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Single crystalline TiO2 nanoparticles (NPs) with spherical morphology are successfully synthesized 

by hydrothermal reaction in a basic condition. TiO2 NPs, selectively controlled to the sizes of 30, 

40, 50, and 65 nm, are then applied to mesoporous photoelectrode of CH 3NH3PbI3 perovskite solar 

cells. In particular, spherical TiO2 NP of 50 nm size (NP50) offers the highest photovoltaic 

conversion efficiency (PCE) of 17.19%, with JSC of 21.58 mA/cm2, VOC of 1,049 mV, and FF of 

0.759 while the enhancement of PCE mainly arises from the increase of VOC and FF. Furthermore, 

the fabricated photovoltaic devices exhibit reproducible PCE values and very little hysteresis in 

their J-V curves. Time-resolved photoluminescence measurement and pulsed light-induced transient 

measurement of the photocurrent indicate that the device employing NP50 exhibits the longest 

electron lifetime although the electron injection from perovskite to TiO2 is less efficient than the 

devices with smaller TiO2 NPs. The extended electron lifetime is attributed to the suppression of 

electron recombination due to optimized mesopores generated by the spherical NP50.  

Introduction 

Perovskite solar cells that employ methylammonium lead 

halides (CH3NH3PbX3, X=Cl, Br or I) as light absorber have 

attracted immense interest over the last a few years.1-17 In 

particular, CH3NH3PbI3 with direct bandgap of 1.5 eV has been 

regarded as one of the most ideal light absorbers due to its 

extremely high extinction coefficient, small exciton binding 

energy, high charge carrier mobility, low expense, and simple 

processability.3-8 Accordingly, photovoltaic conversion 

efficiencies (PCEs) over 16% have been achieved thus far, 

while it is predicted that higher PCEs over 20% can be reached 

with further optimization of the materials and devices in the 

near future.9-17   

In general, perovskite solar cells are prepared in the form of 

mesoscopic devices by deposition of perovskite material 

(CH3NH3PbI3 or Cl/Br-doped CH3NH3PbI3) onto a mesoporous 

TiO2 layer coated on FTO glass and subsequent deposition of 

hole-transporting material (HTM) and Au counter electrode 

(CE).10,14-17 The role of mesoporous TiO2 layer in this device is 

accepting the photoexcited electrons from the perovskite and 

then transporting to the FTO. In addition to the mesoscopic 

device, the planar-type device, fabricated without employing 

the mesoporous TiO2 layer, has also been demonstrated to show 

high photovoltaic performance, but planar-type devices require 

the use of Cl or Br-doped CH3NH3PbI3, which exhibits 

significantly longer electron and hole diffusion lengths than the 

bare CH3NH3PbI3.
5,18 Moreover, several reports indicate that 

the hysteresis in J-V scan, which is typically found in the 

planar-type device, can be alleviated by introducing 

mesoporous TiO2 layer,19-22  which seems to be caused by 

relatively larger contacting area between perovskite and TiO2. 

Particularly, for the pure CH3NH3PbI3-based device, 

mesoporous TiO2 is regarded to be an essential scaffold for 

efficient collection of electrons from the perovskite. The 

optimal thickness of mesoporous TiO2 layer is a few hundred 

nanometers because the thicker TiO2 layer is not necessary due 

to extremely high extinction coefficient of CH3NH3PbI3.  

In mesoscopic perovskite solar cells, TiO2 nanoparticles 

(NPs) are commonly used to form the mesoporous TiO2 layer. 

On one hand, for the efficient injection of photoelectrons from 

perovskite to TiO2, it is desirable to have mesoscopic TiO2 

layer with large surface area because it will increase the 

interfacial area between perovskite and TiO2. For this purpose, 

smaller TiO2 NPs will be suitable. On the other hand, for the 

complete infiltration of perovskite into the mesoporous TiO2 

structure, the pores in the TiO2 layer needs to be sufficiently 

large and homogeneous in size without the presence of tiny 

pores. For this purpose, TiO2 NPs of larger sizes will be 

favorable. In particular, we believe that the efficient pore-filling 

in the TiO2 layer by perovskite is crucial for blocking the direct 

contact between TiO2 and HTM and thus minimizing the loss of 

electrons via charge recombination between TiO2 and HTM. In 

addition, for the efficient electron transport through the TiO2 

layer, it will be helpful to minimize the grain boundaries in the 

TiO2 layer, which can be also reduced by using TiO2 NPs of 

larger sizes. Thus, in order to optimize electron injection into 

and electron transport through the mesoscopic TiO2 layer, the 

size of TiO2 NPs and the resultant pore structure of the TiO2 

layer have to be controlled so that the two contradicting 

requirements discussed above can be compromised.  

