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In this letter, we report perovskite solar cells with thin dense Mg-doped TiO2 as hole-blocking

layers (HBLs), which outperform cells using TiO2 HBLs in several ways: higher open-circuit volt-

age (Voc) (1.08 V), power conversion efficiency (12.28%), short-circuit current, and fill factor.

These properties improvements are attributed to the better properties of Mg-modulated TiO2 as

compared to TiO2 such as better optical transmission properties, upshifted conduction band mini-

mum (CBM) and downshifted valence band maximum (VBM), better hole-blocking effect, and

higher electron life time. The higher-lying CBM due to the modulation with wider band gap MgO

and the formation of magnesium oxide and magnesium hydroxides together resulted in an incre-

ment of Voc. In addition, the Mg-modulated TiO2 with lower VBM played a better role in the hole-

blocking. The HBL with modulated band position provided better electron transport and hole

blocking effects within the device. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4916345]

Organolead halide perovskites (CH3NH3PbX3, X¼ I,

Br, and Cl) as light absorbers for solar cells received wide-

spread attention, due to their optimal band gap, large absorp-

tion coefficient, and high charge mobilities.1–6 When

irradiated with photoenergy over the bandgap, electron-hole

pairs are generated in CH3NH3PbX3 and subsequently the

electrons inject into the electron transport layer (ETL), while

the holes inject into the hole transport layer (HTL).7 These

electrons and holes give a photovoltage, which is highly

related with the difference between the conduction band

minimum (CBM) in ETL and the valence band maximum

(VBM) in HTL. Here, the ETL is referred to as a mesoporous

layer and a compact layer (such as TiO2 (Ref. 8) and ZnO9).

The compact layer was commonly named as hole-blocking

layer (HBL) because it could avoid the heavy recombination of

the holes which were generated in the CH3NH3PbX3 and the

electrons, which were existed in both CH3NH3PbX3 and the

HTL at the surface of the fluorine-doped tin oxide (FTO).10–13

Doping or mixing TiO2 with other elements is widely

conducted to tailor the properties of photoanode in dye sensi-

tized solar cells (DSSCs).14–18 Doping TiO2 compact film

with metal elements has also been used in DSSCs. As

reported, Nb-doped TiO2 compact film suppressed the charge

recombination from FTO to electrolyte, reducing the interfa-

cial resistance between TiO2 and FTO.19 Li-doped TiO2 com-

pact layer facilitated the electron transfer from nano-TiO2 to

transparent conductive oxide surface due to the reduced inter-

face resistance between the two layers.20 Researches of dop-

ing in the compact layer of the perovskite solar cells have

also been done. Wang et al.21 reported graphene nanoflakes

modified TiO2 HBL provided superior charge-collection in

the nanocomposites and improved the photovoltaic perform-

ance. Zhou et al.22 used yttrium-doped TiO2 compact layer

for better transferring electrons while blocking holes. Mg-

doped TiO2 nanorods were used as the ETL for perovskite

solar cells, resulting in a marked increase of open-circuit volt-

age (Voc). Unfortunately, Mg-doping caused a decline in the

short current density (Jsc) performance because of the

upshifted CBM.23

To overcome this adversity, we introduce Mg into the

compact TiO2 HBL of the perovskite solar cells, which can

both provide better hole-blocking effect and be still conven-

ient for electron transfer from perovskite to TiO2. Our com-

parative studies reveal that perovskite solar cells using

Mg-doped TiO2 HBLs outperform the controlled cells using

TiO2 HBLs due to the following reasons: (1) Mg-doped

TiO2 has a higher CBM and lower VBM that match better

with the energy bands of the porous TiO2 and CH3NH3PbI3,

resulting in cells with higher values of Voc and fill factor

(FF); (2) Mg-doped TiO2 has a wider band gap and better op-

tical transmission properties, leading to cells with greater

values of Jsc; and (3) Mg-doped TiO2 exhibits a much longer

electron life time and a smaller contact resistance, indicating

a reduced recombination of electrons and holes which makes

an improvement of both the Voc and the Jsc. We obtained an

optimized Mg-doped TiO2 based device with a 100 mV

enhancement in Voc than that of the pure TiO2 based device

together with improvement in the Jsc and the FF.

The perovskite solar cells were fabricated on FTO glass

substrates (about 14 X sq�1). Before fabrication, the sub-

strates were rinsed by the same way we used before.24 The

Mg-doped TiO2 compact layer was prepared by spin coating.

