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Formamidinium-based planar heterojunction
perovskite solar cells with alkali carbonate-doped
zinc oxide layert
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We herein demonstrate n-i-p-type planar heterojunction perovskite solar cells employing spin-coated ZnO
nanoparticles modified with various alkali metal carbonates including Li,COs, Na,COs, K,CO3z and Cs,COs,
which can tune the energy band structure of ZnO ETLs. Since these metal carbonates doped on ZnO ETLs
lead to deeper conduction bands in the ZnO ETLs, electrons are easily transported from the perovskite
active layer to the cathode electrode. The power conversion efficiency of about 27% is improved due to
the incorporation of alkali carbonates in ETLs. As alternatives to TiO, and n-type metal oxides, electron
transport materials consisting of doped ZnO nanoparticles are viable ETLs for efficient n-i-p planar

rsc.li/rsc-advances

1. Introduction

Considerable efforts to develop renewable energy sources have
been made in the last several decades, leading to the demon-
stration of several new classes of highly efficient photovoltaic
cells. Inorganic, organic and hybrid light absorbers such as
organic bulk heterojunctions, colloidal quantum-dots and dye-
sensitized metal oxide devices have been demonstrated as next
generation photovoltaic materials.'* However, the emerging
hybrid organic-inorganic perovskite materials based on lead
halides have attracted substantial attention due to their
outstanding physical properties such as high absorption coef-
ficients, excellent carrier transports with long electron-hole
diffusion lengths, low exciton binding energies and easily
tunable energy band gaps;>” these remarkable physical char-
acteristics have led to high power conversion efficiencies (PCE)
since the first research in the area of solution-processed
perovskite solar cells (PeSCs) was reported in 2009.®> To ach-
ieve highly efficient PeSCs, the perovskite layer must be
deposited with a uniform, highly crystalline and dense
morphology, and it must completely cover the underlying
surface. Diverse methods such as vapor-assisted deposition,
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heterojunction solar cells, and they can be used on flexible substrates via roll-to-roll processing.

solvent engineering and intermolecular exchange have been
introduced to produce uniform perovskite films with large
crystal domains and complete surface coverage.”** Diverse
approaches to improve device performance via control of the
film morphology have been introduced, and they include
interface engineering, induced crystallization with non-
solvents, incorporation of processing additives, and nuclei
growth.””™ In the case of interfacial engineering, suitable
interfacial condition for charge transport is obtained, and the
energy band structure is tuned via doping; it is still one of the
most widely employed techniques.'®** Recently, Nho et al. re-
ported that addition of metal carbonate led to the improvement
in the electron extracting properties of a zinc oxide (ZnO) layer
via modification of its energy levels;* this result suggests that
metal carbonates may be applied to improve the device
performance if the energy level of the doped electron transport
layer (ETL) matches with the conduction band of the perovskite
active layer. In this regard, ZnO nanoparticles (NPs) have been
used as an ETL in our study due to their outstanding electrical
and optical properties as well as easily controlled doping,
morphology and composition compared to those of conven-
tional TiO, ETLs.” ZnO NP films may be coated without any
thermal treatment and additionally, ZnO possesses a higher
conductivity than TiO,, which may facilitate electron trans-
port.”® Despite these advantages, to date, the highest device
efficiency using ZnO ETLs has only reached 17.1% compared to
that of TiO,-based ETLs, which have achieved over 20% PCE;
this suggests that the performance of ZnO-based devices can be
further improved considerably.*** Although most of the effi-
cient perovskite solar cell devices reported to date have utilized
methylammonium lead iodide (MAPDbI;) as an active layer
material, formamidinium lead iodide has also been

