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Abstract The photovoltaic properties of perovskite solar cells (PSCs) with a carbon electrode fabricated using different

annealing processes are investigated. Perovskite formation (50 oC, 60 min) using a hot-plate and an oven is carried out on cells

with a glass/fluorine doped TiO2/TiO2/ZrO2/carbon structure, and the photovoltaic properties of the PSCs are analyzed using

a solar simulator. The microstructures of the PSCs are characterized using an optical microscope, a field emission scanning

electron microscope, and an electron probe micro-analyzer (EPMA). Photovoltaic analysis shows that the energy conversion

efficiency of the samples fabricated using the hot-plate and the oven processes are 2.08% and 6.90%, respectively. Based on

the microstructure of the samples and the results of the EPMA, perovskite is formed locally on the carbon electrode surface

as the γ-butyrolactone (GBL) solvent evaporates and moves to the top of the carbon electrode due to heat from the bottom

of the sample during the hot plate process. When the oven process is used, perovskite forms evenly inside the carbon electrode,

as the GBL solvent evaporates extremely slowly because heat is supplied from all directions. The importance of the even

formation of perovskite inside the carbon electrode is emphasized, and the feasibility of oven annealing is confirmed for PSCs

with carbon electrodes.
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1. Introduction

Perovskite solar cells (PSCs) have a high energy con-

version efficiency (ECE) of about 24 %, which is com-

parable to that of silicon solar cells. Because of this,

PSCs have been considered as a promising future energy

source since they were first reported in 2009. PSCs can

be manufactured through a simple solution process, and

studies are currently being conducted to enable their

commercialization, owing to their high productivity.1)

However, the expensive polymer and precious metal

materials used for the hole transfer layer (HTL) and

electrode of existing PSCs are an obstacle to their

commercialization, as they account for more than 50 % of

the total cost of a PSC.2)

For the commercialization of PSCs, a large number of

studies on HTL-free carbon electrode devices have been

reported, among which, studies to control the thickness and

uniformity of the carbon electrode layer and to increase the

penetration rate of the perovskite solution into the carbon

electrode layer are actively being conducted.3-5)

The uniformity and thickness of the carbon electrode,

which can vary for different fabrication processes, are

reported to have a great influence on the ECE of the

final device. The carbon electrode coating process can be

generally divided into the doctor blade process and the

screen printing process. F. Zhang et al.6) have reported an

ECE of 8.31 % for a device comprised of glass/fluorine

doped tin oxide (FTO)/TiO2/perovskite with a carbon

electrode coated using the doctor blade process. One

issue with the doctor blade process is the difficulty in

controlling the thickness of the carbon electrode layer.

A. Mei et al.5) have reported an ECE of 12.8 %, which

is an improvement relative to that of the doctor blade

process, by producing a glass/FTO/TiO2/ZrO2/screen printed

carbon structure and dropping a perovskite solution on

the carbon layer. Since this report, the method of dropping

perovskite solution after screen printing was extensively
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studied and mainly employed for PSCs with a carbon

electrode.

To increase the infiltration of the perovskite solution, H.

Tao et al.7) adopted a carbon electrode with an improved

porosity by adding polystyrene spheres, which decompose

at 325 oC, into the carbon paste used for coating and then

performing heat treatment at 400 oC for 30 min. N.

Santhosh et al.8) reported an increase in the ECE by

improving the penetration of the perovskite solution through

the use of γ-butyrolactone (GBL) and 5-ammonium valeric

acid iodide (5-AVAI) instead of dimethylformamide and

dimethyl sulfoxide to reduce the viscosity of the perovskite

solution.

One disadvantage of the carbon electrode layer is that

it is more than 100 times thicker than a precious metal

electrode in a conventional PSC. Furthermore, there is

insufficient research on the conditions required for the

fabrication of perovskite with a uniform thickness in all

directions.

A standard hot plate, which has been used for the

fabrication of conventional perovskites, can be used for

the heat treatment of nano-level perovskites through heat

conduction from the bottom. However, the effect of the

formation of perovskite on a thick micro-level carbon

electrode and the uniform heating of the entire device

using an oven on the photovoltaic properties and

microstructure of the carbon electrode are still unknown.

Therefore, in this study, we aim to observe the photo-

voltaic properties and microstructure of PSCs with a

carbon electrode fabricated through the hot plate process

using a bottom heat source, and the oven process with

heat supplied from all directions.

2. Experimental Procedure

PSCs were fabricated by adsorbing perovskite onto

substrates with a glass/FTO/TiO2/ZrO2/carbon structure,

and their photovoltaic properties were compared.

Fig. 1 shows a schematic diagram of the fabricated

carbon electrode. To implement the device, a blocking

layer was fabricated on the cleaned glass/FTO substrate

using a compact TiO2 (SC-BT060, Sharechem Co) solution.

