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High-Efficiency Perovskite Solar Cell Based on
Sequential Doping of PTAA

Yangyi Yao

Abstract—Perovskite solar cells have been extensively studied
and have recently demonstrated a power conversion efficiency
above 23%. In our present approach, we select poly(triaryl amine)
(PTAA) as the hole-transport material and use an inverted solar
cell planar structure. We propose a sequential method to dope
the PTAA thin film in order to reduce the solar cell’s series resis-
tance. A modified inter-diffusion method is adopted to improve the
perovskite film. We optimize the solvent-assisted annealing condi-
tion to maximize the perovskite grain size and reduce the pin-hole
density. The impact of PTAA’s doping concentration on the solar
cell’s PV performance is investigated. Compared to conventional
PEDOT:PSS-based perovskite solar cell, we observe an improve-
ment in both the open-circuit voltage and the short-circuit cur-
rent, resulting in a power conversion efficiency enhancement from
12.7% to 15.3%.

Index Terms—Doping, efficiency, grain size, perovskite solar cell,
sequential method.

I. INTRODUCTION

RGANOMETAL halide perovskite solar cells have al-
O ready demonstrated remarkable power conversion effi-
ciency (PCE) enhancement from 3.8% [1] in 2009 to 23.7%
[2] in late 2018. The active perovskite material has evolved
from methylammonium lead iodide to the complex mixed
halide compound (Csl), (FAI); -, PbBr,I; _; following the dis-
covery of improved light absorption and stability when using
formamidinium-based perovskite materials [3]. On the other
hand. methylammonium lead halide is still the dominant mate-
rial being used today in most perovskite solar cell research since
their active layer has remarkable properties, such as long carrier
diffusion length [4]. large carrier mobility [5], tunable band-
gap [6], and low-temperature solution processability. There are
two dominant structures for the perovskite solar cell: the meso-
porous (n-i-p) structure and the inverted (p-i-n) planar structure.,
The meso-porous structure usually requires a high-temperature-
annealing condensed base layer to minimize the leakage paths
from the perovskite layer to the conducting layer [7]-[10]. Yang
er al. from UNIST achieved 22.1% PCE with the conventional
TiOy based structure in 2017 [10]. On the other hand, the
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inverted planar perovskite structure simplifies the fabrication
procedure without sacrificing too much PCE. Recently, Luo
et al. reported 21% PCE with an inverted structure using a
mixed-cation lead mixed-halide perovskite material [11]. In con-
trast with the conventional TiO;-based mesa-porous perovskite
structure, there are many candidates for the base hole-transport
material (HTM) in an inverted planar structure. Inorganic mate-
rials such as NiOy [12], [13] and Cul [14], [15] have been con-
sidered as the HTM in planar perovskite solar cell. Recently,
doped NiOy has attracted attention, Chen has focused on the
doping technique in NiO, and has reported ~20% PCE using
different dopants such as Cu and Cs [16]-[18]. Compared with
inorganic HTMs, organic HTMs are widely adopted for better
film coverage and easier control of doping levels. PEDOT:PSS
is a popular HTM for its high conductivity and low cost, but its
relatively lower work function, which leads to a band mismatch
with the perovskite material, usually results in smaller open-
circuit voltage (~0.9 V) [19]-[23]. Various organic HTMs have
been extensively studied for better band alignment, however
many of them are not compatible with the inverted structure.
For example, the Spiro-MeOTAD cannot be used as the base
HTM because of its high solubility in N, N-dimethyl formamide
(DMF) and dimethyl sulfoxide (DMSO) (general solvent for
perovskite). Tt is easy to be washed away when spin-coating
a perovskite precursor solution on it. Conducting polymers
like poly [N,N’-bis(4-butylphenyl)-N,N’-bis(phenyl)benzidine]
(poly-TPD) [24]-]26] and poly(triaryl amine) (PTAA) [27]-
[29] are good candidates because of their resistance to DMF
and DMSO wash. But the non-wetting nature of their surfaces
is the main challenge for top perovskite film growth, resulting
in poor perovskite film coverage, increased pin-hole density,
and relatively small perovskite grain size. It has been demon-
strated that the perovskite grain size is highly dependent on
the hydrophobicity of the bottom layer surface [27], and that
larger grain size can be obtained on better hydrophilic HTM
surfaces. Recently there have been several breakthroughs in the
conducting polymer HTM studies. Xu er al. have reported that
poly-TPD-based inverted planar perovskite solar cell can have a
PCE exceeding 18% [26]. They resolved the problem of the non-
wetting nature of poly-TPD by using ultraviolet-ozone surface
modification. Huang er al. have proposed to use doped PTAA
thin film as the base HTM to reduce the series resistance and
recently they boosted the efficiency from 17.5% [28] to 20.6%
[29]. In their approach, PTAA solution is mixed with F4-TCNQ
as the doping material and m-MTDATA is used as the surface
modification material.
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In our study. we focus on the simple PTAA-based planar
perovskite solar cell without using a complicated surface pas-
sivation technique. We propose a sequential method to dope
PTAA in an easier and more stable way. Considering the con-
ventional polymer:F4-TCNQ blend solution, it is observed that
this doping material often results in drastically reduced solubil-
ity of polymers. As a result of this. the mixed solutions must
be kept at high temperature and diluted concentrations to avoid
rapid aggregation [30]. In addition, we observe the rapid degra-
dation of F4-TCNQ in a mixed PTAA solution with an obvious
color change within a few days, which definitely induces more
uncertainties in device performance and solution preparation.
To minimize the above-mentioned drawbacks, we propose a
sequential method to dope PTAA by exposing the PTAA film
to the doping solution in an orthogonal solvent system, iLe.,
toluene for PTAA and 2-propanol for F4-TCNQ. It is found
that the PTAA’s doping level can be tuned by the concentra-
tion of the doping solution. This sequential method improves
the device’s reproducibility and long-term sustainability. In our
work, we have also modified the inter-diffusion method [31]
with a controlled solvent-assisted annealing approach to grow
high-quality perovskite thin film with large grain size (over
2 pum). The optimized recipe guarantees the successful forma-
tion of a perovskite layer with average thickness greater than
400 nm without any Pbly residue. In this paper, we demon-
strate a perovskite solar cell with a simple planar structure of
FTO/PTAA/CH3;NH;3Pbls/phenyl-C61-butyric acid methyl es-
ter (PCBM)/Ag and we achieve a champion PCE of 15.3%
based on the sequentially doped PTAA thin film without using
a complicated surface passivation technique.

