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ARTICLE INFO ABSTRACT

Keywords: A p-type poly(9-vinylcarbazole) (PVC) was inserted into the interface between perovskite and mesoporous TiOy
Perovskite solar cell electron transport layers. The ultrathin PVC modified TiO, layer can obviously improve the crystallinity of
Stability o perovskite layer with less pinholes, passivate the interface and inhibit hole carriers transport into the interface of
}rr;tg:face modification perovskite/TiOz electron transport layers. The perovskite film modified with PVC shows larger grain sizes and

more compact films, which helps to increase photocurrent and reduce the leak current of cells. The passivating
interface with less hole carrier accumulation and hydrophobicity can greatly reduce carrier recombination,
improve carrier transport and extraction abilities and cells stability. Therefore, perovskite solar cells (PSCs) with
PVC modified TiO, layer exhibited a power conversion efficiency (PCE) of 19.02%, which is remarkably higher
than that (16.09%) of the reference cells. Furthermore, PSCs without and with PVC modification respectively
retained 20% and 55% of the initial PCE values aging for 30 days at the relative humidity 15% in air without
encapsulation. For thermal stability test, the pervoskite layers were heated for 10 h at 100 °C before further spin-
coating Spiro-OMeTAD, PSCs with PVC modification were still remained 70% of the original PCEs, which is
greatly higher than that (30%) of the reference cells. These results indicate that PSCs with PVC modified TiO2
layer can effectively improve PCEs and show better moisture resistance and thermal stability.

poly(9-vinylcarbazole)

1. Introduction interesting and important scientific challenge, including synthetic

methodology for an appropriate energy level alignment along with

Perovskite solar cells (PSCs) with organometal halides have recently
emerged as a prominent, efficient and low-cost solar technology. The
power conversion efficiencies (PCEs) of mesoporous PSCs have exceeded
24.2% [1-4]. In the typical mesoporous PSC configuration, the perov-
skite photoactive layer is normally sandwiched with compacting/me-
soporous TiO; electron transport layers (ETLs) and the hole transport
layer to transport and collect carriers produced from perovskite layer
[5-9]. The transport distance of electrons compared to holes in MAPbI3
perovskite layer is significantly shorter [6]. Therefore, the exploration of
the novel electron transport materials for mesoporous PSCs is always an
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perovskite layer [8] Many metal oxides such as zinc oxide (ZnO) [10],
tin oxide (SnO,) [11,12] and titanium dioxide (TiO2) [13,14] have been
applied as electron transport layers (ETLs) for solar cells. Among these
metal oxides, TiO; is still a good ETL material due to its chemical sta-
bility, low cost, and the matched band energy level with the perovskite
layer.

TiO4 as a compacting and mesoporous electron transport layer has
extensively investigated and still got the best PCEs among all kinds of
PSCs. However, there are still larger room to improve the performance
of mesoporous PSCs based on TiO, layer [15-17]. Some typical
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Fig. 1. Top view SEM images of perovskite films grown on pure TiO layers (a, ¢) and PVC modified TiO2 layers (b, d). Cross-sectional SEM images of PSCs without
(e) and with (f) PVC modification. The PVC concentration of the modified TiO, layer is 1 mg ml~?.

problems such as reducing photo-oxidation and pinholes of the perov-
skite layer, improving contact properties and inhibiting carrier recom-
bination still need further be solved to improve the performance of PSCs,
especially stability. The dopant ions such as Li*, Mg, Sn™ doping TiO,
layers have been demonstrated an efficient method to improve the
conductivity of TiO3 layer and reduce the trap states of interfaces of PSCs
[18-20]. The interface modification by introducing inorganic materials
such as chlorine-capped TiO» nanoparticles can enhance the perfor-
mance of cells due to defect passivation of the interface between
perovskite and ETLs [18]. The organic material such as PC¢;BM, PC71BM
[21], PMMA [22] modified TiO5 have been suggested which can help to
improve the crystallization of perovskite and contact properties, leading
to greatly improving the performance of PSCs.