Besides the size of TiO2 NPs, the shape of TiO2 NPs also 

influences the pore structure as well as the connectivity among 

the NPs. Highly crystallized TiO2 NPs in the anatase phase 

have often been synthesized by water-based hydrothermal 

reactions under basic conditions.23-32 For instance, TiO2 NPs 
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formed in the presence of alkylamines have the sizes bigger 

than 100 nm with the shapes of octahedron, truncated 

octahedron, or elongated rod-like structures.27-32 In this 

hydrothermal reaction, grain growth occurs rapidly due to the 

water solvent that expedites hydrolysis and sol-gel reaction of 

Ti-precursors as well as growth of TiO2 nanocrystals. 

Moreover, alkylamines serve as a catalyst to facilitate the 

crystal growth, especially inducing anisotropic growth towards 

a specific crystallographic face,24,27,29-32 resulting in the 

formation of TiO2 NPs with the shapes of polygons or rod-like 

structures. The TiO2 NPs of such anisotropic shapes tend to be 

stacked nonuniformly, leading to poor contacts among the NPs 

and undesirable pore structures, that is, the pores of 

inhomogeneous size and shape distributions. Instead, if the NPs 

of spherical or round-edge shape can be synthesized, the 

fabricated films will have greatly improved contacts and 

connectivity among the NPs as well as the pores of uniform 

sizes with good channel connectivity, which will be beneficial 

for the efficient infiltration of perovskite material into the 

mesoscopic TiO2 layer. However, tailoring of TiO2 NPs or 

design of mesoscopic TiO2 structure for perovskite solar cells 

have scarcely been attempted thus far, in spite of their 

importance in determining the photovoltaic performances.33,34 

For the first time, in this work, we synthesized single 

crystalline TiO2 NPs of spherical shape by modifying the 

solvent system of conventional hydrothermal reaction.35 This 

simple strategy has the effect of retarding the sol-gel reaction 

and the grain growth during the reaction, leading to the 

formation of spherical TiO2 NPs with the size controllable in 

the range of 30–65 nm. Then, the prepared TiO2 NPs were 

successfully used for fabricating mesoporous TiO2 layers for 

the highly efficient perovskite solar cells. In addition, we 

systematically investigated the effects of NP size on the 

photovoltaic properties of perovskite solar cells by applying 

time-resolved spectroscopic techniques.5,6,33, 36-42 

 

Results and discussion 

To control the size and shape of TiO2 NPs, we modified the 

solvent system for the typical hydrothermal reaction. 

Specifically, the solvent system of ethanol/water mixtures 

instead of pure water effectively retarded the sol-gel reaction 

and crystal growth during the hydrothermal process. Fig. 1 

shows TEM images of as-prepared TiO2 NPs synthesized by 

the hydrothermal reaction at 230 oC in the ethanol/water solvent 

mixture of various ethanol volume fractions (XEtOH). In 90% 

water environment (XEtOH = 0.1), as shown in Fig. 1a, a longish 

TiO2 NP with the diameter of ~60 nm and the length of ~100 

nm is formed, which is in agreement with previous studies.27-31 

With increasing XEtOH, the sizes of the as-prepared TiO2 NPs 

gradually decrease while their shapes change from the longish 

and angled structure to the spherical shape. With XEtOH of 0.3, 

the prepared TiO2 NP has slightly elongated and angled 

structure with the average diameter of 50 nm and length of 65 

nm (termed NP65), as shown in Fig. 1b. In contrast, with XEtOH 

of 0.5, 0.7, and 0.85, the prepared TiO2 NPs are of spherical 

shapes with diameters of 50, 40, and 30 nm (termed NP50, 

NP40, and NP30, respectively), respectively, as shown in Fig. 

