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Abstract

This is the first report of a 17.6% champion efficiency solar cell architecture comprising

monocrystalline TiO2 nanorods (TNRs) coupled with perovskite, and formed using facile

solution processing without non-routine surface conditioning. Vertically oriented TNR

ensembles are desirable as electron transporting layers (ETLs) in halide perovskite solar cells

(HPSCs) because of potential advantages such as vectorial electron percolation pathways to

balance the longer hole diffusion lengths in certain halide perovskite semiconductors, ease of

incorporating nanophotonic enhancements, and optimization between a high contact surface area

for charge transfer (good) versus high interfacial recombination (bad). These advantages arise

from the tunable morphology of hydrothermally grown rutile TNRs, which is a strong function

of the growth conditions. Fluorescence lifetime imaging microscopy of the HPSCs demonstrated

a stronger quenching of the perovskite PL when using TNRs as compared to mesoporous/
compact TiO2 thin films. Due to increased interfacial contact area between the ETL and

perovskite with easier pore filling, charge separation efficiency is dramatically enhanced.

Additionally, solid-state impedance spectroscopy results strongly suggested the suppression of

interfacial charge recombination between TNRs and perovskite layer, compared to other ETLs.

The optimal ETL morphology in this study was found to consist of an array of TNRs ∼300 nm

in length and ∼40 nm in width. This work highlights the potential of TNR ETLs to achieve high

performance solution-processed HPSCs.

Supplementary material for this article is available online

Keywords: semiconductor nanowires, nanostructured titania, solvothermal synthesis, time-

resolved photoluminescence, photovoltaics, single crystal nanostructured titania, Mie scattering

1. Introduction

Organometal trihalide perovskite materials with the composition

ABX3 [A=Cs+, CH3NH3
+

(MA), or NH=CHNH3
+

(FA);

B=Pb or Sn; X=Br or I] are the focus of intense worldwide

research interest for use as light-absorbing materials in photo-

voltaic cells because of their outstanding optoelectronic proper-

ties such as a direct optical bandgap, free carrier generation at

room temperature, broadband light absorption, absence of deep

level traps, ambipolar transport, and long carrier diffusion lengths
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[1–5]. In the last decade, a remarkable enhancement in the

photoconversion efficiency (PCE) of perovskite solar cells has

been demonstrated. Miyasaka et al reported the first perovskite

solar cell in 2006 [6] with a PCE of 2.2%, which they improved

to 3.8% in 2009 [7]. Intensive research into the development of

HPSCs is now in progress which has led to a current highest

certified PCE of 22.1% [8]. In general, certain members of the

organometal trihalide perovskite semiconductor family including

MAPbI3 and FAPbI3 have a lower effective electron diffusion

length compared to the effective hole diffusion length in solution

cast thin films [9, 10], an issue which one-dimensional electron

transport layers (1D-ETLs) can assist with, because of which

nanostructured ETLs offer the potential to enhance the perfor-

mance of HPSCs [9, 11, 12]. The nanostructured ETL not only

improves electron transport but also provides a mechanical

support and a scaffold for the perovskite absorber layer in solar

cells. Nanostructured ETLs could also be used to reduce ther-

modynamic losses related to photons [13, 14] through incor-

poration of a number of nanophotonic effects such as photonic

bandgap crystals [15–18], resonant and non-resonant Mie scat-

terers [19, 20], whispering gallery modes [21] and waveguide

modes [22, 23]. Transparent semiconducting metal oxides such

as TiO2, SnO2, ZnO, SrTiO3 and WO3 are the most commonly

used ETL materials which ensure efficient contact with the

perovskite active layer and selectively transfer photogenerated

electrons to the underlying electrode while also blocking holes

[24–28]. Mesoporous TiO2 is the most common ETL used for

perovskite solar cells. The mesoporous architecture is comprised

of a large number of ca. 20 nm-sized nanoparticles with many

grain boundaries; this restricts the flow of electrons, resulting in

poor charge transfer. Furthermore, the mesoporous architecture

does not provide a unified path to photogenerated electron flow

which leads to a random walk of electrons through the ETL

[29, 30]. Such a random walk-type transport increases the path

length electrons must travel to the collecting electrode and

increases recombination’s probability. To overcome problems

associated with the mesoscopic structure, a tremendous effort is

being devoted towards the application of 1D-ETLs in HPSCs.

