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Tailoring Ordered Mesoporous Titania Films via Introducing 
Germanium Nanocrystals for Enhanced Electron Transfer 
Photoanodes for Photovoltaic Applications

Nian Li, Renjun Guo, Wei Chen, Volker Körstgens, Julian E. Heger, Suzhe Liang, 
Calvin J. Brett, Md Asjad Hossain, Jianshu Zheng, Peter S. Deimel, Ali Buyruk, 
Francesco Allegretti, Matthias Schwartzkopf, Jonathan G. C. Veinot, Guido Schmitz, 
Johannes V. Barth, Tayebeh Ameri, Stephan V. Roth, and Peter Müller-Buschbaum*

Based on a diblock-copolymer templated sol–gel synthesis, germanium 
nanocrystals (GeNCs) are introduced to tailor mesoporous titania (TiO2) 
films for obtaining more efficient anodes for photovoltaic applications. 
After thermal annealing in air, the hybrid films with different GeNC content 
are investigated and compared with films undergoing an argon atmos-
phere annealing. The surface and inner morphologies of the TiO2/GeOx 
nanocomposite films are probed via scanning electron microscopy and 
grazing-incidence small-angle X-ray scattering. The crystal phase, chemical 
composition, and optical properties of the nanocomposite films are examined 
with transmission electron microscopy, X-ray photoelectron spectroscopy, 
and ultraviolet–visible spectroscopy. Special focus is set on the air-annealed 
nanocomposite films since they hold greater promise for photovoltaics. Spe-
cifically, the charge–carrier dynamics of these air-annealed nanocomposite 
films are studied, and it is found that, compared with pristine TiO2 photoan-
odes, the GeNC addition enhances the electron transfer, yielding an increase 
in the short-circuit photocurrent density of exemplary perovskite solar cells 
and thus, an enhanced device efficiency as well as a significantly reduced 
hysteresis.

DOI: 10.1002/adfm.202102105

1. Introduction

Nanostructured titania (TiO2) has estab-
lished its prominence in many fields, such 
as photocatalysis,[1] lithium-ion batteries,[2] 
and photovoltaics.[3,4] This considerable 
research interest is closely related to its 
favorable chemical stability, wide bandgap, 
and large surface-to-volume ratio.[5,6] 
In particular, mesoporous titania films 
with interconnected network structures 
have been successfully implemented in 
photovoltaic devices such as hybrid solar 
cells (HSCs),[7] dye-sensitized solar cells 
(DSSCs),[8] quantum dot-sensitized solar 
cells (QDSSCs),[9] and perovskite solar 
cells (PSCs).[10] To date, the certified effi-
ciency of DSSCs reached 12.3%,[11] while 
progress in PSC development has led 
to an impressive efficiency of >20%.[12] 
These advances strongly depended upon 
the development of superior sensitizers 
(dye molecules, quantum dots, perovskite 
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compounds) and/or hole-transport materials. In stark contrast, 
far fewer studies have focused on designing and tailoring the 
electron-transport layer (ETL) such as titania films, to achieve 
better photovoltaic device performance. Since the ETL is an 
inherent part of the functional stack forming the final device, 
its optimization also will be needed for further improvements 
in the device performance.

Tailoring the titania ETL has the potential to impact on a 
variety of photovoltaic technologies because it offers impor-
tant advantages that include optimized energy levels, increased 
charge carrier concentration, and reduced interfacial recombi-
nation.[9,13,14] Among the available tailoring approaches, one that 
is particularly promising relies on the incorporation of (doping) 
metals, metal oxides, or semiconductors into the mesoporous 
titania. Germanium (Ge) and its oxides have attracted enormous 
attention in this regard, because of several beneficial properties: 
(1) Ge shows a very high electron mobility, which is higher than 
that of silicon.[15] (2) The optical transparency in visible and 
near-ultraviolet regions and the wide bandgap enable GeO2 to 
be utilized like other transparent conducting oxides such as tin 
oxide (SnO2) and TiO2.

[16] (3) In the absence of water, Ge/GeOx 
materials exhibit a small hysteresis behavior.[15] These advan-
tages make Ge and its oxides interesting for the optoelectronic 
industry,[17,18] and thus, it is hypothesized that the introduction 
of them could improve the electronic (and optical) characteris-
tics of TiO2 for solar cell applications. Previous studies showed 
that adding germanium oxide to TiO2 anodes provided an alter-
native approach to improve the DSSC efficiency.[19,20] Duan 
et  al. designed TiO2/GeO2 nanocrystallite anodes to enhance 
the interference light intensity, consequently increasing the 
electron density.[19] Simultaneously, attention was paid to 
TiO2-Ge composites for their potential application in photovol-
taics.[21–23] The photoconductivity of TiO2-Ge films suggested 
that the nanocomposite can be an ideal photovoltaic semicon-
ductor.[21] Ahmad et  al. also reported that the nanocomposite 
TiO2 with 2 wt% Ge nanoparticles showed improved electron 
transfer ability compared to pristine TiO2 nanoparticles.[22]

