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Despite the advanced efficiency of perovskite solar cells (PSCs), electron transportation is still a pending issue. Here
the polymer polyvinylpyrrolidone (PVP) is used to enhance the electron injection, which is thanks to the passivation of
the defects at the interface between the ZnO electron transporting layer (ETL) and the perovskite. The application of the
PVP layer inhibits the device degradation, and 80% of the primary efficiency is kept after 30 d storage in air condition.
Additionally, the efficiency of the device is further enhanced by improving the conductivity and crystallinity of the ZnO
ETL via Magnesium (Mg) doping in the ZnO nanorods (ZnO NRs). Moreover, the preparation parameters of the ZnO NRs
are optimized. By employing the high-crystallinity ZnO ETL and the PVP layer, the power conversion efficiency (PCE)
of the champion device is increased from 16.29% to 19.63%. These results demonstrate the advantages of combining
mesoscale manipulation with interface modification and doping together.

Keywords: perovskite solar cells ZnO nanorods, interface modification, preparation parameters, Mg doped

ZnO
PACS: 88.40.hj, 78.67.Qa, 73.40.—c, 81.20.-n

1. Introduction

The organic—inorganic perovskite light-harvesting mate-
rials have the advantages of inexpensive fabrication with solu-
tion techniques, strong absorption in the visible spectrum, and
high carrier mobility.!!=3 Since the first use of the materials
as dye sensitizers in dye-sensitized solar cells with the power
conversion efficiency (PCE) of 3.8%,14 perovskite solar cells
(PSCs) have been widely investigated in recent years. The
PCE of the PSCs is improving rapidly and now has reached
more than 25%.0]

The structure of the PSCs usually includes an anode, a
hole transportation layer (HTL), a light absorption layer, an
electron transportation layer (ETL), and a cathode.!'%-!?] The
ETL always plays a significant role in transporting electrons
and blocking holes. Among different metal oxides applied as
ETL, zinc oxide (ZnO) has garnered keen attention due to the
superior opto-electronic properties, and they can be regulated
by tuning the composition, doping, and morphology.[!3-13]
In addition, high-quality ZnO can be obtained via solution-
processed at low temperature.!'®! Many attempts have been
made in facilitating the PCE of ZnO-based PSCs to over 20%.
By tuning ZnO/perovskite interface with sulfidation, the PCE

U7 a5 well

of the ZnO-based device was increased to 20.7%,
as protonated ethanolamine and MgO.!"8! However, the PCE

is still lower than the TiO, based PSCs. The difference in
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PCE may result from the non-optimized ZnO NR crystallinity
(conductivity of NR) that impacts the electron transportation
between the perovskite absorbing layer and ETL,!"! but may
also be owning to the recombination originating from traps at
the interface between ETL/perovskite. As a result, it is very
important to improve the ZnO NR crystallinity and reduce the
trap density at the interface between ETL/perovskite. MgO
was applied as a passivation layer to reduce the interfacial
traps.[!8 Despite the improved efficiency of the device, the
preparation process is not simple, and the ZnO-based PSCs
are unsatisfactory to be persistent in the air without sealing.
Polyvinylpyrrolidone (PVP) is a water-soluble polymer, which
was incorporated between ETL and Ag cathode to improve
electron transport for inverted PSCs.[?") While whether the
PVP interlayer between perovskite and ETL would influence
the device performance is interesting.

It is well known that element doping is an effective
method to modify the crystallinity and the electrical/optical
properties of the material.[>!l Magnesium (Mg) is an ideal
doping element to regulate the energy band structure of ZnO
owing to the similar radius of Mg and Zn. Mg doped ZnO
nanocolloidal ETL was applied in PSC, achieving a PCE of
16.5% with low FFE.[??] Few studies about Mg doped ZnO NRs
in PSC fields were reported.

In this paper, the PVP layer is inserted between ZnO NRs
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and perovskite material. Steady-state photoluminescence (PL)
and x-ray diffraction (XRD) measurements show that the PVP
layer helps reduce the interfacial defects and enhance per-
ovskite crystallinity. Meanwhile, it also slows the PSC degra-
dation, and 80% of primary PCE remains after being exposed
to air for 30 d without encapsulation. In addition, we incor-
porate Mg in ZnO NRs and optimize the preparation param-
eters to improve ZnO NR crystallinity and promote the elec-
tron transportation. As a result, photovoltaic parameters of the
ZnO NRs based PSCs are enhanced, and a PCE of 19.63% is
attained.

