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Ti* Doped Perovskite for Efficient Perovskite Solar Cells by Grain Boundary Passivation
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Abstract: The grain boundaries defect is solved by titanium ion (Ti*) doping. Ti** has small radius which is proved
to form at the grain boundary of polycrystalline perovskite. By control doping of titanium ion, grain size become
more uniform, which leads to more continuous perovskite thin film. Studies suggest that the defects in grain
boundary of polycrystalline perovskite are passivated by doping Ti*, which results in the trap states concentration
greatly decrease. And experimental test clearly exhibits more excellent performance of short-circuit current
density (J«=22.3 mA -cm™), open-circuit voltage (Vo=1.10 V), fill factor (FF=72.4%) and photovoltaic conversion
efficiency (PCE=17.4%) with low amount Ti** doping compared with pure planar heterojunction perovskite solar

cells (AM1.5).
Keywords: perovskite solar cells; Ti* doping; defect states; grain boundary

In the past several years, organic-inorganic and p sides under the effect of built-in internal

perovskite solar cells have become one of the most
studied cells for their high efficiency, low fabrication
cost and easy solution process!. The core component
is the perovskite layer in n-i-p type perovskite solar
cells (PSCs), whose properties are quite important for
efficient charge transport. As the light absorption
layer, perovskite layer generates electron/hole carriers,

which are separated and driven to corresponding n
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electrical field. Then, they pass through electron/hole
transport layer (ETL/HTL) to converging in electrode!®”.
There are two types of defects in perovskite layer: (1)
Deep level intrinsic defects which result in the
recombination and trap states in perovskite lattice ™,
(2) Owing to polycrystalline structure of perovskite, a
large amount of defects appear in the poly crystal

perovskite grain boundary during solution-based prep-
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aration processes®. The large number of trap states
nevertheless induce charge carrier recombination and
limit the PCE in thin-film solar cells unless they can
be further reduced™. Moreover, the trap states cast
awful impact on hysteresis properties, leading to
stability concerns over the devices!". Thus, lowering
the charge recombination via reducing defects states
in the perovskite polycrystalline thin film is crucial for
continued progress in device performance.

Up to now, three reported methods are certified
to solve defect problem produced in the perovskite
layer. Firstly, adding functional molecules to act on
the grain boundary can effectively passivate the trap
states. Insulating polymers, ionic liquid and the
semiconducting molecule fullerene are reported to
form chemical interactions with the surface atoms thus

12-13]

passivate the trap states!*". Secondly, adding an
interface layer above perovskite layer effectively
illuminates the surface trap states and reduce the
interface recombination!".. Thirdly, the extrinsic metal
ions (alkali metal ions K*, Na*, Zn*) are added in the
perovskite films to effectively influence the crystall-
inity and passivate the trap states!"*'.

In this work, we report a method to improve
properties with Ti** doping in perovskite precursor
solution to passivate defect in perovskite. Once inve-
stigating the effect of Ti*, it is found that most of Ti*
was distributed in the polycrystalline perovskite grain
boundary. Further research shows size of perovskite
grain changed subtly. The bandgap of doped perovskite
unchanged after Ti** doping. And the photolumine-
scence and carrier transport are obviously enhanced,
indicating the trap states are effectively reduced. With
optimum content of Ti** concentration doped in perov-
skite precursor solution, the efficiency (17.4%) of PSCs
demonstrated significant improvement contrast with
conventional device (14.0%). Higher efficiency suggests
it is an effective method via doping engineering
with Ti*.