To date, so-called diblock-copolymer (DBC)-assisted sol-gel 
synthesis has proven to be a favorable route to establish titania 
nanostructures in a controlled fashion.[24,25] The general sol-
gel approach provides a facile solution deposition route that is 
readily compatible with a variety of film deposition processes 
ranging from laboratory-scale coating like spin coating[26] 
to industrial-scale coating like spray coating[27] and slot-die 
printing.[25] Sol–gel methods also facilitate the dopant incorpo-
ration and the resulting doped-films can possess uniform mor-
phology with continuous and pinhole-free structures.[28] With 
the utilization of a DBC, which acts as a structure-directing tem-
plate, a large variety of nanostructures can be achieved by self-
assembly.[29] In our study, due to the surface functionalization, 
the germanium nanocrystals (GeNCs) maintain their solubility 

in solvents and have a preferential selectivity to a specified 
block of a DBC.[30,31] In addition, due to effects like steric hin-
drance, the possibility of forming big GeNC agglomerates can 
be mitigated by the DBC matrix.[31] These factors contribute to 
the exquisite tailoring of the mesoporous TiO2 nanostructures 
by introducing GeNCs in combination with the metal oxide 
precursor.

In the present work, we report a new approach that combines 
dodecyl functionalized GeNCs of 7–9 nm average sizes with the 
sol–gel chemistry and affords ordered mesoporous TiO2/GeOx 
films. By doing so, we have succeeded in improving the elec-
tronic characteristics, such as the electron transfer mobility and 
hysteresis behavior of PSCs, via introducing GeNCs in TiO2 
photoanodes.[15,32]

GeNCs are added to the titania sol–gel reaction mixture in 
a series of pre-defined GeNCs:TiO2 weight ratios. The sol–gel 
reaction mixture consists of an amphiphilic DBC template 
polystyrene-block-polyethylene oxide (PS-b-PEO) and a titania 
precursor titanium(IV)isopropoxide (TTIP). Thermal annealing 
in air removes the PS-b-PEO template and the aliphatic sur-
face functionalities on the GeNC surfaces; this process yields 
mesoporous TiO2/GeOx nanostructures. For comparison and 
also to obtain a purer Ge phase, argon atmosphere-annealed 
nanocomposite films are also prepared. The resulting surface 
and inner morphologies are investigated via scanning elec-
tron microscopy (SEM) and grazing incidence small-angle 
X-ray scattering (GISAXS), respectively. The crystalline prop-
erties and elemental composition of the nanocomposite films 
are probed by X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM), and X-ray photoelectron spectroscopy 
(XPS), respectively. The optical properties are observed via ultra-
violet–visible spectroscopy (UV–vis). Irrespective of the GeNC 
addition, the air-annealed nanocomposite films possess ordered 
mesoporous morphologies, high crystallinity, and good trans-
parency, which appear highly promising for solar cell applica-
tions. By comparison, the Ge richer phase obtained from films 
annealed in argon atmosphere are less promising because they 
show lower transmittance. In this context, we focus on the air-
annealed nanocomposite films concerning use in photovoltaics 
and explore their application as photoanodes in PSCs. To better 
understand the photovoltaic characteristics of the air-annealed 
nanocomposite films, we choose to investigate their charge car-
rier dynamics and find that introducing GeNCs can boost the 
electron transfer from the perovskite layer to the ETL, which 
contributes to an increased short-circuit photocurrent density 
(Jsc), thus achieving an enhanced power conversion efficiency 
(PCE). Simultaneously, the addition of GeNCs can strongly sup-
press the hysteresis of the PSCs. This knowledge is of great sig-
nificance for tailoring the mesoporous TiO2 films for efficient 
photoanodes and is expected to be useful in other solar cell sys-
tems as well, such as, DSSCs.

2. Results and Discussion

2.1. Film Morphology

To investigate the influence of pre-synthesized GeNCs on 
the morphology of mesoporous TiO2 films, we prepare five 
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films containing pre-defined weight contents of GeNCs (wt% 
GeNCs in TiO2 of 0, 0.5, 1.0, 2.5, and 5.0; samples are denoted 
as 0  wt% GeNCs, 0.5 wt% GeNCs, 1.0 wt% GeNCs, 2.5 wt% 
GeNCs, and 5.0 wt% GeNCs, respectively) via a DBC-assisted 
sol–gel method. After spin coating, the hybrid TiO2/GeNC/PS-
b-PEO films are thermally annealed at 500 °C in air or argon 
atmosphere for 2 h. The Fourier transform infrared (FTIR) data 
(Figure S1, Supporting Information) indicates that the polymer 
template PS-b-PEO is completely removed through the thermal 
annealing treatment.
Figure  1 shows representative secondary electron SEM 