However, the p-type organic materials modified TiO2 mesoporous/
compacting electron transport layers show few reports to improve the
performance of PSCs. As a widely used p-type semiconducting polymer,
poly(9-vinylcarbazole) (PVC) can effectively transport hole carriers in
photorefractive applications [23,24] and organic solar cells [25]. The N
atoms of PVC can form hydrogen bonds with a hydroxyl proton of TiOy
surface and I~ ions of perovskite and further interact with Pb%* ions of
perovskite [26-29]. Considering that PVC is a wide band-gap material
with the advantages of hydrophobicity and interaction between N atoms
of PVC and TiOx/perovskite interface, using PVC as a modified layer is
expected to improve crystallization of perovskite layer and contact
properties, passivate the defects, and inhibit hole carriers to transport
into the interface of TiOy/perovskite layers. Therefore, compared to
interface modification of n-type organic materials, the p-type PVC with

the wide band gap modified TiO, ETLs have more advantages for
reducing holes accumulation and carrier recombination at the interface
of TiOy/perovskite layers. PSCs with PVC modified TiO, ETLs showed
higher PCEs and better stability, indicating that p-type organic materials
modified TiO5 electron transport layer is an effective method to improve
the performance of PSCs.

2. Experimental
2.1. Materials

Tetra-n-butyl titanate Ti(OC4Ho)4, methanol and ethanol were pur-
chased from Sinopharm Chemical Reagent Co. Ltd. China. TiOy paste
(Dyesol 18-NRT) was purchased from Dyesol Company. I'-butyrolactone
(GBL), dimethylsulfoxide(DMSO), Lithiubis(trifluoromethanesulfonyl)
imide (Li-TFSI, 98%) and 4-tert-butylpyridine (TBP, 98%) were pur-
chased from Aladdin company (Shanghai, China). Lead (II) iodide (PbI,
99.999%) and ethyl cellulose were purchased from Sigma-Aldrich.
CH3NH3l (MAI) was purchased from 1-Material-Organic Nano Elec-
tronic (1-Material Inc.). 2,2',7,7'-tetrakis (N,N-di-p-methoxy-phenyl-
amine)-9,9'-spirobifluorene (Spiro-OMeTAD, >99%) was purchased
from Polymer Light Technology Corp. (Xi’an, China). Poly(9-
vinylcarbazole) (PVC) was purchased from Acros organics (USA).

2.2. Device fabrication

The patterned FTO with 14 Q/cm? substrates were ultrasonically
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Fig. 2. GIWAXS images of perovskite films modified without (a) and with (b) PVC. (c) In-plane lines integrated from corresponding 2D GIWAXS patterns. (d) XRD

patterns of perovskite films.

cleaned using deionized water, acetone and isopropanol, then blow
dried with nitrogen gas and then treated under UV-ozone for 15 min to
remove the organic residue. A precursor solution fabricating the
compact TiOy layer was blended from isopropyl titanate and ethanol
(222 pL:5 mL). The compact TiO, layer was spin-coated onto FTO sub-
strate at 4000 rpm for 30 s and then sintered at 500 °C for 30 min. The
mesoporous TiO, films were deposited on the compact TiO, layer by
spin-coating TiO5 paste diluted in anhydrous ethanol (weight ratio: 1: 6)
at 4000 rpm for 30 s and then sintered at 500 °C for 30 min. Finally, the
mesoporous TiO; films were immersed in 40 mM TiCl4 aqueous solu-
tions for 30 min at 70 °C and washed with deionized water and ethanol,
followed by annealing at 500 °C for 30 min in air. The PVC was dissolved
in chlorobenzene to obtain 0.5, 1.0 and 1.5 mg ml~! concentration so-
lution, respectively. Then PVC solutions were respectively spin coated
onto the TiO3 mesoporous layer at 1000 rpm for 10s to form the ultra-
thin PVC modified layer. A perovskite solution (1.25 mol L) was
prepared by blending MAI (0.2963 g) and PbI, (0.8678 g) powders in
y-butyrolactone (GBL) (1.05 mL) and dimethyl sulphoxide (DMSO)
(0.45 mL). The perovskite layers were spin-coated onto TiO, meso-
porous layer with one-step spin-coating procedure at 4000 rpm 50s
assisted with solvent modified engineering. Anhydrous ether was drip-
ped onto the perovskite layer before spin-coating end time of 30s. Then,
the perovskite samples were annealed at 100 °C for 30 min. 72.3 mg of
Spiro-OMeTAD and 28.8 pL TBP powers, and 17.5 pL Li-TFSI in aceto-
nitrile (520 mg ml™1) were dissolved in 1 mL chlorobenzene to form
Spiro-OMeTAD solution. The Spiro-OMeTAD layer was spin-coated onto
the perovskite layer at 4000 rpm for 30s. Finally, a 100 nm AgAI elec-
trode with an active area of 0.1 cm? was thermally evaporated onto
Spiro-OMeTAD layer at the base pressure of 5 x 10* Pa.

