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Two-step processed efficient perovskite solar cells via improving
perovskite/PTAA interface using solvent engineering
in Pbl, precursor®
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The morphology and interface of perovskite film are very important for the performance of perovskite solar cells
(PSCs). The quality of perovskite film, fabricated via two-step spin-coating process, is significantly influenced by the
morphology and crystallinity of Pbl, film. With the addition of additive dimethyl sulfoxide (DMSO) into the Pbl, precursor,
the roughness and trap-state density of perovskite film have been significantly reduced, leading to the excellent contact
between perovskite layer and subsequent deposited carrier transport layer. Accordingly, the planar heterojunction PSCs with
an architecture of ITO/SnO,/perovskite/PTAA/Ag show an efficiency up to 19.02%. Furthermore, PSCs exhibit promising
stability in air with a humidity of ~ 45%, and retain 80% of initial efficiency after being exposed to air for 400 h without

any encapsulation.
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1. Introduction

Perovskite solar cells (PSCs) have attracted much atten-
tion due to their spectacular breakthroughs in the past ten
years, ascribed to the brilliant photovoltaic properties of per-
ovskite materials!'# and modification of alternative func-
tional layers.>®! Up to now, the certified power conver-
sion efficiency (PCE) has been enhanced to 25.2%,") reflect-
ing the promising commercial applications of PSCs. The
PCE of PSCs relies on efficient charge carrier extraction at
interfaces.®! The quality of perovskite layer and the prop-
erties of charge transport layers, i.e., hole transport layer
(HTL) and electron transport layer (ETL), are the two key
factors that affect the interfacial contact, especially the HTL
in PSCs with n—i—p configuration. Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) is a stable p-type polymer
Thus,
it has been used as the HTL in PSCs since the early stage

with high hole mobility and suitable energy level.

in the development of PSCs because of its prominent trans-
port ability.””] In fact, considerably high PCE of 22.1% was
achieved for PSCs with PTAA as the HTL.!'9 However, the
interfacial contact between perovskite and PTAA is a thorny
problem in n—i—p structural PSCs due to the hydrophobic prop-
erty of PTAA.

A lot of strategies have been suggested to improve the in-
terfacial contact between the perovskite and PTAA. Solvent
engineering assisted one-step solution deposition was intro-
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duced to achieve PTAA-based PSCs with a PCE of 16.2%.!'!]
The high fill factor (FF) over 75% was achieved in this de-
vice, which is ascribed to the exquisite interface contact be-
tween MAPbI3 and PTAA derived from the modification of
perovskite grain and surface. Meanwhile, PTAA-based graded
heterojunction was achieved for good interface between per-
ovskite and HTL by involving PTAA in the anti-solvent, one-
step solution deposited perovskite.[!?!

Two-step sequential deposition has been widely used to
fabricate perovskite film and accordingly produce efficient
PSCs.[13-17] Nevertheless, because of the complexion of re-
action, it is still difficult to control the nucleation and growth
of perovskite crystal. Thus, the perovskite film often shows in-
complete conversion and poor surface roughness, %11 which
are disadvantageous to the stability and the interfacial con-
tact between perovskite and other functional layers. It was
reported that the large molecular mass of PTAA induces a
rough contact between PTAA and perovskite, leading the per-
formance of PSC with n—i—p architecture to degenerate.?’!
Several methods have been proposed to modify the perovskite
films via two-step sequential process by controlling Pbl, film
through manipulating the Pbl, precursor, including adding
water,[211 PCBM, 22 1,8-diiodooctane (DOI),[B] hydroiodic
acid (HI),'**! hydrochloric acid (HCI),[>! ezc.