This journal is © The Royal Society of Chemistry 2018
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demonstrated to yield high-efficiency devices. One promising
approach to improve the performance of ZnO ETL-based
devices is using FAPbI; as opposed to MAPbI; as an active
layer material. FAPbI; has several key advantages including
a lower band gap, which is closer to the Shockley-Queisser
optimum, improved stability and weaker hysteresis due to well-
balanced electron and hole transport compared to MAPbI;.>
Additionally, FA cations offer the potential for improved
chemical compatibility and stability compared to MA cations.
Despite the advantages of ZnO compared to those of TiO,, ZnO
thin films have compatibility problems when they are in contact
with MAPDI;. For example, Yang et al. reported that the ZnO
layer reacted with MAPbI; in an acid-base reaction upon
annealing the devices.*® Since ZnO has a natural basic charac-
teristic, it is able to deprotonate the methylammonium cation
and hence degrade the MAPbDIj; layer into methylamine and PbI,
at elevated temperatures. To overcome this issue, Song et al
reported that FAPbI; active layers possessed greater thermal
and chemical stability in ZnO ETL devices due to the difficulty
of deprotonating the resonance-stabilized FA cations.”” Despite
the potential of this architecture, very few researchers have
investigated the utilization of FAPbI; active layers in conjunc-
tion with ZnO ETLs. Previously reported studies indicate that
metal carbonate materials lead to improved electron extraction
through modification of the electron transport properties and
energy level of the ZnO layer. In this study, we have investigated
the use of alkali metal carbonates in conjunction with ZnO ETLs
to improve the performance of this type of device. Herein, we
demonstrate n-i-p-type planar heterojunction perovskite solar
cells employing spin-coated ZnO nanoparticles modified with
various alkali metal carbonates including Li,CO;, Na,COjz,
K,CO; and Cs,CO3, which can tune the energy band structure of
ZnO ETLs. Since these metal carbonates doped on ZnO ETLs
lead to deeper conduction bands in ZnO ETLs, the electrons are
easily transported from the perovskite active layer to the
cathode electrode. PCEs can be improved from 11% to 14% via
incorporation of alkali carbonates in ETLs.

2. Experimental
2.1 Materials and characterization

Preparation of ZnO nanoparticles. ZnO nanoparticles were
prepared by the reaction between a zinc acetate solution
(23.6 mg ml " [Zn(CH3COO0),-2H,0] in methanol) and a potas-
sium hydroxide solution (31.6 mg ml~* in methanol in a 250 ml
round bottom flask at 60 °C for 21 h with stirring).?® Then, these
particles were dissolved in a CF : methanol mixture.

Preparation of the perovskite precursor. MAI was prepared
by reacting 30 ml of methylamine solution (40% in water) with
30 ml of hydroiodic acid (57 wt% in water) in a 250 ml round
bottom flask at 0 °C for 2 h with stirring in an argon environ-
ment. The solvent was thermally evaporated under vacuum at
60 °C for 1 h to obtain a white crude product, which was washed
with diethyl ether three times. After filtration, the product was
dissolved in ethanol and recrystallized for 20 h using ethanol.
The precipitate was then washed with diethyl ether and filtered,
and the filtered solid was dried at 60 °C under vacuum for 24 h.
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FAI was prepared by reacting 0.45 g ml "' solution of for-
mamidinium acetate in absolute methanol with 30 ml of HI.
The reaction conditions and cleaning process were the same as
those for the MAI preparation. To prepare the perovskite
precursors, first, Pbl, was dissolved in DMF (1.3 M) with NMP (1
mM) and second, FAI (or MAI) was dissolved in isopropanol
having concentration of 80 mg ml~* (65 mg ml~" for MAI). The
obtained solution was stirred at room temperature for 1 h in air
and used subsequently for device fabrication.