2.3. Characterization

X-ray diffraction (XRD) spectra were measured using a Bruker New

D8 Advance with a Cu-Ka radiation source (A: 1.5406 A) at 40 kV and
300 mA (12 kW). SEM images were performed by field-emission scan-
ning electron microscopy (Hitachi S-4800). The photoluminescence (PL)
spectra were measured with a fluorescence spectrophotometer (Fluo-
roMax-4, HORIBA Jobin-Yvon). The transmission and absorption
spectra of samples were measured using a UV-Vis spectrophotometer
(U-3900, Hitachi). The current density-voltage (J-V) curves were
measured using a Keithley model 2440 source meter and a Newport
solar simulator system with AM1.5G and 100 mW cm ™2 illumination
calibrated by a standard silicon reference cell (Newport Oriel In-
struments 91150V) in the air. The incident photon to current conversion
efficiency (IPCE) spectra were measured in the air using a Newport
Optical Power Meter 2936-R (74125, Oriel, USA). The grazing-incidence
wide-angle X-ray scattering (GIWAXS) was performed at BL16B1 beam
line of Shanghai Synchrotron Radiation Facility. The wavelength of
GIWAXS was 0.124 nm and sample-to-detector distance was 220 mm.
The incidence light angle was 0.15° and using MAR165CCD detector to
collect the scattering signals.

3. Results and discussion

Fig. 1 shows SEM images of MAPDI; films onto TiO5 layers without
and with PVC modification. As shown in Fig. 1(b), the grain sizes of
perovskite films with PVC modified TiO5 layer are about 500-600 nm,
which are obviously larger than that (200-400 nm) of perovskite layer
onto the pure TiO; layers, as shown in Fig. 1(a), indicating that PVC
modified the interface of TiOy/perovskite layers help to improve the
crystallization of perovskite layer. Furthermore, the perovskite layers
with PVC modification show more compact films with less pin-holes, as
shown in Fig. 1(c—d), which are expected to greatly reduce the leakage
current of PSCs [30-34]. The better compact and crystallinity perovskite
layer is related to the enhanced interface properties and the interaction
between Pb?* of MAPDI3 and N atom in PVC [27]. The thickness of TiO-,
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Fig. 3. (a) J-V curves of PSCs modified with PVC of different concentration. (b) J-V curves of PSCs without and with PVC modification of 1 mg ml~ L. (¢) IPCE spectra
and corresponding integrated current densities of PSCs with pristine TiO, and PVC modified TiO- layer. (d) Dark J-V curves of PSCs based on pristine TiO, and PVC

modified TiO, layer.

Table 1
Summary of parameters of PSCs with different PVC concentration. The average
values were calculated from 12 devices for each condition from different
batches.

Devices Voc Jsc (mA FF (%) PCE (%) Rs (Q Rsy (Q
W) cm?) cm?) cm?)
reference 1.03 + 21.62 + 72.56 + 16.09 + 62 6547
device 0.02 1.02 3.25 1.56
0.3mg ml~! 1.02 + 22.49 + 69.58 + 16.44 + 46 12065
PVC 0.01 0.71 2.61 1.32
0.5mg ml~? 1.06 + 23.35 + 73.02 £ 18.01 + 56 14082
pPVC 0.01 0.35 1.62 0.87
1 mg ml™! 1.07 £ 23.65 + 74.75 £ 19.02 + 38 17476
PVC 0.01 0.27 1.07 0.52
1.5mg ml? 1.03 £ 22.51 + 75.3 + 17.46 + 40 13654
pPvC 0.02 0.46 1.92 1.73

MAPbDI3 and Spiro-OMeTAD layers were clearly observed from the
cross-section SEM images of Fig. 1(e-f). However, the ultrathin PVC
modified layer cannot be distinguished from the cross-section SEM
image due to the limited SEM resolution, indicating that the thickness of
PVC modified layer is at the most several nanometers. The ultrathin PVC
modified layer helps to tunnel electrons from perovskite to TiO layers.