1D-ETLs provide a direct path for photogenerated electron

transport and have a large internal surface area, leading to fast

charge transport, efficient charge separation and a superior

charge collection efficiency. 1D-ETLs also provide better pore

filling of the perovskite absorber than the nanoparticulate struc-

ture in mesoscopic TiO2 thin films because of their open pore

structure [31–33]. TiO2, ZnO, WO3, and CdS nanorods and

nanotubes have been tested as ETLs for perovskite solar cells,

but only TiO2 nanorods (TNRs) have consistently produced

HPSCs with PCEs above 15% [34–37]. Several works on the

application of TNRs as ETLs have been documented [38]. Qui

et al reported TNRs sensitized using an extra thin layer of

CH3NH3PbBr3 having a PCE of 4.87% [39]. Park et al com-

pared the photovoltaic performance of long (>1μm) and short

(<1μm) TNRs, and found that the shorter nanorods provided

better infiltration of perovskite. By using 560 nm long nanorods,

they achieved a PCE of about 9.4% [33]. Jiang et al tried to

further optimize the length of nanowires for high performance

HPSCs; they found that increasing the length of nanowires to

900 nm helped improving the PCE by enhancing the short-circuit

current density, while increasing the nanowire length to 1.2μm

drastically reduced the short circuit current and open circuit

voltage [40]. Recently, Li et al [36] reported perovskite solar

cells with a PCE of 18.2%. They tuned the morphology of titania

nanorods by using different organic acids in the growth solution

of nanorods and used a UV-ozone treatment to improve the

TNR/perovskite interface [36]. Unlike the use of organic acids

or plasma treatment or ALD coatings on the surface, the only

surface treatment employed by us was the well-established TiCl4
treatment, which is considered routine for nanostructured TiO2

[41–43]. Herein, we present an in-depth discussion of the elec-

trical behavior of HPSCs based on TNR ETLs, which is essential

in order to understand the sources of both underperformance and

outperformance in various device parameters, so as to enable the

achievement of even higher efficiencies close to the Shockley–

Queisser limit [44]. We studied in depth nanorods’ effects on the

optical properties of the resulting HPSCs. We demonstrated the

profound effect of TNR morphology on charge separation and

recombination at the perovskite/TNR interface. We optimized

the morphology of hydrothermally grown rutile nanorods to

produce perovskite solar cells with a champion PCE of 17.6%.

2. Experimental

2.1. Synthesis of TNRs arrays

Titanium (IV) n-butoxide (TBO), titanium (IV) isopropoxide,

acetonitrile, lead iodide and lead bromide was purchased from

Acros Organics. Acetic acid, HCl, formamidinium iodide (FAI),

4-tert-butylpyridine, lithium bis(trifluoromethanesulfonyl)-imide

and spiro-OMeTAD were purchased from Sigma-Aldrich.

Methylammonium bromide (MABr) was obtained from Dyesol.

Chlorobenzene, titanium (IV) chloride, dimethylformamide

(DMF) and dimethylsulfoxide (DMSO) were purchased from

Fisher Scientific. Chemicals were used as received without any

further purification. Fluorine-doped tin oxide (FTO) coated glass

slides (Hartford Tec Glass Company) were used as substrates

and were first cleaned by sonication in acetone, methanol and

deionized water for 10min each. A thin compact layer of TiO2

was deposited on the cleaned FTO:glass substrates (figure 1(a)).

The precursor solution for the deposition of compact TiO2 was

prepared by a method described elsewhere; in brief, 369 μl of

titanium (IV) isopropoxide and 70 μl of 1M HCl were sepa-

rately diluted in 2.53ml of isopropanol. Diluted HCl was added

drop by drop into the diluted titanium (IV) isopropoxide solution

under stirring. After overnight stirring of the mixed solution, it

was filtered using a 0.2 μm filter and deposited over cleaned

FTO:glass substrates by spin casting at 3000 rpm for 30 s, fol-

lowed by calcination at 450 °C for 30min [45–47]. The TNR

array was grown on the FTO/TiO2 substrate by a simple

hydrothermal method. 2.5ml of HCl (37%) and 2.5 ml of glacial

acetic acid were mixed with 5ml of DI water in ambient con-

ditions. The mixture was processed in a Teflon-lined stainless

steel autoclave after adding the proper amount of titanium (IV)

n-butoxide (TBO) into it. The substrate was placed in the

autoclave at an angle such that the FTO/TiO2 side faced

downwards. The autoclave was then sealed and hydrothermal

2
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growth was conducted at 200 °C for 30min in a laboratory oven