II. EXPERIMENTAL SECTION
A. Materials

Fluorine doped tin oxide (FTO) glass and methylammonium
bromide (MABr) solution were purchased from Sigma Aldrich.
Methylammonium iodide (MAI), poly[bis(4-phenyl)(2.4,6-
trimethylphenyl)amine] (PTAA), 2.3.5.6-tetrafluoro-7,7.8,8-
tetracyanoquinodimethane (F4-TCNQ), PCBM, and 4,4",4"-
tris(3-methylphenylphenylamino)triphenylamine) ~ (m-MTD
ATA) were obtained from Lumtec. Lead iodide (Pbly), an-
hydrous DMF, toluene, 2-propanol, and chlorobenzene were
purchased from Alfa Aesar.

B. Device Fabrication

The perovskite solar cell fabrication procedure is shown in
Fig. 1(a). The FTO glass is first cleaned with acetone, methanol,
isopropanol, and deionized water in an ultrasonic bath succes-
sively. Prior to any device fabrication, the cleaned substrates un-
dergo an ultraviolet-ozone (UVO) exposure treatment for 20 min
to remove any organic residues. After UVO treatment, the sub-
strale is transferred into the nitrogen filled glove box and pre-
heated at 100 °C on a hot plate. Then, 20 p1 hot PTAA solution
(2 mg/ml in toluene with 10 wt% ratio of m-MTDATA addi-
tive) is spin-coated on the hot substrate at 3240 r/min for 45 s,
followed with 10 min drying at 100 °C. After cooling down the
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Fig. |.  (a) Fabrication procedure of perovskite solar cell. (b) Solvent-assisted

vapor annealing set-up.