GIWAXS measurements can further understand the crystallization of
perovskite layer. The two-dimensional GIWAXS images of perovskite
films without and with PVC modification are shown in Fig. 2(a-b). Fig. 2
(c) shows the corresponding in-plane integrated lines along the qyy di-
rection. The Bragg rings in the film plane at q = 1.01 A}, 2.01 A™! and
2.25 A1 are respectively corresponding to (110), (202) and (220)
planes of perovskite film [31,32]. The intensity of peak belonging to
(110) plane of PVC modified perovskite film became obviously stronger
than that of the reference perovskite layer, indicating that PVC modified
TiOy/perovskite interface can improve the crystallization of perovskite
layer [33]. Fig. 2(d) shows XRD spectra of perovskite films on TiO; layer
modified with and without PVC. The characteristic diffraction peaks at

14.16°,28.48° and 31.92° are corresponding to (110), (220) and (310)
planes of perovskite layers. The relatively strong (110) peak of the
perovskite film with PVC modification further suggests that PVC modi-
fication help to improve the crystallization and grain sizes of perovskite
film, which is consistent with the observed GIWAXS patterns and SEM
images.

To demonstrate the effects of PVC modified TiO, film as a novel
electron transport layer, the serial PSCs modified with different PVC
concentration are investigated. The J—V curves of PSCs modified with
different concentration PVC solution under AM 1.5 G irradiation at 100
mW cm ™2 are shown in Fig. 3(a). The relative parameters of different
kinds of PSCs are listed in Table 1. The short-circuit photocurrent den-
sity (Jsc), open circuit voltage (Vo) and fill factor (FF) of PSCs with PVC
modification are obviously higher than that of the pristine PSCs.
Furthermore, PSCs modified with PVC concentration of 1 mg ml~! got
the best PCE.

Fig. 3(b) shows J-V curves of typical PSCs with and w/o PVC
modification of 1 mg ml™'. The pristine PSC showed 16.09% of PCE with
Jse = 21.62 mA/cmz, Voc = 1.03 V, FF = 72.6%. PSCs with PVC modi-
fication got 19.02% of PCE with Js. = 23.65 mA/cm?, Voo = 1.075 V, FF
= 74.6%, which is obviously higher than that of reference PSCs. Fig. 3(c)
shows IPCE curves of the corresponding PSCs. The IPCE values of PSC
with PVC modification is obviously higher than that of the pristine one
especially in the wavelength range of 500-750 nm.The integrated Jg.
values of PSCs were lower than the values obtained from J-V measure-
ments is probably attributed to the defects of cells and part deviation of
IPCE measurement [35]. The reduced dark current densities of PSCs
with PVC modification was further observed, as shown in Fig. 3(d).
These results indicated that PSCs modified with PVC can reduce carrier
recombination and improve the interface contact properties, which help
to improve Jg. and FF of PSCs [35,36].

The perovskite layer is easily deteriorated under moisture, heat and
UV exposure due to its inferior stability, which became an important
obstacle to realize its industry application. As shown in Fig. 4(a), the
reference PSCs without encapsulation were quickly decayed and
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Fig. 4. (a) Stability of unencapsulated PSCs with aging time under RH of 15% in the ambient condition. (b) Normalized PCE values of PSCs without and with PVC
modification as a function of annealed time at 100 °C in No-filled glove box. Contact angles of TiO, without (c) and with (d) PVC modification.
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Fig. 5. (a) Absorption spectra of perovskite films on TiO, modified without and with PVC modification (PVC concentration of 1 mg ml~1) (b) PL spectra of perovskite
films onto TiO, modified without and with PVC. (c) Time-resolved PL curves of perovskite films without and with PVC modification.

