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Morphological and crystalline control over hybrid organic-inorganic perovskite films is pivotal for efficient
photovoltaic (PV) performance devices. Yet, this remains very challenging for solution processed perovskite
solar cells (PVSCs), especially mesoscopic PVSCs, due to the complicated crystallization kinetics of hybrid
semiconductor materials within dynamic spin-coating and post annealing. In this work, colloidal Ge nano-
particles (NPs) were added onto a mesoporous TiO, (m-TiO,) electron transporting layer (ETL) to regulate
perovskite crystal growth. Systematic investigation and optimization disclose that incorporation of an appro-
priate ratio of Ge NPs onto the m-TiO, ETL can simultaneously increase the size of the CH;NH3PbI; crystals,
decrease the number of the grain boundaries and promote the interfacial properties of perovskite/m-TiO,. The
related mechanisms are clarified through detailed morphology and crystal structure analyses. The electron
mobility of the perovskite absorber, determined using the space charge limited current (SCLC) method, was
increased by over 5 times when an optimized amount of Ge NPs were employed. Average power conversion
efficiency (PCE) of 18.59% was achieved from 16 cells and the best PCE of 19.6% was attained via the addition
of the optimized amount of Ge NPs. We study the fundamentals of optics and physics behind the PVSC device
based on the high refractive index Ge NPs. This work offers an innovative scenario to enhance the performance
of perovskite based optoelectronics by employing optically stable, chemically inert, low-cost and green semi-
conductor NPs.

1. Introduction Zhang et al., 2016; Po-Wei et al., 2014; Zhang et al., 2019; Zhang et al.,

2017b; Bi et al., 2018; Pellet et al., 2014; Saliba et al., 2016a; Turren-

Perovskite-structured organometal halide solar cells were first in-
troduced by Miyasakaet al. in 2009, and since then this photovoltaic
(PV) technology has attracted tremendous attention, exhibiting an ex-
peditious rise in the power conversion efficiency (PCE) from 3.8% to
presently certified 24.2% (Akihiro et al., 2009; Lee et al., 2012; Nam
Joong et al., 2015; Green et al., 2018; https://www.nrel.gov/pv/assets/
pdfs/best-research-cell-efficiencies-190416.pdf). Such rapid and stun-
ning progresses have been made primarily through consecutive in-
vestigations on the morphology control of hybrid perovskite films;
optimization of the perovskite composition, innovative device config-
uration as well as interface engineering of perovskite solar cells (PVSCs)
(Wang et al., 2018b; Zeng et al., 2017; Zhou et al., 2019; Zhang et al.,
2018; Wang et al., 2018a; Lei et al., 2018; Nam Joong et al., 2014;
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Cruz et al., 2018; Aharon et al., 2015; Bi et al., 2017). Special attention
has been paid to various morphology engineering technologies, in-
cluding solvent engineering (Nam Joong et al., 2014; Zhang et al.,
2016); additives engineering using different chemicals as ingredients or
ligands (Po-Wei et al., 2014; Zhang et al., 2019; Zhang et al., 2017b; Bi
et al., 2018); compositional engineering (Pellet et al., 2014; Saliba
et al.,, 2016a; Turren-Cruz et al., 2018) and thermal engineering
(Aharon et al., 2015; Bi et al., 2017). Moreover; interface engineering
has been considerably studied by managing the carrier dynamics at the
interfaces and designing a rational structure to improve the perfor-
mance and stability of the devices (Zhou et al., 2014; Noel et al., 2014).
The proper modification of the interface between the perovskite film
and the electron transporting layer (ETL) or the hole transporting layer
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HTL can achieve efficient, stable, and hysteresis-less PVSCs (Saliba
et al., 2016b; Tavakoli et al., 2018). Among all the studies of PVSCs, the
enhancement of surface morphology of hybrid perovskite films has
become the key issue and nowadays draws the most attention. More-
over, in rationally designed and assembled PV devices, though per-
ovskite absorbers can efficiently employ visible light, further im-
provements for PVSC devices are sharply needed in order to compete
with the other PV technologies, such as silicon, GaAs, CIGS and CdTe
solar cells, (Green et al., 2018; Shi et al., 2015; Zhu et al., 2011; https://
www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies-190416.
pdf) and fully realize their potential as PV solar cells. For instance,
leading edge crystalline silicon PV devices have demonstrated a re-
markable progress in the last several years, with an efficiency up to
26.6% (Green et al., 2018; https://www.nrel.gov/pv/assets/pdfs/best-
research-cell-efficiencies-190416.pdf). Consequently, further advance-
ments in the PV performance of PVSC technology are required to close
the gap in PCEs with the Si PVs.