Meso-TiO2 was produced through the screen printing

process using TiO2 paste (Sharechem Co). To prepare the

ZrO2 layer, ZrO2 paste was coated on the prepared glass/

FTO/BL-TiO2/Meso-TiO2 through the screen printing

process, and then it was sintered at 500 oC for 30 min.

After coating glass/FTO/BL-TiO2/meso-TiO2/ZrO2 with a

carbon paste through the screen printing process, it was

sintered at 400 oC for 30 min to produce the glass/FTO/

BL-TiO2/meso-TiO2/ZrO2/carbon sample. 

A perovskite solution was prepared by mixing CH3NH3I

(99 %, Dyesol), PbI2 (99.99 %, Alfa Aesar), and 5-AVAI

in GBL (Sigma-Aldrich). The perovskite solution was

dropped onto the prepared glass/FTO/BL-TiO2/Meso-

TiO2/ZrO2/carbon sample. Thereafter, using either a hot

plate (NDK-1K, AS ONE) or an oven (ON-1E, Jeio Tech),

the PSC was fabricated by drying at a temperature of

50 oC for 60 min.

To determine the photovoltaic properties of the manu-

factured PSCs, their current-voltage (I-V) curves was

measured using a solar simulator (PEC-L11, Peccell) and

a potentiostat (CompactStat.h, Ivium). A 100 W Xenon

lamp was used as the light source, and the analysis was

performed under 1 sun (100 mW/cm2). The short circuit

current density (Jsc), open circuit voltage (Voc), fill factor

(FF), and ECE were obtained using the I-V curves.

Field emission scanning electron microscopy (FE-SEM

S-4300, Hitachi Co.) at the acceleration voltage of 5 kV

was used to observe the surface and cross-sectional

microstructure of the carbon electrode-PSCs. To observe

the elemental distribution of C, Zr, Pb, and I in the

perovskite layer, the vertical section of the device was

enlarged to 2.7 K in the line scanning mode of the electron

probe micro analyzer (EPMA).

Fig. 1. Fabrication process of the carbon electrode PSC device.
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3. Results and Discussion

Fig. 2 shows the I-V curves of the PSCs manufactured

using the different heat treatments. Based on the I-V

curve, the Jsc, Voc, FF, and ECE of the fabricated devices

were identified. The sample sintered in the oven had a

higher ECE than that annealed on the hot plate, resulting

in the excellent Jsc of the device manufactured using the

oven.

The solvent drying method for the perovskite solution

appeared to affect Jsc, thereby resulting in the difference

between the ECE of the PSCs.

Table 1 shows the results of the property analyses on

Fig. 2. The Jsc of the device sintered on the hot plate was

4.79 mA/cm2, while that of the device sintered in the

oven was 11.00 mA/cm2, demonstrating a 2.3 fold increase.

The Voc of the devices with the same lower layer and

electrode were equal, and there was about a 0.19

difference in the FF due to the difference in the Jsc. The

ECE values of 2.08 % and 6.60 % were caused by the

difference in Jsc.

Ultimately, the photovoltaic properties, especially the

ECE, depended on the differences in Jsc during the

formation of the perovskite layer. The higher ECE of the

device sintered in the oven is due to the formation of a

more uniform perovskite layer through the oven process

compared to the hot plate process, which becomes

engaged in relatively more photovoltaic reactions in the

carbon electrode layer. In particular, the I-V curve of the

sample prepared through the oven process showed a high

current density of 12.57 mA/cm2 at 0.45 V, which is a

unique phenomenon in reported carbon electrode perovskite

structures.9)

Fig. 3 shows the final in-plane images of the devices

manufactured through the hot plate process and the oven

process with the SEM images of the selected areas.

On the surface of the device prepared through the hot

plate process, 50 µm-sized perovskite cubic crystals and

20 µm perovskite aggregates were observed, as shown in

Fig. 3(a). As reported by Li et al.,10) perovskite tends to

aggregate when the solvent fails to evaporate simultaneously

at low temperatures.

On the surface of the device prepared through the oven

process, as shown in Fig. 3(b), uniform micro perovskite

crystals around 10 µm or less were found. A carbon

layer in black was also observed among the perovskite

layers.

With the same perovskite solution injected, the device

prepared through the hot plate process, as shown in Fig.

3(a), had a relatively large amount of perovskite aggregates

on the surface, while the device prepared through the

oven process had a uniform micro perovskite layer on

the surface, indicating that perovskite was uniformly

formed along the direction of the thickness of the carbon

electrode layer.

Fig. 4 shows the cross-sectional SEM images of the

prepared devices. A low magnification image is shown

on the left, and an enlarged image of the boxed area in

the left image is shown on the right.

Fig. 4(a) shows the cross-section of the sample before

the formation of the perovskite layer, in which a 500 nm

FTO/500 nm TiO2/1000 nm ZrO2/17 µm meso carbon

electrode layer were formed on the glass substrate. No

cracks were found at each interface, and the top of the

carbon electrode was relatively flat.