1c–1e. Particularly, as seen in the low-magnification TEM 

image in Fig. 1f, NP50 is highly monodispersed spherical TiO2 

NPs that are well separated from each other without appreciable 

aggregation. We believe that such a large TiO2 NP with 

spherical shape has never been reported thus far. In overall, 

sizes and shapes of TiO2 NP are strongly dependent on XEtOH, 

and the critical composition to achieve spherical morphologies 

is XEtOH = 0.5–0.85. When XEtOH becomes lower than 0.5, the 

NPs become gradually elongated, whereas their diameters do 

not change much. With XEtOH higher than 0.85, the sol-gel 

reaction is difficult to control. Hence the prepared TiO2 NPs are 

aggregated, with difficulty in the control of sizes and shapes. 

 

  
 

Fig. 1  TEM images of the as-prepared TiO2 NPs under XEtOH of a) 0.1, b) 0.3, c) 0.5, d) 0.7, and e) 0.85, which are denoted as 

NP100, NP65, NP50, NP40, and NP30, respectively. Low magfication TEM image for f) NP50 in c and high maginfication TEM 

images for g) NP65 in b and h) NP50 in c. Selected area electron diffraction (SAED) patterns, acquired from a single particle of 

NP65 and NP50, are shown in the insets of g and h, respectively. 
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To analyze the fringe patterns in a TiO2 nanocrystal, we 

further magnified the TEM images of NP65 and NP50, as 

shown in Fig. 1g and 1h, respectively. The fringe spacing of 

NP65 was measured to be 0.35 nm, corresponding to the (101) 

plane of the anatase phase, indicating that the nanocrystal was 

grown along the (001) direction. Previously, it was reported 

that the presence of alkylamines such as diethylamine (DEA), 

which was also added to the solution in the present work, 

expedites the TiO2 crystal growth during the hydrothermal 

reaction and especially promotes anisotropic growth to the 

(001) facet.27-32  Therefore, the elongated structure of NP65, 

which was prepared under a water-rich environment, to the 

(001) direction is in good agreement with the previous 

reports.30-32  In contrast, NP50 prepared under a XEtOH of 0.5 

has spherical morphology due to the retardation of the crystal 

growth by the presence of ethanol. Interestingly, it also exhibits 

uniform fringe patterns throughout a particle (see Fig. 1h), 

suggesting that individual NPs are single crystals, presumably 

resulting from isotropic grain growth. Selected area electron 

diffraction (SAED) patterns were obtained for single particles 

of NP65 and NP50, as shown in the insets of Fig. 1g and 1h, 

respectively. Uniform dot patterns were observed for both the 

elongated NP65 and the spherical NP50, confirming that both 

NPs are single crystals, regardless of the particle shape.  
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Fig. 2  a) Size variation of TiO2 NPs as a function of XEtOH in 

the solution mixture. b) XRD patterns for the as-prepared TiO2 

NPs with sizes of 30, 40, 50, and 65 nm. 

 

 

Fig. 2a shows the size variation of TiO2 NPs as a function of 

XEtOH in the solution mixture used for the hydrothermal 

reaction. The diameter (or length) of the prepared NPs 

decreases gradually, as XEtOH increases in the range of 0.1–

0.85. The intense XRD peaks with narrow line widths in Fig. 2b 

indicate that all of the as-prepared TiO2 NPs are in highly 

crystallized and pure anatase phase.  

The TiO2 NPs with the sizes of 30–65 nm were applied to the 

preparation of mesoporous photoelectrodes for CH3NH3PbI3 

perovskite solar cells. Specifically, we coated a mesoporous 

TiO2 layer on the FTO glass by spin-coating TiO2 paste 

containing NPs of a specific size and subsequently calcining at 

500 oC. The scanning electron microscope (SEM) images in Fig. 