One tactic to revolutionize the PCE of PVSCs for the maximum ac-
complishable performance is to optically engineer the device to max-
imize light coupling/trapping into the photoactive layer. For this pur-
pose, plasmonic solar cells have been recently proposed and developed
to achieve nearly complete light absorption with less thickness for more
efficient carrier collection (Carreteropalacios et al., 2016; Kakavelakis
et al.,, 2017). Several groups have reported the incorporation of re-
sonant colloidal metallic nanoparticls (NPs) in the scaffold layer of
mesoporous perovskite solar cells (Zhang et al., 2013; Saliba et al.,
2015; Cheng et al., 2017; Luo et al., 2017) or in the compact ETL of
PVSCs (Yuan et al., 2015). By using nanostructured Au, Ag and Au-Ag,
the average PCE was enhanced from 0.6% (Lee et al., 2016) to 44%
(Luo et al., 2017). The incorporation of plasmonic metallic nanos-
tructures into PVSCs not only impacts the light absorption by the de-
vice, but also positively or negatively affects their electrical properties,
and the overall efficiency of the plasmonic PVSCs can be increased
through various mechanisms. However, there are several limitations to
the use of metallic nanostructures, including their chemical and phy-
sical stability, charge recombination, large optical losses at shorter
wavelengths in the visible and UV ranges due to the interband elec-
tronic transitions of precious metals, and high cost and scarce supply of
usually used noble metals (Jang et al., 2016; Domanski et al., 2016).

Recently, optically resonant dielectric and semiconductor nanos-
tructures, especially with a high value of the refractive index, appear to
provide a comparable, or even better improvement in thin-film solar
cells and other optoelectronic devices (Akimov et al., 2010; Jahani and
Jacob, 2016; Kuznetsov et al., 2016; Bontempi et al., 2017). Comparing
to metallic plasmonic nanostructures, these nanomaterials are likely to
be superior in low dissipation in the visible wavelength, ultralow light-
into-heat conversion (Caldarola et al., 2015); the excitation of both
electric and magnetic resonances (Kuznetsov et al., 2012), low cost,
high chemical stability and temperature resistance. Owing to these
advantages, GaAs, Si and Ge nanoparticles can supply a viable and
better alternative to noble metal nanostructures for photovoltaics ap-
plications.

In this work, for the first time to our knowledge, Ge NPs are applied
to improve the PV performance of PVSCs. Colloidal Ge NPs were in-
corporated between porous TiO, and perovskite semiconductor layers.
The effects of Ge nanostructures on the PV performance of PVSCs were
systematically investigated. The microstructures of Ge NPs modified
porous TiO, and perovskite films, defect densities and charge trans-
portation properties of the perovskite absorber and its interface with
TiO, were evaluated using a space charge limited current (SCLC)
method, Electrochemical impedance spectroscopy (EIS) and time-re-
solved and steady-state photoluminescence (PL). The addition of Ge
NPs with an optimized concentration simultaneously improved the
crystallinity and morphology of the perovskite film and the TiO, —
perovskite interfacial properties, thereby promoting the short-circuit
current density and the fill factor. Consequently, efficient Ge NPs based
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perovskite devices were obtained with average power conversion effi-
ciency (PCE) of 18.59%, demonstrating over 14% enhancement, com-
pared with the reference device without Ge NPs. The related PV per-
formance enhancement mechanisms behind the PVSC device based on
the high refractive index Ge nanoparticles were discussed.

2. Experimental
2.1. Chemicals

All materials were bought from either Alfa Aesar or Sigma-Aldrich,
unless specified, and employed without further purification. CH3NH;I
was synthesized according to a previous study (Im et al., 2011). Ge NPs
was purchased from Guangzhou HongWu material Technology Co., ltd.

2.2. Fabrication of solar cells

FTO-coated glass, compact TiO, (c-TiO,) and mesoporous TiO5 (m-
TiO,) layers were prepared according to the procedures reported in our
previous work (Luo et al., 2018). Colloidal Ge NPs were homogeneously
dispersed in ethanol at different concentrations. The diameter of the Ge
NPs is about 100 nm. After the mesoporous TiO, film sample was
cooled down to room temperature; 100 pL. of Ge NP solution (0.2 to
1.0mgmL~ ') was spin-coated onto the mesoporous film surface, and
then, the sample was heated at 100 °C for 30 min on a hotplate in air.
The perovskite layers were prepared by a one-step process using a
homogeneous mixture of dimethylformamide (DMF), dimethylsulph-
oxide (DMSO), Pbl, and CH3NH3l. In brief, 578.5mg of PbI, and
197.5 mg of CH3NH;I were blended in 200 pL. of DMSO and 800 pL of
DMF at the temperature of 60 °C with stirring for 12 h. The fully dis-
solved and well-distributed perovskite precursor solution was spin-
coated on the Ge NP coated m-TiO, layers at 4000 rpm for 20s, and
0.5mL of diethyl ether was slowly dripped on the rotating sample be-
fore the sample surface changed to be a turbid appearance due to the
speedy vaporization of DMF. 72.3 mg of Spiro-OMeTAD, 28.8 uL of 4-
tert-butyl pyridine (TBP) and 17.5uL of bis(trifluoromethylsulfonyl)
imide lithium salt (Li-TFSI) in acetonitrile (520 mg mL™Y) were dis-
solved in 1mL chlorobenzene to obtain a clear yellowish spiro-
MeOTAD solution. After the perovskite film samples were cooled down
to room temperature, the formed spiro-MeOTAD solutions were spin-
coated onto the perovskite films at 4000 rpm for 50s. To finalize the
fabrication of PVSC solar cells, a 100 nm thick AgAl alloy electrode was
further thermally evaporated onto the HTL films to form the back
contact of the device.

