firmly by NPB [27].



turns to the hydrogen atom of NPB at the edge (Eigs2). And the calculated
interaction energy betweendnion and NPB in the most stable locus is only414

kcal mol* in gas phase. Summary, catiorinteraction plays the main role of the
interaction between perovskite and NPB, which wdaddefit to the inhibition of the

ion migration.

To clarify the effect of catiom-interaction on the inhibition of ion migration in
the perovskite solar cells, the current-densitytage (-V) properties of the planar
heterojunction perovskite solar cell with differesdncentration of NPB introduced
into MAPDbl; are shown in Fig. 2(a). Moreover, the correspomdinerage results of
photovoltaic parameters are summarized in Tablé dan be clearly seen that both
the short-circuit current densitl,. and open-circuit voltag¥,. keep increasing with
the increasing of NPB content. Especially,increases strikingly from 21.93 to 23.42
mA/cn?. On the other hand, the filler factor FF reactmespeak point of 77% for the
perovskite film introducing with 6 mg/ml NPB. Moreer, on further increasing the
concentration of NPB, the value of FF begins torel@se. However, the optimum
PCE of 19.22% is obtained for the MARdded with 9 mg/ml NPB, although the
FF is slightly decline compared to introducing 6 /mig NPB. This PCE is
significantly higher than the control planar PSA¥.86%). This suggests that
optimum introducing of NPB can remarkably improtie electrical properties of the

perovskite solar cell. Solar cell statistics ofd#¥ices prepared using optimized NPB



employs NPB introduced MAPH&s absorber.

The corresponding incident photon-to-current cosieer efficiency (IPCE) and
the integrateds. (from IPCE curves) of device with and without NBR:haracterized
and compared (as shown in Fig. 2(b)). There is devand flat wavelength band
increment of IPCE for device with NPB introducing ¢ore absorption region from
350 nm to 700 nm spectra, the value of IPCE cueaeh over 90%. This wideband
enhancement means that theincreasing of the PSC as a reason of NPB introguci
that attributes to the improvement of crystallingfythe perovskite film [28]. As we
known, the high crystallinity of perovskite film thilower defects will result in more
efficient charge carrier generation and transpothe cation-immobilized perovskite
films, which would inhibit the loss of photo-indutearriers during transfer, and then
enhance the collection of photo-induced carriersPBIC. Therefore, the intrinsic
reason is that the PSC introduced NPB possesses teensport of photo-generated
carriers and less recombination centers [29,30¢ iftegrateds. from IPCE curves
also agree with the measurég very well. In additionthe stabilized current density
and PCE at the maximum power point as a functiotinog are also recorded. As
shown in Fig. 2(c), a stabilized PCE of 18.56% watlturrent density of ~21.57
mA/cn? is obtained, showing a stable output charactensithin 300 s.

J-V hysteresis characterization gives an estimatiothefcharge transport and

ion migration in PSCs. Device performance undeers and forward scans with and



exhibited significant hysteresis. Meanwhile, PSGWPB modification present a
negligible hysteresis (hysteresis index ¥4 1.0%} Shppressed negligible hysteresis
PSCs indicates fewer defects at the NPB introdupargvskite interface due to better
crystallinity and coverage of perovskite film orOki

OIPs has been beset by hysteresis for long timeghwik caused by both scan
rate and direction of th&V characteristics [31]. It is widely reported thgsteresis is
always attributed to the reducing built-in electiield by the changing quantities of
charge accumulated at the MAPRMUhterfaces, resulting in loss of photocurrent
[14,32,33]. Furthermore, ion migration under exatrelectric field is considered as
causing the accumulation of mobile ions at the riates [34]. Therefore, ion
migration plays an important role in device hyssesebehavior [35-37]. In MAPBI
based perovskite solar cell, MAcation is one of the main mobile ions. Once
illuminated, large number of cations would migrdteely in MAPbk and can
interfere charges, this result in notorious, naide J-V hysteresis phenomenon [37].
Thus, suppressing ion migration would govern theeni-voltage hysteresis. PSCs
prepared from NPB introduced MARbkhowed hysteresis-fred-V curves as
presented in the Fig. 2(d). Considering the faeit tmobile ions contribute for
hysteresis, this clearly shows that the mobile icars be well inhibited. This can be
contributed to the cation-interaction between NPB and MAs motioned earlier.