Different amount of magnesium acetate tetrahydrate was
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added in 0.05M ethanol solution of TiCl4. The above-

mentioned solution was spin-coated on the FTO glass at

2000 r.p.m. for 30 s and sintered at 500 �C for 15 min. A

200 nm TiO2 porous layer, an organic-inorganic perovskite

CH3NH3PbI3 layer, and a layer of hole transport material

(HTM) were prepared by the same way we used before.25,26

A thin layer of gold electrode was finally deposited by ther-

mal evaporation.

The morphology and components of Mg-doped TiO2

compact films were observed by a high-resolution field emis-

sion scanning electron microscope (SEM, JSM 6700F) and

energy dispersive X-ray spectrometry (EDX). X-ray photo-

electron spectroscopy (XPS) and ultraviolet photoelectron

spectroscopy (UPS) were recorded on a XPS/UPS system

(Thermo Scientific, ESCLAB 250Xi, USA). Transmission

spectra of the HBLs were measured by an UV-Vis-NIR spec-

trophotometer (CARY5000, Varian). The photovoltaic char-

acteristics were recorded by a standard ABET Sun 2000

Solar Simulator under 100 mW cm�2, AM 1.5 simulated

irradiation. Photocurrent density-voltage (J-V) characteristics

were collected using a CHI660D electrochemical worksta-

tion (ShangHai, China). The scan rate was 10 mV s�1. The

active area of all devices was 0.09 cm2.

Fig. 1(a) is the sketch of the Mg-doped TiO2 HBL per-

ovskite solar cells. After irradiated with photoenergy over

the bandgap of perovskite (i.e., CH3NH3PbI3), electrons and

holes are generated and subsequently injected into TiO2 elec-

tron transport material and spiro-OMeTAD HTM, respec-

tively. The compact layer acts as an important role to reduce

the recombination of electrons and holes and transport elec-

trons as well. Fig. 1(b) shows the J-V characteristics of none-

doped and Mg-doped TiO2 compact layer perovskite solar

cells. And the photovoltaic characteristics are summarized in

Table I. We name the films at an increasing Mg-Ti molar ra-

tio of 0, 0.05, 0.10, and 0.15 as none-doped TiO2, Mg(0.05)-

TiO2, Mg(0.10)-TiO2, and Mg(0.15)-TiO2 films, respec-

tively. The none-doped TiO2 cell showed a moderate per-

formance (a Voc of 0.98 V, and a power conversion

efficiency (PCE) of 9.16%). After adding 5 and 10 at. % Mg

into the blocking layer, the Voc increased to 1.05 V and

1.08 V, respectively. Besides, there were also enhancements

in the Jsc and the FF as expected. Nevertheless, all the pa-

rameters declined when the amount of Mg was added up to

15 at. %. The Voc of the Mg(0.15)-TiO2 cell was down to

0.93 V and the cell exhibited poor performance. This result

also corresponds to the dark current densities, which can be

drawn from the dark J-V curves, indicating the Mg(0.10)-

TiO2 cell has the lowest recombination. The series resistance

(Rs) derived from the J-V curves has an impact on the FF.27

The Rs of the none-doped TiO2, Mg(0.05)-TiO2, Mg(0.10)-

TiO2, and Mg(0.15)-TiO2 perovskite solar cells are 20.10 X,

14.55 X, 12.51 X, and 21.47 X, respectively. So the FF of

the cells shows a downward trend after rising first after Mg-

doping. Hysteresis effect in the J-V curves can be observed

in the supplementary material.34 We have also added magne-

sium acetate tetrahydrate into the widely used compact TiO2

solution,28 whose major material was tetrabutyl titanate in

ethanol solution. However, after adding very small propor-

tion of magnesium acetate tetrahydrate, the tetrabutyl tita-

nate would hydrolyze immediately, making the compact film

full of pores and agglomerated particles. So TiCl4 which

hydrolyzed less was used in our study.

To illustrate the mechanism of the enhanced perform-

ance of the Mg-doped TiO2 perovskite solar cells, a series of

characterizations have been done. The SEM-EDX spectrum

for Mg(0.10)-TiO2 (see Fig. S2 in the supplementary mate-

rial34) demonstrated the existence of magnesium in the TiO2

film after sintering. X-ray diffraction was measured to study

the structure of the films (see the supplementary material34).