2.3. Characterization

The morphology, structure and composition of samples were ex-
amined and characterized by field-emission scanning electron micro-
scopy (FESEM, Hitachi S-4800) and X-ray diffraction (XRD, Holland
Panalytical PRO PW3040/60) with Cu Ko radiation (V = 30KkV,
I = 25 mA). The optical absorption spectra of the perovskite layers were
measured by UV-Vis-NIR light absorption spectroscopy (Lambda 950,
PerkinElmer). Photoluminescence (PL) spectra were characterized at
room temperature using a HORIBA Jobin Yvon fluoromax-4 fluores-
cence spectrophotometer with an excitation wavelength of 507 nm. The
time-resolved PL (TRPL) spectra were measured by a picosecond time-
correlated single-photon counting (TCSPC) equipment. The meticulous
information about this picosecond TCSPC equipment is described in the
ref. (Liu et al., 2014). The photocurrent density-voltage (J-V) curves
were recorded by a Keithley model 2440 Source Meter under irradia-
tion of simulated AM 1.5 G solar light from a Newport solar simulator
system. The system is equipped with a 1 kW Xenon arc lamp (Oriel) and
was calibrated with a standard Si reference cell. A metallic mask with
an aperture of about 0.09 cm? was applied during the PV performance
characterization. External quantum efficiency (EQE) (74125, Oriel,
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Fig. 1. Top-view FESEM images (a-f) of perovskite layers on the m-TiO, modified with different concentrations of Ge NP solution (0, 0.2, 0.4, 0.6, 0.8 and
1.0 mg mL ™). Cross-sectional FESEM images of perovskite layers on m-TiO,, (g) without modification and (h) with modification using a Ge NP solution concentration

of 0.4mgmL™".

USA) was measured for PVSCs.

3. Results and discussion

The effect of the addition of Ge NPs on the morphology of the
provskite layers was examined by scanning electron microscopy. Fig. 1
shows the top-view and cross-sectional SEM images of the perovskite
films on mesoporous TiO, modified with different Ge NP concentrations
of 0 (control), 0.2, 0.4, 0.6, 0.8 and 1.0 mg mL~1. As can be seen in

Fig. 1(a)-(f), for all the used Ge NP concentrations, perovskite crystals
are closely interconnected to form a uniform, highly crystalline, and
high coverage perovskite layer on the top of the m-TiO,, which is ne-
cessary for the fabrication of efficient solar cell devices. It should be
noted the obvious cracks in the perovskite film were formed during
SEM imaging due to the impact of accelerated electrons at a high ac-
celeration voltage of 10kV. The formation of the cracks on the surface
of the perovskite samples was visible to the naked eyes during the SEM
analysis and characterization. The top-view SEM images shown in Fig. 1
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disclose that the perovskite grain is about 200 nm in the films without
Ge NP modification or modified with a low Ge NP concentration of
0.2mgmL 1. In contrast, the perovskite crystal remarkably increases
when the Ge NP concentration is further increased from 0.2 mgmL™?,
and the crystallite size even exceeds 1.0 um at a Ge NP solution con-
centration of 1.0 mgmL~'. The continuous increase of the perovskite
crystal size with the Ge NP concentration from 0 to 1.0mgmL ™" is
more clearly presented in the low magnification FESEM images and
their grain size distributions shown in Figs. S1 and S2.

Fig. 1(g) and (h) present the corresponding cross-section SEM
images of the perovskite films without modification and with mod-
ification using a Ge NP concentration of 0.4 mgmL~?, respectively.
From the cross-section SEM analysis, the control perovskite absorber
without Ge NP modification is consisted of crystals with a wide trans-
verse size distribution (100-150 nm) in the capping layer, which pro-
duces rough and irregular cross-section morphologies. With the mod-
ification of 0.4mgmL~' Ge NPs, the cross-section morphological
characteristics of the perovskite absorber is much more condensed and
homogeneous, where typical crystal transverse sizes in the capping
layer are with a much narrower size distribution (180-200 nm). Fewer
grain boundaries are visible within the plane of the capping layer,
proposing lower density of defects. This is anticipated to decrease the
non-radiative charge carrier recombination driven by defects, pro-
moting the open circuit voltage (Voc) of the PVSC devices (Bi et al.,
2016).

XRD studies were performed to examine the crystalline transfor-
mation of the perovskite with the addition Ge NPs onto the m-TiO,.
Diffractograms of all the CH3NH3PbI; samples show characteristic
peaks at 15.44°, 29.78°, 33.20°, 41.90°, 44.48°, which can be indexed to
the reflections from (110), (220), (310), (224), and (314) crystal
planes, respectively, signifying a tetragonal perovskite CH3NH3PbI;
phase. The intensities of XRD peaks from both (1 1 0) and (2 2 0) planes
for the perovskite films modified with Ge NPs is considerably heigh-
tened, as compared to that of the control CH3NH3PbI; film without Ge
NP modification, exhibiting a higher degree of crystallinity. And it
should be underlined that the (220) XRD peak intensity of the per-
ovskite absorber formed with a Ge NP content greater than
0.2mgmL ™" is almost twice as high as that of the control perovskite
film, revealing the prominent effect of Ge NPs on facilitating the per-
ovskite crystals growing along the preferential orientation towards the
(220) plane. The XRD peaks from both (110) and (220) planes be-
came more and more intense with the increase of the Ge NP con-
centration from 0.2 mgmL ™" to 1.0 mg mL ™. The result is well agreed
with disappearance of the small grains and better morphologies in the
provskite film with the increase of Ge NP content shown in Figs. 1, S1
and S2.