3a show the cross-sections of various TiO2 layers deposited on 

the FTO layer, and it can be seen that all the TiO2 layers have 

the thicknesses in the range of 200–220 nm including a 

compact layer of ~10 nm thickness. The physical properties of 

the various TiO2 layers, that is, surface areas of the NPs, layer 

thickness, average pore diameter (see Fig. 3b), and roughness 

factor (RF),43,44 are listed in Table 1. As the size of TiO2 NPs 

increases, the average diameter of the pores generated in the 

TiO2 layer increases, whereas the RF of the TiO2 layer 

decreases. Fig. 3c shows the cross-section of a NP50-based 

TiO2 layer coated with CH3NH3PbI3. The CH3NH3PbI3 material 

seems to be uniformly infiltrated into the mesopores of the TiO2 

layer, and the thickness of a CH3NH3PbI3 overlayer on the top 

of the TiO2 is 100–200 nm. Fig. 3d shows the cross-section of a 

fabricated perovskite solar cell containing a NP50-based TiO2 

layer, where the thicknesses of spiro-OMETAD layer and an 

Au counter electrode are ~300 and ~60 nm, respectively.  

 

 

 
 

Fig. 3  a) Cross-sectional SEM images for the TiO2 layers 

derived from various NPs. b) Pore size distributions for the 

TiO2 layers derived from NP50 and NP65. Cross-sectional 

SEM images for c) FTO/TiO2/CH3NH3PbI3 and d) 

FTO/TiO2/CH3NH3PbI3/spiro-OMETAD/Au. 
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Table 1. Physical properties of several TiO2 layers. 

TiO2 
films 

Surface 
area of 

TiO2 NP 
[m2 g-1] 

Layer 
thickness 

[nm] 

Average 
pore size 

[nm] 

Roughness 

factor (RF) 

TiO2-30 57 210 24 23 

TiO2-40 40 220 34 18 

TiO2-50 34 200 45 13 
TiO2-65 28 220 56 11 

 

The J-V curves of the perovskite solar cells, derived from 

NP30, NP40, NP50, and NP65 are shown in Fig. 4a, while the 

detailed parameters are listed in Table 2. Among various solar 

cells containing NPs of a specific size, the device using NP50 

(termed PSC-50) shows the highest PCE (17.19%) with JSC of 

21.58 mA/cm2, VOC of 1,049 mV and FF of 0.759. With 

increase of the size from 30 nm to 50 nm, JSC does not change 

much, but VOC and FF increase significantly, as shown in Fig. 

4b. However, with further increase of the TiO2 NP size to 65 

nm, VOC and FF decrease, and thus the PCE also decreases 

down to 15.47%. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  a) J-V curves for the several perovskite solar cells. b) 

Change of VOC and JSC according to the TiO2 NP size and c) 

change of PCEs for the PSC-50 depending on the thickness of 

TiO2 layer. d) IPCE spectra for the several perovskite solar 

cells. 

 

 

Dark current–voltage curves of the devices employing different 

TiO2 NPs are also included in Fig. 4a. It is obvious that PSC-50 

exhibits the lowest dark current at high bias voltage near 1,000 

mV, which indicates that the current leakage of TiO2 layer is 

minimized by employing NP50. The obtained result is 

compatible with the enhanced VOC of PSC-50. To determine the 

optimum thickness of the TiO2 layer for efficient solar cells, we 

varied thicknesses of TiO2 layer in the PSC-50 in the range of 

150-320 nm. As shown in Fig. 4c, the solar cell with a 200 nm-

thick TiO2 layer gives the highest PCE, while further increase 

of the TiO2 layer thickness decreases the cell efficiency. 

 

 

Table 2. J-V curve parameters of several perovskite solar cells 

employing TiO2 NPs of various sizes.  

Perovskite 

solar cells 

VOC 

[mV] 

JSC 

[mA cm-2] 

Fill factor 

[%] 

PCE 

[%] 

PSC-30 995 21.61 66.59 14.32 

PSC-40 1029 21.45 69.74 15.24 
PSC-50 1049 21.58 75.94 17.19 

PSC-65 1005 21.27 72.35 15.47 

 

 

Incident photon-to-current efficiency (IPCE) spectra of the 

various perovskite solar cells are shown in Fig. 4d. The 

integrated current densities calculated from the IPCE spectra 

correspond to the JSC values, acquired from the J-V curves. The 

maximum external quantum efficiency (EQE) of PSC-50 is as 

high as 88%. At the wavelength around 700 nm, the EQEs of 

perovskite solar cells containing NP50 and NP65 (termed PSC-

50 and PSC-65, respectively) are slightly higher than those of 

the cells employing NP30 or NP40 (termed PSC-30 and PSC-

40, respectively). In contrast, at the wavelengths shorter than 

450 nm, PSC-50 and PSC-65 showed significantly lower EQEs 

than PSC-30 or PSC-40, implying that the short-wavelength 

photons are not efficiently utilized in PSC-50 and PSC-65 

probably due to larger light-scattering by bigger TiO2 NPs. 