images of the TiO2/GeNC film surfaces after thermal annealing 
in air or argon atmosphere. All air-annealed TiO2/GeNC films 
display similar well-defined sponge-like nanostructures (i.e., 
a mesoporous structure with an interconnected network, 
Figure 1a–e), which indicates that the addition of GeNCs does 
not influence the overall film surface morphologies. Close 
inspection reveals hexagonal and square mesopore packings 
(Figure S2, Supporting Information) on the film surfaces that 
are similar to what has been previously reported for the surface 
structure of TiO2/PS-b-PEO hybrid films.[33] To further evaluate 
the degree of structural order in the present films, 2D fast 
Fourier transform (2D-FFT) patterns are calculated from the 
respective SEM images and shown as insets in Figure 1a–e. A 
first-order ring is seen in the 2D-FFT of the 0 wt% GeNCs film 
consistent with the presence of a well-defined nearest-neighbor 
ordering of the nanostructures. Importantly, the degree of 
order is not deteriorated by adding the GeNCs. The related 
power spectral density (PSD) functions (Figure S3a, Supporting 
Information) display a similar q value for the position of the 
correlation peak for all TiO2/GeNC films (gray dashed line). It 
suggests that irrespective of the amount of GeNCs, the average 
center-to-center distances of the nanostructures have a value of 
23.0 ± 0.5 nm in the case of the TiO2/GeNC films annealed in 
air. In contrast to the air-annealed films, the morphologies and 
2D-FFT patterns of the argon atmosphere-annealed films (see 

Figure  1f–i) change at 5.0 wt% GeNCs. Only at lower GeNC 
concentrations (0 to 2.5 wt%), the morphologies and charac-
teristic center-to-center distances of the nanostructures remain 
unchanged. At 5.0 wt% GeNCs, the surface morphology is 
changed (Figure  1j) and shows a reduced degree of order as 
seen from the 2D-FFT pattern and PSD functions (Figure S3b, 
Supporting Information). Thus, the higher GeNC loading 
starts to perturb the DBC-templating and thereby deteriorates 
the structure regularity when films are processed using argon 
atmosphere annealing.[34]

All samples possess mesoporous structures with an inter-
connected network suggesting the annealing atmospheres 
play a minor role in the formation of a porous sponge-like 
morphology. In addition, the TiO2/GeNC films annealed in 
air have a smaller average nanoparticle size than that in argon 
atmosphere, which agrees well with the observation reported 
elsewhere.[35]

In addition to the surface morphologies, the buried struc-
tures of the present films are of importance because they 
directly influence charge carrier transport and the final device 
performance.[36] To gain additional insight into the nature of 
the internal morphologies of the films in terms of characteristic 
structures like center-to-center distances and radii of the TiO2/
GeOx domains, GISAXS measurements are performed.

From the 2D GISAXS data of the TiO2/GeNC films after 
thermal annealing in air (Figure 2), all samples show a prom-
inent Bragg peak (Figure  2a; magenta arrow) in the GISAXS 
data together with its second-order and weak third-order peaks 
(Figure 2a; green and orange arrows, respectively). The occur-
rence of higher-order peaks reveals the presence of well-ordered 
nanostructures within the films. Simultaneously, the obser-
vation of a third-order peak, even at higher GeNC contents, 
suggests that the addition of GeNCs is not accompanied by a loss 
of internal structural order. Moreover, two sharp rod-like Bragg 
peaks (Figure 2d; red arrows) located at qy ≈ 0.17 and 0.28 nm−1  
are observed that originate from the scattering signal of the 

Figure 1.  Top-view secondary electron SEM images of the TiO2/GeNC films after thermal annealing at 500 °C in air: a) 0 wt%, b) 0.5 wt%, c) 1.0 wt%, 
d) 2.5 wt%, and e) 5.0 wt% GeNCs, or in argon atmosphere: f) 0 wt%, g) 0.5 wt%, h) 1.0 wt%, i) 2.5 wt%, and j) 5.0 wt% GeNCs. Insets show cor-
responding 2D-FFT patterns.
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surface ordered nanostructures.[33] The ratio of the qy values is 
1.65 (close to √3/1), which suggests the TiO2/GeOx nanoparti-
cles are predominantly hexagonally packed on the film sur-
faces, reported elsewhere.[33]

To get further insight into the influence of GeNC addition 
on the internal nanostructure of the presented films, horizontal 
line cuts of the 2D GISAXS data are made at the Yoneda peak 
position of TiO2/GeOx (Figure 2b; red box). To extract the lat-
eral structure characteristics, line cuts are modeled within the 
framework of the distorted wave Born approximation (DWBA) 
together with the effective interface approximation (EIA) and 
the local monodisperse approximation (LMA).[37–40] A detailed 
description of this GISAXS modeling can be found elsewhere.[41] 
Cylinder form factors have been successfully used to model the 
nanostructures in mesoporous films in the literature,[25,41,42] and 
thus are applied in the present data analysis. The horizontal line 
cuts and modeling results for the air-annealed films are shown 
in Figure 3a. The strong Bragg peak (magenta arrow) and its 
two weaker higher-order peaks (green and orange arrows) are 
evident in all profiles. These features emphasize long-range 
lateral correlations in the highly-ordered inner nanostructures. 
Two characteristic center-to-center distances (structure factors) 
and radii (form factors) are extracted from the GISAXS mod-
eling and plotted as a function of GeNC content in Figure 3b,c. 
The small-sized structures (i.e., Figure 3; olive crosses) exhibit 
similar nanoparticle radii and center-to-center distances (within 
error bars) in all films, irrespective of the GeNC content.  
For example, the pristine mesoporous TiO2 film has nano-
particle radii and corresponding center-to-center distances of  
5.3 ± 0.1 nm and 25.8 ± 0.1 nm, respectively. Compared with 
the large-sized structures (i.e., Figure 3; red squares), the size 
distribution of the center-to-center distances is narrower for 
the small-sized structures (Figure S6, Supporting Information). 
Thus, the small-sized structures are more ordered compared 
to their larger counterparts. However, their size distribution 
broadens with increasing GeNC contents (as seen in Figure S6a, 
Supporting Information, olive crosses). From this, we conclude 
that, not surprisingly, introducing GeNCs worsens the degree 
of order. A different tendency is observed for the large-sized 