The existence of MgTiO3 in the Mg(0.10)-TiO2 film shown

in the XRD patterns indicated Mg(II) substituted crystal lat-

tice in anatase TiO2, which may result in a higher-lying

CBM of the compact layer. Surface images of the doped and

none-doped TiO2 compact film were observed by SEM (see

Fig. S4 in the supplementary material34). The films that the

amount of Mg-doping is no more than 10 at. % are very

alike, which are dense and even. However, the film quality

deteriorates because of the appearance of larger particles af-

ter the doping amount rises to 15 at. %. It is probably

because the crystal water in magnesium acetate tetrahydrate

accelerates the hydrolyzation of titanium tetrachloride in the

mixture solution, thus, forming large particles of TiO2. So

FIG. 1. (a) The sketch of the Mg-doped TiO2 HBL perovskite solar cells.

(b) J-V curves of the perovskite solar cells with the none-doped and

Mg-doped TiO2 compact layers.

TABLE I. Photovoltaic parameters (average values) for the perovskite solar

cells with different amount of Mg doping.

Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

None-doped TiO2 0.98 6 0.02 17.31 6 0.53 0.54 6 0.01 9.16 6 0.65

Mg(0.05)-TiO2 1.05 6 0.01 17.94 6 0.25 0.59 6 0.01 11.11 6 0.46

Mg(0.10)-TiO2 1.08 6 0.01 18.34 6 0.31 0.62 6 0.01 12.28 6 0.53

Mg(0.15)-TiO2 0.93 6 0.02 14.51 6 0.33 0.52 6 0.02 7.02 6 0.59

121104-2 Wang et al. Appl. Phys. Lett. 106, 121104 (2015)
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the Mg(0.15)-TiO2 film is not qualified to be the HBL of a

perovskite solar cell and we did not focus on the characteris-

tics of Mg(0.15)-TiO2 film.

The transmission spectra of non-doped and Mg-doped

TiO2 compact films are shown in Fig. 2. The optical absorp-

tion edges of the Mg-doped TiO2 films shift to shorter wave-

length range and better transmission is gained, especially at

short wavelength region. Better transmission contributed to

the improved Jsc. The blue-shift of the light absorption is in

consequence of the wider energy band gap. The optical band

gaps derived from Tauc plot ((ah�)1/2 vs. eV), as shown in

the inset of Fig. 2, demonstrate the band gaps of non-doped

TiO2, Mg(0.05)-TiO2, and Mg(0.10)-TiO2 are 3.33 eV,

3.36 eV, and 3.44 eV, respectively. Here, a¼�(lnT/t), where

T is the transmission of the film and t is the thickness of the

film.

UPS characterization of none-doped TiO2 and

Mg(0.10)-TiO2 was done to get the relative accurate position

of the energy band, and the result is shown in Fig. 3(a). The

full UPS spectra using He I radiation are located in the mid-

dle position. Work function (WF) is derived from subtracting

the cut-off banding energy (the left spectra of Fig. 3(a)) with

the photon energy (21.22 eV). It is known that the WF of

MgO29 was less than that of TiO2, so the WF shifted up a lit-

tle after the Mg-doping. None-doped TiO2 showed a WF of

5.33 eV and Mg(0.10)-TiO2 showed a WF of 5.29 eV. The

expanded valence spectra are shown in the right of Fig. 3(a).

The peaks of the none-doped TiO2 film and the Mg(0.10)-

TiO2 film, respectively, center at 2.17 eV and 2.29 eV. The

peak values are the distance between the VBM and the WF.

So the VBM position of the none-doped TiO2 and the

Mg(0.10)-TiO2 are 7.51 eV and 7.58 eV, respectively. From

the known data, the energy level diagram of perovskite solar

cells with none-doped TiO2 compact layer and Mg(0.10)-

TiO2 compact layer is shown in Fig. 3(b). Doping Mg into

TiO2 makes the energy band broadening, moving the bottom

of the conduction band up and shifting the top of the valence

band down. The elevated CBM contributes to the increase of

the Voc. The upshifted CBM of the blocking layer is more

compatible with the mesoporous TiO2 and the CH3NH3bPI3,

reducing the energy loss though the electron transportation.

The electron quasi-Fermi level also moves up because of the

upshifted CBM. XPS30 spectra (see Fig. S5 in the supple-

mentary material34) of the Mg(0.10)-TiO2 film show that

there is adsorption of OH� groups except Mg-O bonding.