When comparing the IPCE spectra of PSC-30 and PSC-65, the 

area difference between the two spectra is larger at short 

wavelengths (EQE loss for PSC-65) than at long wavelengths 

(EQE gain for PSC-65). Therefore, the light-scattering effect 

enhanced for larger NPs is not responsible for enhancing the 

PCE of the perovskite solar cells.  

In perovskite solar cells, the TiO2 layer plays a role of 

transporting photo-excited electrons from perovskite to FTO. 

To optimize the efficiency of the electron transport, the TiO2 

layer needs to satisfy several criteria. First, the TiO2 layer needs 

to have large surface area so that the contact area between 

perovskite and TiO2 can be maximized. In this regard, smaller 

TiO2 NP will be more favorable as building blocks of the TiO2 

layer. Second, the TiO2 layer needs to have an efficient 

structure for the electron transport. That is, the grain boundaries 

and defects have to be minimized. For this purpose, larger TiO2 

NPs are favored. Third, the perovskite has to be completely 

infiltrated into the mesoporous network of the TiO2 layer. If the 

TiO2 surface is not completely covered with perovskite, the 

uncovered TiO2 area can contact HTM directly, inducing the 

charge recombination between TiO2 and HTM. Hence, for the 

efficient infiltration of perovskite phase into the TiO2 layer, the 

pore size of TiO2 layer has to be sufficiently large and uniform 

without the presence of tiny pores. In addition, regarding the 

shape of TiO2 NPs, spherical morphology will be favorable for 

generating homogeneous mesopores.  
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As schematically illustrated in Fig. 5a, upon irradiation of 

solar light, photoexcited electrons generated in perovskite are 

injected into the conduction band (CB) of TiO2. Then, the 

injected electrons diffuse through the TiO2 layer to reach the 

FTO, while some of the electrons are lost by recombining with 

holes in the valence band (VB) of perovskite or the HOMO of 

HTM. These dynamic processes, that is, charge injection and 

charge transport, will be significantly influenced by mesoscopic 

structure of the TiO2 layer. To examine the effect of 

mesoscopic TiO2 structure on the charge dynamics in 

perovskite solar cells, we applied two types of time-resolved 

spectroscopic techniques. Firstly, to evaluate the efficiency of 

charge injection from perovskite to TiO2, we measured time-

resolved photoluminescence (TR-PL) for 

FTO/TiO2/CH3NH3PbI3 devices (without introducing HTM) 

that employ various TiO2 NPs of a specific size. As can be seen 

in Fig. 5b and Table 3, the temporal decay of PL intensity 

becomes faster, as the size of the TiO2 NPs decreases. In other 

words, the FTO/TiO2/CH3NH3PbI3 device containing NP30 

exhibits the fastest TR-PL decay.  

 

 

          
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5  a) A schematic diagram describing the charge transport 

and recombination pathway in the perovskite solar cell. b) TR-

PL decays of the bare CH3NH3PbI3 deposited on Pyrex glass 

and the FTO/TiO2/CH3NH3PbI3 devices employing NP30, 

NP40, NP50, and NP65. It can be clearly seen that the TR-PL 

decay is accelerated with the decrease of the size of TiO2 NPs. 

The time resolution of the TR-PL measurement was ~190 ps. 

 

 

The TR-PL decay of the perovskite device arises from 

quenching of PL intensity due to either (1) radiative relaxation 

of excited electrons back to the ground state of perovskite or (2) 

electron transport from perovskite to TiO2. Because the 

radiative relaxation back to the ground state of perovskite 

occurs at a certain inherent rate (that corresponds to the TR-PL 

decay rate of bare CH3NH3PbI3 shown in Fig. 5b, the 

acceleration of TR-PL decay with the decrease of TiO2 NP size 

in the FTO/TiO2/CH3NH3PbI3 devices indicates more efficient 

injection of electrons from the perovskite to TiO2. Therefore, 

we can infer that, as the TiO2 NPs become smaller, the contact 

area among NPs becomes larger and the electron injection from 

perovskite to TiO2 becomes more efficient.  

