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Sub 150 °C Processed Meso-superstructured Perovskite Solar Cells with Enhanced Efficiency 

Konrad Wojciechowski, Michael Saliba, Tomas Leijtens, Antonio Abate and Henry J. Snaith*  

The ability to process amorphous or polycrystalline solar cells at low temperature (<150 °C) 

opens many possibilities for substrate choice and monolithic multijunction solar cell 

fabrication. Organometal trihalide perovskite solar cells have evolved rapidly over the last two 

years, and the CH3NH3PbX3 (X= Cl, I or Br) material is processed at low temperature. 

However the first embodiments of the solar cell were composed of high temperature processed 

(500 °C) compact and mesoporous layers of TiO2. The sintering of the mesoporous TiO2 has 

been negated by replacing this with a mesoporous insulating scaffold in the meso-

superstructured solar cell (MSSC), yet the high temperature processed compact TiO2 layer still 

persists in the most efficient devices.  Here we have realised a low temperature route to 

compact TiO2, tailored for perovskite MSSC operation. With our optimized formulation we 

demonstrate full sun solar power conversion efficiencies of up to 15.9 % in an all low 

temperature processed solar cell. 

 

 

1. Introduction 

Lightweight and mechanically flexible photovoltaic devices are of an 

increasing interest and demand, mainly due to their ease of 

integration and versatile functionality. Potential applications range 

from portable electronic devices, electronic textiles, synthetic skin, 

robotics, aerospace technology to large scale industrial roofing1–5. 

Commercially attractive reel-to-reel processing is contingent on low 

temperature technology in order to fabricate devices on the cheapest 

deformable flexible substrates, such as polyethylene terephthalate 

(PET) and polyethylene naphthalate (PFN). Additionally, low 

temperature fabrication allows for the possibility of new multi-

junction device architectures, as has been a successful route to 

higher efficiencies for organic photovoltaics6, and the highest 

efficiency crystalline photovoltaic technologies7.  A recently 

emerged class of solution-processed hybrid solar cells are based on 

organometal trihalide perovskite absorbers, which exhibit 

exceptional performance8–11 and are already approaching the 

performances of the best thin film technologies12,13. This cell type 

has been shown to work without high temperature sintering steps for 

the mesoporous scaffold11, closing the gap to achieving fully low-

temperature solution-based manufacture. There have recently been a 

few reports of low temperature processed perovskite solar cells 

employing all organic p and n-type contacts14–16. However, for both 

the planar heterojunction and mesosuperstructured solar cells, the 

highest efficiency devices still require sintering of the TiO2 compact 

layer, working as a selective contact for electron collection at the 

anode17. Typically, this compact layer is prepared by spin-coating or 

spray pyrolysis of a solution of TiO2 precursor with subsequent 

sintering at 500 °C in order to transform the amorphous oxide layer 

into the crystalline form (anatase), which provides good charge 

transport properties. The problem of high temperature processing of 

the TiO2 compact layer has been addressed previously for dye-

sensitized solar cells  (DSSCs): atomic layer deposition18,19, 

microwave sintering20 and inductively coupled plasma (ICP)-assisted 

DC magnetron sputtering21 have been used for deposition. However, 

the results generally yield lower efficiency in DSSCs than high-
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temperature processed TiO2.  Here we report a low temperature 

fabrication (<150 °C) of a compact layer composed of highly 

crystalline small nanoparticles of anatase TiO2 (diameter < 5nm) 

dispersed in an alcoholic solvent with an addition of titanium 

diisopropoxide bis(acetylacetonate) (TiAcAc). This approach results 

in a dense TiO2 layer with up to 100 fold higher conductivity than 

the TiO2 produced from the previous high temperature route. The 

ensuing all-low-temperature processed MSSC outperform the 

previous state-of-the-art devices, delivering a maximum full sun 

power conversion efficiency of 15.9 %.  

 

2. Results and Discussion 

In this work, we compare the newly developed TiO2 compact layer, 

which we term low temperature TiO2 (lt-TiO2), with the standard 

recipe used in MSSCs in which a solution of titanium isopropoxide 

in acidic ethanol is spin-coated upon the substrate11. For the 

conventional route, we either dry the films at 150 °C (which we term 

amorphous TiOx) or we sinter the films at 500 °C as is done in the 

current state-of-the-art (which we term high temperature (ht)-TiO2). 