Here in this work, PTAA as the HTL is introduced to fab-
ricate planar heterojunction (PHJ) PSCs with n—i—p architec-
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ture. The active layer perovskite composed of triple cations
CH3NH; (MA™), HC(NH,); (FA™), and Cs* is produced
by the reproducible and low-temperature two-step sequential
deposition. By optimizing the ratio of dimethyl sulfoxide
(DMSO) to N,N-dimethylformamide (DMF) in Pbl, precur-
sor, a delicate, high-quality Pbl, with appropriate crystallinity
and porosity is formed. Furthermore, a modified interface be-
tween perovskite and PTAA with better stability is achieved
by post-annealing Pbl,-DMSO complex. The PSC with a sim-
ple structure of ITO/SnO,/perovskite/PTAA/Ag shows a PCE
with up to 19.02%. The study is helpful in understanding the
interface contact between perovskite and PTAA in PHJ PSCs
with n—i—p architecture and promotes the scaled up utilization
of PTAA in the fabrication of potential large-scaled PSCs.

2. Experiment
2.1. Materials

The materials were purchased without further purifica-
tion, including: NH,CH=NH,I (FAI) (99.5%, Xi’an Poly-
mer Light Technology Corp.), CH3NH,Br (MABr) (99.5%,
Xi’an Polymer Light Technology Corp.), CH3NH,Cl (MACI)
(99.5%, Xi’an Polymer Light Technology Corp.), CsI (99%,
Strem Chemicals, Inc.), Pbl, (99%, Tianjing Weiyi Chemi-
cal Technology Co., Ltd), SnO, (15% in H,O colloidal dis-
persion,Alfa Aesar), PTAA (M,, = 33500 g/mol, Xi’an Poly-
mer Light Technology Corp.), Spiro-OMeTAD (99%, Wuhan
Zhuojia Technology Co., Ltd), isopropanol (IPA) (99.5%,
J & K Scientific), DMF (99.8%, Sigma-Aldrich), DMSO
(99.8%, Sigma-Aldrich), chlorobenzene (CB) (99.8%, Sigma-
Aldrich), and acetonitrile (99.95%, Sigma-Aldrich).

2.2. Methods

The patterned ITO was washed by acetone, deionized
water, deionized water with detergent, IPA in an ultra-
sonic cleaner for 20 min, in sequence, followed by UV-ozone
treatment for 25 min. The SnO; colloidal dispersion (with di-
luted concentration of 2.67%) was spin-coated onto ITO/glass
substrate at 3000 rpm for 30 s. Then the film was annealed
at 150 °C for 30 min. In the process of two-step sequential
deposition of perovskite film, Pbl, precursor solutions were
prepared by dissolving 599.3 mg Pbl, and 35 mg CsI in 1 mL
DMF and DMSO mixed solvent with 4 types of volume mix-
ing ratios (DMF : DMSO = 10:0, 9.5:0.5, 9: 1, 8:2, which
were named DMSO-0%, DMSO-5%, DMSO-10%, DMSO-
20%, respectively) and were stirred at 75 °C overnight. The
Pbl, film was obtained by spin-coating Pbl, precursor onto
SnO;-coated substrate at 1500 rpm for 30 s, followed by be-
ing annealed at 70 °C for 30 min. Then, FALMABr:MACI
mixed solution (60 mg:6 mg:6 mg in 1 mL IPA) was spin-
coated at 1500 rpm for 30 s. The perovskite film could be

formed by heating the as-prepared film at 150 °C for 20 min
under ambient conditions with a relative humidity of about
40%. The HTL was deposited by spin-coating PTAA solu-
tion with 12.5 mg PTAA dissolving in 1 mL toluene with
an additive of 9.4 uL Li-TFSI solution (170 mg Li-TFSI in
1 mL acetonitrile) and 5 uLL TBP at 3000 rpm for 30 s. For
the Spiro-OMeTAD HTL, Spiro-OMeTAD solution prepared
by dissolving 90 mg Spiro-OMeTAD, 45 uL Li-TFSI solu-
tion (170 mg Li-TFSI in 1 mL acetonitrile), and 10 uL. TBP
in 1 mL chlorobenzene, was deposited with the same spin-
coating parameter as the PTAA HTL. Finally, the Ag elec-
trode was deposited by thermal evaporation with a fixed area
of 0.09 cm? through using metal mask. For evaluating the
trap densities of perovskite, electron-only devices were cre-
ated. The PCBM solution could be obtained by dissolving
20 mg PCBM into 1 mL chlorobenzene and stirring at 75 °C
overnight. The spin-coating parameter of PCBM ETL was
fixed at 3000 rpm for 30 s, without annealing process after
being spin-coated.