 

 

Table 3. Charge transfer times (CT) and charge transfer 

efficiencies (CTE) estimated from the PL lifetimes (interface) of 

FTO/TiO2/CH3NH3PbI3 samples employing TiO2 NPs of 

various sizes. 

Sample interface (ns)a) CT (ns) CTE (%) 

Bare CH3NH3PbI3 8.7 ± 0.2b) -- -- 
NP30/CH3NH3PbI3 1.5 ± 0.1 1.8 82.7 
NP40/CH3NH3PbI3 1.9 ± 0.1 2.4 78.1 
NP50/CH3NH3PbI3 3.5 ± 0.1 5.6 59.4 
NP65/CH3NH3PbI3 4.2 ± 0.1 7.4 51.7 

a)The PL lifetime of each CH3NH3PbI3/TiO2/FTO sample corresponds 

to the amplitude-weighted average lifetime of a multi-exponential 
decay fit; b)Time constant for the TR-PL decay of bare CH3NH3PbI3 

film. 

 

Secondly, by applying the pulsed light-induced transient 

measurement (PLITM) technique, we measured the electron 

diffusion coefficient and the electron lifetime of the photo-

injected electrons in the TiO2 layer during the perovskite solar 

cell operation.37-42 The electron diffusion coefficient, De, was 

determined by the equation, De = L2 / (2.35 × τc), where L is the 

thickness of the TiO2 layer and τc is the time constant of a 

single-exponential fit to the transient photocurrent decay at the 

short-circuit condition. The De values as a function of JSC are 

shown in Fig. 6a for various TiO2 layers containing NPs of a 

specific size. We can see that De does not change significantly 

with respect to the size of TiO2 NPs. This observation suggests 

that the electron diffusion through TiO2 layer is sufficiently 

efficient regardless of the size of TiO2 NPs, probably because 

individual NPs in the TiO2 layers are fully interconnected by 

the calcination at 500 oC. 

The electron lifetime, τe, was determined from a single-

exponential fit of the decay of transient photocurrent at the 

open-circuit condition. The τe value represents the lifetime of 

photogenerated electrons that survive from charge 

recombination between the CB of TiO2 and the VB of 

perovskite or HTM. The τe values measured as a function of JSC 

are shown in Fig. 6b for various TiO2 layers containing NPs of 

a specific size. We can see that τe changes significantly 

depending on the size of TiO2 NPs. In particular, the τe value 

increases gradually as the size of NPs increases from NP30 to 

NP50 whereas NP65 has a smaller τe value than NP50. The 

dependence of τe on the NP size is in good agreement with the 

NP size dependence of PCE and VOC shown in Fig. 4b. Thus, 

we can conclude that charge recombination, which determines 

τe, is the most crucial factors that govern the photovoltaic 

performance of perovskite solar cells. 
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Fig. 6  Plots of a) the electron diffusion coefficient (De) vs. JSC 

and b) the electron lifetime (τe) vs. JSC for the perovskite solar 

cells employing NP30, NP40, NP50, and NP65. 

 

 

Then, why does the TiO2 layer consisting of NP50 exhibit 

the longest τe and thus the lowest charge recombination rate? 

As discussed above, we propose that charge recombination is 

governed by how well perovskite infiltrates into mesopores in 

the TiO2 layer. With poor infiltration of perovskite into the 

TiO2 layer, the TiO2 material can contact the HTM directly, 

resulting in the recombination of electrons in TiO2 with holes in 

HTM. For the efficient infiltration of perovskite into the TiO2 

layer, the pores in the TiO2 layer have to be sufficiently large 

and uniform in size without the presence of tiny pores. As 

shown in Fig. 3b, the TiO2 layer consisting of NP50 has 

relatively homogeneous mesopores with the average pore size 

of 45 nm, which is significantly larger than that of the NP30-

layer (28 nm) or the NP40-layer (36 nm). Although the NP65-

layer has an average pore size (56 nm) significantly larger than 

other TiO2 layers, it has a broader size distribution of pores, 

including the presence of narrow pores. NP65 has an angled 

oval-like shape due to relatively faster grain growth in the (001) 

direction and therefore the stacking of NP65 particles will be 

more irregular than other spherical NPs, leading to the pores of 

nonuniform sizes and shapes. Thus, the TiO2 layer consisting of 

NP50 has the most effective pore structure as a result of the 

optimum combination of large pore size and uniform 

distribution of pore size, thus accounting for the suppressed 

charge recombination and the best photovoltaic performance of 

PSC-50. 