remained only 20% of the initial PCE values aging for 30 days at relative
humidity (RH) of 15%. Correspondingly, PSCs modified with PVC still
remained about 55% of the initial PCE values aging for 30 days, indi-
cating that PSCs modified with PVC show better moisture resistance.
Furthermore, MAPbDI3 layers with and without PVC modification were
tested under a high temperature of 100 °C in a N»-filled glove box before
further spin-coating Spiro-OMeTAD hole transport layer. As shown in
Fig. 4(b), PSCs with PVC modification were decreased to 70% of the
original PCEs after heating for 10 h at 100 °C, which are obviously su-
perior to that (30%) of the original PCEs of the reference PSCs, indi-
cating that PSCs with PVC modification shows superior thermal
stability. The enhanced stability of PSCs with PVC modified TiOy/
perovskite interface is possibly attributed to better crystallization,

interface passivation and the hydrophobicityinterface due to PVC
interaction with TiO, and perovskite layers and its hydrophobicity [27,
29,37]. The hydrophobicityproperty of PVC modified TiO,/perovskite
interface can be supported from the contact angles of TiO, layers
without (10°) and with (20°) PVC modification, as shown in Fig. 4(c-d)
[34]. The increased contact angle for PVC modified TiO5 layer help to
reduce the perovskite nuclei density and improve the crystallinity of
perovskite layer [26].

To investigate the mechanism of enhanced PSCs with PVC modified
mp-TiO; layer, optical characteristics of the perovskite layers and the
electrochemical impedance spectra of PSCs were further measured.
Fig. 5(a) shows the absorption spectra of perovskite films onto TiO,
modified with and without PVC. The perovskite film modified with PVC
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Table 2
Summarized fitting parameters taken from TRPL curves with three exponential
decay functions.

Samples Ay 7 Ay 75 (ns) As 75 (ns) Tamp
(ns) avg (1S)
TiO2/PVC/ 2.778 0.096 428  9.409 20.19 1.118 6.46
Perovskite
TiOy/ 2.13 0.070 471 10.638 19.66 12137 7.62
Perovskite

show stronger absorption, especially in the wavelength range of
400-520 nm, which further support better crystallinity of perovskite
film [38,39]. Fig. 5(b) shows the PL intensities of perovskite films onto
TiOy modified with and without PVC layer. Steady-state photo-
luminescence (PL) intensity of perovskite film is related to carrier
recombination, carrier transport and extraction abilities at the interfaces
between perovskite and carrier transport layers [34,38]. The quenched
PL intensity for perovskite films with PVC modification indicate that
carriers can be quickly transported and extracted to TiOy from perov-
skite layers [38]. Furthermore, PL intensity of perovskite layer modified
with 1 mg ml™! PVC concentration is obviously lower than that of
perovskite modified with 1.5 mg ml~! PVC concentration, indicating
that carrier transportation and extraction abilities are related to the
tunneling thickness of PVC modified layer. Although the ultrathin PVC
modified layer cannot be distinguished from the cross-section SEM
image of Fig. 1(f), the optimized PVC tunneling thickness is still
important to improve transport and extraction of electrons from
perovskite to TiOg layers, which is consistent with the obtained best
PCEs of PSCs with 1 mg ml~! PVC modification.

Time-resolved PL (TRPL) decay curves of PSCs without and with PVC
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modification are shown in Fig. 5(c). The fitted parameters of TRPL
curves are summarized in Table 2. The TRPL spectra can provide a direct
insight into the photo-physical properties of PSCs, including the charge
accumulation at ETL/perovskite interface and the charge transfer or
charge separation/injection behaviors [37,40]. The TRPL curves were
fitted by a tri-exponential function as:

PL intensity = A 1exp (-t/71)+A 2exp(-t/72)+A sexp(-t/z3).where Ay,
Ay, and Aj are time independent coefficients of amplitude fraction for
each decay component, and 71, 72 and 73 are decay time of fast, inter-
mediate, and slow components, respectively [37]. The amplitude

. iAiri . .
average decay time (Tamp ave = 2 .H.l) of perovskite layer with and
g y P avg = i p y

without PVC modification were 6.46 ns and 7.62 ns, respectively. The
quickly decay lifetime and lower PL intensity of perovskite layer
modified with PVC indicate that the ultrathin PVC modified layer can
promote electrons tunnel from perovskite to TiO layers and improve
electrons transport and extraction, leading to better PCEs for PVC
modified PSCs [41].