1 Experimental

1.1 Fabrication of perovskite solar cell device

The original PSCs are composed of FTO layer/

TiO, blocking layer/CH;NH;Pbl; (MAPbIL;) layer/spiro-
OMeTAD/Ag. The pure perovskite precursor solution
was prepared by directly mixing CH;NHsl; and Pbl,
with ngy w1 ‘g, =1:1 in dimethylformamide (DMF). The
pure CH;NH;Pbl; is a conventional contrast sample.
TiCl, ethyl alcohol solution (I mol -L™) is added to
perovskite precursor solution. Different volume of
TiCl, solution is add to make a series of doped perov-
skite precursor solution with different molar ratios
(x%, x=0, 0.05, 0.1, 0.2 and 0.5) of Ti to Pb. Ti*-x%
represents with different concentrations of Ti** doped
the samples. The 60 nm thick TiO, compact layer was
synthesized in air via sol-gel method and deposited on
the etched and cleaned FTO glass. Titanium (IV)
isopropoxide was added to the mixed solution of
isopropanol alcohol, diethanolamine and deionized
water then the sol was left stirring for 1 h before
using. The deposited TiO, film was annealed in oven
for 30 min at 450 °C™. Next, the compact TiO, layer
was treated with 0.04 mol -L.™" TiCl, at 70 °C for 30
min and sintered in oven for 30 min at 500 °C.
Perovskite layer was deposited on the TiO,
blocking layer by spinning coating the perovskite
precursor solution at 2 800 r+min™ for 30 s and treated
by anti-solvent chlorobenzene (CB). Then, the substrate
was carefully baked on the hot plate to form uniform
perovskite film by slow annealing. The hole transport
layer was prepared by spinning coating hole transport
(HTM) solution at 3 000 r-min~" for 30 s.
HTM solution consists of 60 mmol L™ 22" ,7,7" -
tetrakis (N,N-di-p-methox-yphenylamine)-9,9" -spirobi-
{luorene (spiro-MeOTAD) in chlorobenzene with added
80% (n/n) 4-tert-butylpyridine (tBP) and 30%(n/n) of
lithium bis (trifluoromethanesulfony)imide (Li-TFSI) ™.
Then, substrate would be oxidized in dry air for 6 h.

material

Lastly, approximately 100 nm of Ag electrode were
evaporated on the HTM with ultrahigh vacuum.
1.2 Characterization of the devices

X-ray diffraction patterns (XRD) of the Ti* doped
perovskite films based on FTO glass were acquired by
a Bruker instrument (D8 advance, made in Germany)
using Cu radiation (A=0.154 06 nm, applied voltage of
40 kV and current of 800 mA) at scan rate of 4°+min™'
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and range of 10°~50° for crystal structure and size.
The surface morphologies and element analysis of the
perovskite films (FTO glass/perovskite layer) were
observed by a scanning electron microscope (SEM,
Hitachi, SU-70, Japan) with energy dispersive X-ray
spectroscopy (EDX). The optical absorption spectrum
of the perovskite films based on glass was tested by
UV-TR spectrophotometer (Agilent Cary 5000, USA).
Steady-state photoluminescence (PL) of the perovskite
films was measured by fluorescence spectrophotometer
(Agilent, USA) with 532 nm light to excite the two
groups of substrates that were respectively based on

and FTO

resolved PL spectra (excited at 450 nm; monitored at

glass/perovskite glass/perovskite. Time-
750 nm) were recorded on Horiba fluorescence spectro-
meter. The binding energies of the perovskite elements
were analyzed by X-ray photoelectron spectroscopy
(XPS, Shimadzu, Japan) using Al Ka radiation. Current-
voltage (J-V) characteristics were measured by the
equipment consisting of a Keithley 4200 semicond-
uctor analyzer and a sunlight simulator (Newport solar
simulator 3A, AM1.5, 100 mW -cm ™) requiring to be
adjusted with a piece of standard silicon reference
cell. The electrochemical impedance spectroscopy
(EIS) of perovskite solar cells were measured with an

electrochemical workstation (Zennium, Germany).
2 Results and discussion

2.1 Crystalline and surface morphology of
CH;NH;PbI;,
The crystallinity and continuity of the perovskite

film are key factors for charge dissociation and charge
transmission in device. The XRD patterns of perov-
skite film with different concentration of Ti** on FTO
glass is shown in Fig.la, which indicates the change
of crystallinity and half-peak width. In Fig.1a, the
peaks at 14.06°, 28.40° and 43.30° are respectively
assigned to the (110), (220) and (330) planes of
CH3NH;PbI;?. The doped Ti** has ionic radius of 0.064
nm, far smaller than the Pb?* of 0.119 nm. Moreover,
Ti has 4 valence electrons to coordinate while Pb has
2 valence electrons to coordinate in CH;NH;PbL;.
Therefore, great discrepancy of ionic size and valence
states indicates that Ti** is hardly to substitute the Pb**
in CH;NH;Pbl;. The XRD patterns show the perovskite
peak position almost does not shift with doping
concentration increasing, which illuminates Ti** does
not change the crystalline lattice and therefore Ti** is
the
crystalline. Furthermore, it is noticed that the peak
intensity is higher with Ti**0.05% and Ti**0.1%

doped perovskite, compared with the pure one. It

not  substitutional impurity in perovskite

means that the crystallinity of doped perovskite is
better than that of the pure perovskite. Gradually
increasing the Ti** amount, the XRD peak intensity
decreased further, which means the crystallinity of
perovskite based on Ti** with 0.2%~0.5% is worse than
of the pure perovskite film. The average size of
perovskite grain is circulated according to half-peak
width of the perovskite (110) diffraction peaks site

based on the Scherrer equation as following:

D=kM/(Bcosb)
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Fig.1

(a) XRD patterns of Ti* doped perovskite film, the inset is the enlarged (110) diffraction peaks; (b) UV-Vis absorption

spectra of perovskite films on glass with and without Ti*, the insert is the enlarged spectra of (b)
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Table 1 Peak position, half-peak width and the calculated grain size of (110) plane

Sample Peak position / (°) Half-peak width / (°) Grain size / nm

Ti*-0% 14.174 0.091 87.3
Ti*-0.05% 14.184 0.119 66.3
Ti*-0.1% 14.164 0.130 60.9
Ti*-0.2% 14.174 0.130 60.5
Ti*-0.5% 14.163 0.148 53.3

where D is the crystalline size, A is the wavelength of
X-ray radiation (0.154 nm), £ is the constant taken as
0.89, B is the half-peak width, 6 is the peak site of
the perovskite (110) diffraction peaks in XRD patterns.
As shown In Table 1, the size of perovskite grain
gradually decreases with the concentration of Ti**
increasing, which reveals Ti'* as dopant diminishes
the size of perovskite grain.

The optic band gap change was detected. In UV-
IR spectra of the perovskite films upon cleaned glass
(Fig.1b), the absorption of Ti**-0.1% doped perovskite
is the highest of the films, which is ascribed to the
high quality and the compactness of the film. The
absorption onset and the band edge near 800 nm are
enlarged to check the bandgap of the perovskite. It is
obvious that the absorption onset has no obvious
change with Ti** doping, which reveals that Ti** ions
have no effect on bandgap, and further verifies Ti**

does not substitute Pb* to form perovskite structure to

modify the energy band gap.
2.2 Exploration distribution of Ti* in perovskite

The top view morphologies of perovskite films
were observed by SEM. As is shown in Fig.2(a~c), the
size of perovskite grain becomes smaller and more
uniform with Ti**-0.1% and Ti**-0.2% modification
(Fig.2(b,c)) than of the pure perovskite grain in Fig.2a,
which may be helpful to form continuous film and
produce better contact between perovskite layer and
HTL™,

The element distribution of perovskite films is
further researched. In Fig.2d, polycrystal perovskite
film structure and the pinholes between the grain
boundaries can be observed under SEM-EDS mapping
mode. The SEM-mapping of Ti**-0.1% perovskite film
shows the distribute condition of Pb and Ti in
film (Fig.2 (e,0).
mapping of lead indicates that Pb is uniformly
(Fig.2e). By

polycrystalline perovskite In-situ

distributed inside the perovskite films

2005 Onm

Fig.2 SEM images of Ti* with (a) 0, (b) 0.1% and (c) 0.2% perovskite film; (d) Surface morphology
exposed under SEM-EDS; SEM-mapping of (e) Pb** and (f) Ti*
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contrast, Ti is intensively distributed at the grain
boundaries of polycrystalline perovskite as indicates
by the yellow circles in Fig.2f. The above results
demonstrate that Ti* ions are mostly distributed at
grain boundary of polycrystalline perovskite as additive.
By this way, controlling proper Ti** dopant might lead
to the defect of grain boundary passivated, which
alleviates the tendency of non-radiative recombination
to carriers by trap states in the grain boundary of
polycrystalline  perovskite. Meanwhile, controlling
proper Ti* dopant not only diminishes the size of
polycrystalline perovskite grain to homogenize the
scale of perovskite grain, it also promotes high quality

crystallinity of perovskite to be favorable for charge

When Ti** is formed at the grain boundary of
perovskite films, it does not change the perovskite
crystalline lattice structure for not substituting the Pb
position. However, Ti** will interact with the atoms in
the perovskite material. Fig.3(a,b) indicates the XPS
core level spectra of Pb4f and 13d, respectively. It is
clear that the peak positions of Pb4f and 13d moves to
lower binding energy when Ti-0.1% is doped in.
Because the Ti will also interact with I, the binding
energy of Pb is reduced. On the other hand, Cl is
introduced in the system which might also interact
with Pb, thus the binding energy of I is also reduced.
The scheme of the Ti doping position is indicated in

Fig.3c, which also indicates the interaction of Ti with

transport. the atoms in MAPbL.
(a) Pb4f 0% (b) 13d 3d 0%
4f,, — 0.1%
4f;/2
1 1 1 L 1 1 1 1 1 1
144 142 140 138 136 622 621 620 619 618 617 616
Binding energy / eV Binding energy / eV

Ti* @I

.P 2+

Fig.3 XPS core level spectra of (a) Pb4f; and (b) 13d; (c) Schema of Ti* formed at the grain boundary (left),

the enlarged grains and the Ti* interaction with I in the film

2.3 Charge transport properties of CH;NH;PbI;

To investigate the trap states and charge
transport properties in Ti** doped perovskite materials,
the PL spectra of perovskite film on glass and on FTO
are investigated. Fig.4a is the steady state PL spectra
of perovskite films on glass substrates. Obviously, the
peak site of emission light does not change which
accounts for Ti** doping did not influence the bandgap.