2.3. Characterization

The absorbance spectra and crystallographic properties of
Pbl, and perovskite films were obtained by ultraviolet-visible
spectrophotometer (UV-vis, Puxi, T9, China), x-ray diffrac-
tometer (XRD, Rigaku D, Max 2500, Japan), respectively. The
morphology of Pbl, and perovskite films were revealed by
scanning electron microscope (SEM, FEI Helios Nanolab 6001
SEM, America) and atomic force microscope (AFM, Agilent
Technologies 5500AFM/SPM System), respectively, and the
element composition of Pbl, film was measured by the energy
dispersive spectrometer (EDS). A digital source meter (Keith-
ley, model 2420) was employed to measure the photovoltaic
performance of as-prepared PSCs, with a scanning range from
+1.2 Vto —0.2 'V, a 50-ms scanning delay, and 100 points in
both reverse- and forward-scan modes, under a xenon-lamp-
based solar simulator (Newport 91160 s, AM 1.5 G), whose
light intensity of 100 mW/cm? had been calibrated by a stan-
dard silicon solar cell. To obtain the /-V curves of electron-
only devices, the corresponding devices were measured under
dark condition by a digital source meter, with increasing volt-
age from 0 V to 1.5 V applied and varied current recorded.
The stability measurement was carried out under the J-V mea-
surement condition and the statistics under forward-scan mode
were recorded, after that the devices were stored under dark
condition with a humidity of ~ 40%.

3. Results and discussion

The Pbl, precursors are made with the different solvents,
i.e., DMF : DMSO =10:0,9.5:0.5,9:1, 8:2, which are named
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DMSO0-0%, DMSO-5%, DMSO-10%, DMSO-20%, respec-
tively. In order to disclose how the additive DMSO influ-
ences the crystallization of Pbl, film, the XRD experimental
results of Pbl, films are shown in Fig. 1(a). It is obvious that
the intensity of diffraction peaks decreases with increasing the
concentration of DMSO (Fig. 1(a)), indicating the gradual de-
crease in Pbl, crystallinity. The crystallinity of Pbl, film has a
significant influence on the quality of subsequent perovskite
film prepared by the two-step deposition. The Pbl, with a
low crystallinity will be helpful in completely converting the
perovskite while the highly crystalline Pbl, may contribute to
controllable morphology and suitable excess Pbl, content in
final perovskite film.[?®) Meanwhile, as shown in Fig. 1(b),
it is obvious that the peak corresponding to the Pbl,(DMSO)
complex appears and its intensity augments with increasing
the concentration of DMSO.

The morphologies of Pbl, films derived from the different
solvents are revealed by SEM as illustrated in Figs. 2(a)-2(d).
The morphology of Pbl, film can be significantly affected by
the DMSO concentration. The DMSO-0% Pbl, film presents
a loose, porous surface, with small-sized grains overlapping
each other (Fig. 2(a)). The flake-like crystals and pores are
found in DMSO-20% Pbl, film (Fig. 2(d)). However, the
DMSO-5% and DMSO-10% Pbl, films are dense and uni-
form with smaller grains arranged compactly. Compared with
the DMSO-5% Pbl; film, the DMSO-10% Pbl, film has many
pores and crystallized particles on the surface. Furthermore,
the Pbl,(DMSO) complex content in precursor film is detected
by SEM-EDS analysis, and the results are shown in Fig. Al
and Fig. A2 in Appendix A. Atomic ratio (S) increasing with
DMSO concentration rising is consistent with the XRD result.

The thermo-gravimetric analysis indicates that the
Pbl,(DMSO) complex starts to decompose around 100 °C.[>7]
The Pblp(DMSO) film post-annealed at 70 °C for 30 min
contains little trace of Pbl(DMSO) composite with the ma-
jority of DMSO molecules escaping from the system. The
judgement can be also verified by no obvious shallow color
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Fig. 1. (a) XRD patterns of Pbl, derived from different solvents. Star
marked peaks are ascribed to Pbl, (DMSO) complex phase. (b) Magni-
fied XRD patterns in region of 26 from 38° to 41°.