substrate to room temperature, the F4-TCNQ solution (1 mg/ml
in 2-propanol) is dropped on the PTAA surface and left for 30 s
before spin-drying at 4260 r/min for 45 s. The doped PTAA
film preparation is completed after 10 min annealing at 100 °C.
The modified inter-diffusion method is utilized here to grow
the perovskite layer. Specifically, high-concentrated hot Pbly
solution (500 mg/ml in DMF) is spin-coated on doped PTAA
surface at 3000 r/min for 30 s, followed by 10 min annealing
at 85 °C to crystalize Pbls: then a hot MAI solution (75 mg/ml
in 2-propanol) is sequentially spin-coated on the Pbly layer at
2000 r/min for 2 min. The color changes from shiny yellow to
dark brown immediately when MAI reaches the Pbl, surface.
About 30 1 toluene is dropped for the last 30 s of the MAI spin-
coating period to wash away the MAI residue and passivate the
perovskite surface. The pre-crystallized perovskite layer is then
moved into a self-built vapor environment as shown in Fig. 1(b)
for solvent-assisted annealing at 150 °C for 1 h. After that, a
small amount of MABr solution (4 mg/ml in 2-propanol) is
spin-coated on a room temperature perovskite surface for post
passivation treatment. To grow the electron-transport layer, a
20 y21 hot PCBM solution (20 mg/ml in chlorobenzene) is spin-
coated at 4000 r/min for 30 s, followed by 10 min annealing at
100 °C. Finally, the sample is transferred into the e-beam evap-
orator for the deposition of the Ag top contacts using a shadow
masks to define the effective device area.

C. Device Characterization

We use a Newport Model 91159 Full Spectrum 150 W
Solar Simulator as the light source to evaluate the solar cells
performance with an Air Mass 1.5 filter. It is calibrated by
a KG-5 Si diode to produce a 1-sun light illumination. The
I-V characteristics of the perovskite solar cell is measured
in ambient with the Keithley 2400 source-meter. The X-ray
diffraction (XRD) patterns are acquired on a Bruker D8/C2
Discover Parallel Beam Diffractometer using Cu Ko radiation.
The scanning electron microscope (SEM) images are taken by a
Hitachi SU-70 Schottky Field Emission Gun Scanning Electron
Microscope. The atomic force microscope (AFM) images are
obtained from an MFP-3D Origin AFM (Asylum Research).
The external quantum efficiency is measured with a self-build
photo-spectrometer system. The sample area is illuminated
with a modulated monochromatic light beam (Xe light source),
and the detected photocurrent is locked and amplified with a
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Fig. 2. (a) Perovskite solar cell planar structure. (b) Energy band diagram.

(c) XRD pattern of Pbly film and annealed perovskite film. (d) Cross-sectional
SEM image of FTO/PTAA/perovskile.

Stanford Research Systems SR830 lock-in amplifier and a
Stanford Research Systems SR570 pre-amplifier, respectively.

III. RESULTS AND ANALYSIS

This study aims to achieve high-performance inverted pla-
nar perovskite solar cell with the sequentially doped PTAA

hole-transport layer. Fig. 2(a) shows the solar cell structure of

FTO/PTAA:F4-TCNQ/CH;NH; Pbl;/PCBM/Ag and Fig. 2(b)
is the corresponding energy band diagram. We choose PTAA
as the base HTM instead of PEDOT:PSS to enhance the solar
cell performance mainly by increasing the open-circuit voltage
(Voc). PEDOT:PSS is widely used as a high conductivity and
low-cost HTM in the inverted planar perovskite solar cell. How-
ever, these solar cells usually suffer from low Voc (~0.9 V) due
to energy level mismatch between PEDOT:PSS and perovskite
[32]. This issue can be solved by replacing PEDOT:PSS with
an appropriate HTM, which has better energy band alignment
such as poly-TPD or PTAA. As can be seen in the band dia-
gram, the valance band (VB) energy level of PTAA (-5.2¢eV) is
closer to the perovskite VB level (—5.4 ¢V) compared with that
of PEDOT:PSS (—5.0 eV), This results in a larger quasi-Fermi
level separation and a smoother pathway for the hole transport,
which in turns increase the Voc.