Here, we synthesize TiO2 nanoparticles by a nonaqueous route from 

titanium tetrachloride and benzyl alcohol22, the detailed procedure is 

described in an experimental section. In Figure 1c we show the X-

ray diffraction (XRD) spectrum of a powdered sample, which can be 

assigned to anatase TiO2 with a crystal diameter of approximately 

4.5 nm, as determined by Scherrer peak width analysis23. 

Elsewhere, we have shown that adding TiAcAc to TiO2 mesoporous 

single crystals can greatly enhance the adhesive properties of the 

film and enhance the operation of dye-sensitized solar cells when 

processed at low temperature24. Here, we added a small amount of 

TiAcAc (initially 10 mol % with respect to TiO2 content) to the 

colloidal TiO2 dispersion, prior to spin-coating and drying at 150 °C. 

We propose that the TiAcAc decomposes to TiOx during film drying, 

and bridges the gaps between the nanoparticles, elsewise put it 

creates the mortar to hold the nanoparticles together25. We note that 

we observed that an opaque dispersion of TiO2, becomes translucent 

a few hours after TiAcAc addition, which we attribute this to the 

chelation of acetylacetonate ligands to the TiO2 nanoparticles26. We 

show SEM images of the spin-coated lt-TiO2 films in Figure 1a-b 

and S1a-c, which exhibit “crack free” uniform continuous coverage 

of the substrates.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) Cross-sectional image of 3.54 weight% TiO2 NPs spin-coated on glass, 

thickness: 100-120 nm; (b) top surface image of lt-TiO2; (c) X-ray diffraction spectrum 

of TiO2 nanoparticles powder sample.  

 

We investigated the impact of varying the concentration of TiAcAc 

from a 0 to 80 mol % with respect to TiO2 upon the conductivity of 

the films, and compared them to the standard fabricated TiO2 films. 

The results that we show in Table 1 demonstrate that TiOx is the 

least conductive (2×10-6 Scm-1), an order of magnitude lower than 

the conventional ht-TiO2. Remarkably, even the TiO2 sol shows 50-

c) 

250 nm 

a) b) 

2 µµµµm 250 nm 

TiO2 
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fold increase in conductivity over the ht-TiO2 and with the addition 

of a small amount of TiAcAc this increases to maximum of just 

below 10-3 Scm-1. This demonstrates that at least as far as 

conductivity and hence series resistance are concerned, the new low 

temperature TiO2 compact layer should be better than the previous 

state-of-the-art. However, if we calculate the equivalent series 

resistance for current flowing perpendicularly through a 1 cm2 slab 

of 50 nm thick material, as we also show in Table 1, only the TiOx 

should contribute significantly to the solar cells series resistance.   

Table 1. Conductivity values of different blocking layers. 

Blocking layer 

 

Conductivity 

(S.cm-1) 

Calculated 

Resistance through 

50 nm thick film 

(Ω.cm2) 

TiOx 0.02.10-4 2.500 

ht-TiO2 0.11.10-4 0.455 

lt-TiO2 (0 mol% 

TiAcAc) 
5.08.10-4 0.010 

lt-TiO2 (10 mol% 

TiAcAc) 
8.32.10-4 0.006 

lt-TiO2 (20 mol% 
TiAcAc) 

6.80.10-4 0.007 

lt-TiO2 (40 mol% 
TiAcAc) 

4.15.10-4 0.012 

lt-TiO2 (80 mol% 

TiAcAc) 
0.24.10-4 0.208 

spiro-OMeTAD         

(250 nm) 
0.30.10-4 

0.833 

 

We incorporated these TiO2 compact layers into complete MSSCs 

and present the current-voltage curves in Figure S1. The optimum 

concentration for performance was 20 mol % TiAcAc, which we use 

for the remainder of the study. We then varied the thickness of the 

compact TiO2 films by varying the TiO2 sol concentration. We 

present the photovoltaic performance parameters for devices with the 

range of compact layer thicknesses in Figure S2, where we found the 

optimum thickness to be approximately 45 nm. 

In Figure 2 we present solar cell current voltage curves and 

performance parameters comparing the best performing MSSC 

fabricated with the optimised low temperature processed TiO2 

formulation (lt-TiO2) as compared to devices employing high 

temperature processed TiO2 (ht-TiO2) and amorphous TiOx. We 

show the solar cell performance parameters, along with the solar cell 

series resistance determined by fitting the slope of the JV curve near 

open-circuit in Table 2. Devices with the optimum low temperature 

processed compact layer surpass the performance of previous state-

of-the-art sintered compact layer devices, delivering a maximum 

power conversion efficiency of 15.3%. The improvement is mainly 

due to higher fill factor, which rises above 0.7 in the best devices, 

consistent with reduced overall series resistance in the solar cell. 