(figure 1(b)). After nanorod growth, the autoclave was cooled to

room temperature in ambient air; the resulting transparent

nanorod array (figure 1(c)) was rinsed with DI water for 2 min

and dried in a stream of flowing nitrogen. The TNR array was

then treated with 40mM of TiCl4 at 70 °C for 30min and

annealed at 500 °C for 30min. Mesoporous TiO2 ETLs were

deposited on FTO/TiO2 by spin casting followed by calcination

at 500 °C for 30min.

2.2. Characterization

The morphologies of the TNRs and the TNR-perovskite

solar cells were imaged using a Hitachi S4800 cold field emis-

sion scanning electron microscope (FESEM). UV–vis–NIR

spectroscopy was performed using a Perkin Elmer Lambda-

1050 spectrophotometer equipped with a 100mm integrating

sphere accessory. Steady state photoluminescence (PL) spectra

were collected using a Varian Cary Eclipse spectrofluorometer.

Fluorescence lifetime imaging (FLIM) was performed using a

Zeiss LSM 510 NLO multi-photon microscope equipped with a

Ti:sapphire laser and a FLIM module consisting of a Hama-

matsu RS-39 multi-channel plate detector, a filter wheel and a

Becker Hickl SPC730 board for photon counting. Solid state

impedance spectroscopy (SSIS) was performed in a two-elec-

trode configuration using a CHI-600E potentiostat.

2.3. Device fabrication and testing

Devices were fabricated on FTO coated glass substrates

(henceforth referred to as FTO:glass) having a sheet resistance

of 8Ω/,. FTO:glass substrates were patterned using 35% HCl

and Zn powder. The perovskite precursor solution consisted of

1M formamidinium iodide, 1.1M PbI2, 0.2 M MABr and

0.22M PbBr2 in a 4:1 mixture of DMF and DMSO. The

precursor solution was stirred for 2 h at 70 °C before being

deposited on the TNRs. The perovskite solution was deposited

on TNRs in a two-step procedure: first at 1000 rpm for 10 s and

then at 4000 rpm for 20 s. 100 μl of chlorobenzene was drop-

ped on the spinning substrate at the 15th second of the second

step for rapid crystallization. Substrates were then annealed at

100 °C for 30min (figure 1(d)). A hole transporting layer was

deposited by spin-casting a solution containing 35mg of Spiro-

OMeTAD mixed with 1 ml of chlorobenzene and additives,

namely 4.4 mg of lithium bis(trifluoromethanesulfonyl)-imide,

14 μl of 4-tert-butylpyridine and 17.5 μl of acetonitrile; this

resulted in a hole transporting layer roughly 200 nm thick

(figure 1e). A 70 nm thick layer of gold was then thermally

evaporated to complete the devices (figure 1(f)). The current–

voltage characteristics of the samples were measured using a

Keithley 4200 semiconductor parameter analyzer. For solar cell

testing, one sun AM 1.5 G illumination from a collimated large

area solar simulator (Newport Instruments) equipped with

Class A filters was used. All the photovoltaic devices were

masked with a thin black mask which was used to define an

active area of 2 mm×2mm. Incident photon-to-electron

conversion efficiency (IPCE, also known as external quantum

yield or EQE) was measured using a home-built set-up con-

sisting of a Xe arc lamp, chopper, filter-wheel, computer-

controlled monochromator, calibrated silicon photodetector

and optical power meter.

3. Results and discussion

The concentration of the titanium precursor, i.e. TBO, used in

the hydrothermal growth process plays a crucial role in

determining the morphology of grown nanorods. Figure 2

shows cross-sectional and top-view FESEM images of rutile

TNR arrays grown with different concentrations of TBO. For

a constant growth temperature and duration—the length,

Figure 1. Schematic illustration of perovskite solar cell fabrication based on TiO2 nanorods. (a) Fluorine doped tin oxide (FTO) glass
substrate. (b) Compact TiO2 layer deposited overclean FTO:glass substrate. (c) Hydrothermal growth of TNRs on FTO:glass substrates in
laboratory gravity convection oven at 200 °C for 1 hr. (d) Grown rutile TNR array and (e), (f), and (g) perovskite active layer, spiro-
OMeTAD and gold electrode deposited over TiCl4-treated rutile nanorods respectively.
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width, and packing density of TNRs increase with increasing