Furthermore, it is found that the peak intensity of Ti*-

0.05%, Ti**-0.1% doped perovskite significantly rises
compared to the conventional sample. The phenomenon
suggests few Ti*-doped perovskite film effectively
restrains the recombination from carriers and trap
states, which is benefit for the charge transport. It is
demonstrated that grain boundary modification weakens

23]

non-radiative recombination', which influences lumi-

nescence yields and power conversion efficiency %,

Knowing that Ti** ions does not directly affect lattice,
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it just affects the grain size and grain boundary, To further investigate the charge transport

therefore, it is the Ti*" passivates the trap states at the
perovskite grain boundary. However, the PL peak
intensity gradually declines with further increasing the
dopant density which is due to the decreased
crystalline property indicated by XRD in Fig.1a. Fig.
4b is the PL of perovskite films deposited on FTO
substrates. Clearly, peak intensity decreased with
enhancing the dopant content, which powerfully
explains traces of Ti** ions intensify the ability of
carrier extraction from the perovskite to the FTO. By
analyzing the PL spectra, it is found that the best
concentration is Ti*-0.1%, with the lowest recombina-
tion and highest charge transport property. Therefore,
when Ti**-0.1% ions are doped in perovskite film, it
effectively reduces trap states density, block non-
radiative recombination and lead to effective charge

transport between perovskite layer and ETL/HTL.

process with and without Ti** doped perovskite film,
the time-resolved PL (TR-PL) measurements of perov-
skite films on TiO, substrate were carried out. The PL
decay curves obey a bi-exponential decay function
with a fast decay process and a slow decay process
through curves fitting in Fig.4c. In general, the fast
decay process derives from photo-excited carriers
trapped by the defect or sharply transporting to
electron/hole interlayer, however, the slow decay
process displays the irradiative decay process™*. And
the related parameters of TR-PL decay of the sample
with and without Ti** are shown in Table 2. Clearly,
the Ti-0.1% doped perovskite curve is higher than the
undoped one during the fast decay process, which
means reduction of non-radiative recombination
process; nevertheless, the Ti-0.1% doped perovskite

curve decays more rapidly than original curve during

1f @ 1+ (b)
2 =2
< 5 £ 0%
2 ° 2 [——005%
] [ ) it
& 0'2; = 0.2%
A~ — V2% ~ —0.5%
—0.5%
0 1 1 0 1 1
650 700 750 800 850 650 700 750 800 850
Wavelength / nm Wavelength / nm
2
$
50 160 15.0 260 25.0 360 350 400
Time / ns
Fig.4 Steady state PL spectra of perovskite film on glass (a) and on FTO (b);
(c) Time-resolved PL (TR-PL) spectra of perovskite film on TiO, layer
Table 2 Fitting parameters of TR-PL decay curves to perovskite on TiO, layer
Sample A, t, / ns A, 1/ ns lae / NS
Ti*-0% 49.1% 3.77 50.9% 144.71 75.49
Ti*-0.1% 35.7% 5.89 64.3% 56.46 38.43

Notes: ¢; and ¢, present the lifetimes of fast decay and slow decay, respectively; A and A, are the proportions of fitting curves

representing the fast decay and slow decay parts, respectively; t,.is the lifetime of carriers.
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the slow decay process, which means stronger ability
of extraction carrier. The phenomenon explains passi-
vated perovskite has less defect states and better
charge extraction to the electrode®. The average
lifetime is 75.49 ns for pure sample, while the average
lifetime is 38.43 ns for Ti**-0.1% sample. This clearly
indicates the faster PL quenching is obtained in
sample with Ti*-0.1% (Fig.4c). These TR-PL results
also point out the 0.1% Ti* dopant in perovskite is
convenient for charge transport and weakening the
recombination of carriers (Table 2).
2.4 Performance of the solar cell devices