structures. The corresponding radii (within error bars) again 
do not change with GeNC addition, but the center-to-center 
distances (within error bars) increase with increasing GeNC 
contents. The radii of the large-sized structures for the 0 wt%,  
0.5 wt%, 1.0 wt%, 2.5 wt%, and 5.0 wt% GeNCs are 9.7 ± 0.2, 9.8 ±  
0.2, 9.7 ± 0.2, 9.6 ± 0.2, and 9.8 ± 0.1 nm, and the corresponding 
center-to-center distances are 23 ± 0.3, 24.6 ± 0.7, 25 ± 0.7, 26 ± 
0.5, and 26.7 ± 0.5 nm. Since the hydrophobic dodecyl chains 
cause the GeNCs to be preferentially incorporated inside the 
PS domains of the templating polymer, adding GeNCs expands 
the PS domains resulting in larger center-to-center distances. 
We also note a broader size distribution in the center-to-center 
distances with increasing GeNC contents (Figure S6a, Sup-
porting Information; red squares). This increase in the inter-
domain distance and distribution width is similar to the DBC 
templating of magnetic nanoparticles reported previously.[34,43] 
Based on the model used above, the average pore size is cal-
culated with Equation (S1), Supporting Information (details 
can be found here).[25] For air-annealed and argon atmosphere-
annealed films, we find that the pore sizes originating from 
small-sized structures are independent of the GeNC content 
(Figure S7a,b, Supporting Information; olive crosses). In con-
trast, the average pore sizes of the large-sized structures show a 
slight dependence on the GeNC content with the largest value 
reached in the 2.5 wt% GeNCs films (Figure S7, Supporting 
Information).

Applying the same analysis to the data of the argon atmos-
phere-annealed nanocomposite films, horizontal line cuts are 
analyzed (Figure S5a, Supporting Information) and the cor-
responding extracted center-to-center distances and radii are 
determined (Figure S5b,c, Supporting Information). In gen-
eral, the small-sized and large-sized nanostructures show the 
same general trends as observed for air-annealing. However, 
when comparing directly, the argon atmosphere-annealed films 
exhibit larger nanoparticle radii (see Supporting Information). 
Spectroscopic ellipsometry (SE) data (Figure S8, Supporting 
Information) show that annealing in argon atmosphere yields a 
slightly larger porosity of the titania film than annealing in air, 
which is in agreement with the larger average mesopore sizes 

Figure 2.  2D GISAXS data of the TiO2/GeNC films after thermal annealing at 500 °C in air: a) 0 wt%, b) 0.5 wt%, c) 1.0 wt%, d) 2.5 wt%, and e) 5.0 wt% 
GeNCs. Colored arrows denote Bragg peaks caused by the highly ordered inner structures: first-order (magenta), second-order (green), and third-order 
(orange). The two red arrows highlight a rod-like Bragg peak and its second-order peak, originating from the surface structures.
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of the argon atmosphere-annealed film (Figure S7, Supporting 
Information). Moreover, this finding also agrees well with the 
observation reported recently.[42]

To illustrate the influence of GeNC addition on the titania 
morphology, an illustration of the evolution of the titania-DBC 
films with incorporated GeNCs is presented in Figure 4. With 

a so-called good–bad solvent pair, the PS-b-PEO diblock copoly
mer undergoes a micro-phase separation and self-assembles 
into spherical micelles.[44] The titania precursor TTIP prefers 
being coordinated with the PEO domains through hydrogen 
bonds, while GeNCs favor the PS domains due to the dodecyl 
surface functionalization (Figure  4a). At low concentrations 

Figure 3.  a) Horizontal line cuts of the 2D GISAXS data of the TiO2/GeNC films after thermal annealing at 500 °C in air: 0 wt%, 0.5 wt%, 1.0 wt%, 
2.5 wt%, and 5.0 wt% GeNCs from bottom to top. Colored arrows highlight peaks arising from the highly ordered inner structures: first-order (magenta), 
second-order (green), and third-order (orange). Extracted characteristic length scales: b) Center-to-center distances and c) nanoparticle radii as a func-
tion of GeNC content. Olive crosses indicate the small-sized structures, and red squares the large-sized structures. The dashed lines are provided as 
a guide to the eye.