From the above SEM and XRD measurement results, it is noted that
the addition of Ge NPs onto m-TiO, can simultaneously increase the
crystallinity and the grain size as well as improve the morphology of the
perovskite film. We rationalize this effect in terms of the hydrophobic
nature of Ge NP-mesoporous TiO, surface because the hydrophobicity
influences the nucleation and grain growth behavior of perovskite
semiconductors. In our work, the perovskite films were fabricated using
one-step spin-coating approach. In this processing method, PbI, and
CH;3NH3PbI; were blended together in the mixed solvent of DMF and
DMSO. The perovskite precursor films were spin-coated on mesoporous
TiO, modified with different amounts of Ge NPs, and a subsequent heat
treatment was performed for the formation of CH3NH3Pbl; absorbers.
Figs. 3(a), (b) and S4 (a)-(d) show the contact angle of water on m-TiO5
modified with different Ge NP concentrations of 0 (control), 0.2, 0.4,
0.6, 0.8 and 1.0 mgmL~1. With the increase of Ge NP concentration,
more Ge NPs were deposited on the m-TiO, film as shown in Fig. S5. It
was also found that incorporation of Ge NPs decreased the wetting
capability of the m-TiO, electrode surface to water, compared to the
case of the bare m-TiO, without Ge NPs. And the contacting angle in-
creased with the increase of the content of Ge NPs. Specifically, the
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contacting angles of water on the bare m-TiO, electrode and the
modified m-TiO, film with a Ge NP content of 0.4 mgmL ™' are 6.14°
and 16.26°, as shown in Fig. 3(a) and (b), respectively. The obtained
contacting angle value symbolizes the wetting ability of the TiO,
electrode surface to water. In addition, the collected contacting angle
data could also represent the wetting capability of these TiO, electrode
surfaces to solid-state CH3NH3PbI; (Bi et al., 2015; Miao et al., 2016).
The formation of highly crystalline and large grains on Ge NP modified
m-TiO, ETLs can be associated with the hydrophobic attribute of the m-
TiO, surface after Ge NP modification. In our one-step solution pro-
cessing method for the absorber; the first step of perovskite film for-
mation was perovskite nucleation on the m-TiO, electrode after the
chemical reaction of CH;NH3PbI3 and Pbl,. For the bare m-TiO, elec-
trode, a small contacting angle of 6.14°induced a very small Gibbs free
energy barrier for nucleation, which greatly boosted the nucleation and
produced very dense nuclei on the wetting surface of the bare m-TiO,.
The addition of Ge NPs onto the m-TiO, ETL made the ETL less hy-
drophilic for the perovskite precursor. The greater the contacting angle
with the increase of the Ge NP content, the closer to the nonwetted
surface state, which more significantly decreased the surface tension
dragging force on the perovskite layer and prevented the formation of
too dense nuclei, resulting in a higher grain boundary mobility and thus
allows larger grains to grow, as shown in Fig. 3(c). The XRD and SEM
measurement results from the CH3NH3PbI; films on the m-TiO, ETLs
modified with different amounts of Ge NPs, as shown in Figs. 1 and 2,
clearly confirm the formation mechanism shown in Fig. 3(c). The
average grain size is obviously larger for CH3NH3PbI; films on the
higher hydrophobic Ge NP-ETLs with the higher Ge NP content. Spe-
cially, when the Ge NP content is =0.4mgmL ™", most of grains in
CH3NH;3PbI; films on Ge coated m-TiO, layer were much larger than
the thickness of the perovskite capping layers.

Fig. 4(a) displays UV-Vis absorption spectra of m-TiO, films
without and with Ge NP modification at different Ge NP concentrations.
From the figure, compared with the absorption of the bare m-TiO, film,
the Ge NP modified m-TiO, exhibits a slightly higher absorption range
from 350 to 800 nm. The absorption increase with the Ge NP content
can be ascribed to the intrinsic absorption of Ge NPs. Fig. 4(b) exhibits
the optical absorption spectra of the control CH;NHsPbI; films, as well
as the absorber films formed using different Ge NP concentrations. As
can be seen in Fig. 4(b), there are no significant differences in the ab-
sorption spectra of the control and Ge NP based absorber samples. The
result can be attributed to the exceptionally high absorption coefficient
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Fig. 2. XRD patterns of perovskite films on the m-TiO,/c-TiO,/FTO substrates
modified with different concentrations of Ge NP solution.
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Fig. 3. The contact angle of water on (a) the bare m-TiO, film without Ge NP
and (b) the m-TiO,, film modified with 0.4 mg mL~! Ge NPs. (¢) Schematic il-
lustration of nucleation and growth of perovskite grains on m-TiO, films
without and with Ge NP modification.

of perovskite CH;NH3PbI3 and the small amount of Ge NPs loaded on
the m-TiO,.