In this study, we also propose a modified inter-diffusion
method to grow the perovskite film. The tabrication details can
be found in the Experimental Section. We modified the con-
ventional method by spin-coating hot, high-concentration, MAI
solution on Pbls to initiate the reaction and this lasts for 2 min
to pre-crystalize the perovskite film before the solvent-assisted
annealing. There is a tradeoff between the perovskite layer thick-
ness (over 400 nm) and the thickness of the Pbl; residue in the
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Fig. 3. (a) SEM image of the perovskite thin film grown on PEDOT:PSS and
1ts grain size distribution histogram. (b) SEM image of the perovskite grown on
PTAA base and the corresponding grain size distribution histogram.

conventional method [31]. We have devoted much effort to opti-
mize the recipe of the modified inter-diffusion method in order to
overcome the difficulty of fully consuming Pbl; layer. Fig. 2(c)
shows the XRD pattern of the grown MAPbI; film on an FTO
substrate after annealing. The red curve is the XRD pattern of
Pbly film, which has a strong peak on its (001) plane. The black
curve indicates the XRD pattern of the MAPbI; film. There
are no Pbl, peaks present compared with the red curve, which
reveals the full consumption of the Pbl, layer. We note that
there are some common peaks to both Pbl; and MAPbI;, which
belongs to the FTO substrate. Fig. 2(d) illustrates the cross-
sectional SEM image of a single perovskite thin film grown on
the FTO/PTAA surlace. The average thickness of the perovskite
layer is about 450 nm with clear tight grain boundaries and
lateral grain sizes over 1.0 pm.

The perovskite layer is grown directly on the PTAA thin film.
The small amount of m-MTDATA additive (10 wt% ratio of
PTAA) in the PTAA solution plays an important role to mod-
ify the non-wetting PTAA surface, enabling full film coverage
of the Pbly layer. On the other hand, it is found by Huang
that the grain size of perovskite is highly dependent on the hy-
drophobicity of the bottom layer surface [27]. With the help
of surface modification by m-MTDATA additive, the PTAA-
based perovskite grain size is greatly enlarged compared with
that of PEDOT:PSS-based perovskite. Fig. 3 shows the SEM
images of perovskite crystals grown on PEDOT:PSS and PTAA
separately, and their corresponding grain sizes distribution his-
togram. It can be clearly seen that the perovskite grain sizes in
Fig. 3(a) are smaller than in Fig. 3(b). The average grain size is
528 nm for the PEDOT:PSS-based perovskite crystals, and 850
nm for the modified PTAA-based perovskite crystals using the
same growth conditions.

The PTAA’s doping level directly modifies the film resistiv-
ity and affects the series resistance of the device. Huang et al.
have reported to use a PTAA:F4-TCNQ blend solution with
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TABLE I
PARAMETERS OF PEROVSKITE SOLAR CELL SAMPLES USING PTAA EXPOSED
WITH VARIOUS DOPING CONCENTRATIONS

Doping Voc Js¢ EF PCE Rs
Concentration V) (mA/cm2) (%) (%) (ohm*cm2)

0 0.91 20.7 52.4 9.9 11.6

0.1 mg/ml 0.97 21.6 67.6 14.2 6.2
0.5 mg/ml 0.96 21.4 70.5 14.5 52
1.0 mg/ml 1.00 22:1 68.8 153 4.8
2.5 mg/ml 0.94 19.7 58.5 10.9 9.8
Reference 0.98 18.8 68.8 127 51