Figure 4.  Illustrations of a) dodecyl-capped GeNCs, PS-b-PEO diblock copolymer, titania precursor (blue), and hydrogen bonding interaction between 
the titania precursor and the PEO block, b) Nanostructure evolution of the TiO2/PS-b-PEO films with GeNC concentrations before and after thermal 
annealing. c) A 3D representation of the TiO2/PS-b-PEO film with and without GeNCs after thermal annealing. In both (b,c), hydrolyzed titania nano-
particles are indicated in blue, the PS domains indicated in red, and GeNCs indicated in brown. After thermal annealing, the polymer is removed in 
(b,c) and mesoporous crystallized TiO2 (blue) with or without GeOx nanoparticles (orange) form.

Adv. Funct. Mater. 2021, 2102105
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(i.e., ≤5 wt%), GeNCs are expected to reside within the PS 
domains (Figure 4b) and cause the PS domains to expand. This 
expansion results in an increased center-to-center distance. 
During thermal annealing in air (or argon atmosphere), TiO2  
crystallizes, GeOx forms (details are explained below), 
together with the removal of the organic chains. Due to the 
applied high-temperature heating, the neighboring nanopar-
ticles fuse into larger ones.[45,46] The identified size of the 
GeOx nanoparticles from high-resolution TEM (HRTEM) of  
≈10 nm (Figure S9a,b, Supporting Information) agrees well 
with the initial GeNC sizes of 7–9 nm[30] and matches well 
with twice the small-sized radii found in GISAXS (e.g., 
Figure  3c). In addition, it is reasonable to assume that the 
GeOx nanoparticles will also fuse to the neighboring TiO2, 
and thus develop into larger sizes (more than 10 nm), as 
referred to the large-sized structures in the GISAXS analysis. 
Therefore, we observe that the center-to-center distances 
of the large-sized structures increase, while the majority of 
the inner morphologies, namely the small-sized structures, 
remain unchanged due to the absence of GeNC incorporation 
(Figure 4c).

2.2. Crystallinity

XRD and TEM are used to identify the crystal phase and crys-
tallinity of the nanocomposite films, since these key parameters 
play a critical role in the photogenerated charge carrier transport. 
As a reference, the diffraction peaks from anatase TiO2, GeO2, 
and a diamond cubic Ge phase are indicated at the bottom.[49,50,52] 
All diffraction patterns are consistent with the anatase titania 
phase (PCPDS #21-1272) with its pronounced (101) and (004) dif-
fraction peaks (Figure  5g,h).[47] The crystallite sizes are estimated 
from the TiO2 (101) peak via the Scherrer equation, analyzing 
the XRD line broadening. The crystallite sizes for the 0 wt%, 
0.5 wt%, 1.0 wt%, 2.5 wt%, and 5.0 wt% GeNCs (annealed in 
air) almost remain constant within the error bars (7.4 ± 0.3,  
7.5 ± 0.3, 7.1 ± 0.3, 7.4 ± 0.3, and 7.3 ± 0.3 nm, respectively). A sim-
ilar tendency is seen in the GISAXS study of the characteristic 
nanoparticle radii of the air-annealed films. Small differences in 
the absolute numbers show that not the entire nanoparticles are 
crystalline. Because of the very low GeNC content, it is difficult 
to analyze the crystal structure of the GeNCs in the composite 
films after thermal annealing. Thus, the nanocomposite films 

Figure 5.  a) SAED pattern and b–d) HRTEM images of the TiO2/GeNC film with 5.0 wt% GeNCs after thermal annealing in air, e,f ) HRTEM 
images of a representative TiO2/GeNC film containing 5.0 wt% GeNCs after thermal annealing in argon atmosphere. XRD patterns of the TiO2/
GeNC films with different GeNC contents as indicated after thermal annealing in g) air and h) argon atmosphere. The curves are shifted along 
the y axis for clarity of the presentation and the angular range from 32° to 35° is blocked to avoid the strong Bragg peak of the Si substrate.  
i) Ge 2p3/2 XPS spectra of representative TiO2/GeNC films after thermal annealing in air: 2.5 wt% (black), 5.0 wt% (red) GeNCs, and in an argon 
atmosphere: 5.0 wt% (blue) GeNCs.
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with the highest GeNC content (i.e., 5.0 wt%) are further evalu-
ated using TEM. The selected area electron diffraction (SAED) 
data of the film after annealing in air (Figure  5a) presents a 
series of diffraction rings corresponding to crystallites of the 
anatase TiO2 phase and hexagonal GeO2 (JCPDS #85-0473).[48] In 
addition, a diamond cubic Ge phase is detected,[49] which is in 
agreement with the findings from Ge-based thin films prepared 
via a sol-gel synthesis before.[50] From the center to the exterior 
region, the first three rings of the anatase TiO2 phase correspond 
to reflections from the (101), (004), and (200) planes, and the first 
three rings of the GeO2 phase correspond to reflections from the 
(011), (102), and (200) planes.[25,48] In the case of the Ge phase, 
only the (111) reflection is observed. The related HRTEM images 
(Figure  5b–d) display well-resolved lattice spacings of 0.351, 
0.342, and 0.320 nm, being consistent with the lattice spacing of 
TiO2 (101),[25] as well as GeO2 (011),[48] and Ge (111) planes,[49,50] 
respectively. The same results are obtained in the HRTEM 
images of the argon atmosphere-annealed 5.0 wt% GeNCs film 
(Figure  5e,f). Evidence for GeO2 remains, even though its for-
mation is hindered due to the oxygen-poor environment. An 
explanation for this observation is that the titania precursor and 
the PEO blocks could deliver oxygen to the system.[50] In addi-
tion, one must also consider that the GeNCs themselves could 
contribute some oxide impurities.[30,49] The absence of GeO in 
the TEM measurements for both samples can be explained by 
the poor crystallinity of GeO.[51]