2.2 Solar cell fabrication and characterization

ITO-coated glass substrates were washed by ultrasonication
with DI water, acetone, and isopropanol for 20 minutes each.
ZnO nanoparticles were spin-coated at 3000 rpm for 10 s. For
the perovskite layer, PbI, was dissolved in DMF and spin-coated
at 5000 rpm for 30 s. Second, 80 mg ml~" FAI in isopropanol was
dropped on the Pbl, film, spin-coated at 5000 rpm for 30 s and
dried at 130 °C for 20 min. The procedure for MAI was similar to
that of FAI apart from the concentration and annealing condi-
tions, which were 65 mg ml~" and 100 °C for 2 min, respectively.
During this process, the perovskite film was formed. Twenty mg
ml~' P3HT dissolved in CB was deposited on the perovskite
layer by spin coating at 1000 rpm for 30 s. In this case, P3HT
solution did not contain any dopants such as Li-TFSI or TBP.
Finally, 70 nm gold was deposited by thermal evaporation under
vacuum (<10~ ° Torr). The current density-voltage (J-V) charac-
terization of the solar cell devices was obtained using a Keithley
2635A Source Measure Unit under AM1.5G with an irradiation
intensity of 100 mW cm™'. The active layer was 0.13 cm”.
External Quantum Efficiency (EQE) measurements were ob-
tained with the PV measurement QE system under ambient
conditions, with monochromated light from a xenon arc lamp.
Scanning electron microscope measurements (SEM) were ob-
tained using an S-4800 Hitachi high-Technology microscope.
SEM samples were prepared by depositing perovskite precursor
solutions on ZnO or doped ZnO layers by a spin-coating two-
step method, followed by annealing at 130 °C for 10 min on
a hotplate. UV-vis absorption was measured using a Varian Cary
5000 spectrophotometer. AFM images were obtained using
a Veeco Multimode AFM microscope in a tapping mode.

3. Results and discussion

3.1 Thermal stability and device performance of FAI-based
perovskite solar cells

To characterize the relative stabilities of MAPbI; and FAPbI,
perovskite layers on ZnO films, we deposited perovskite layers
on ZnO substrates and heated them for variable amounts of
time. MAI and FAI solutions were dripped onto the Pbl,
substrates that were already deposited by spin coating and then,
we spin-coated them to form perovskite layers in a nitrogen
atmosphere. Detailed fabrication procedures are included in
the experimental section. To study the perovskite film
construction with ZnO and ZnO with alkali metal carbonate
Cs,CO; substrate, X-ray diffraction (XRD) was conducted, as
shown in Fig. S1.7

RSC Adv., 2018, 8, 24110-24115 | 24111


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra02637h

Open Access Article. Published on 03 July 2018. Downloaded on 4/26/2026 10:50:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

The perovskite XRD peak positions of ZnO and ZnO with
Cs,CO; substrate were identical. These results indicated that
ZnO with the alkali metal carbonate can be a good substrate
for perovskite films.> The thermal stabilities were also tested,
and the corresponding visual images of the MAPbI; and
FAPDI; films are shown in Fig. S2(a).t After 30 min at 100 °C,
the MAPDI; film began to decompose and after 90 min, the
film was completely decomposed to MAI and PbI, at the edges,
as indicated by a yellow color.”” However, the FAPbI; film was
very stable after 120 min at 100 °C. To study the operating
stability of the FAPbI; device, the steady state stability of
FAPbI; on ZnO substrate was tested for 600 s at room
temperature under the illumination conditions, as shown in
Fig. S2(b).T The device performance did not critically change
under the operating conditions, which indicated that the
FAPDI; film had not transformed to other phases at elevated
temperatures and under the operating conditions of the
device.

The decomposition region gradually increased over 90 min
until the entire MAPDbI; film changed from dark brown to
yellow. In contrast, after 120 min, the FAPbI; film did not
exhibit any visible decomposition, and the color remained
dark without any change, confirming that FAPbI; has better
thermal stability with ZnO than MAPDbI;. We prepared solar
cell devices based on both MAPbI; and FAPDbI; to compare
their characteristics. Relatively less information is available
about optimal processing conditions for depositing FAPbI;
films on ZnO substrates, and the formation of a uniform
FAPbI; film is difficult due to the large cation size of FA".>°
Therefore, we optimized the processing conditions for each
perovskite layer on ZnO. Fig. 1a shows a schematic diagram of
the device architecture used in this study, which comprises
sequentially deposited ZnO/perovskite/poly(3-hexylthiophene-
2,5-diyl) (P3HT)/Au on indium tin oxide (ITO) substrates. In
Fig. 1b, the cross-sectional scanning electron microscopy
(SEM) image shows complete device stack, revealing that the
perovskite materials fully cover the ZnO layer without any
defects. Fig. 2a shows the current density-voltage character-
istics of MAPbI; compared to those of FAPbI; under simulated
solar irradiation. The MAPDI; solar cell exhibited a lower short
circuit current density (Jsc) of 18.9 mA cm ™2, higher open
circuit voltage (Voc) of 1.02 V, and fill factor (FF) of 0.55, with
an overall power conversion efficiency (PCE) of 10.7%. The
FAPbI; solar cell exhibited higher Jsc of 21.2 mA cm ™2, smaller
Voc of 0.96 V, FF of 0.58 and PCE of 11.7% (Table 1). FAPbI;