In order to probe the crystalline quality connected photo-electronic
characteristics of the perovskite absorber layers, steady-state and time-
resolved photoluminescence (PL) studies were carried out. Fig. 5(a)
shows the PL spectra of CH3NH3PbI; films on m-TiO, electrodes mod-
ified with different amounts of Ge NPs. Based on the quenching in-
tensities of the perovskite films onto the bare TiO,/FTO and the Ge NP
modified TiO,/FTO with different amounts of Ge NPs in the PL spectra,
the electron extracting capability of the ETL in solar cells can be ap-
praised, where lower PL intensity of perovskite film on ETL tells more
intense electron extraction of ETL (Zhu et al., 2013; Zhao et al., 2016).
From Fig. 5(a), the PL intensity displays a downward-upward trend as
the Ge NP amount increases from 0 (control) to 1.0 mg mL~!. Com-
paring with the perovskite film onto the bare TiO, ETLs, the perovskite
film attached onto the Ge NP-TiO, ETL demonstrates a more distinct
quenching effect in PL spectrum with the increase of the Ge NP amount
from 0 (control) to 0.4 mg mL ™!, indicating more effectively quenching
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the PL of CH3NH3PbI;. Further increase in the Ge NP amount from
0.4mgmL ™~ resulted in a distinguishably higher PL intensity. Notably,
the perovskite film obtained with 1.0mgmL™! Ge NPs exhibits the
highest PL signal, and the corresponding PVSC device is expected to
show a higher recombination rate of carriers than the cells based on the
other samples. In contrast, the perovskite sample obtained with
0.4mgmL~" Ge NPs shows the lowest peak intensity and the most
intense degree of PL quenching, meaning the fastest charge transfer, the
most effective electron extraction and the lowest charge accumulation,
and thus prospectively the highest short-circuit current and the best PV
performance. Therefore, the incorporation of Ge NPs into m-TiO, in a
proper ratio can provide the driving force for efficient charge extraction
from CH3NH3PbI; to TiO, ETLs.

Fig. 5(b) shows the PL decay profiles following picosecond pulse
laser excitation of the perovskite films on bare TiO,/FTO and Ge NP-
TiO,/FTO with different amounts of Ge NPs. All decay curves can be
well-fitted using a two-exponential equation, yielding a fast decay
characterized by the lifetime, 7;, together with a slow component, 7.
All the simulated data are listed in Table 1. The decay represents and
unravels the dynamics of charge transfer processes and charge re-
combination taken place in the perovskite capping layer and at the
interface of CH3NH3Pbl3/m-TiO,. The 7., value of the perovskite
sample first decreases and then increases with the increase of the Ge NP
amount from 0 (control) to 1.0 mg mL ™. The 7,y. value of the control
perovskite film is 8.19 ns, while the 7, value is considerably increased
to 12.37 ns upon addition of Ge NPs onto m-TiO, at a high concentra-
tion of 1.0mgmL ™!, in spite of the larger grain crystals formed in the
perovskite capping layer shown in Fig. 1(f). This result suggests a re-
latively high density of charge-carrier trap states and slow electron
transfer process in the porous layer under the perovskite capping film
and at the interface of CH;NH3PbI3/m-TiO,. Interestingly, the 7,y va-
lues of the Ge NP based perovskite samples from 0.4 mgmL~! Ge NPs
are much shorter than that of the control CH3;NH3PbI; film. The ab-
breviated PL decays indicate rapider electron transport, more effective
electron extraction, and a lower defect concentration (Heo et al., 2015);
which is in good agreement with higher short-circuit current density,
fill factor and PCE values for the corresponding PVSCs (Zhang et al.,
2002) presented in the next sections.

The trap state density of the perovskite samples were also examined
by the space-charge-limited current (SCLC) technique. We have fabri-
cated electron-only devices (FTO/c-TiOy/m-TiO,@Ge  NPs/
CH3NH3PbI3/AgAl). Fig. 6(a) shows the SCLC curves of the devices
prepared using different concentrations of Ge NPs. The curves can be
divided into three different regimes, i.e., ohmic (n = 1), SCLC (n = 2)
and trap-filled limited (1 < n < 2) regions according to the diverse
values of the exponent n (J « V,, relation) (Azam et al., 2018). At a kink
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Fig. 4. UV-Vis absorption spectra of (a) glass/FTO/c-TiO,/m-TiO, modified with different amounts of Ge NPs and (b) perovskite films on the m-TiO, modified with

different amounts of Ge NPs.
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Fig. 5. (a) Steady-state and (b) time resolved PL spectra of CH;NH3PbIj; films on the bare TiO,/FTO and the Ge NP coated TiO,/FTO with different amounts of Ge

NPs.

Table 1

The fitting results of TRPL spectra shown in Fig. 5(b).
Samples 71 (ns) 75 (ns) A (%) A; (%) Tave (0S)
Control 3.41 12.97 25.97 74.03 8.19
0.2mg mL~! Ge NPs 1.91 8.05 21.58 78.42 4.98
0.4mgmL"~ 1 Ge NPs 1.65 6.98 39.32 60.68 4.32
0.6 mg mL~! Ge NPs 1.90 10.71 16.48 83.52 6.32
0.8 mg mL~! Ge NPs 3.73 18.51 16.08 83.92 11.12
1.0mg mL~! Ge NPs 5.28 19.45 18.57 81.43 12.37

The 7ayc is calculated by the formula, 7., = Y, Ain/ X; A

point where the current abruptly rises, the bias voltage is defined as the
trap-filled limit voltage (Vygy). From this domain, the trap density
(n¢rap) can be calculated using the following equation: (Lampert, 1956;
Li et al., 2017)