2.3. Chemical Composition

To get insight into the elemental and chemical composition of 
the presented nanocomposite films, we use XPS. This technique 
is intrinsically surface-sensitive and thus delivers informa-
tion on the outermost layers of the films (typically within 
10 nm below the surface). Figure  5i shows the normalized  
Ge 2p3/2 spectra of the TiO2/GeNC films after annealing 
under the indicated conditions. (Details of the XPS measure-
ments as well as data calibration and fits are found in the 
Supporting Information). For the TiO2/GeNC films annealed 
in air (2.5 and 5.0 wt% GeNCs), the Ge 2p3/2 core-level emis-
sion is shifted to higher binding energies compared to the 
spectral features of the 5.0 wt% GeNCs films annealed in 
argon atmosphere. This observation is consistent with more 

elemental (or incompletely oxidized) Ge being present in the 
argon atmosphere-annealed films. All XPS spectra are fitted 
with Gaussian functions after subtraction of a Shirley-type 
background (Figure S10, Supporting Information). We find 
that three spectral components are necessary: one is located 
at a binding energy of ≈1217.3 eV and can be associated with 
elemental Ge, while the other two at higher binding energies 
of ≈1218.9 and ≈1220.0 eV are attributed to GeO and GeO2, 
respectively.[53,54] Thus, Ge, GeO2, as well as GeO are pre-
sent in the nanocomposite films. The presence of GeO can 
be rationalized by considering that the reversible reaction  
(2GeO ↔ GeO2 + Ge) might occur during thermal annealing at  
500 °C,[55,56] in addition to the oxygen deficiency of the argon 
atmosphere annealing environment. The binding energy 
positions of individual components are the same in both, 
the air- and argon atmosphere-annealed films. In the former, 
the total spectral intensity for the 2.5 wt% GeNCs film is 
approximately half of that in the 5.0 wt% GeNCs. This inten-
sity ratio is reasonably expected, given the GeNC concentration 
ratio. The 5.0 wt% GeNCs film annealed in argon atmosphere 
shows a lower spectra intensity as compared to the air-annealed 
analogue (Figure 5i), which might arise from its unique surface 
morphology as seen in Figure 1j.[57]

2.4. Optical Properties

To examine the optical transmittance of the present nanocom-
posite films in dependence of the GeNC content, the films are 
deposited on glass substrates. The sharp decrease observed in 
all transmittance spectra (Figure 6) in the 280–350 nm range 
is related to the optical absorption of the materials. Irrespec-
tive of the GeNC content, all air-annealed films exhibit near 
100% transparency in the visible spectra region (Figure  6a). 
In contrast, the transmittance of films annealed in an argon 
atmosphere is reduced, although it remains above 90% in 
all cases (Figure  6b). A reasonable explanation for this lower 
transmittance is films annealed in argon atmosphere exhibit 
larger average grain sizes that are known to lead to decreased 
transmittance.[58] The optical band gap of the synthesized 
nanocomposite films are estimated using the Tauc equation  
(Figure S11, Supporting Information). The determined band gaps 
for air- and argon atmosphere- annealed films (see Supporting 

Figure 6.  Transmittance spectra of the TiO2/GeNC films containing indicated GeNC contents after thermal annealing in a) air and b) argon atmos-
phere. The glass substrate is used as a reference sample for the transmission measurement.
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Information for more details) are similar to the band gap 
of their respective pristine mesoporous anatase titania with 
nanostructures, implying that the introduction of GeNCs in 
the presented concentrations does not significantly affect the 
band gap.

2.5. Charge Carrier Dynamics and PSC Performance

We further investigate the charge carrier dynamics of the air-
annealed films and fabricate perovskite solar cells based on 
them (Figure 7a). The PSC fabrication follows a standard meth-
odology detailed in the Supporting Information that focuses on 
realizing identical devices,[59] which differ only in the ETL (air-
annealed TiO2–GeNC films).