different doping ratios from 0 wt% to 10 wt%, and claimed
that the 1 wt% doping ratio performs the best with a lower se-
ries resistance [28]. While it has been reported that polymer:
F4-TCNQ blend solution requires diluted concentration and
high temperature to suppress the doping particle aggregation
[30], we also observed the degradation of F4-TCNQ in blend
toluene solution. These drawbacks deteriorate the reproducibil-
ity and stability of the device performance. It is important to
re-prepare the blend solution frequently to avoid using de-
graded/aggregated solution. Even though we may exclude any
uncertainties for each blend solution preparation such as the dop-
ing ratio and the solution concentration variation, the dosage of
PTAA, m-MTDATA, and F4-TCNQ increases remarkably. The
cost of solar cell fabrication is greatly raised since the unit prices
of PTAA and F4-TCNQ are more than 10 times the price of gold.
In our study, we propose a sequential method to dope PTAA thin
films in order to minimize the drawbacks of PTAA:F4-TCNQ
blend solutions. We find that F4-TCNQ is soluble in 2-propano
but the PTAA’s solubility is very poor. Thus, we prepare the
PTAA and the m-MTDATA in toluene and the F4-TCNQ in
2-propanol. We then spin-coat the PTAA first and then expose
the PTAA thin film in a F4-TCNQ solution for 30 s before spin-
ning the rest of the solution away. The PTAA’s doping level can
be tuned with the concentration of F4-TCNQ solution. We var-
ied the PTAA’s doping level using the sequential doping method
and investigated their corresponding solar cell’s performance.
We also prepared a reference sample based on Huang's best
recipe of PTAA blend solution (1 wt% doping ratio). Table 1
summarizes the results obtained from five samples with sequen-
tially doped PTAA and the reference sample. The corresponding
series resistances are extracted by fitting their /-V curves with
the following equation for each sample:

g(V+IR,)
kT

V+ IR,
R.sh A

Fi= iy —Ioexp(

We can see that the series resistance decreases as the doping
concentration increases from 0 to 1 mg/ml. It is attributed to the
increased doping level in the PTAA thin film, which minimizes
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the PTAA's sheet resistance. The AFM images of the PTAA
surface exposed with different doping solutions are shown in
Fig. 4. We can clearly see the aggregated doping dots on the
sample surface from Fig. 4(c)—(e), but the root-mean-square
(rms) roughness of the corresponding PTAA films is almost
the same and is around 13 nm. The dot size is increasing with
the doping concentration. For PTAA doped with 2.5 mg/ml
doping solution, enormous doping clusters are observed which
result in larger effective sheet resistance of the PTAA film. This
explains the abnormal increase of the series resistance of the
solar cell sample exposed with 2.5 mg/ml doping solution. For
the reference sample, we observed a slightly smaller Voc of
(.98 V but much smaller photocurrent of 18.8 mA/cm?. While
the FF and series resistance are comparable to our best sample
with sequential doped PTAA. it turns out the sequential method
could also achieve the optimized doping level of PTAA using
the pristine blend PTAA solution.

Larger grain sizes reduce the grain boundaries and the inter-
face traps, and long carrier diffusion lengths of the perovskite
material enable better carrier transfer within the perovskite
grains. As a result, larger perovskite grain sizes will improve
the solar cell performance. In our study, the perovskite grain
size and the pin-hole density can be finely controlled by tuning
the solvent amount during the solvent-assisted annealing (SAA).
Fig. 1(b) shows the set-up for the SAA that can precisely con-
trol the solvent vapor amount. Specifically, the same amount of
solvent (DMF) is dropped on the four coverslips inside the large
beaker, and the small beaker stands on the coverslips and leaves
some space at the bottom to allow slow vapor exchange. The
device is annealed inside the small beaker. It is observed that
the solvent amount can affect the grain size of the perovskite
crystals. Fig. 5(a) and (b) demonstrates the SEM images of
the perovskite crystals annealed with different SAA conditions.
Without solvent vapor, the average grain size of the perovskite
crystals is 0.85 um as previously shown in Fig. 3(b), while it is
enlarged to 1.5 um with 4 u1 DMF SAA condition, and above
2.0 pm with 10 ;1 DMF SAA condition. We also observed the
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Fig. 5. SEM images of perovskite grains annealed with (a) 4 p1 solvent and
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saturation effect of SAA on the grain size enhancement. Too
much solvent during SAA would not improve the perovskite
crystal quality, since the pin-hole density will keep increasing
with the solvent amount. The optimization of the SAA condition
is required to obtain high-quality perovskite crystals with a low
pin-hole density and large grain sizes. The dependence of the
solar cell performance on the SAA condition was investigated.
Fig. 5(c) shows the /-V performances of three perovskite sam-
ples with 0, 4 and 10 L. solvent amount during SAA. The 10 pl
SAA sample performs the best and exhibits the largest fill factor
(FF) and short-circuit current (Jsc). Fig. 5(d) shows the external
quantum efficiency (EQE) of these samples and the integrated
photocurrents are consistent with their /~V performances. The
better performance of 10 ul SAA sample was contributed to
its best perovskite crystal quality. Larger perovskite grain sizes
provide better carrier transport within the perovskite layer with
less recombination trap states. As a result, a larger photocurrent
and EQE are observed in this sample. It is interesting to notice
that the FF of the 4 jl SAA samples is even less than that of
the O ul SAA sample. It is due to the increase of the pin-hole
density that trades off the benefit of grain size enhancement,
which provides more shunt-paths within the perovskite layer
and reduces the shunt resistance of the device.