FAPbI,

Fig.1 (a) Schematic diagram and (b) SEM cross section images of the
conventional planar perovskite solar cell with doped ZnO.
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Fig. 2 (a) Current density—voltage characteristics of MAPbls and

FAPbls planar solar cells under 100 mW cm~2 AML1.5 illumination. (b)
External quantum efficiency spectra of each cell.

Table 1 Solar cell characteristics of each MAPbls and FAPbIz device

Jsc Cal. Jsc

(mAem™)  Voc (V)  FF PCE (%)  (mAcm™?)
MAPbI;  18.9 1.02 0.55  10.7 17.5
FAPbI; 21.1 0.96 0.58 117 19.7

exhibited a bandgap that was closer to the Shockley-Queisser
maximum at 1.40 eV; thus, even though Voc was smaller
relative to that of MAPDI;, the increased absorption and Jsc
caused an overall increase in the maximum possible efficiency,
which was reflected in our data. Fig. 2b shows the incident
photon to charge carrier efficiency (IPCE) spectra, revealing
a photocurrent onset near 870 nm in the case of FAPbI;, which
was notably higher than that of MAPDbI; (~800 nm). The device
results, in addition to thermal stability results, indicated that
FAPbI; is a preferable active layer material for use in
conjunction with ZnO ETLs, and the remainder of our study
focuses on devices based on this material.

3.2 Energy band characterization

To further improve the device performance, we sought to
modify ZnO ETLs with alkali metal carbonates.>* We found that
the energy band structure of the spin-coated ZnO nanoparticles
could be modified with various alkali metal carbonates
including Li,CO3, Na,CO;, K,CO3, and Cs,COj;. Since these
metal carbonates doped on ZnO ETLs lead to deeper conduction
bands in the ZnO ETLs, electron transport from the perovskite
active layer to the cathode electrode was easy due to low energy
barrier.

To investigate the influence of alkali metal carbonates on the
electrical properties of ZnO NP layers, we obtained ultraviolet
photoelectron spectra (UPS) and X-ray photoelectron spectra
(XPS). XPS plots showing Li 2p, Na 1s, K 2p and Cs 3d regions of
the photoelectron spectra are reported in Fig. S3.T Pristine ZnO
films did not show any photoemission corresponding to alkali
metals; however, clear peaks corresponding to Li 2p, Na 1s, K 2p
and Cs 3d emissions were observed for the ZnO films doped
with Li,CO;, Na,COs, K,CO; and Cs,COj;, respectively, con-
firming that all alkali metals were incorporated into the ZnO NP
layers.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Energy band diagram of ZnO doped with various alkali metal
carbonate materials.

We also observed via UPS analysis that the metal carbon-
ates played a substantial role in influencing the energy band
structure of ZnO (Fig. S4 and Table S171). Work functions were
calculated from the secondary cut-off edge, whereas the
valence band maximum (VBM) of each layer was obtained
from the Fermi edge relative to that of a gold reference sample.
VBM of pristine ZnO (6.82 eV) was much lower than those of
the other samples, whereas ZnO doped with Li,CO; exhibited
the deepest VBM of 7.19 eV. Other VB levels included 7.00 eV
for Na,CO;, 6.84 eV for K,COj;, and 7.18 eV for Cs,CO;. To
calculate the conduction band minima (CBM), we subtracted
the observed optical band gaps taken from the Tauc plots
(Fig. S5 and Table S27) from the VBMs measured by UPS. The
optical band gaps of pristine ZnO and all of the doped ZnO
films were found to be almost identical, and the tendency of
the CBM data was similar to the trends observed in the VBM
data. As shown in Fig. 3, CBM of pristine ZnO at 3.40 eV was
the highest among all the values. Compared to the CBM and
VBM levels of pristine ZnO, the CBM and VBM levels of ZnO
doped with Cs,COj; and Li,CO; showed the greatest changes.
Upon doping with Cs,CO; and Li,COs;, the CBM energies
dropped to 3.77 eV and 4.10 eV, respectively. Moreover, there
was an energy barrier for the extraction of electrons from the
CBM of FAPDI; (3.95 eV) compared to that of pristine ZnO; this
barrier was reduced or eliminated after doping with Cs,CO;
and Li,COj;, and this indicated that electrons can be more
easily collected for ZnO ETLs doped with these salts.**