Following from this work, we re-optimized the perovskite precursor 

concentration in the spin-coated solution (see experimental section) 

and achieved further increase in the film thickness, and overall 

performance or the solar cells, delivering a maximum full sun power 

conversion efficiency of 15.9%, with an average of 14.7 %. The 

increased performance arising from an average increase in the short-

circuit photocurrent. We present the statistical distribution of the 

photovoltaic parameters of the optimised batch (ht-TiO2 vs lt-TiO2) 

in Figure S4. 

a)  

 

 

 

 

 

 

 

 

lt-TiO2:  

Jsc = 20.0 mA/cm2 

Voc = 1.05 V 
FF = 0.72 

η = 15.3 % 

ht-TiO2:  

Jsc = 21.1 mA/cm2 

Voc = 0.97 V 

FF = 0.59 

η = 12.0 % 

TiOx:  

Jsc = 15.4 mA/cm2 
Voc = 0.96 V 

FF = 0.56 

η = 8.3 % 
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Figure 2. (a) Current-voltage characteristics of the best performing solar cells made with 

amorphous (TiOx), high-temperature (ht-TiO2) and low-temperature (lt-TiO2) processed 

compact layer; (b) photovoltaic parameters extracted from current-voltage 

measurements of a series of solar cells with the different compact layers; (c) record lt-

TiO2 solar cell performance obtained by increasing perovskite film thickness. 

 

 

 

 

 

Table 2. Photovoltaic parameters extracted from current-voltage 

measurements of devices with different compact layers. 

Compact layer 

(mean ± s.d.) 

Jsc 
(mA.c

m-2) 
η (%) VOC (V) FF 

Rs 

(Ω.cm2) 

TiOx 
13.85 ± 

4.30 

7.03 ± 

1.59 

0.95 ± 

0.02 

0.51 ± 

0.04 

18.93 ± 

4.87 

ht-TiO2 
16.33 ± 

2.98 
10.22 ± 

1.74 
0.98 ± 
0.04 

0.64 ± 
0.04 

9.22 ± 

1.19 

lt-TiO2 (20 

mol% TiAcAc) 

16.06 ± 

2.37 

12.18 ± 

1.46 

0.97 ± 

0.02 

0.72 ± 

0.01 

6.12 ± 

0.88 

 

The new low temperature processed compact TiO2 is of higher 

conductivity than the previously sintered material, and the ensuing 

solar cells have characteristics of lower overall series resistance in 

the. Fortuitously, this isn’t offset by faster recombination (which we 

show in SI) nor a less favourable band offset, which we infer from 

the relative invariance in the open-circuit voltage.  At first sight the 

reduced series resistance in the solar cell is surprising, since the ht-

TiO2 should have only been contributing on the order of 0.5 Ω·cm2 

to the solar cell series resistance. In addition, we have previously 

reasoned for solid-state dye-sensitized solar cells that the series 

resistance at open-circuit is limited by hole-conduction through 

spiro-OMeTAD27. However, here the spiro-OMeTAD is simply a 

solid capping layer (~250 nm thick as opposed to 2 µm infiltrated 

into a porous medium in the dye-sensitized solar cells) with a 

conductivity of close to 3 × 10-5 Scm-1.27,28 Hence the overall series 

resistance expected through a 250 nm thick film of doped spiro-

OMeTAD is only 0.8 Ω.cm2. However, the overall series resistances 

of the devices are much higher than the sum of bulk resistances of 

compact layer and hole transporter (see Table 1 and 2), and the 

difference between the devices incorporating lt-TiO2 and ht-TiO2 is 

over 3 Ω.cm2. Some of the extra resistance could arise from contact 

resistance, either present at the perovskite/TiO2 or the TiO2/FTO 

contacts. In particular, there is prior evidence for a potential barrier 

present at the FTO/TiO2 interface29–31. Via Mott-Schottky analysis, 

the donor density in conventional high temperature processed 

lt-TiO2:  

Jsc = 21.5 mA/cm2 

Voc = 1.02 V 
FF = 0.71 

η = 15.9 % 
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compact layers employed in dye-sensitzied solar cells is in the order 

of 1019 cm-3.32 Assuming a dielectric of 100 for the TiO2, a space 

charge depletion width, W, can be calculated using,32 

� � �������	�
��
�   (1) 

 Where N is the concentration of electron donors, ε is TiO2 dielectric 

constant, ε0 is vacuum permittivity and Efb is the flat-band potential. 