According to the XPS spectra and the literature report,23

there should be a good thin insulating layer of magnesium

oxide and magnesium hydroxides on the TiO2 surface due to

the similarity of the ionic radii of Mg2þ (0.066 nm) and Ti4þ

(0.061 nm), which surpasses the recombination and shows

better hole-blocking effect, achieving a further improvement

of Voc. The lower VBM of Mg-doped TiO2 compact layer

could benefit the Jsc and the FF. The downshifted VBM

could be more effective to block holes, resulting in less

recombination of electrons and holes at the film surface and

thus, giving a better Jsc and FF. Besides, in this work, Mg

was doped in the very thin dense TiO2 layer, whose uplifted

CBM was not higher than that of porous TiO2, so the elec-

tron transfer was efficient between the CH3NH3PbI3 and two

layers of TiO2. As a result, the ETL in our cell was effective

and the decrease of Jsc did not occur.

To further verify the performance enhancement of the

Mg-doped TiO2 device, incident photon to current effi-

ciency (IPCE) and open-circuit photovoltage decay

(OCVD) were measured. The IPCE spectra are shown in

Fig. 4(a). The result is in conformity with the changing

FIG. 2. Transmission spectra of the none-doped TiO2, the Mg(0.05)-TiO2,

and the Mg(0.10)-TiO2 films. The inset shows the Tauc plot of the films.

FIG. 3. (a) UPS spectra of none-doped TiO2 and Mg(0.10)-TiO2 films. The

full UPS spectra (center), secondary-electron cut-off (left), and the valence-

band region (right) are included. (b) Energy level diagram of perovskite so-

lar cells with none-doped TiO2 and Mg(0.10)-TiO2 HBLs.
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trend of Jsc of the perovskite solar cells with different

amount of Mg-doping in TiO2 blocking layer. Mg-doping

mainly benefits the IPCE at the short wavelength region,

which should be due to the better light transmission in the

corresponding wavelength range and due to the better

charge transportation of the cell.

The OCVD31–33 was measured to understand the effect

of different HBLs on the electron lifetime. In this measure-

ment, the decay of photovoltage after making the device

under dark condition was recorded. Fig. 4(b) illustrates the

voltage decay curves of the perovskite solar cells with the

non-doped TiO2 layer, the Mg(0.05)-TiO2 layer, and the

Mg(0.10)-TiO2 layer. It can be seen that there are three volt-

age dependent regions: (1) the high voltage region under illu-

mination, related to free electrons; (2) the exponential

increase region when the light was just lost, reflecting inter-

nal trapping and detrapping of the semiconductor particles;

and (3) the inverted parabola region at relative low photo-

voltage due to the effect of surface states.31 What we con-

cerned about is the exponential increase region which

reveals the electron-hole recombination process.24

The electron lifetimes under open-circuit conditions can

be calculated from the decay curves by formula (1)

sn ¼ �
kBT

e

dVoc

dt

� ��1

; (1)

where kB is the Boltzmann constant, T is the temperature,

and e is the positive elementary charge. And the electron

lifetime as the function of the Voc is shown in the inset of

Fig. 4(b). As a result, the electron lifetimes of the Mg-doped

TiO2 samples are longer than that of the none-doped TiO2

sample. For example, when the voltage is 0.78 V, the elec-

tron lifetimes are 0.40 s, 1.82 s, and 6.25 s for the solar cells

with the none-doped TiO2, the Mg(0.05)-TiO2, and the

Mg(0.10)-TiO2 HBLs, respectively. As expected, TiO2 HBL

with Mg-doping is beneficial to the electron transportation as

the electron lifetimes become longer. In other word, the

recombination of electrons and holes is suppressed because

of Mg doping, which is an important reason for the improved

photovoltaic properties.

In summary, we have developed the perovskite solar

cells with different amount of Mg-doping in TiO2 blocking

layer. Adding Mg into the blocking layer elevated the posi-

tion of the CBM of TiO2, which made a contribution to the

improvement of the Voc. Besides, there was also a thin layer

of magnesium oxide and magnesium hydroxide formed at

the surface of the HBL, which could suppress the recombina-

tion at the compact TiO2 surface, achieving a further

improvement of Voc. More advantageously, the higher-lying

position of the CBM would not hinder the electron transfer

between the perovskite and the two TiO2 layer, thus, high Jsc

and FF were obtained. Furthermore, less recombination and

better transmittance also resulted in better Jsc and FF. This

work provides a direction for future improvement of perov-

skite solar cells.
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