The performances with different Ti** contents in
perovskite were measured to seek for optimum Ti**

concentration, and the detailed photovoltaic para-

meters were displayed in Table 3 and Fig.5(a,b). Fig.
5c¢ is the J-V curves of different Ti** contents doped
devices. The pure PSCs shows Js.=21.4 mA ccm™, Voe=
1.09 V, FF=0.611, and E;=14.0% (Ey is the effici-
ency). Ti**-0.1% acquires maximum Jy. of 22.3 mA -
cm ™ The FF gradually improves when the content in
perovskite of Ti* increase, and FF achieves the hig-
hest value of 72.4% with Ti*-0.1%. Then, FF reduces
once Ti* is over 0.1%. Finally, the best perfor-mance is
17.4% with Ti* *-0.1% in PSCs. The effici-ency
distribution is provided in supporting information (Fig.
S1) and the average values are approximate 14.0%
and 17.4%.

To investigate the recombination process of the

devices with grain boundary passivation, the Nyquist

Table 3 Photovoltaic parameters of planar PSCs with different Ti* contents

Sample Jo ! (mA-em™) Vel V FF / % Es !l %
Ti*-0% 21.4 1.09 61.1 14.0 (13.3x1.1)
Ti*-0.05% 21.2 1.10 65.2 15.2 (14.320.84)
Ti*-0.1% 223 1.10 72.4 17.4 (16.520.90)
Ti*-0.2% 20.1 1.10 63.7 14.1 (13.8+0.74)
Ti*-0.5% 19.8 1.08 54.0 11.7 (11.320.63)
12 12 24 24
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Fig.5

Variation of Vi, FF (a) and J,, Eg (b) with Ti* content; (c) J-V characteristics of device with different degree

of Ti* in the perovskite layer; (d) Nyquist pot of the device with and without Ti* (measured at —1.1 V in the dark)
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plots were obtained. In Fig.5d, the Nyquist plots of
the devices were measured in the dark with bias
voltage of —=1.1 V. There are two semicircles in each
Nyquist plot: the left one is related to the charge
transport resistance (R,), which is mainly ascribed to
charge extraction and separation at the interface
between HTL or ETL and the perovskite layer. The
right one is related to the photo carrier recombination
resistance (R,.) in the PSCs system; the starting point’s
real part represents the series resistance (R,) of the
solar cells. The relevant equivalent circuit is shown in
the insert in Fig.5bP™!, At applied reverse bias, it
demonstrates the devices with Ti**-0.1% has larger
recombination resistance of 220 (), much higher than
180 Q of the undoped device, which indicates the
recombination is effectively reduced by Ti** modifica-
tion. Furthermore, the R, is reduced to 18 ) with Ti*
doped device compared with 29 ) of the undoped
one. It is ascribed to the better crystallinity and more
compactness of Ti** doped perovskite films reduce the
contact resistance of the device.

The variation of photovoltaic parameters coin-
cides with the analysis about device (Fig.5(c,d)). It is
easy to know Js. depends on the density of trap states,
because they have a great compact on carrier reco-
mbination. With Ti**-0.1% doped in perovskite, the
grain boundary trap states are effectively removed by
Ti** and the device shows large recombination resis-
tance and series resistance is effectively reduced.
These merits increasing the rate of carrier transport
from perovskite layer to electrodes. FF is also
correlated with the density of trap states and interface

t*4. Because of the fewer trap states, carriers are

contac
more apt to transfer to electrodes, which means the
device has good FF (FF of Ti**-0.1% has effectively
improved from 61.1% to 72.4% ). Duo to these
parameters being enhanced, efficiency of devices
exhibits better performances with Ti**-0.1%. Experi-
ments proof small dopants about Ti** ions will contri-
bute to higher photovoltaic parameters as a result of
defect passivation. But devices with more dopants (Ti*

with 0.2%~0.5%) exhibit awful performance on account

of more defects, which has bad effect on performances

of devices.
3 Conclusions

In this work, photovoltaic properties get improved
with small dopant content of Ti* in MAPbI; perovskite
films. At the same time, the XRD analysis and SEM-
mapping indicates the Ti** is most likely to accumulate
at the grain boundary. The steady PL and TR-PL
importantly support more powerful ability about carrier
transport after Ti** doping. The Nyquist plots indicate
the Ti** doping effectively reduce the interface recom-
bination and improve the charge transport in the
device. Therefore, the grain boundary defect states is
effectively reduced by Ti* modification. Therefore, the
device with optimal Ti** content shows excellent Js,
Voc and FF. Ti-0.1% shows the highest efficiency
(17.4%) with doped device under 1sun (AM1.5).
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