Fig. 2. SEM images of (a) DMSO-0%, (b) DMSO-5%, (c) DMSO-10%, and (d) DMSO-20% Pbl, film, respectively. SEM images of perovskite
films derived from (¢) DMSO-0%, (f) DMSO-5%, (g) DMSO-10%, and (h) DMSO-20% Pbl, precursor, respectively. Cross-section SEM images of
perovskite films derived from (i) DMSO-0%, (j) DMSO-5%, (k) DMSO-10%, and (1) DMSO-20% Pbl, precursor, respectively.
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corresponding to FAI-DMSO-PbI, intermediate phase appear-
ing in the second step of two-step deposition. The post-
annealing treatment is speculated to account for this phe-
nomenon, and the Pbl,-DMSO composite just exists in an in-
termediate. Therefore, the DMSO mainly affects the growth
and morphology evolution of Pbl, film. The little trace of
Pbl,(DMSO) complex in the as-prepared Pbl, film has light
influence on the subsequent reaction.

The morphology evolution of Pbl, film can be explained
by the conversion of Pbl,(DMSO) complex in DMF solvent
to Pbl,(DMSO) intermediate in wet film, and finally to the
as-prepared precursor film after DMSO molecule escaping.
In the case of DMSO-0%, the Pbl, coordinates with DMEF,
forming one-dimensional structure along the a axis.*®! Dur-
ing Pbl, film annealing, the DMF volatilizes from the wet
film quickly and dendrite-like crystals tend to appear along
the a axis. When the DMSO is incorporated, micella-shaped
Pbl,(DMSO) complex forms with a certain concentration dis-
persed into DMF uniformly. It has been verified that the
DMSO can inhibit the crystallization of Pbl, when Pbl, co-
ordinates with DMSO molecule.*”! Therefore, the final pre-
cursor films derived from DMSO-5% and DMSO-10% show
sphere-shaped grains with dense, flat morphology. With the
DMSO increasing to 20%, the Pbl,(DMSO) complex is ac-
cumulated and the intermediate tend to be Pbl;(DMSO),,20]
which causes the macroscopic needle-like microcrystal to ap-
After being annealed, the flake-like Pbl,
grains originating from the needle-like intermediate appears

pear in solvent.

with DMSO molecule escaping and the remaining DMSO
is coordinated with Pbl, to form the Pbl,(DMSO) complex,
which has been proved by the XRD analysis.

High-quality Pbl, layer can play an important role in the
subsequently depositing the perovskite layer in two-step spin-
coating process. Figures 2(e)-2(h) and 2(i)-2(1) are the top
view and cross section SEM images of perovskite films, re-
spectively. The grain size in the perovskite films fabricated
from DMSO-0%, DMSO-5%, DMSO-10%, and DMSO-20%
Pbl, films are shown in Fig. A3 and Table Al. Generally
speaking, there is not uniform conclusion for the effect of

28,30

DMSO on the grain size of perovskite film.?%3% In our case,
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the results suggest that the grain sizes of perovskite films
fabricated from DMSO-0%, DMSO-5%, DMSO-10%, and
DMSO-20% Pbl, films show the similar values, although per-
ovskite film fabricated from DMSO-5% PbI, film shows a lit-
tle bigger grain size. These size differences are in the range
of statistical error. One may notice that in the case of DMSO-
10%, some pin-holes can be found on the surface of grains
(Fig. 2(g)), which may leave vacant place after the deposition
of HTL. Moreover, in the case of DMSO-20%, loose contact
between grains can be revealed in both top view and cross sec-
tion images (Figs. 2(h) and 2(1)), resulting in large gaps be-
tween adjacent grains. In the case of DMSO-5%, vertically
and tightly contacted grains demonstrate the high quality of
perovskite film.