2
entrapL
Va"EF I

@

2e0€

where L is the thickness of the perovskite film, ¢ is the relative dielectric
constant of CH3NH3PbI3, ¢y is the vacuum permittivity, and e is the
elementary charge. The Vg, values of provskite films prepared by
different Ge NP concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mg mL ™'
are 0.62, 0.56, 0.53, 0.6, 0.64, and 0.65V, respectively. The corre-
sponding electron trap-density is 8.69 x 10'®, 7.85 x 10'6,
7.43 x 10, 8.41 x 10%, and 9.11 x 10'® cm ™3, respectively. The
defect density of the perovskite film from 0.4 mgmL~"' Ge NPs is ob-
viously lower than other absorber films. The significantly lower trap
density ny.p, in perovskite films fabricated from 0.4 mg mL ™! Ge NPs is
consistent with the abbreviated PL decays, the enhanced crystal quality
and PL quenching effect presented in the previous sections. The shor-
tened PL decay, the enhanced PL quenching and lower trap state den-
sity should be associated with the Ge NP additive assisted crystal
growth dynamics, which collaboratively promote the crystal quality
and decrease the competition from non-radiative recombination, thus
contributing to enhance the photovoltaic performance of the solar cells
shown in the next paragraph. At high bias voltages, the current quad-
ratically rises with the voltage in the SCLC region (n = 2). From this
regime, the charge carrier mobility can be evaluated by the Mott—
Gurney law in the single-carrier devices. The mobility can be calculated
by the following equation: (Dong et al., 2015)
9 V2

Jp = —E()E,UF

8 2

where Jp, u and V are the dark current, mobility and bias voltage,
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Fig. 6. (a) Dark J-V characteristics of electron-only devices based on perovskite
films with different concentrations of Ge NPs. (b) The corresponding J'/%-V
curves.

respectively. The corresponding J*/%-V characteristic curves are given
in the Fig. 6(b). A higher slop of J'/%-V curve produces a larger mobility.
The electron yu values of the electron-only devices prepared by different
Ge NP concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0mgmL~"! are
1.72 x 1073, 6.69 x 1073, 8.72 x 1073, 2.96 x 10”3, 1.08 x 10~ 3,
and 8.21 x 10™* em? V™! 571, respectively. The electron mobility
value of the perovskite film from 0.4 mgmL~' Ge NPs is the highest,
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Fig. 7. (a) J-V curves of the PVSCs with different amounts of Ge NPs investigated under AM1.5 G illumination in reverse scan mode with a scan rate of 10 mV/s. (b)

the corresponding EQE spectra.

which is over 5 times higher than the control absorber without Ge NP
modification. When the Ge NP concentration is higher than
0.4mgmL~?, deterioration would be generated in charge carrier mo-
bility for the device.

In order to examine the PV performance of the solar cell applying Ge
NPs as an additive to engineer high quality perovskite absorber films,
PVSC solar cells were constructed in the mesoporous device config-
uration of glass/FTO/c-TiO,/m-TiO,@Ge NPs MAPbI; /Spiro-
OMeTAD/AgAl Different Ge NP concentrations were used to modify
the m-TiO, electrodes. The clear-cut layer by layer stacking architecture
is displayed by the SEM image, as shown in Fig. 1(g) and (h). The re-
presentative J-V curves and the corresponding average PV parameters
and the performance dependence on Ge NP concentrations have been
determined, and the results are shown in Fig. 7(a) and summarized in
Table 2. All the PV parameters including PCE, open-circuit voltage
(Voc), short-circuit current density (Jsc), fill factor (FF), series (Rs) and
shunt (Rgy) resistances are listed in Table 2. The PVSCs based on the
bare m-TiO, produced an average PCE of 16.24%, and the corre-
sponding cells based on the 0.2mgmL~' Ge NPs generated a little
higher FF and Jsc, leading to a slightly enhanced average PCE of
16.78%. Particularly, as the concentration of Ge NPs was increased to
0.4 mg mL~?, much more significant enhancements in Jgc and FF were
achieved. Specifically, the Jg¢ increased from 21.10 to 22.93 mA cm ™2,
and most conspicuously the FF increased from 71.42% to 75.91%,
reaching an average PCE of 18.59%. However, a successive increase in
the amount of Ge NPs from 0.4mgmL~! to 1.0mgmL~! caused a
continuously reduced Vpc, Jsc and PCE, in spite of the larger grain
crystals formed in the capping layer compared with the case at
0.4mg mL ™! Ge NPs. Specifically, at the concentration of 1.0 mg mL ™%,
a dramatically decrease in Jsc, Voc and FF was noticed, resulting in a
tremendous shrinkage in PCE to 3.99%, although largest grain crystals
were formed in the capping layer as shown in Fig. 1(f). This decrease in
the PV performance may be linked with the surface natures of m-TiO,
electrodes modified with high Ge NP concentration. The first feature is
with the too highly hydrophobic nature of Ge NP based m-TiO,