To study charge carrier dynamics in air-annealed nanocom-
posite films, the perovskite is coated on the ETL of choice. A 
compact TiO2 layer coated on FTO/glass is used as the sub-
strate to maintain the same functional stack as in the common 
PSC device architecture (Figure  7d). Compared with the pris-
tine TiO2 film, marked photoluminescence (PL) quenching is 
observed in the FTO/compact TiO2/mesoporous TiO2–GeNC/
perovskite systems (Figure  7e), indicating that the electron 
mobility of the ETLs is enhanced by the introduction of GeNCs. 
Accordingly, we use these ETLs in the PSC fabrication. The 
PSC devices using a pristine TiO2 anode (without GeNCs) show 
the well-known hysteresis behavior in the J–V-characteristics 
(Figure  7b), in which the reverse scan exhibits a higher per-
formance than that of the forward scan.[60] In contrast, with 

the addition of 5.0 wt% GeNCs to the composite film used as 
the ETL, the hysteresis phenomena are strongly suppressed 
(Figure  7b). Moreover, the addition of GeNCs enhances the 
Jsc (Figure S12b, Supporting Information), thereby improving 
the PCE (Figure S12a, Supporting Information) of the devices. 
The similar open-circuit voltages (Voc, Figure S12c, Sup-
porting Information) of the PSCs demonstrate that the energy 
levels between the ETLs and the perovskite layer remain 
unchanged,[61] because the bandgap of the mesoporous titania 
films used as the ETLs is not tuned by the GeNCs addition 
(Figure S11, Supporting Information). The highest Jsc and PCE 
values are observed in the case of the 2.5 wt% GeNCs films, 
which might be attributed to the presence of the largest pores 
in these films (as exemplarily highlighted in Figure 7c). Larger 
pores can allow for a better infiltration of the perovskite, and a 
more efficient contact between the mesoporous ETL and perov-
skite.[62] These improvements can enhance the electron injec-
tion from the perovskite into the ETL.[62]

To understand the charge carrier separation at the ETL/
perovskite interface, we perform time-resolved PL (TRPL) 
measurements on perovskite deposited on the different ETLs. 
The TRPL curves are fitted with a two-phase exponential decay 
function,[63] and the corresponding fits are plotted as solid lines 
in Figure 7f. The extracted lifetimes and amplitude fractions are 
summarized in Table S1, Supporting Information. Compared 
with the pristine film, the charge carrier lifetime is decreased 
for the composite films. Moreover, 1.0 wt% and 2.5 wt% GeNCs 
samples exhibit clear larger proportions of the fast component, 
which could indicate a better energy transfer configuration.[64] 

Figure 7.  Pictorial representation of a) full PSC device using the investigated ETL layers and d) respective partial functional stack for steady-state PL 
and TRPL measurements. b) Hysteresis behavior in the J–V measurements of PSCs based on the 0.0 wt% (black) and 5.0 wt% GeNCs (green) films. 
c) Normalized Jsc values and pore sizes of the large-sized structures (gray squares) as a function of GeNC content. The dashed lines are guides to the 
eye. e) Steady-state PL and f) TRPL spectra (symbols) with corresponding fits (solid lines) of the TiO2/GeNC films for different GeNC content after 
thermal annealing in air. The inset panel in (f) focuses on the spectra within 0–100 ns. Different colors indicate different ETLs: 0.0 wt% GeNCs (black), 
0.5 wt% GeNCs (red), 1.0 wt% GeNCs (blue), 2.5 wt% GeNCs (magenta), and 5.0 wt% GeNCs (green).
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We deduce that the charge carriers can be efficiently and rap-
idly separated from the perovskite layer to the ETL due to the 
GeNC addition.[65] This enhanced charge carrier extraction 
can be attributed to the intrinsic property of a high electron 
mobility of the ETLs established by introducing GeNCs.[32] This 
advantage leads to an overall improvement in the photovoltaic 
performance by increasing the Jsc and PCE values. Note also 
that the shortest average charge carrier lifetime is present in 
the 2.5 wt% GeNCs sample, which agrees well with the above 
result of the best performing PSC at this composition.

3. Conclusion

In this work, we demonstrate that ordered mesoporous TiO2 
films can be finely tailored through the inclusion of pre-
synthesized GeNCs into a diblock-copolymer templating sol–gel 
synthesis protocol, displaying a successful strategy to obtain 
efficient photoanodes upon high-temperature annealing. The 
effect of GeNC addition on the mesoporous TiO2 film is inves-
tigated by means of SEM, GISAXS, XRD, TEM, XPS, and UV–
vis spectroscopy. Our measurements reveal that upon GeNC 
addition, the composite TiO2/GeOx films maintain ordered 
mesoporous morphologies, high crystallinity, and good trans-
parency in the visible range. Moreover, the inner morphology 
consists of small-sized structures, which have similar center-
to-center distances and radii irrespective of the GeNC addition. 
The large-sized structures are also present, which display nearly 
constant radii and increasing center-to-center distances with the 
increasing amount of GeNCs. Among the investigated samples, 
the largest pore sizes are found in the 2.5 wt% GeNCs sample. 
The air-annealed nanocomposite films are used as ETLs in 
PSCs. Compared to pristine TiO2 photoanodes, the GeNC addi-
tion enhances the electron transfer, thereby yielding an overall 
improvement in the Jsc and PCE values. Moreover, it strongly 
suppresses the well-known hysteresis behavior in the PSCs. Best 
performing devices are observed at 2.5 wt% GeNCs addition.