Fig. 4(b) shows the cross-section of the sample after

the hot plate process. In the image on the left, no change

was observed in the electron transport layer (ETL) com-

posed of ZrO2. 16.2 µm-thick aggregation of perovskite

on the top of the carbon electrode, and 1um or larger

width macrocracks which were formed during hot plate

annealing were observed

From the magnified image on the right showing ETL

and carbon electrode surface composed of ZrO2, ETL in

itself showed the same thickness with Fig. 4(a). However,

both microcracks (<0.1 um) and macrocracks (>0.1 um)

were observed in the carbon electrode layer near ETL.

Notably, there was a very large plate-like crack in the

carbon layer above the ZrO2 layer. The macrocracks in

the carbon electrode layer caused a large increase in the

Fig. 2. I-V curves of PSCs fabricated using different heat treatment

methods.

Table 1. Photovoltaic properties of PSCs with different heat

treatment for perovskite formation.

Heat 

treatment

Jsc 

(mA/cm2)

Voc

(V)
FF

ECE

(%)

Hot plate 4.79 0.88 0.49 2.08

Oven 11.00 0.88 0.68 6.60
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electric resistance during hole transport, resulting in the

difference in the Voc slope of the I-V curve as previously

determined by the photovoltaic analysis. The result

indicated an increase in the series resistance of the device.

Fig. 4(c) shows the cross-sectional image of the sample

after the oven process. There was no significant change

in thickness of the ETL. Unlike the device prepared

through the hot plate process as shown in Fig. 4(b), a

relatively uniform perovskite layer was formed after the

oven process without causing any change in the thickness

of the carbon electrode. However, microcracks, indicated

dotted circles, were formed on the carbon electrode layer

and perovskite layer as shown in the magnified image on

the right.

These microcracks on the carbon electrode layer after

the oven process may generate a hump of JSC at 0.45 V

as previously shown in the I-V graph of the oven process

in Fig. 2. S. Hashmi et al.9) reported the similar I-V

result showing hump in carbon electrode PSC already.

However, there was no graph showing hump by use of

the original metal electrode. Microcracks formed inside

the carbon electrode can be traps that delay the transfer

of exiton. Change in hump over 0.35 V from the I-V

graph might be caused by escape of the trapped exiton.11)

Fig. 5 shows the results of the EPMA line scanning in

the vertical section of the devices through the hot plate

and the oven process as shown in Fig. 4.

Based on the Zr element analysis of the ZrO2 layer,

some distributions of constituent elements (Pb and I) of

perovskite and of a constituent element (Carbon) of the

carbon electrode were observed from the surface. Area of

each layer was shown with a bar scale in the middle of

the EPMA graph.

Fig. 5(a) shows the line scanning result of the device

annealed with the hot plate process. As shown in Fig.

4, the perovskite was concentrated as 16.2 µm-thick

agglomeration on the top of the carbon electrode. Low

distribution of perovskite was confirmed due to the

macrocracks created by formation of the perovskite in

the middle of the carbon electrode. The non-uniform

distribution on the carbon electrode was generated due to

the macrocracks from the volume expansion during the

Fig. 3. Plane-view optical and SEM images of PSCs prepared through the (a) hot plate process and (b) oven process.
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perovskite formation process by the hot plate annealing.

Fig. 5(b) shows the line scanning result of the device

manufactured through the oven process. Perovskite was

uniformly formed along the direction of the thickness of

the carbon electrode, which suggests that perovskite was

also uniformly formed over the entire thickness of the

carbon electrode, as indicated by the ECE and microstructure

results.

The hot plate process resulted in the uneven formation

of perovskite inside the carbon electrode, development of

cracks in the carbon electrode, and decrease in the ECE

due to aggregates that formed on the surface, while the

devices prepared through the oven process exhibited a

relatively uniform formation of perovskite over the entire

thickness of the carbon electrode layer and a reduced

occurrence of cracks, which ultimately contributed to the

improvement of the ECE. 

4. Conclusion

Two different heat treatment methods, the hot plate

process and the oven process, for perovskite formation

were employed to fabricate PSCs with a carbon electrode,

and the photovoltaic properties and microstructures of

each device were observed. The device prepared through

the hot plate process showed cracks in the carbon

electrode layer, as the perovskite layer was formed

through a one-directional heat transfer from the bottom.

Perovskite using hot plate was distributed unevenly, with

aggregates around 50 µm in size on the surface, resulting

in the low ECE of the PSC. Therefore, the oven process

is more suitable for PSCs with a carbon electrode, as it

supplies heat evenly from all directions to form a uniform

perovskite layer all over the carbon electrode layer,

thereby improving the photovoltaic properties of the

resulting PSC.Fig. 4. Cross-sectional SEM images of the (a) as-prepared, (b) hot-

plate treated, and (c) oven treated in PSCs.

Fig. 5. Cross-sectional EPMA line scanning results of (a) hot-plate treated and (b) oven treated in PSCs.
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