Moreover, to study the optoelectronic changes inRMA film with and without



without NPB were deposited on FTO/Ti@ilm. As shown in Fig. 3(a), NPB
introduced in perovskite film shows enhanced akbmweb covering almost all the
visible light region, which is attributed to the pnoved crystalline of NPB-MAPbI
films (Fig. S4). Furthermore, the steady-state pluotinescence (PL) spectra (Fig.
3(b)) and time-resolved photo-luminescence (TRPpgcta (Fig. S5) of the
perovskite film with and without NPB were employtedstudy the impact of NPB and
MA™ on the extraction of electrons and charge recoatioin in perovskite film. The
steady state PL intensity of NPB-MARHMIIM is reduced than that of the pristine
MAPDbI; film, which is attributed better charge transpactoss NPB-MAPRITIO,
interface.

To understand the effects of the carriers migratinrinterface charge transport,
the Nyquist plots of the electrochemical impedarsmectra (EIS) under the
illumination of AM 1.5G in ambient air was perforthéor device with and without
NPB (as shown in Fig. 3(c)). In general, the indreeries resistancgy) in the
higher frequency represents the ohmic resistancsists of the sheet resistance
(Rsneer) of the electrodes, the charge-transfer resistgieg) at the interfaces
between electrode and carriers transfer layer (ded holes transfer layer and
electrons transfer layer) and between carriersstesiayer and the perovskite layer
[38,39]. Because all the samples in this experinpessess the same device structure,

Rsneet could be assumed to be the same. The only dierentheRct which arises



perovskite film. Most portion of NPB stayed on thgper layer of the perovskite film.
As a result, theRcr arises from ETL/perovskite interface were alsosidered as
same. Therefore, impedance spectrometry could &é tsinvestigate the electrical
properties of the HTL/perovskite interfaces. Attnagly, Rcr values of 32.85 and
105.05 K2 were obtained by testing the devices with andauttNPB into perovskite
layer, respectively. Without NPB, a large:t value indicated that the large
charge-transfer resistance resulted from the imfezontact at the interface with the
Spiro-OMeTAD/MAPbg. While, with NPB introduced into the perovskitdnf]
smallerRct was obtained as a result of the larger interfarieh between MAPHand
Spiro-OMeTAD, which is benefit to the transmissiohthe photo-induced carriers.
Therefore, it is a corroborative evidence for thgher PCE from the NPB-MAPpI
than from the pure MAPBRI

In order to understand further the NPB introdudilegices can reduce the carrier
recombination, darkl-V characteristics of the solar cell prepared witd anthout
NPB introduced MAPHI films measured and shown in Fig. 3d. It presents a
prominent rectifying characteristic with a lowenveese leakage current and higher
forward conducting current. The dark current dgnsit the solar cell device with
NPB-MAPDbEL film is obviously lower than the pristine devic&his obvious
decreasing leakage current can be contributed @ocHtions interaction in the

NPB-MAPDbL. Additionally, the devices based on NPB-MAPband pristine



X-ray diffraction (XRD) recorded for MAPBIfilm with and without NPB. As
shown in Fig. 4(a), the main diffraction peaks &2 and 28.4° are assigned to the
(110) and (220) planes of tetragonal crystal stmectof MAPDbg. The diffraction
peaks of NPB-MAPRIfilm became clearly enhanced, indicating thatahestallinity
of perovskite films is improved. Moreover, the fwidths at half maximum of the
two main peaks enlarge slightly due to the formmatd the bigger sized perovskite
grain. Hence, NBP introduced is help to the improget of the crystallinity and the
growth of crystal grain of perovskite film. This fgrther confirmed from the SEM
surface morphology images Fig. 4(b-f).

In the SEM experiment, we fix the optimal perovsKiayer thickness of ~300
nm for all the devices to exclude the variationoptical absorption or interference
effects. As shown in Fig. 4(b-f), the perovskitenfiwithout NPB has no very clear
grain boundary. The heterogeneity of grain sizéésother microstructure of that film.
With the concentration increasing for NPB into MAffilm, the size of crystal grain
increases slowly and the boundary becomes monadatisHowever, the precipitation
phase appear gradually between grain boundarietheasstoichiometry of NPB
increasing over 9 mg/ml. SEM images demonstratenatjet NPB introduced is
favorable for perovskite crystallization, enlarge grain and improve morphology of
the perovskite film. It is reported that betterstaflinity and less defect material result

in less traps and mobile ions, which were bendffolacharge transporting, as well as



could lead to a reduction in collection efficien¢44]. Therefore the effective
suppression of hysteresis effects is attributedh& improving morphology of the
interface of perovskite/HTLs, which leads to relathigh efficient charge extraction
and then result in the increasingJafand PCE.