Fig. 6(a) shows the solar cell performance comparison be-
tween the PTAA and the PEDOT:PSS-based champion cell. The
PTAA-based solar cell demonstrates an increase of the Jsc from
19.8 to 22.1 mA/em?* and the Voc from 0.91 to 1.0 V. Though
the FF decreases from 71% to 69%, the PCE of the PTAA-
based solar cell reaches 15.3% compared with 12.7% from the
PEDOT:PSS-based solar cell. The improved Voc is still less than
the expected 1.1 V, which indicates the imperfect energy band
alignment in our solar cell system. We thought that the defects
at the PTAA/perovskite interface will introduce some trap states
within the energy band, which in turn will lower down the work
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Fig. 6. (a) Photovoltaic performance comparison between champion cells

with PTAA and PEDOT:PSS base. (b) EQE comparison between PTAA-based
solar cell and PEDOT:PSS-based solar cell.

function of PTAA so that the electron-hole quasi-Fermi level
separation decreases and Voc drops as a consequence. Further
work is required to investigate this assumption and solve the
issue. We also measured the EQE of the champion solar cells
based on PTAA and PEDOT:PSS, respectively. As shown in
Fig. 6(b), the EQE of the PTAA-based solar cell remains above
90% for the spectral range from 380 to 600 nm and then slowly
drops to 80% at 680 nm, while the EQE of the PEDOT:PSS-
based solar cell decays faster to 70% from 400 to 680 nm. The
integrated photocurrent is 21.7 mA/cm? for the PTAA-based
solar cell and 19.4 mA/cm?® for the PEDOT:PSS-based solar
cell, which are in good agreement with their measured short-
circuit currents. The relatively low EQE in the region from 600
to 750 nm indicates the insufficienct perovskite thickness for
both devices. We should further optimize our recipe to grow a
thicker perovskite layer for a larger photocurrent and a higher
power conversion efficiency.

IV. CONCLUSION

In this study, we have proposed the sequential doping method
to fabricate PTAA-based perovskite solar cell with simple
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inverted planar structure without any complicated surface pas-
sivation techniques. Compared with conventional PEDOT:PSS,
PTAA increases the electron-hole quasi-Fermi separation so that
the open-circuit voltage is remarkably improved. The sequential
method provides an casier and more stable way to dope PTAA
with F4-TCNQ in an orthogonal solvent base. The PTAA's dop-
ing level is tunable with the doping solution’s concentration. It
changes the PTAA film’s sheet resistance and improves the so-
lar cell’s performance as a consequence. We have modified the
inter-diffusion method for perovskite thin film growth in a con-
trollable solvent-assisted-annealing set-up. We are able to grow
high-quality perovskite crystals with grain sizes over 2 um and
thicknesses around 450 nm. The highest power conversion effi-
ciency of 15.3% is obtained under AM1.5 irradiation. The mea-
sured photocurrent is consistent with the integrated photocurrent
from the measured EQE data. However, the open-circuit volt-
age of 1.0 V is still below our expectation. We assume that the
interface traps between the PTAA and the perovskite layers are
the main cause for low Voc. More optimization is required (o
further improve the solar cell’s performance.
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