E-Efb is at approximately the difference between the FTO work 

function (-4.4 eV)33 and the fermi-level in the TiO2 (the latter of 

which should be higher (deeper) than the conduction band edge of 

TiO2 at -4.1 eV)34. With a charge density of 1019 cm-3, we estimate a 

depletion width of approximately 20 nm. This is in the order of the 

film thickness employed for our optimum compact layers, which 

implies that band bending appears to be appropriate. However, it 

also implies that significant depletion throughout the compact layer 

could occur for the thinnest films, greatly increasing the bulk series 

resistance beyond that measured from the isolated films on glass. For 

the low temperature TiO2 here, the conductivity is between 10 to 100 

times greater than both the high temperature films presented here 

and those fabricated by spray pyrolysis deposition32. If this increase 

in conductivity is largely due to an increase in the donor density, 

then with a donor density of 1020, the depletion width would reduce 

to 6 nm. In this instance the film would not be completely depleted 

giving much higher bulk conductivity, and additionally the narrower 

barrier width should enable a lower contact resistance. We note that 

heavily doping semiconductors at semiconductor-metal contacts is 

routine to minimise contact resistance35.  

To probe the origin of the reduced series of the lt-TiO2 devices in 

more detail, we have performed small perturbation transient 

photovoltage and photocurrent decay measurements, from which we 

can determine the differential capacitance of the solar cell36. This is 

usually employed to probe the chemical capacitance of mesoporous 

TiO2, with the differential capacitance being interpreted to reflect the 

density of states in the tail of the TiO2 conduction band. Here, we are 

using it to probe any changes which may have been introduced due 

to the different compact TiO2 layers. In Figure 3 we show that the 

differential capacitance as a function of open-circuit voltage is 

considerably different for the devices with the different compact 

layers. This is quite surprising, since we would assume the chemical 

capacitance of such a thin film of TiO2 to be very low. Devices with 

ht-TiO2 show much broader distribution of states than cells with lt-

TiO2, suggesting significant reduction in sub-band gap states in the 

low temperature processed films, or that the sub bandgap states are 

predominantly filled in the lt-TiO2, consistent with the enhanced 

conductivity. Alternatively, the capacitance could be due to the 

depletion of the compact TiO2 at the FTO interface, which as 

discussed above, will lead to a considerably broader depletion region 

in the ht-TiO2 than the lt-TiO2 films. In addition, capacitance which 

may be present due to accumulation or depletion within the 

perovskite at the perovskite/TiO2 interface may also contribute. We 

note that although these measurements and rational indicates that 

that a potential barrier at the FTO-TiO2 interface could be 

contributing to the series resistance in the solar cell, Further 

investigations are required to understand in much more detail the 

electronic structure across the FTO-TiO2 and TiO2-perovskite 

heterojunctions. 
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Figure 3. Open circuit voltage against the differential capacitance. 

  

Conclusions 

In summary, we have successfully developed a route for 

creating a low temperature processed TiO2 compact layer and 

in doing so we have finally removed all the high temperature 

thermal processing steps for the mesosuperstructured and 

planar heterojunction perovskite solar cells. Through this work, 

we have discovered that the previously employed high 

temperature processed compact TiO2 layer, was contributing 

significantly to the series resistance of the solar cells. The new 

low temperature approach has hence additionally resulted in 

improved fill factors and efficiency, pushing the solution 

processed MSSC back to the very highest efficiencies for 

perovskite solar cells. This work now makes the MSSC 

compatible with polymer foil flexible substrates, and opens the 

door for monolithic multi-junction perovskite solar cells. 

 

3. Experimental 

Unless otherwise stated, all materials were purchased from Sigma-

Aldrich or Alfa Aesar and used as received. Spiro-OMeTAD was 

purchased from Borun Chemicals and used as received. The 

synthesis of the perovskite, CH3NH3PbI3-xClx has been reported 

elsewhere10. TiO2 nanoparticles were synthesized following a 

previously reported method22. In a typical synthesis 2ml of 

anhydrous TiCl4 (99.9%) was added dropwise while stirring into a 

vial containing 8 ml of anhydrous ethanol. The whole content was 

transferred into a 100 ml flask containing 40 ml anhydrous benzyl 

alcohol. The solution was heated to 80 °C and reacted for 9 hours. 