The perovskite films are characterized by XRD and
shown in Fig. 3(a). The peaks assigned to o-phase perovskite
can be found in all films, but with significantly different con-
tent of remnant Pbl, phase. In the case of DMSO-0% and
DMSO-20%, a negligible Pbl, peak demonstrates the almost
complete conversion of Pbl, into perovskite. Nevertheless,
considering the high intensity of (003) peak of Pbl, in the
spectra of DMSO-5% and DMSO-10%, the Pbl, content in
these perovskite films is considerably high. The appropri-
ate residual Pbl, in perovskite is helpful in achieving high
performance because of its passivation effect on perovskite
layer or interface between perovskite and ETL.! Addition-
ally, Pbl, can induce the grain to grow and improve the qual-
ity of perovskite film.!*?! However, too much remnant Pbl,
will be harmful to the stability of PSCs, which accelerates
the degradation of perovskite layer.!3*! Therefore, the facile
manipulation of residual Pbl; is significant for achieving the
highly efficient and stable PSCs. As shown in Fig. 3(b), the
photographs of perovskite film exposed to ambient environ-
ment for 1 week indicate that the stability of perovskite in the
case of DMSO-5% is best, the appropriate remnant of Pbl,
and optimized perovskite surface (Figs. 2(e)-2(h)) would be
the main reason. The optical property of perovskite filmis
investigated by the UV-Vis absorption spectra. As shown in
Fig. 3(c), perovskite film derived from DMSO-5% shows the
best absorption, resulting from its densely packed grains.
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Fig. 3. (a) XRD patterns of perovskite films derived from DMSO-0%, DMSO-5%, DMSO-10%, and DMSO-20% respectively, (b) photographs of perovskite
films stored in ambient environment for 1 week, and (c) absorbance spectra of perovskite films derived from DMSO-0%, DMSO-5%, DMSO-10%, and

DMSO0-20% respectively.
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Fig. 4. Dark I-V curves of electron-only devices for perovskite films derived
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For determining the trap densities of perovskite films, the
dark I-V curves of electron-only devices are measured with
configuration of ITO/SnO,/perovskite/PCBM/Ag (Fig. A4),
and the results are shown in Figs. 4(a)—4(d). All these curves
display a distinct increase after the trap-filled limit voltage
(VreL) has been reached, which can be used to calculate the
trap density by the space-charge-limited-current (SCLC) tech-
nique from the following equation:

. 2e& VL
el?
in which e is the elementary charge, € is the relative dielectric

constant of perovskite (the € of 46.9 is taken as the value of di-
electric constant of FAPbI3[!2

M

1, g is the vacuum permittivity,
L denotes the thickness of perovskite layer, and M, is the trap
density of the perovskite film. The calculated trap densities
are 4.57 x 10" em~3, 2.25 x 1015 cm 3, 2.68 x 10'% cm 3,
3.47 x 10" cm™3, respectively. Apparently, the perovskite
film derived from DMSO-5% shows the reduced level of trap
density, which is consistent with the morphology and optical
feature. It is beneficial to the improving of separation and
transporting of charge carrier, as well as decreasing of trap
recombination.

Not only does the quality of perovskite film play a cru-
cial role in the operation of PSCs, but also the interfacial con-
tact does. For investigating the contact between the perovskite
layer and the PTAA layer, the AFM is employed to measure
the roughness of perovskite films and the results are shown in
Fig. AS. The roughness of films is consistent with the SEM re-
sults above, and the DMSO-5% perovskite film shows a small-
est root mean square (RMS) value of about 28 nm. The charge
carrier separation of PHJ PSC is located at the interface be-
tween perovskite and PTAA.[3* Therefore, the morphology of
perovskite and interfacial contact between the perovskite layer
and the PTAA layer play decisive roles in the photovoltaic per-
formance of PSCs. Here in this work, the post-annealing of
Pbl, films has been a valid way to achieve high quality per-
ovskite films and exquisite interfacial contact, which gives rise
to the highly efficient separation and transport of light-induced
charge carriers.