2. Experimental details

We used fluorine-doped tin oxide (FTO) transparent glass
as the electrode. After etching with zinc powder and hy-
drochloric acid (HCI) solution, the FTO was cleaned with
alkaline detergent, deionized water, acetone, ethyl alcohol,
and isopropanol in ultrasonic cleaners. The seed layer was
first deposited by the sol-gel method as follows:!**! a so-
lution of Zn(CH3COO);-2H,0 (10 mM) in ethylene glycol
monomethyl ether was spin coated at 3000 rpm for 30 s
on the FTO substrates, then the FTO substrates with ZnO
seed layer were annealed at 350 °C for 30 min. The ZnO
NRs were prepared by hydrothermal method,**! zinc nitrate
hexahydrate (Zn(NOj3),-6H,0) and hexamethylenetetramine
(HMTA) were dissolved in deionized water in equimolar
(30 mM). The magnesium nitrate (Mg(NO3),-6H,0) (0, 1%,
2%, 5%, 10%) was added into the precursor solution to in-
duce Mg doping. The FTO substrates with the ZnO seed layer
were immersed in the precursor solution and put into the high-
pressure reaction vessel. The seed layer at 30 mM precur-
sor concentration was kept at 90 °C for different growth time
(2.5h,3h, 3.5h, 4h). Then the FTO substrates with ZnO NRs
were rinsed with DI water several times and was annealed at
450 °C for 30 min. A PVP solution in deionized water (1 wt%)
was spin-coated on the ZnO NRs at 5000 rpm for 60 s and was
annealed at 100 °C for 10 min.

Perovskite film was prepared by the twostep sequential
deposition method!*! ZnO NRs were infiltrated with Pbl, by
spin-coating a Pbl, solution in DMF (1 M) that was kept
at 70 °C, which adopted a spinning rate of 4000 rpm and
a spinning period of 30 s. After keeping on the hot plate
at 70 °C for 30 min to dry Pbl, and cooling to room tem-
perature, the film was dipped into CH3;NH3I (MAI) solution
in 2-propanol (0.063 M) and then dried for 30 min to form
in situ CH3NH;3Pbl; (MAPbI3) film. The Spiro-OMeTAD
solution was prepared by mixing 72.3 mg Spiro-OMeTAD,
30 pL 4-tert-butylpyridine and 35 pL bis(trifluoromethane)
sulfonamide lithium salt (Li-TFSI) stock solution (260 mg/mL
Li-TFSI in acetonitrile) in 1mL chlorobenzene. The Spiro-

OMeTAD solution was spin coated on MAPDbI; film at
4000 rpm for 30 s, and the HTL was formed. Finally, gold
back contact was deposited on the surface of HTL using a ther-
mal evaporator.

3. Results and discussion

To obtain high-quality ZnO NRs, we optimize the prepa-
ration parameters of ZnO NRs by varying the immersion time
of the seed layer in a 30 mM precursor solution. Figures 1(a)—
1(d) show that the surface and cross-sectional scanning elec-
tron micrograph (SEM) images of ZnO NRs in a 30 mM pre-
cursor solution for different growth time. The length of the
ZnO NRs increases from about 450 nm to 600 nm, 850 nm,
and 1000 nm as the growth time increases from 2.5 h to 3 h,
3.5 h, and 4 h, respectively. While the diameter of the ZnO
NRs is about 70 nm for the varying growth time. It suggests
that changing the growth time at the fixed precursor concen-
tration will only affect the length of the ZnO NRs and the in-
fluence on the diameter is not obvious. The result is in good
agreement with the previous report for ZnO NRs.[?#!

Figure 1(e) presents that the absorbance of ZnO NRs im-
proves with the increasing length. It has been reported that the
length of the ZnO NRs may influence the infiltration and the
formation of the perovskite material;[*”]
XRD patterns of perovskite deposited on different ZnO NRs
show there are no Pbl, peaks in ZnO NRs with the growth time
of 2.5 h, 3 h, 3.5 h. Especially the XRD pattern of the sample
with 3.5 h shows the strongest peaks of (110), (112), (220),
and (310) planes of perovskite due to the most perovskite in-

as shown in Fig. 1(f),

filtrated in the longest ZnO NRs. It indicates the complete re-
action of Pbl; and MALI. Figure S1 presents the cross-sectional
SEM image of MAPbDI; film deposited on the ZnO NRs with
different growth time. The whole thickness of the absorbing
layer increases with the prolonged growth time of ZnO. We
can see a compact and well crystallinity capping layer of the
perovskite film is formed on the vertical ZnO NRs when the
growth time is 3.5 h. However, when the growth time increases
to 4 h, Pbl, cannot completely convert to MAPbI; crystals and
it is disadvantageous for the device performance.