3.3 Morphology characterization

To investigate the effect of doping with metal carbonates on the
physical structure of the ZnO films, atomic force microscopy
(AFM) images and scanning electron microscopy (SEM) images
were collected; these images are shown in Fig. S6 and S7,}
respectively. AFM images of pristine ZnO and metal carbonate-
doped ZnO indicated that the metal carbonates did not drasti-
cally affect the film morphology. RMS values were found to be
2.84 nm for ZnO doped with Li,COj3, 2.81 nm for ZnO with
Na,CO3, 3.05 nm for ZnO with K,COj3, and 2.48 nm for ZnO with
Cs,CO3, indicating that the film roughness did not change
significantly with metal carbonate doping. The SEM images
confirmed that the film morphologies were not dramatically
affected by the metal carbonates.

This journal is © The Royal Society of Chemistry 2018
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3.4 Electrochemical characterization

To further understand the influence of alkali metal carbonates
on the electrical and interfacial properties of solar cell devices,
we prepared devices with the architecture ITO/ZnO/M,CO;/
FAPDI;/P3HT/Au and obtained electrochemical impedance
spectra (EIS), as shown in Fig. S8.f EIS provides detailed
information about the interfacial properties including the
charge carrier recombination rates and electron transport
properties to be quantified. Nyquist plots of the devices
measured under dark conditions at 0 V are shown in Fig. S8.t
All plots exhibited one semicircle without a transmission line
(TL). The absence of TL patterns indicated that the recombi-
nation of the solar cell may be interpreted by the Gerischer
impedance model.*” Furthermore, the single semicircle indi-
cated that the interface contact between the perovskite layer and
the ZnO layer is not likely to be a rectifying contact. In these
plots, the diameter of the semicircle is related to the recombi-
nation resistance. Notably, the devices using ZnO doped with
Cs,CO;3 or Li,CO; exhibited higher recombination resistances
than those with pristine ZnO, whereas the one with K,COj3;
showed lower recombination resistance. Interestingly, these
trends in the recombination resistance showed a strong corre-
lation with both the CBM data obtained by UPS and solar cell
device data; this was consistent with a reduced energy barrier
for electron extraction, leading to reduced carrier recombina-
tion and improved device performance.*

3.5 Photovoltaic characterization

Solar cell devices were fabricated using FAPDbI; active layers
deposited on ZnO substrates doped with different alkali metal
carbonates; Fig. 4a shows the corresponding current density—
voltage data. With pristine ZnO, the devices yielded PCE of
11.7%, Jsc of 21.1 mA cm ™2, Vo of 0.96 V and FF of 0.58. Li,CO;
and Cs,CO;, which decreased the CBM of ZnO ETLs and
increased the carrier recombination resistance, led to improved
device performance; notably, FF and Js¢ of the two devices, that
is, ZnO doped with Li,CO; and with Cs,COj; increased signifi-
cantly. The device doped with Cs,CO; exhibited Jsc of 23.1 mA
ecm ™2, Vo of 0.98 V and FF of 0.62 with an overall PCE of 14.1%.
The device doped with Li,COj; yielded Jsc of 21.7 mA em ™2, Vo
of 0.93 V, FF of 0.65 and PCE of 13.0%. Other details related to
the performance of each cell are listed in Table 2. As shown in
Fig. S7,t this result was obtained due to the uniform and large
grain size of the perovskite photoactive layer on the doped ZnO
layer, which increased the charge collection efficiency and
reduced the recombination.**?** To confirm the effect of metal
carbonate-doped ZnO, a field-effect transistor (FET) was used to
measure the intrinsic mobilities of ZnO and doped ZnO, as
shown in Fig. S9(a) and Table S3.1 The FET results showed that
the electron mobilities of all ZnO materials doped with alkali
metal carbonates were higher than that of pristine ZnO by about
~10"% to ~10"* em® V"' 7', Furthermore, as compared to the
photoluminescences of pristine ZnO and Cs,CO3-doped ZnO
with perovskite layer, the photoluminescence was dramatically
quenched, which directly indicated that the perovskite with
ZnO doped with Cs,CO; has efficient charge transfer.