We note that PSC-50 consisting of spherical NP50 particles 

shows relatively little hysteresis in the J-V measurement as 

shown in Fig. 7a. The PCEs for forward and reverse scans were 

15.76% and 16.60%, respectively, which are very similar to 

each other. Moreover, PSC-50 exhibits highly reproducible 

photovoltaic properties. As shown in Fig. 7b, about 70% of the 

prepared photovoltaic devices exhibit the PCEs in the range of 

16–18 %. We infer that the highly reproducible PCE of PSC-50 

originates from efficient infiltration of perovskite into the 

mesoporous TiO2 structure. As we demonstrated, NP50 forms a 

network of large and uniform pores and thus provides the best 

morphology for fabricating mesoporous photoelectrode for 

efficient perovskite solar cells.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7  a) J-V curves of a PSC-50 acquired by forward and 

backward scans with a scan rate of 100 mV s-1. b) PCE 

distributions for the 58 devices of PSC-50. 

 

 
Conclusions 
Spherical TiO2 NPs with diameters of 30, 40, 50, and 65 nm 

were selectively prepared and adopted to construct perovskite 

solar cells. The PSC-50 that employs NP50 exhibited the 

highest PCE of 17.19% with JSC of 21.58 mA/cm2, VOC of 1.049 

V, and FF of 0.759, while significant increase in VOC and FF, 

rather than JSC, is responsible for the increase of PCE. The 

IPCE spectra indicate that higher PCE of PSC-50 does not arise 

from the light-scattering effect. Time-resolved PL measurement 

for the FTO/TiO2/perovskite devices shows the acceleration of 

the TR-PL decay with the decrease of the size of TiO2 NPs, 

suggesting that larger TiO2/perovskite contact area is favorable 

for efficient electron injection from perovskite to TiO2. With 

respect to the size of TiO2 NPs, the De value does not change 

much whereas τe value changes significantly. PSC-50 exhibited 

the longest τe, which originates from the effective pore structure 

in the TiO2 layer and the suppressed charge recombination. The 

dependence of τe on the NP size is in good agreement with the 

NP size dependence of PCE and VOC, suggesting that 

recombination is the critical factor that determines the 

photovoltaic performance of perovskite solar cells.  

 

 

Experimental details 

Synthesis of TiO2 NPs 

In a typical synthesis, 0.05 mol titanium isopropoxide (TTIP, 

Aldrich) was added to the solution containing 0.10 mol 

triethanolamine (TEOA, Aldrich) and 10 ml ethanol while 

stirring. The neat yellowish solution without any precipitation 

was then formed, indicating the formation of stabilized TTIP-

TEOA complex. In a separated beaker, 0.02 mol diethylamine 

(DEA, Aldrich) was dissolved in 100 mL of water-ethanol 

mixture in stoichiometric ratio. It was then added dropwise to 
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the Ti precursor solution, while vigorous stirring. Ethanol 

volume fraction (XEtOH) in the reaction mixture for 

hydrothermal reaction was varied to control the size of TiO2 

NP. Typically, to prepare 50 nm-sized TiO2 NP, the total 

amount of added ethanol was 55 mL (XEtOH = 0.5). The 

resultant mixture in a clear pale yellow color was stirred for 6 

h, and then transferred to glass-lined hydrothermal bomb made 

of titanium. The hydrothermal reaction was initially carried out 

at 100 oC for 4 h and then at 230 oC for 6 h. The prepared TiO2 

NP present in the solution was collected by centrifugation, 

washed with ethanol several times, and then dried in vacuum at 

50 oC. 