Figure 2 shows the fabrication procedure of PSC based on
ZnO NRs. The schematic illustration of the prepared PSC with
the structure of FTO/ZnO NRs/MAPbI3/Spiro-OMeTAD/Au
and the cross-sectional SEM images of the device are shown
in Figs. 3(a) and 3(b). The corresponding energy level dia-
gram of the device based on related materials are shown in
Fig. 3(c).!??! We can see the perovskite absorption layer pro-
tects the ZnO NRs from contacting the HTL directly. The
pores in the ZnO NRs are fully filled with perovskite. It is
advantageous to collect carriers efficiently by ZnO NRs and
Spiro-OMeTAD.
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Fig. 1. Surface and cross-sectional SEM images of ZnO nanorod in a 30 mM precursor solution for different growth time (a) 2.5 h, (b) 3 h,
(c) 3.5 h, (d) 4 h. (e)Absorption spectra of ZnO NRs in a 30 mM precursor solution for different growth time. (f) XRD patterns of perovskite

deposited on ZnO NRs with different growth time.

==
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and HTM coating

ZnO NRs with
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Fig. 2. Fabrication procedure of PSC based on ZnO NRs.

We further compare the influence of the length on the de-
vice performance. As shown in Fig. 3(d), the device perfor-
mance changes with the length of ZnO NRs and the corre-
sponding photovoltaic parameters are listed in Table S1. It is
revealed that the optimal length of ZnO NRs is 850 nm corre-
sponding to the growth time of 3.5 h. The optimal short circuit
current density (Jsc) of 18.27 mA/cm?, open circuit voltage
(Voc) of 1.00 V, fill factor (FF) of 0.73, and the maximum
PCE of 13.45%, which is better than other time of 2.5 h (PCE

of 10.11%, Jsc of 15.69 mA/cm?, Vo of 0.91V, FF of 0.70),
3 h (PCE of 11.76%, Jsc of 17.24 mA/cm?,Voc of 0.94 V, FF
of 0.72) and 4 h (PCE of 12.98%, Jsc of 18.03 mA/cm?, Voc of
0.97 V, FF of 0.73). After growing from 2.5 h to 3.5 h, the Jsc
increases from 15.69 mA/cm? to 18.27 mA/cm? as the length
increases from 450 nm to 850 nm. The increase of the length
of ZnO NRs allows more perovskite to infiltrate into the space
of the ZnO NRs, which improve the harvest efficiency of vis-
ible light and enhance the Jsc.[?*! However, when ZnO NRs
grow to 1000 nm, they will be disorderly to hinder the infil-
tration of perovskite and increase the probability of charge re-
combination between the ZnO NRs/perovskite interface, lead-
ing to the decline of the device performance. Therefore, the
following studies are focused on ZnO NRs with the length of
850 nm.

Next, we prepared a layer of PVP coating between the
ZnO NRs/perovskite interface. Figure S2 shows high reso-
lution transmission electron microscopy (HRTEM) image of
ZnO NRs with PVP coating, verifying the existence of PVP
coating. In order to investigate the effect of the PVP layer
on the MAPDI; film, surface morphologies of perovskite films
were detected shown in Fig. S3. We can see both films are
continuous and of full coverage. With the PVP coating, the
average grain size turns larger. We infer this is ascribed to the
solubilization and dispersion characteristic of PVP, improving
surface hydrophilicity and reducing surface energy.”’! The
XRD patterns of MAPbI3 deposited on ZnO with/without PVP
coating are shown in Fig. S4. The results present both films
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own tetragonal perovskite structure, and the sharper peaks for
PVP coating imply the optimized MAPbI; crystallinity.?8 As
shown in Table S4, the full width at half-maximum (FWHM)
of (110) peak reduces from 0.200° to 0.173° after inserting
the PVP layer.
enlarged grain size, confirming the optimized MAPbI3 crys-
tallinity with PVP. Figure 4(a) presents the absorbance of
MAPDI; films deposited on ZnO NRs and ZnO/PVP films.
The sample with PVP exhibits a slightly higher absorbance
near the short-wavelength region due to the enlarged grain size