RSC Adv., 2018, 8, 24110-24115 | 24113
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(a) Current density—voltage characteristics of FAPbls planar solar cells deposited on the pristine ZnO layer and each ZnO doped with metal

carbonate under 100 mW cm~2 AMLS5 illumination. (b) External quantum efficiency spectra of each cell. (c) Gaussian curves of the device
efficiency of FAPbIs perovskite solar cell deposited on the pristine ZnO, ZnO doped with Li,COs3, and ZnO doped with Cs,COs.

Table 2 Solar cell characteristics of each MAPbls and FAPbls device

Jsc Cal. Jsc

(mAcem™?)  Voc (V) FF PCE (%) (mAcm ?)
Pristine ZnO  21.1 0.96 0.58 11.7 19.7
w/Li,CO;4 21.7 0.93 0.65 13.0 21.4
w/Na,CO; 20.3 0.94 0.49  9.43 20.3
w/K,CO;4 22.8 0.94 0.44 945 21.9
w/Cs,CO; 23.1 0.98 0.62 14.1 21.8

(Fig. S9(b)T) These mobilities and charge transfer properties of
alkali metal carbonate-doped ZnO can contribute to improved
device performance.

Notably, the trends in efficiency are similar with the trends
in recombination resistance and CBM energies. Fig. 4b shows
the IPCE curve. The spectral shapes of the devices using ZnO
doped with alkali metal carbonates are slightly different than
those with pristine ZnO, showing slightly enhanced photo-
current generation in the near-infrared region of the spec-
trum. Fig. 4c shows PCE statistics for solar cells using FAPbI;
layers deposited on pristine ZnO, ZnO doped with Li,CO; and
ZnO doped with Cs,CO;, whereas the statistics for individual
device parameters are reported in Fig. S10.1 This curve shows
that devices using ZnO doped with Cs,COj; yielded signifi-
cantly higher Jsc compared to other devices that used pristine
ZnO or ZnO doped with Li,CO;. To clearly show the signifi-
cance of the trends in the device data, we analysed the char-
acteristics of 50 individual devices to prepare histograms of
Jsc, Voc, FF and PCE for FAPbI; for devices using pristine ZnO
and ZnO with alkali carbonate series (Fig. S10t). As shown in
Fig. S10a,f the average Jsc value of Cs-doped devices signifi-
cantly increased compared to that of pristine ZnO; the FF
values increased for both Li- and Cs-doped devices, whereas
the Voc values remained similar (Fig. S10bt) for all conditions.
Fig. S10dt shows that the average efficiency of the devices
followed the same trend as that of Jsc, and PCEs improved
from 11% to 14% via incorporation of alkali carbonates in
ETLs.

24114 | RSC Adv., 2018, 8, 24110-24115

4. Conclusions

In summary, we successfully investigated high performance
FAPDbI; perovskite solar cells using doped alkali carbonates
including Li,CO;, Na,CO3, K,CO; and Cs,COz; on ZnO ETLs
using low temperature solution processing techniques. This
report is one of the first studies to utilize a formamidinium-
based active layer in conjunction with ZnO ETLs. We found
that alkali carbonates could modify the CB level of the ZnO
electron transport layer, leading to improved electron transport
and extraction compared to un-doped ZnO ETLs. As a result, the
perovskite solar cell using Cs-doped ZnO showed higher
performance than those using other alkali metal carbonates
with over 14.1% PCE. As alternatives to TiO, and n-type metal
oxides, doped ZnO nanoparticle electron transport materials
constitute viable ETLs for efficient n-i-p planar heterojunction
solar cells, which can be used on flexible substrates via roll-to-
roll processing.
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