TBO concentration. The dimensions of the nanorods were

determined to be ∼100, 300, 650, 800 nm long and ∼20, 40,

80, 150 nm wide for 400 (A-type), 600 (B-type), 800 (C-

type), 1000 (D-type) μl of TBO, respectively, as shown in

figures 2(a)–(h). Both the length and packing density of the

nanorods are important parameters which decide the photo-

voltaic performance of the final HPSCs. Short nanorods with

a large inter-rod spacing between nanorods do not provide a

sufficient number and areal density of heterojunctions for

charge separation because of a low roughness factor and a

low surface area. A high loading of the perovskite absorber

and an inter-rod spacing well below half the electron diffusion

length are essential to ensure maximum transfer of photo-

generated electrons from the perovskite active layer to the

TNRs. On the other hand, a very long and densely packed

TNR array suffers from poor infiltration of perovskite

compared to relatively shorter nanorods with larger inter-

spacing [33, 48–50], in addition to increasing the probability

of recombination of electrons transiting through the TNRs

toward the FTO electrode with holes transiting in the per-

ovskite toward the Au electrode. Therefore, the morphology

of nanorods must be optimized to provide a large surface area

with sufficient infiltration of the active layer, while also

controlling interfacial recombination.

The dimensions of the nanorods also play a considerable

role in their light scattering behavior which in turn, has a

significant effect on the light harvesting efficiency of a solar

cell. In dye sensitized solar cells (DSCs), the correct design

and incorporation of Mie scatterers has been used to improve

the light harvesting efficiency of near band-edge photons

(∼700–750 nm) by increasing the optical path lengths of red

photons inside the nanostructures [51–53]. However, DSCs

consist of a 10–12 μm thick dye-coated nanostructured TiO2

Figure 2. Cross-sectional and top-view SEM images of A-type, B-type, C-type and D-type TiO2 nanorod arrays grown on FTO substrate at
200 °C for 1 h using (a), (b) 400 μl (c), (d) 600 μl (e), (f) 800 μl and (g), (h) 1000 μl of titanium (IV) n-butoxide in the hydrothermal
precursor solution, respectively.
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film coupled to a 3–5 μm thick scattering layer which allows

backscattered light from the rear of the solar cell to be effi-

ciently absorbed in the rest of the dye-coated film. On the

other hand, the thickness of the active layer in HPSCs is

typically much smaller than 1 μm, due to which the condi-

tions of scattering are different. Furthermore, in the ‘inverted’

solar cell geometry used in this study (see figure 1), the TNRs

are the scatterers, which are placed at the front of the solar cell

rather than at the rear, due to which backscattering can

actually decrease light harvesting by coupling light out of the

solar cell. Therefore, forward scattering needs to be matched

to the absorption of succeeding layers to improve light har-

vesting. The light scattering properties of TNR arrays grown

with different concentrations of TBO were studied, and are

depicted in figure 3. For A-type nanorods, Mie scattering is

not significant and the reflectance spectrum is dominated by

interference fringes (black curve in figure 3(a)). The peak in

the total reflectance spectrum plateaus and red-shifts as the

characteristic dimension increases [20, 54–56], a behavior

also observed in figure 3 for TNRs of larger widths formed

using increasing concentrations of TBO. Several different

TiO2 nanostructures with dimensions in the range 50–300 nm,

are reported to exhibit maximum back scattering at ∼400 nm

[20, 54–56], like that observed in figure 3(a). The reflectance

spectra of the perovskite-filled TNRs are shown in the inset of

figure 3(b) whose most obvious feature is the nearly identical

values of total reflectance exhibited by each of the four

nanorod morphologies investigated in this study. Since Mie

scattering is a strong function of the dimensions of the

nanostructures, the lack of morphology dependence is indi-

cative of the dominance of specular reflection rather than

diffuse reflection for the nanorod morphologies studied.

Interfaces with sharp changes in the refractive index give rise

to strong specular reflection. There are three such interfaces

for the samples studied here: (i) the air-glass interface (ii) the

glass-FTO interface and (iii) the FTO-blend film interface.