Long-term stability is another critical charactgdasfor PSCs, especially the
operational stability under 1 sun illumination imlaent air. To investigate the
stability of devices with the NPB-MAPbland pristine MAPR| we performed
stability tests of PSCs without encapsulation andeu identical storage conditions 1
sun illumination (illumination for one week). Andidir efficiency was periodically
measured to check the long-term stability. All tevices exposure to ambient air in
the Sample Storage Room where maintained in allukedree centigrade and 40%
relative humidity. As shown in Fig. 5(a), the PCastypical PSCs with MAPhBI
retained only about 24 % of their initial efficigncHowever, the devices with
CH3NH3Pbk-NPB film exhibit the retention of PCE about 83 %otlee initial value.
The inset of Fig. 5(a) show that the NPB-MAPEIms with larger water contact
angle of 42.10° than that of pure MARI(86.00°). It indicates that the NPB-MARDI
films could prevent the water, to some extent. diditon, the XRD patterns were
measured for the samples exposed in air for 4810%-relative humidity) (as shown
in Fig.5 (b)). As expected, an obvious new peakeapgd in the XRD curve without

NPB at 12.6°, indicates the decomposition of pekibgsnaterials and the appearance



In general, the higher stability of PSCs attributedhe hydrophobic properties
[35,45,46]. The water molecules in agueous enviemsiwould combine easily with
MA™ cations of the pristine perovskite materials aedtralize the charges of the
cations, which leads to the loss of MAnd cause the decomposition of perovskite
materials [47]. However, the introduction of hydnopic binding site comprised of
aromatic rings can compete with full aqueous sawain the binding of highly
cations in MAPbJ materials, which is important for the stabilityECs [48]. In the
NPB introducing perovskite PCSs, and higher inté&wac energy of catiom
interaction between MAin the perovskite and aromatic rings in NPB notyon
improves the quality of perovskite film but alsalice hydrophobicity to formation

stable perovskite devices.
4. Conclusions

Fine tuning of NPB in MAPRIinduce the catiom-interaction that is able to
effectively suppress the migration of MAn OIPs. PSCs made employing optimal
quantity of NPB-introduced MAPpIshown record hysteresis-free efficiency of
19.22%. Additionally, the introducing of NPB alsaproved the crystalline quality of
the perovskite film that ultimately resulted intohanced stability of solar cells
prepared using NPB-MAPHIThe NPB-MAPK] film possesses effectively transport
of photo-generated carriers and less recombinatemtres, which mainly due to
inhibition of MA" in perovskite. This work gives a novel methodolotpyr

suppressing the notorious hysteresis phenomenamethasmproving the efficiency
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Figure 1. (Color online) (a) Device configuratiohpdanar heterojunction perovskite
solar cells. (b) The molecular structure of NPB.ded (d) DFT calculations for
the two stable molecular structures of NPB-M#&ith the lowest energies.

Figure 2. (Color online) Photovoltaic propertiespeirovskite films with and without
NPB. (a)J-V curves of the champion PSCs with different conegioin of NPB
introduced into MAPRL (b) IPCE curves and the integrated current cofvthe
PSCs. (c) Steady-state photocurrent and efficieridySCs with NPB. (d) Best
J-V data in forward (FS) and reverse (RS) scans.

Figure 3. (Color online) (a) UV-visible absorptispectrum of (b) Photoluminescence
spectra of perovskite films without and with NPB) (Nyquist plots of PSCs
with and without NPB. The inset is the equivalentwat model for fitting curves.
(d) Dark J-V characteristics of the PSCs with and without NPB.

Figure 4. (Color online) X-ray diffraction (a) artdp view SEM images (b-f) of
perovskite films with different concentration of BRPintroduced into
CHzNH3Pbk. The scale bar is 200 nm.

Figure 5. (Color online) (a) Stability of PSCs wiimd without NPB. These PSCs
were measured every 24 h and stored in ambienbefore and afteld-V
measurement. The inset is water contact angleseaivpkite films with and
without NPB on glass substrate. (b) XRD patternensrserved after the sample

stored in air for 48 h.