electrode surface at the high Ge NP concentration. Secondly, overmuch
Ge NPs cover and block the pores of m-TiO, at the extra high Ge NP
concentration. Both properties do not facilitate the loading of per-
ovskite into the m-TiO, pores in the mesoporous device, decreasing the
contact area between the perovskite and m-TiO, and leading to trap
states in the porous layer under the perovskite capping film and at the
interface of CH3NH3Pbl3/m-TiO,, as confirmed by steady-state PL,
time-resolved PL and SCLC measurement results shown in Fig. 5,
Table 1 and Fig. 6, respectively. The big contacting angle and highly
nonwetting surface of Ge NP based m-TiO, ETL at a too high Ge NP
content (> 0.6 mgmL~1') is not beneficial for pore-filling of the per-
ovskite semiconductor, leading to deteriorated charge separation at the
interface of CH3NH3PblI3 /TiO, (Kim et al., 2013). The optimized Ge NP
concentration was found to be 0.4mgmL~?!, and the corresponding
optimal device displays a PCE of 18.59%, resulting from a V¢ of
1.06V, Jgc of 22.93 mA cm ~ 2 and FF of 75.91%. Actually, the best PCE
of 19.6% was attained via using GE NPs as adduct on the m-TiO,. The
optimized device has the lowest series and the highest shunt resistances
shown in Table 2, thus indicating the best diode behavior. The Jsc
values extracted from the J-V characteristics for each cell are sub-
stantiated by the EQE spectra in Fig. 7(b). The best EQE performance is
acquired at 0.4mgmL~' Ge NPs, exhibiting a wide plateau with a
maximal value of 91.02% over the entire visible-light regime. With an
increment in the Ge NP concentration from 0 to 0.4 mg mL ™!, the de-
vice demonstrated more and more heightened EQE value at the short
wavelength range from 350 nm to 750 nm, which was in good agree-
ment with the photocurrent density result from the J-V curves shown in
Fig. 7(a). A further increase in the amount of Ge NPs from 0.6 mg mL ™~ 1
despite the further increased size of perovskite grains in the capping
layer of the absorber, leads to a dramatically reduced EQE over the
whole wavelength region from 350 nm to 750 nm. This decrease can be
associated with the deteriorated charge transport and collection/se-
paration due to the poor pore-filling of perovskite into m-TiO, and
numerous trap sites harbored in the device at high concentration of Ge
NPs.

Table 2

Average Device performance parameters of PVSC devices with different amounts of Ge NPs investigated under AM 1.5G Illumination (100 mW cm ™ 3).
Device Voc (V) Jsc (mA cm™3?) FF (%) PCE (%) Rs () Rsy (Q)
Control 1.08 = 0.04 21.10 * 0.53 71.42 + 2.24 16.24 = 1.60 52 + 4 11,372 + 61
O.2mgmL’1 Ge NPs 1.07 = 0.03 21.36 * 0.45 72.91 * 3.22 16.78 + 1.48 48 + 9 32,148 = 45
0.4mgmL_1 Ge NPs 1.06 = 0.04 22.93 = 0.11 75.91 + 2.34 18.59 + 1.24 35+ 4 41,482 = 63
0.6mgrnL_1 Ge NPs 1.04 = 0.01 22.42 + 0.22 69.76 = 3.59 16.34 = 1.09 47 £ 3 16,484 + 42
O.SmgmL’1 Ge NPs 0.93 = 0.02 20.98 + 0.37 57.00 * 2.78 11.12 = 0.59 84 + 4 7567 *+ 67
l.OmgmL’1 Ge NPs 0.75 = 0.04 15.11 = 0.46 34.86 + 4.34 3.99 = 0.83 262 = 9 8468 + 44
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Fig. 8. EIS of PVSC devices with different concentrations of Ge NPs in dark
conditions.

The perovskite capping layer shows larger grain size and higher
crystallinity when the concentration of Ge NPs increases from 0 to
1.0mg mL L. Thus, the addition of Ge NPs onto the m-TiO, ETL is
expected to control nucleation over the perovskite precursor film, im-
proving the grain size and facilitating the perovskite to grow in a pre-
ferred direction, with reflection of the facet with (220) and (110)
indices being dominant. On the other hand, when the Ge NP content is
great than 0.6mgmL~", the m-TiO, electrode surface became too
highly hydrophobic, and overmuch Ge NPs covered and blocked the
pores of m-TiO,, impeding pore-filling of the perovskite semiconductor
and leading to deteriorated charge separation at the interface of
CH3NH;3PbI3/TiO,. This phenomenon accounts for the deterioration of
the PV performance when the Ge NP content exceeds 0.6 mgmL ™'
because the excess of Ge NPs will impair separation and transport of
charge carriers.

Electrochemical impedance spectroscopy (EIS) was characterized to
understand the difference in the PV performance of the devices based
on Ge NP modification. Fig. 8 shows EIS spectra of the devices fabri-
cated with different concentrations of Ge NPs in the dark. The EIS
measurements were performed over the frequency range of 10-1 MHz
and at a voltage bias of 0.9 V. In the dark, the PVSC device could be
treated as a leakage capacitor (Guo et al., 2015; Zhang et al., 2017a).
The half-circle symbolizes the recombination resistance (R...) at the
interface of perovskite absorber/TiO, ETL or hole-transport layer. An
equivalent circuit shown in the inset of Fig. 8 is used to fit the im-
pedance data. R, is the ohmic series resistance, which includes the
sheet resistance of TiO, electrode and CH3NH3Pbl; absorber. C,.. refers
to the chemical capacitance at the interface of perovskite/TiO,. The
results of the impedance data are shown in Table 3. In our work, for
ohmic series resistance R’;, improved CH3;NH5Pbl; absorber with high
carrier mobility can decrease the resistances. From Table 3, with the
increase of the Ge NP concentration from 0 to 1.0 mgmL~?, the value
of R; first decreases and then increases. The sample of 1.0 mgmL~! Ge

Table 3
EIS results of PVSC devices with different concentrations of Ge NPs under dark
at a bias of 0.9 V.