After that time the reaction was stopped by cooling down the 

solution, which contained a translucent dispersion of very fine TiO2 

nanoparticles. Then, 4 ml of the above solution was mixed with 36 

ml of diethyl ether resulting in the precipitation of the TiO2. The 

precipitate was centrifuged, washed in acetone and redispersed in 

anhydrous ethanol, resulting in a colloidal solution of approximately 

28 mg TiO2/ml ethanol (3.54 wt. % of TiO2). The formulation was 

further diluted 3 times (1.18 wt. % of TiO2) in anhydrous ethanol 

and the appropriate amount of TiAcAc (10-20 mol % with respect to 

TiO2 content) was added directly. The solution was left to stand for 

at least 2 hours before use, but is stable for months. The low 

temperature TiO2 compact layer (lt-TiO2) was prepared by spin-

coating the colloidal dispersion of anatase particles in anhydrous 

ethanol, formulated with TiAcAc, followed by drying at 150 °C for 

30 minutes. The thickness of the compact layer was tuned by the 

concentration of TiO2 nanoparticles (3.54 – 0.24 wt. % TiO2 to 

ethanol). As standard control samples, blocking layers of non-

crystalline TiOx and high temperature processed TiO2 (ht-TiO2) were 

used. The former  was prepared by spin-coating a precursor solution 

(titanium isopropoxide, TTIP) in anhydrous ethanol (0.254 M) with 

the addition of a 0.02 M HCl followed by annealing at 150 °C for 30 

min, the latter was prepared by spin-coating the same solution 

(TTIP), followed by annealing at 150 °C and sintering at 500 °C.  

Photovoltaic devices were fabricated on fluorine-doped tin 

oxide (FTO) coated glass (Pilkington, TEC7). Substrates were 
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cleaned in hallmanex, then 10 minutes sonication in acetone, 10 

minutes sonication in IPA, and 10 minutes of oxygen plasma 

etching. Compact layers were deposited by spin-coating, as 

described above. An alumina scaffold was deposited according to the 

previously reported method which employs Al2O3 nanoparticles of 

20 nm in diameter11. After depositing the alumina scaffold samples 

were transferred into a nitrogen-filled glovebox, initially optimised 

precursor solution of the concentration of 350 mg/ml (CH3NH3I and 

PbCl2, 3:1 molar ratio in dimethylformamide (DMF)) was spin-

coated at room temperature, followed by annealing at 100 °C for 90 

minutes. The concentration of precursor solution was re-optimised to 

400 mg/ml, resulting in an increased perovskite film thickness. The 

hole transporter was deposited by spin-coating an 8 wt. % 2,2’,7,7’-

tetrakis-(N,N-di-pmethoxyphenylamine)9,9-spirobifluorene (spiro-

OMeTAD) in chlorobenzene with added tert-butylpiridine (tBP) and 

lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) of 80 and 30 

mol %, with respect to spiro-OMeTAD. Finally, 150 nm thick silver 

electrodes were deposited on top of devices by thermal evaporation 

at ~10-6 bar, through a shadow mask. 

3.1 Characterization techniques 

UV-Vis absorption spectra were obtained using a Carry 300 Bio 

(Agilent Technologies) spectrometer. Scanning Electron Microscopy 

images were obtained from Hitachi S-4300 miscroscope. 

Conductivity measurements of TiO2 films were performed by 

evaporating gold electrodes through the shadow mask on the spin-

coated compact layers and using 4-point probe set up with a Keithley 

2400 as a sourcemeter. The electrode pattern was designed for 4-

point probe measurements with an outer probe channel dimensions 

of 1 mm (length) x 1 cm (width) and an inner probe separation of 

300 µm. The thickness of the channel (TiO2 layer) was determined 

from SEM cross-sectional image. X-ray diffraction spectra were 

obtained from powder samples (the nanoparticle solution was dried 

in air at 150 °C) using Panalytical X’Pert Pro X-ray diffractometer. 

Current voltage characteristics of solar cells were measured 

under simulated AM1.5 100 mW.cm2 sunlight (ABET 

Technologies Sun 2000) with a Keithley 2400 sourcemeter. The 

lamp was calibrated with an NREL-calibrated KG5 filtered 

silicon reference with a solar mismatch factor of 1.01. The 

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

square aperture of the area of 0.0625 cm2. The pre-masked 

active area of the solar cells was approximately 0.12 cm2 

nominally defined by the overlap area of the silver and FTO 

electrodes. Solar cells were masked for all the current voltage 

measurements. 
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