Fabrication of CH3NH3PbI3 perovskite solar cells 

As a TiO2 compact layer, approximately 10 nm-thick Ti film 

was deposited on the patterned FTO glass (Pilkington, TEC8) 

by an RF magnetron sputtering system (A-Tech system, Korea), 

followed by oxidation at 500 oC for 30 min in air. Mesoporous 

TiO2 layer with approximately 180 nm thickness was then spin-

coated at 5,000 rpm for 30 s, using the prepared TiO2 pastes, 

derived from various TiO2 NPs. The coated films were then 

heated at 500 oC for 30 min. CH3NH3PbI3 layer was deposited 

by two step method reported in the literature.10  PbI2 solution in 

N,N-dimethylformamide (462 mg/mL) kept at 70 oC was 

coated on the porous TiO2 films by spin coating at 6,000 rpm 

for 60 s. It was dried at 70 oC for 30 min, and then cooled down 

to room temperature. The film was immersed in a CH3NH3I 2-

propanol solution (10 mg/mL) for 20 s, and washed by 2-

propanol, followed by drying at 70 oC for 15 min. The HTM 

layer was then coated by spin coating at 4000 rpm for 30 s 

using the solution consisting of 72.3 mg of spiro-OMETAD 

[2,29,7,79-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-

spirobifluorene] in  1 mL of chlorobenzene, 28.8 μL of 4-tert-

butylpyridine, 17.5 μL of lithium bis(trifluoromethylsulphonyl) 

imide in 1 mL of acetonitrile, and 29 μL of tris(2-(1H-pyrazol-

1-yl)-4-tert-butylpyridine) cobalt(III) 

bis(trifluoromethylsulphonyl) imide 1 mL acetonitrile. Au layer 

with a thickness of 60 nm was deposited by thermal evaporator 

(Korea Vacuum Tech.) to form the back contact. The active 

area of the device was defined by a metal mask with a size of 

0.30 cm2. 

Characterizations  

The morphologies of the prepared TiO2 NPs were examined by 

transmission electron microscopy (TEM) using a JEOL Model 

JEM2100F operated at 200 kV. Cross-sectional images of TiO2 

films and devices were monitored by field-emission scanning 

electron microscopy (SEM, Hitachi S4300). P-V measurements 

were performed using a Keithley model 2400 source 

measurement unit. A 300 W Xenon lamp (Spectra-Physics) was 

used as the light source and the light intensity was adjusted 

using an NREL-calibrated Si solar cell equipped with a KG-5 

filter for approximating AM 1.5 G one sunlight intensity. The 

incident photon to current efficiency (IPCE) spectra was 

measured as a function of wavelength from 400 to 900 nm 

using a specially designed IPCE system (PV Measurements, 

Inc.). 

Time-resolved spectroscopic analyses 

Time-resolved photoluminescence (TR-PL) was measured 

using a time-correlated single photon counting (TCSPC) 

spectrometer (FluoTime 200, PicoQuant). Film samples of 

FTO/TiO2/perovskite were excited by 100-ps laser pulses of 

390 nm center wavelength through FTO glass (that is, back 

illumination) and the emission from CH3NH3PbI3-sensitized 

solar cells was collected at the wavelength of 760 nm. The 

temporal resolution of the TR-PL measurement was ~190 ps. 

The electron diffusion coefficient (De) and electron life time 

(τe) were measured by a home-made pulsed light-induced 

transient measurement (PLITM) of photocurrent equipment.37-42 

To obtain the transient photocurrent, the laser pulse (λ = 532 

nm, pulse duration = 7 ns, LCS-DTL-314QT, Laser-Export) 

was irradiated from the counter electrode side, while the bias 

light (Coherent, LabLaser, =635 nm) was illuminated from the 

working electrode side. The electron diffusion coefficients (De) 

of TiO2 layers were determined at the short-circuit condition, 

whereas the lifetimes of photogenerated electrons (e) were 

determined at the open-circuit condition. The measurements 

were repeated while the intensity of the bias light was varied. 
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Graphical Abstract 
 

 

50 nm-sized spherical TiO2 nanocrystal for highly efficient mesoscopic perovskite solar cells 

 

Sang Do Sung, Devi Prashad Ojha, Ji Su You, Joori Lee, Jeongho Kim and Wan In Lee 

 

 

 

A novel 50 nm-sized spherical TiO2 NP, prepared by a hydrothermal reaction, has been demonstrated to be a key component in 

fabricating highly efficient perovskite solar cells. 
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