Over the UV–vis–NIR spectra range, the refractive index of

glass is ∼1.5 and that of FTO is ∼2.0. As far as the TNR-

perovskite blend is concerned, both the rutile phase of TiO2

and the perovskite have refractive indices of ∼2.6 over the

wavelength range of interest. Therefore, strong reflections are

expected from each of the aforementioned interfaces. Two

prominent peaks are seen in the reflection spectra in the inset

of figure 3(b), one at ∼350 nm and the other at ∼500 nm.

Rutile-phase TiO2 exhibits a maximum refractive index of

3.95 at ∼330 nm and FTO:glass substrates such as those used

in this study, are known to have a maximum in their reflection

spectra at ∼350 nm [57]. The peak in the ultraviolet range

corresponding to these maxima is clearly seen in the inset of

figure 3(b). The reflectance peak at ∼500 nm is due to the

perovskite exhibiting a maximum refractive index of 2.79 at

∼500 nm [58]. Figure 3(b) shows that B-type TNRs blended

with perovskite (red curve in figure 3(b)) have the lowest total

transmittance, suggesting that it would be the most efficient

morphology in light harvesting.

The photovoltaic performance of perovskite solar cells

fabricated with different TNR types are summarized in table 1

and figure S1 is available online at stacks.iop.org/NANO/28/
274001/mmedia. The photovoltaic performance of champion

cells based on A-type, B-type, and C-type nanorod morpholo-

gies is shown in figure 3(a), while the same for D-type TNRs is

shown in figure S2. A-type nanorod arrays yielded an average

PCE of 14.08%±0.70%, resulting from open circuit voltage

(Voc) of 1.01 V±0.02 V, photocurrent density (Jsc) of

21.86±1.07mA cm−2 and fill factor (FF) of 0.64±0.02. On
the other hand, B-type TNR arrays showed improvements in Jsc
and FF with corresponding improvements in PCE to

16.57%±1.04%. Upon further increasing the length of the

nanorods to ∼650 nm and the width to ∼80 nm (C-type NRs), a

significant decrease in Voc, Jsc, and FF was observed resulting in

the corresponding decrease in PCE to 11.74%±0.47%. The

maximum Jsc obtained for B-type TNR arrays correlates well

Figure 3 (a) Total reflectance (including both specular and diffuse reflectance) spectra of TiO2 nanorods made with different concentrations of TBO;
light is incident directly on the TNRs. (b) Total transmittance (including both direct transmission and forward scattering) spectra of TiO2 nanorod-
perovskite blends with the inset showing the total reflectance of the same blends; light is incident through the FTO:glass substrate. Black, red, blue
and purple colors represent A-type, B-type, C-type and D-type TiO2 nanorods with lengths of 100 nm, 300 nm, 650 nm and 1000 nm respectively
formed by adding 400 μl, 600 μl, 800 μl and 1000 μl of titanium (IV) n-butoxide into hydrothermal precursor solution, respectively.
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with efficient light harvesting, as shown in figures 3 and 4(d)

and explained previously. Jsc is proportional to IPCE which is a

product of light harvesting efficiency (ηlh), charge separation

efficiency (ηcs) and the charge collection efficiency (ηcc).

Figure 4(c) shows that for all three nanorod morphologies whose

IPCE action spectra are plotted, the lowest external quantum

yields occur for at ∼400 nm (other than in the near band edge

spectral region). High specular reflection partially explains

observed phenomena for blue and UV photons, as seen in

figure 3(b). Another reason is that the absorption of blue and UV

photons is competitive between the perovskite, the spiro-OMe-

TAD, and the rutile TNR ETL, all three of which have high

absorption coefficients in this spectral range. Previous reports

have shown that photons absorbed by the spiro-OMeTAD layer

are not efficiently harvested and mostly lost due to recombina-

tion [59]. Furthermore, while electron-hole pairs generated in the

perovskite are well-separated through electron transfer to the

TiO2 and hole transfer to spiro-OMeTAD following hole dif-

fusion in the perovskite layer, it is unclear if photogenerated

holes in TiO2 can efficiently transfer into the perovskite layer.

The high optical path lengths due to scattering within the ETL

and active layer of HPSCs based on C-type TNRs, for photons

with 500–600 nm wavelengths (figure 3(a)), enables improved

quantum yields in this spectral range as seen in figure 4(c). IPCE

spectra in figure 4(c) clearly show that HPSCs fabricated using

B-type TNRs exhibit superior external quantum yields over the

entire spectral range compared to HPSCs fabricated using other

TNR morphologies.