This result is in good agreement with the

and optimized crystallinity. Trap states are always an issue in
polycrystalline films, such as ZnO and perovskite materials.
Decreasing them could improve the device performance. PL
measurements were applied to investigate the trap states.[*’]
Figure 4(b) presents the PL spectra of perovskite films de-
posited on ZnO NRs and ZnO/PVP. The data shows that the
former owns a higher PL intensity than the latter, indicat-
ing that the PVP coating reduces the defects density at the
ZnO NRs/perovskite interface. It turns out that PVP coat-
ing could lower the carrier recombination losses, enhance the
charge transportation, and facilitate the charge extraction from
the perovskite absorption layer to ZnO ETL. In addition, elec-
trochemical impedance spectroscopy (EIS) was implemented
to investigate the origin of the improved electron transporta-
tion and suppressed carrier recombination after PVP insert-
ing. Nyquist plots of the MAPbIj3 cells are shown in Fig. 4(c).
The radius of the semicircle in Nyquist plot represents the re-
combination resistance (Re.) of the devices. The node of EIS

Spiro-OMeTAD

ZnO NRs/MAPbDI;

e 20O seed T vert™

()
e,
—4.4
—4.4
— FTO
i é —5.1
5 4
5 %
=}
£a) D h+
—7.8

semicircle with the x-axis gives series resistance (R;) of the
PSC. Itis clear that PVP coating makes the R, decrease and the
R increase, which can reduce the charge recombination and
promote the charge transfer.['") To further identify the phys-
ical origin of the charge separation and transportation, Mott—
Schottky analysis was applied. The relationship between V
and 1/C? is delivered by the following equation:[*"!

1 -2

C = NeeaA? (V — Vi),

where €, g are permittivity, g, A, N, V are the elementary
charge, the active area, the free carrier concentration, and the
applied bias, C is the dark measured capacitance, V; is the
built-in potentials, which can be evaluated by the kink point of
the linear region with the x-axis of the Mott—Schottky curve.
We can see the ZnO/PVP based device presents a higher V;
than that of ZnO, which matches well with the tendency of the
Voc discussed later in Fig. 6(a). It is well known that W is
beneficial to the charge separation and the suppressed carrier
recombination.*”) The higher V;; of the ZnO/PVP based de-
vice should be related to the decreased charge recombination,
resulting from the elimination defects and the optimized inter-
facial between ZnO/perovskite. Combining the above analy-
sis, PVP coating can suppress the non-radiative recombination
loss in the cell, leading to a higher Voc compared to the pris-
tine devices. Therefore, the interface between ZnO/perovskite
is meliorated with the reduced defects density and the im-
proved charge transportation.

Spiro-OMeTAD (b)

| |O|R|M|PLI | |

ZnO seed layer
FTO

10

Current density (mA/cm?)
o

o

04 06 038

Voltage (V)

0.2

Fig. 3. (a) Cross-sectional SEM images and (b) schematics of the device structure. (c) Energetic diagram of PSC based on ZnO NRs with a
length of 850 nm. (d) J-V plots of the devices based on ZnO NRs with different growth time.
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Fig. 5. (a) EDS elemental mapping spectra of Mg: ZnO NRs on FTO (O, Mg, and Zn). (b) XPS of Mg (5%): ZnO NRs (c) high-resolution

XPS spectra of Mg 1s peak.

Mg doped ZnO NRs were prepared. Figure 5(a) shows
the EDS elemental mapping of the Mg: ZnO film. The dis-
tributions of the film composition (Mg, ZnO, and O) imply
Mg has been incorporated in the ZnO NRs uniformly. The
existence of Mg in the film was further confirmed by the X-
ray photoelectron spectra (XPS) spectrum of the Mg 1s region
(Figs. 5(b) and 5(c)).

Figure S5 shows that the XRD patterns of the ZnO NRs
with different Mg doping concentration. All the diffraction

peaks correspond to the wurtzite structure of ZnO, suggesting

the absence of impurity phase in the samples, and Mg doping
does not alter the structure of the ZnO. We infer Mg atoms
mainly exist in the ZnO as substitutes or interstitials.*!] After
doping Mg, all the peaks become much stronger and sharper
compared with the pristine ZnO NRs, suggesting an enhanced
crystallinity of the doping ETL.3?! It is beneficial to the elec-
tron transportation and improving FF and Jsc of the device
performance, which will be discussed later in Fig. S6.

In order to further investigate the influence of Mg dop-
ing on the ZnO NRs, the band gap was calculated from the
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absorption spectra. As shown in Fig. 6(a), after 5% Mg dop-
ing, the band gap increases. Based on the previous reports,
the increased band gap is ascribed to the rise of the conduc-
tion band,?>3] leading to a faster electron transportation at
the interface. It is helpful to enhance the FF and Jsc. More-
over, EIS measurements were performed to reveal the recom-
bination dynamics and interfacial charge transfer of the doped
and none doped PSCs. Figure 6(b) shows the Nyquist plots of
the MAPbI;3 cells. Mg doping makes the Ry increase, lead-
ing to the lower carrier recombination. Ry appear to be lower
than the pristine device, resulting in a faster electron injec-
tion. These results match well with the previous literature that
Mg doping increased the conductivity, resulting mainly from
the decreased internal resistance, which enhances the electron
density in ZnO.[?!