While the work presented here is far from an optimization 
of the device parameters, it demonstrates the clear improve-
ments achieved with controllable nanostructures in the ETLs. 
The simple synthesis protocol makes the composite TiO2/GeOx 
films highly interesting as anode candidates in photovoltaics. 
Moreover, the method of combining GeNCs with the sol–gel 
synthesis of mesoporous metal oxide films can be transferred 
to other metal oxides such as zinc oxide (ZnO) or SnO2, thus 
providing a viable route for fabricating ordered mesoporous 
nanocomposite films with a variety of materials. The compar-
ison between air and argon atmosphere annealing outlines a 
way for producing TiO2/GeOx nanocomposite semiconductors 
to meet various needs for applications also beyond PSCs.

4. Experimental Section
Preparation of Porous Nanocomposite Films: Titania films with five 

pre-defined concentrations of pre-synthesized germanium nanocrystals 
(GeNCs) were fabricated. For the TiO2 sol–gel synthesis, the diblock 
copolymer polystyrene-block-polyethylene oxide (PS-b-PEO) played the 
role as a structure-directing template and titanium(IV)isopropoxide 
(TTIP) as a titania precursor. The toluene (T) and 1-butanol (B) mixed 

solvent and hydrochloric acid (HCl) served as a so-called “good–bad” 
solvent pair. The details about chemicals can be found in the Supporting 
Information. First, 100 mg PS-b-PEO was dissolved in a TB mixed 
solvent (3607 µL, 72.8 wt% toluene and 27.2 wt% 1-butanol forming a 
binary azeotrope[44]). After 30 min, a polytetrafluoroethylene (PTFE) 
filter with a pore diameter of 0.2 µm was used to filter the completely 
dissolved polymer solution. Subsequently, 382.4 µL TTIP was added 
into the polymer solution after diluting by 500 µL TB solvent. Similarly,  
101.4 µL HCl was diluted with 500 µL TB solvent and then cautiously 
added dropwise under vigorous stirring. Finally, the titania sol–gel 
solution was stirred for about 30 min at room temperature.

GeNCs with dodecyl chains and average sizes of 7–9 nm were pre-
synthesized as described elsewhere.[30] The dodecyl functionalization 
enabled GeNCs to be stored as a toluene suspension for further 
utilization.[30] Five different types of solutions with the weight ratios of 
GeNCs to TiO2 of 0, 0.5, 1.0, 2.5, and 5.0 wt% were prepared as follows. 
The sol–gel solution was divided into five portions, each of 700 µL. After 
ultrasonic dispersion for ≈10 min, GeNCs (5 mg mL−1) were added 
into these five specified portions with the volumes of 0, 14.2, 28.4, 71.0, 
and 142.0 µL, separately. After stirring for 30 min, spin coating was 
performed on silicon (Si) and glass substrates (2000 rpm for 60 s). 
Oxygen plasma cleaning (10 min, 200 W) of the substrates was used 
to improve the film homogeneity. The obtained hybrid TiO2/GeNC films 
with the polymer template were annealed in air or argon atmosphere at 
500 °C for 2 h with a heating rate of 5 °C min−1 to completely remove the 
polymer template.

Film Characterization: The surface morphology was measured by a 
field-emission SEM (Zeiss NVision 40). GISAXS measurements were 
carried out at the P03/MiNaXS beamline of the PETRA III storage ring at 
DESY (Hamburg, Germany).[66] The X-ray wavelength was 1.05 Å (X-ray 
energy of 11.7 keV) and the sample-to-detector distance (Dectris Pilatus 
1m) was 3426 mm. The incident angle was selected at 0.41°, which was 
above the critical angles of Si/SiOx (0.15–0.16°), bulk TiO2 (0.20°), bulk 
Ge (0.21°), and bulk GeO2 (0.19°), respectively, according to scattering 
length density calculations. Therefore, the X-rays could penetrate the 
entire films to probe inner structures. The crystal phase of the TiO2/
GeNC films was monitored by an X-ray diffractometer with Cu Kα 
radiation (Bruker D8 ADVANCE) and transmission electron microscopy 
(PHILIPS CM200-FEG). The X-ray photoelectron spectroscopy (XPS) 
measurements were performed in a custom-built ultra-high vacuum 
(UHV) chamber, which included a conventional twin-anode X-ray 
source (PSP Vacuum Technology) and a hemispherical electron energy 
analyzer (ES200 spectrometer, AEI Scientific Apparatus Ltd). For 
recording the Ge 2p3/2 core-level spectra, non-monochromatized Al Kα 
radiation (1486.6  eV) was used. The optical transmittance spectra of 
the nanocomposite films on the glass substrate were measured with 
a Lambda 35 UV–vis spectrometer (PerkinElmer) with a wavelength 
range from 280 to 700 nm. For the air-annealed films, steady-state 
photoluminescence (PL) and time-resolved photoluminescence 
(TRPL) measurements were carried out on a Picoquant Fluotime 300 
spectrofluorometer with an excitation wavelength of 370 nm. The details 
on the characterization techniques and solar cell fabrication are provided 
in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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