Table 1. Photovoltaic performance of HPSCs under AM 1.5 G simulated sunlight as a function of the morphology of TiO2 nanorods used as
the ETL.

Morphology Voc (V) Jsc (mA cm−2
) FF PCE (%)

A-type Average 1.01±0.02 21.86±1.07 0.64±0.02 14.08±0.70
Champion 1.01 21.19 0.67 14.3

B-type Average 0.99±0.03 23.17±0.32 0.72±0.03 16.57±1.04
Champion 1.00 23.08 0.76 17.6

C-type Average 0.91±0.04 20.85±1.15 0.62±0.02 11.74±0.47
Champion 0.96 20.72 0.62 12.26

Figure 4. (a) Current–voltage characteristics under AM1.5 G one sun illumination. (b) Dark current–voltage characteristics plotted on a semi-
log scale. (c) Action spectra showing the external quantum yields of perovskite solar cells with different TNRs. (d) UV–vis of perovskite
layer over different TNRs. Black, red, and blue color represent A-type, B-type, and C-type morphologies TNRs, respectively.
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Figure 4(b) compares the dark current–voltage char-

acteristics of devices with different nanorod morphologies.

Solar cells based on B-type TNRs (red curve in figure 4(b))

exhibit the smallest dark current in the reverse bias region

followed by solar cells based on A-type and C-type TNRs

(black curve and blue curve, respectively, in figure 4(b)). This

indicates a higher shunt resistance and consequently, a better

FF for solar cells based on B-type nanorods. It is apparent that

decreasing the length of the nanorods increased the onset of

the dark current. This implies better suppression of charge

recombination in devices with smaller nanorods. Conse-

quently, solar cells exhibiting the smallest dark current (red

curve in figure 4(b)) also resulted in the highest PCE (see

figure 4(a)). In the forward bias, B-type and C-type nanorods-

based solar cells exhibit a clear signature of space charge

limited currents, with the green oval in figure 4(b) high-

lighting the several orders of magnitude increase in the dark

current for C-type nanorods. This occurs when the majority

carriers (electrons) injected from the contact electrodes

exceed the concentration of deep traps in the nanorods (the

trap-free limit), a phenomenon well-explained by us in prior

reports [60, 61]. The lowering of the equilibrium carrier

concentration in the nanorods due to a high density of deep

level surface traps paradoxically enables the achievement of

high efficiencies by suppressing the process of back electron

transfer, i.e. the recombination of electrons in the ETL with

photogenerated holes in the perovskite at the TiO2-perovskite

interface. Such a deep trap-mediated suppression of interfacial

recombination is maximized for a certain morphology,

namely B-type nanorods with ∼300 nm long and ∼40 nm

wide, as deduced from the electrical characteristics in figure 4.

For ∼20 nm wide A-type nanorods, the concentration of the

local electric field at the needle-like NRs seen in figure 2(b)

produces a higher dark current due to field emission. For

C-type nanorods that are ∼80 nm wide, interfacial recombi-

nation is insufficiently suppressed due to the low surface-to-

volume ratio, as seen in figure 2(f), and the concomitant

smaller number of deep level surface traps.

As can be seen in table 1 and figure S2, both Voc and FF

of solar cells fabricated using C-type and D-type TNRs were

significantly lower than those fabricated using A-type and

B-type ones. Apart from the work functions of the electron-

and hole-transporting layers, the interfacial recombination

rate plays a crucial role in determining the Voc value [62–64].

Thus, to have a better understanding on the effect of nanorod

morphology on the recombination rate at the TNRs/per-
ovskite interface, we performed SSIS in the dark at a forward

bias of 1 V [64–68].

Nyquist plots shown in figure 5 were dominated by the

large semicircle for the low frequency region, while no arc for

high frequency region related to perovskite/Spiro-OMeTAD

was observed. An arc related to the perovskite/HTL interface

is typically only observed if the TiO2 ETL thickness is

2–3 μm thick or higher [68]. Detailed analysis to calculate the

recombination resistance was performed by extracting the

equivalent circuit shown in the inset of figure 5. Rs represents

the series resistance related to the connecting wires and FTO

substrate. R1 and C1 represent the resistance and capacitance

at the interface between TNRs and the perovskite active layer,

respectively. Recombination at the TiO2/perovskite interface

is inversely proportional to the recombination resistance (R1).