The photovoltaic performance parameters of PSCs are
shown in Fig. 5 and Table 1. In the cases of DMSO-0%,
DMSO-5%, and DMSO-10%, the fluctuation of PCE is mainly
originated from the change of open circuit voltage (Vo) and
filling factor (FF). The PSCs prepared from DMSO-5% show
the best average PCE of 18.08%, which benefits from the high-
est FF without sacrifice of V¢ and short circuit current density
(Jsc). Meanwhile, they also show less deviation in average val-
ues as compared with other devices, which demonstrates the
excellence reproducibility forDMSO-5% PSCs.

However, in the cases of DMSO-0% and DMSO-20% de-
vices, the PCEs of devices diminish greatly and spread in a
large range because of the decrease in Vi, J, and FF, as
well as the bad stability. The loose contact of grains with
many gaps and rough surface result in poor contact between
perovskite layer and HTL, and induce the charge carriers to
severely combine with each other or the current to leak during
the operation of PSCs, which results in the performance dete-
rioration. On the contrary, because of the lower trap density,
smooth perovskite film, and exquisite interface contact be-
tween perovskite and PTAA, the PSC prepared from DMSO-
5% shows the best efficiency, with a typical forward scanning
PCE of 19.02% and an average FF of over 70% under 1-sun
illumination, Additionally, as shown in Fig. 5(f), the stability
of PSC using PTAA as the HTL is much better than conven-
tional ones using Spiro-OMeTAD as the HTL, resulting from
the hydrophobicity of PTAA and exquisite contact between
perovskite layer and PTAA.

Table 1. Average photovoltaic performance parameters of PSCs derived from DMSO-0%, DMSO-5%, DMSO-10%, and DMSO-20%,
respectively. Statistical data are based on 12 devices. The highest PCEs are shown in brackets.

V!V Jo/(mA/cm?) FF/% PCE/%
DMSO0-0% 1.01£0.03 23.8740.42 60.5 + 4.0 14.57 +1.39 (16.09)
DMSO0-5% 1.05+£0.02 23.97+0.58 72.0 £0.7 18.08£0.69 (19.02)
DMSO0-10% 1.03+£0.03 23.3841.07 66.0 +3.3 15.99 +1.23 (17.80)
DMSO0-20% 0.83+0.11 19.254+4.12 56.6 +4.7 9.36+£3.77 (13.39)
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Fig. 5. (a)—(d) Photovoltaic performance parameters of PSCs derived from DMSO-0%, DMSO-5%, DMSO-10%, and DMSO-20%, respectively. (e)
Typical current density-voltage curves of PSCs measured under simulated AM1.5 sunlight of 100 mW/cm?. (f) Normalized PCE of PTAA and Spiro-
OMeTAD-based PSCs, respectively.

4. Conclusions Appendix A: Supporting information

By optimizing the ratio of DMSO to DMF in Pbl; precur-
sor, the morphology of Pbl, film becomes controllable, which

The Pbl;(DMSO) complex content in precursor film is
detected by SEM-EDS analysis. The results are shown in
significantly affects the nucleation, growth and ripening pro- ~ Figs. Al and A2.

cess. A suitable crystallinity and morphology of Pbl, film

have a significant influence on the quality of subsequent per- 4l o

ovskite film prepared by the two-step deposition. The dense, E

smooth and low-trap density perovskite films could be pre- % o

pared by preparing high-quality Pbl, substrate, which gives § T O/

rise to the exquisite interface contact between perovskite and g A

PTAA. The exquisite interface promotes the separation and ;;;

transport of charge carriers, and thus boosting the PCE up

19.02%. A simple and facile modified two-step sequential de- ore L L L L
0 5 10 15 20

position technique is developed by precisely adjusting the con-
tent of DMSO, which is believed to be helpful for the large-
area fabrication of PSC.

DMSO content/%

Fig. Al. S atomic content versus DMSO content in as-prepared Pbl, pre-
cursor films detected by SEM-EDS.
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Fig. A5. AFM images of ((a)—(d)) 3D patterns and ((e)—(f)) surface morphologies for perovskite films derived from DMSO-0%, DMSO-5%, DMSO-10%, and

DMSO0-20%, respectively, with scanning area of 10 umx 10 pm, of which average RMS values are about 39 nm, 28 nm, 30 nm, and 54 nm, respectively.
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