(@)

Ag
MoO,
Spiro-OMeTAD
Perovskite-NPB
TiO,

FTO

(b)

NPB



Current Density (mA/:
8 & 3

N
o

—o— CH,NH,PDI,

—o— CH,NH,PDL, :NBP (3 mg)
—4— CH,NH,Pbl, :NBP (6 mg)
~— CH,NH,Pbl, :NBP (9 mg)
—»— CH,NH,PDI, :NBP (12 mg)

T T T e ¥
0 02 04 06 08 10
Voltage (V)
%
16 e 08 o 05 58 0 0 9 e 5 s 0 e e s e e
- 420
| 7,,~21.57% ma/em® 18.56% ~PZ}\' 16
1 ) q12
CH,NH,PbL, : NPB
E {8
H 44
. . . . 0
0 1 2 3 4 5

Time (min)

e CH NH PbI

o CH NH,PbI :

[
n

-
=]
J (mAcm’”)

n

NPB (6mg)

0
700 800

0 L N R
300 400 500 600
Wavelength (nm)
-25
@) oo ,,
"= 20t
2
. <«
X £ 154
~ 2
=2
U =
= 5 10} == CHyNH 1Pb1;:NPB(Forward)
= e CHyNH 4Pb1:NPBReverse)
£ . Q= CH{NH PbI (Forward)
= s}
5 w=Om= CHyNHPDIy (Reverse)
0.0 02 04 0.6 0.8 1.0
Voltage (V)



(a) ) 5 o510
—¢— CH,NH,PbI,
- T 1sxio'f o CHNHPbL-NPB
= A
. < #‘
E b E4
P z § Pl
2 Z 1.0x10 4
g = 4
- 2 T H
3 = vs
g S . £ 2
3 5.0x10 L/ :
2| ——cuNmpoI ol s :
= . '
- CH,NH PbL-NPB (9 mg/ml) 5
. ] ] . . 0.0 : Lo .
400 S0 600 700 800 700 750 800 85(
Wavelength (nm) Wavelength (nm)
© (@ w0
Rz ~—o— CH,NH,PbI, ~
~6.0x10'F 24 —o— CH,NH,PbI, - NPB £ 10} = CH,NH,PbI,
£ : : L = CH,NH,PDI, : NPB
S R R
= c =
R >
3 £ o
g 3.0x10'F g
- / 2 oo
~ ’ =
g 7 )
S % X ZI1E3
: % ¥}
0.0 9 s = . 1E4 : ' L L 1 L L L L
0.0 4.0x10° 8.0x10° 1.2x10° -0 -08 -0.6 -04 -02 00 02 04 06 08 10

Resistance Z' (Ohm) Voltage (V)



(a) | L NPB: 0mg/ml

i I L . NPB: 3mg/ml
3 [
<
z J L. NPB: 6 mg/ml
£
Er I L. NPB: 9 mg/ml

l 1 4 NPB: 12 mg/ml
10 20 30 30 50 60

20 (degree)




Normalized PCE

16

12

—e— CH,NH,PbI,
~o— CH,NH,PbL,: NPB

Perovskite-NPB Perovskite

CA=42.10 CA=37.00
0 30 60 90 120 150 180
Time (h)

Intensity (a.u.)

LPDI,

P )
e - - oo -ooe-d

CH,NH,PbL-NPB

CH NH,PbIL,

ny

10

20 30 40
20 (degree)

n

0

60



different concentrations of NBP introduced into MAgas an active absorber layer.

Active layer with different Vyc Jsc FF PCE
concentration of NPB (V) (mA/cnr) (%) (%)
0 mg/ml NPB 1.07 21.93 74 17.36
3 mg/ml NPB 1.08 22.09 76 18.11
6 mg/ml NPB 1.08 22.80 77 18.90
9mg/ml NPB 1.09 23.42 75 19.22

12 mg/ml NPB 1.10 23.95 71 18.70




High Light

1. Carrier-recombination inhibition by the cationinteraction in planar perovskite
solar cells.

2. NPB was introduced into GINIH3Pbk layer to form cationsinteraction.

3. An enhanced féiciency of 19.22% for the perovskite solar cellshwiegligible

hysteresis are acquired.