A higher value of R1 implies a lower recombination rate at the

interface, which in turn correlates to a higher Voc and FF. In

figure 5, the diameter of the arc corresponding to solar cells

based on A-type TNRs is the longest, followed by that based

on B-type and C-type TNRs, respectively. The recombination

resistance decreased with increasing the length of the nanor-

ods, which corresponds to the expected higher recombination

rate for longer nanorods. This is due to the longer interaction

times of electrons transiting through the nanorods with holes

in the perovskite, resulting in a lower Voc and FF for the solar

cells based on longer nanorods. To compare the photovoltaic

performance of TNRs with mesoporous TiO2 and compact-

layerTiO2, we prepared perovskite solar cells using meso-

porous/compact TiO2 as ETLs, while other fabrication con-

ditions were kept unchanged. Figures S3, S4 and S5 show

cross-sectional FESEM images of TiO2 nanorods, mesopor-

ous-based, and compact-type devices, respectively. Devices

using a compact TiO2 layer as ETL showed an inferior PCE

of 7.46% with Jsc, Voc, and FF of 15.40 mA cm−2, 0.91 V and

0.53, respectively. Mesoporous TiO2-based devices achieved

PCE of ∼11.23%, with Voc, Jsc, and FF of 0.99 V, 19.47

mA cm−2 and 0.58, respectively. The current–voltage char-

acteristics of devices with different TiO2 ETLs under AM

1.5 G solar irradiance is depicted in figure 6(a). The trend of

Jsc obtained using different types of TiO2 layers is in a good

agreement with the IPCEs in figure 6(b). The IPCE values of

devices with TNRs are superior to devices with mesoporous/
compact TiO2 because of the enhanced charge separation and

charge carrier collection efficiencies.

To further study the charge transfer properties of differ-

ent TiO2 ETLs in HPSCs, steady state PL measurements were

performed. As shown in the inset of figure 7, TNRs lead to a

stronger quenching of the perovskite PL compared to meso-

porous TiO2 and compact TiO2. The same trend is observed

Figure 5. Nyquist impedance plot of solar cells with different types
of nanorods, in the frequency range 1 MHz–1 Hz at a forward bias of
1 V. Black, red, and blue color represent A-type, B-type and C-type
TiO2 nanorods, respectively.
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in the time-resolved PL data obtained through two-photon

fluorescence lifetime imaging microscopy (FLIM), as shown

in figure 7. The use of two-photon excitations enables uni-

form optical excitation of the entire thickness of the per-

ovskite layer, which is particularly important considering the

high single-photon absorption coefficient of halide per-

ovskites for supra-bandgap illumination. The PL lifetime of

perovskite/TNRs was found to be smaller compared to

mesoporous/compact TiO2. The time-resolved PL curves of

each sample were fitted to bi-exponential decays. The fitted

parameters are summarized in table S1. Per the bi-exponential

fitting, perovskite/TNR samples have faster quenching times

compared to the perovskite-coated mesoporous/compact

TiO2 ETLs, suggesting that TNRs extract electrons faster

from the perovskite compared to the other two types of ETLs,

which is indicative of photogenerated electron-hole pairs

being well-separated in solar cells based on TNRs (through

electron injection into TiO2) before geminate recombination.

Taken together, the steady-state and time-resolved PL spectra

point to the superior charge separation at the TNR/perovskite
interface compared to the interfaces of perovskite with

mesoporous/compact TiO2 films, which also explains the

superior photovoltaic performance of solar cells based on

TNRs, particularly with regards to the achieved Jsc values

(figure 6).

4. Conclusion

In summary, changing the size of the nanorods by varying the

concentration of the titanium source in the hydrothermal

precursor solution was found to have dramatic effects on the

photovoltaic performance of halide perovskite solar cells that

utilize monocrystalline rutile nanorod arrays as the electron

transport layer. Nanorod arrays with a width of ∼40 nm and a

length of ∼300 nm outperformed other nanorod morphologies

as well as mesoporous/compact TiO2 in perovskite solar cells

with a champion device power conversion efficiency of

17.6%. The superior performance of these TNRs-based solar

cells was mainly due to optimal light harvesting, excellent

charge separation, and low interfacial recombination.
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