(a)

(ahv)?

3.4 3.5 3.6 3.7 3.8 3.9 4.0
hv (eV)

150

100

7" ()

50

100 150 200 250 300 350
Z'(Q)

0 50

Fig. 6. (a) The extrapolated plots of (a/zv)? as a function of v got from
the absorption spectra of ZnO NRs with different content (x = 0%, 5%)
and applied to calculate their band gaps. (b) Nyquist plots of PSCs
based on ZnO NRs with different Mg content (x = 0%, 5%) (the inset
depicts the equivalent circuit).

Figure 7(a) depicts J-V plots of the champion PSCs based
on pristine ZnO, ZnO/PVP, and ZnO: Mg (5%)/PVP layers.
The performance parameters are listed in Table 1. After dop-
ing with Mg (5%), the device obtains the best PCE of 19.63%,
the Jsc increases from 19.96 mA/cm? to 21.66 mA/cm?, the
Voc rises from 1.13 V to 1.14 V, and the FF increases from
0.77 to 0.79. The effect of Mg doping concentration on the
cells performance was also probed. The photovoltaic perfor-
mance of solar cells based on the ZnO NRs with different Mg
concentrations (0, 1%, 2%, 5%, 10% atomic percent) is shown
in Fig. S6 and Table S3. It is clear that doping concentration
significantly impacts the device performance. When the dop-
ing content increased to 10%, the photovoltaic performance
of the device decreases to 15.78%, owing to a significant re-
duction in the Jsc and FF. Obviously, 5% doping content is
the optimized doping amount. With PVP coating, the perfor-
mance of PSC is improved, yielding a PCE of 17.27%, the
Jsc increases from 19.63 mA/cm? to 19.96 mA/cm?, the Voc
and FF rise from 1.10 V to 1.13 V, 0.75 to 0.77, respectively.
Based on the above analysis, the obvious enhancement is as-
cribed to the optimized interface and the enhanced perovskite
crystallinity. Both devices based on the PVP coating and the
Mg doping present a higher reproducibility compared to the
pristine devices (Fig. 7(b)).

Table 1. Summary of device characteristics of the cells based on modi-
fied ZnO NRs under 1 sun illumination (AM 1.5G, 100 mW/cmz).

Sample Jsc (mA/crnz) Voc (V) FF PCE (%)
ZnO 19.63 1.10 0.75 16.29
ZnO/PVP 19.96 1.13 0.77 17.27
Mg(5%):ZnO/PVP 21.66 1.14 0.79 19.63

The stability of PSCs based on Mg (5%): ZnO NRs with
and without PVP coating were tested under lab conditions with
a relative humidity of 30%-50% without encapsulation. As
Fig. 7(c) shows, the PCE of cell with PVP coating retains 80%
of the initial PCE values after aging 30 days. While the PCE
of cell without PVP coating only retains 57% after 20 days,
indicating that the PVP coating contributes to the stability of
the devices, which is possibly attributed to the enhanced crys-
tallinity of MAPbI3 !l and the optimized interface.[!”)

Voltage (V)
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Fig. 7. (a) Current density—voltage curves of devices and (b) the PCEs distribution of the devices based on ZnO NRs, ZnO/PVP, and ZnO:Mg
(5%)/PVP. (c) Evolution of PCE for unsealed PSCs with or without PVP coating under lab conditions with a relative humidity of 30%—-50%.
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4. Conclusion

We have fabricated the effective charge collection and
transportation mesoscopic perovskite solar cells based on ZnO
NRs by some key optimization of the ETL and ETL/perovskite
interface, comprising optimization of the preparation parame-
ters of the ZnO NRs, the use of PVP layer, and Mg doping.
The superior length of the ZnO NRs was controlled by manip-
ulating the growth time. By inserting the PVP layer, interfacial
traps were reduced, certifying by PL and EIS measurements.
Meanwhile, crystallization of MAPbI; was enhanced, identi-
fied by XRD and SEM measurements. EIS measurement re-
veals that Mg doping increases the conductivity of ZnO NRs
and improves electron extraction and transportation. Com-
bining together, the PCE of the device rises from 16.28% to
19.63%. The devices with the PVP inserting layer also present
better stability than the pristine ones. Our study provides a
facile approach to improve the efficiency and the stability of
photovoltaic cells. In such a synergistic way, the PSCs based
on ZnO NRs are promising in the solar cell field.
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