Fig. 6(a) presents the electrochemical impedance spectra measured
in the frequency range from 0.1-10° Hz at a forward bias of 1 V in the
dark situation. A clear semicircle can be distinguished in the
intermediate-frequency region for all PSCs, which is related to charge
recombination at related interfaces of PSCs [42]. The recombination
resistance (Rct) of the pristine PSCs is larger than that PSCs modified
with PVC, indicating that the incorporation of PVC modified layer can
effectively reduce carrier recombination due to interface passivation
and blocking holes transport into the TiOy/perovskite interface [26].
Fig. 6(b) shows the dependence of V,. on the light intensity. V. is
function temperature (T) and Js of photovoltaic cell, described as,
Voe=(nkgTq DIn(Jsc/Jo+1), where n is ideality factor, kg is the

b _— { —— W PVC k=1.93k,T/q
"7 | — with PVC k=1.76k,T/q
1.08 1

1.06 -

Voc (V)

1.04 4

1.02 4

1.00 4
10
Light intensity (mW/cm?)

100

Fig. 6. (a) Nyquist plots of PSCs with and without PVC modification. (b) V. as a function of light density for PSCs. (c) Energy diagram of each layer of PSCs.
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Boltzmann constant, T is absolute temperature, and q is elementary
charge, Jy is saturated current density (in the dark). Because Js. > Jo and
Jse « light intensity, V,. dependence on the natural logarithm of light
intensity thus gives a slope of nkgTq . The simulated slopes of 1.93
kgTq !, 1.76kgTq ! were obtained from w/o and with PVC modifica-
tion. Hence the reduced ideality factor of PSCs modified with PVC
compared to the reference PSCs, further demonstrating that PVC can
reduce carrier recombination due to passivation effects and blocking
hole carriers [43,44].

Fig. 6(c) shows the energy diagram of each layer of PSCs. The
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied
Molecular Orbital (LUMO) energy levels of PVC layer are about 5.8eV
and 1.85eV, respectively [45]. The ultrathin PVC modified layer inter-
acted with perovskite layer may reduce HOMO energy levels and still
retain the deeper HOMO level of PVC compared to perovskite layer [27],
which can block holes transport into the TiOs/perovskite interface and
reduce carrier accumulation and recombination at TiO/perovskite
interface [26,34]. In the meantime, the electrons of perovskite layer can
be easily tunneled from perovskite to TiO, layers due to the ultrathin
PVC modified layer. The interaction between N atom of PVC and Pb?*
and I of the perovskite layer and the hydroxy proton of TiO, surface
[26-29] can passivate TiOy/perovskite interface and improve the crys-
tallinity of perovskite layer, which can increase tunneling electric field
of interface and improve the tunneling effect of interface [27]. There-
fore, PVC integrated effects can effectively improve the PCEs of PSCs and
stability.

4. Conclusions

In summary, the mesoporous PSCs with the FTO/TiOy/PVC/
MAPDI3/spiro-OMeTAD/AgAl have been investigated. The P-type
polymer material named PVC(9-vinylcarbazole) was selected to modify
perovskite/TiO, interface. PSCs with PVC modified TiO5 layer achieved
average PCE of 19.02%, which is much higher than that of reference
cells. The PVC modified PSCs remained 55% of the original PCE values
aging for 30 days at RH 15% under ambient air, indicating that PSCs
with PVC modification show better moisture resistance. In the mean-
while, the perovskite layer modified with PVC show better thermal
stability. The enhanced performance of PSCs with PVC modified TiO,
layer is attributed to the improved crystallinity of perovskite layer with
less pinholes, passivating the interface and inhibiting hole carriers to
transport into perovskite/TiOo interface. Therefore, using P-type
organic semiconducting polymer with wide band-gap have obviously
advantages for reducing hole accumulation of interface and inhibiting
hole carriers to transport into the interface of perovskite/TiO, electron
transport layers, indicating that using p-type organic materials modified
TiO4 electron transport layer is an effective method to improve the
performance of PSCs.
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