Device R; (Q) Riec (Q) Crec (nF)
Control 30.4 304.2 102.5
0.2mgmL™~" Ge NPs 25.8 419.9 90.3
0.4mgmL~" Ge NPs 23.5 589.8 75.6

0.6 mgmL ™" Ge NPs 27.0 366.2 89.3
0.8mgmL ™" Ge NPs 36.3 241.8 110.9
1.0mgmL~" Ge NPs 43.2 195.9 126.3
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NPs shows the maximal ohmic series resistance, indicating the maximal
contact resistance between the TiO, and active layer. At 0.4 mgmL ™!
Ge NPs, the R; resistance is the lowest, indicating the highest carrier
mobility of the corresponding CH3NH3PbI; absorber. The results are
consistent with those from dark J-V characteristics of electron-only
devices based on perovskite films with different concentrations of Ge
NPs shown in Fig. 6(a). The low resistance could cause an effective and
rapid transporting capability for the photo-generated carriers, which
would ultimately promote the PV performance, especially the fill factor
of PVSCs. Furthermore, with the rise of the Ge NP concentration from 0
to 1.0 mg mL ™, the diameter of the semicircle increases first and then
decreases, which indicates the recombination resistance gradually en-
larges and then reduces. The device at 0.4 mg mL ™' Ge NPs exhibits the
largest R,., indicating the most efficient recombination blocking effect.
Thus the device fabricated with 0.4 mg mL ™! Ge NPs could provide the
best PV properties, supporting the PV performance results shown in
Fig. 7 and Table 2.

Generally, just as metal nanoparticles, semiconductor NPs with a
high refractive index and low dissipation in the visible region can be
expected to enhance light energy trapping in the thin film solar cell by
far-field coupling of scattered light, near-field coupling of localized
electromagnetic fields, and even energy transfer (Wintzheimer et al.,
2018). Light incident on semoconductor nanoparticles can be scattered
into the far-field; depending on geometric and material properties of
the particles (Bohren and Huffman, 2008; Fan et al., 2016). Finite-dif-
ference time-domain (FDTD) numerical simulations were performed
using finite integral technique (FIT) technique (CST Microwave Studio)
(Luo et al., 2017; Fan et al., 2016). The optical properties (refractive
index, n and extinction coefficient, k) of materials are from the data in
previous publications (Luo et al., 2017; Aspnes and Studna, 1983;
Johnson and Christy, 1972; Ball et al., 2015). Fig. 9(a) and (b) show the
calculated absorption and scattering cross-sections of a spherical Au or
Ge nanosphere with a radius (a) of 50 nm in free space, respectively. It
can be seen that Au has stronger absorptive properties in the wave-
length (\) range of 300 nm-550 nm than Ge, but the result is inverse at
the longer wavelength (A > 550 nm). The scattering efficiency of Au
nanosphere peaks at about 520nm due to the surface plasmon re-
sonance of Au nanoparticles, as shown in Fig. 9(b). The Ge has a little
stronger scattering property than the Au at the shorter wavelength. The
near-field enhancement and distribution for Ge nanosphere embedded
between m-TiO, and provskite layers is simulated. Fig. 9(c) shows the
calculated local amplitude enhancement distribution of the electric
field |El in the xz plane with the center of the Ge nanosphere located at
the origin. The incident light is with a wavelength of 560 nm, where the
maximal absolute EQE value was obtained. The electric field is a
slightly enhanced and localized around the Ge nanosphere, and the
maximum |E| enhancement factor is about 1.7 at 560 nm. Therefore,
compared to the case of Au NPs embedded PVSCs (Zhang et al., 2013;
Saliba et al., 2015; Cheng et al., 2017; Luo et al., 2017), the optical
enhancement in Ge NPs based PVSCs from far-field coupling of scat-
tered light and near-field coupling of localized electromagnetic fields
should be lower. Even in the plasmonic PVSCs based on the noble
metallic nanotructures, it is found that the PV performance enhance-
ments of Au@SiO,, Au@MgO, Au@TiO, composite PVSCs mainly stem
from plasmonically enhanced electrical properties of the devices, rather
than from optical effects alone (Zhang et al., 2013; Luo et al., 2017;
Jang et al., 2016). In this work, no obvious enhancements were ob-
served in the absorption patterns of the perovskite films on the m-TiO,
modified with different amounts of Ge NPs, as shown in Fig. 4(b).
However, EQE measurements exhibited a broadband enhancement over
the wavelength range from 350nm to 750 nm at the Ge content less
than 0.6 mg mL™!, as shown in Fig. 7(b). The PVSC device with an
optimal Ge NP amount of 0.4mgmL~"' reached an average PCE of
18.59%, exhibiting over 14% enhancement, compared with the re-
ference device without Ge NPs. The achieved PV enhancement can be
correlated to the presence of proper ratio Ge nanoparticles, which
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Fig. 9. Calculated absorption (a) and scattering (b) cross sections of Au and Ge nanospheres with a radius of 50 nm. (c) Simulated field |E| enhancement distribution
of Ge nanosphere (a = 50 nm) embedded between m-TiO, and CH3NH3Pbl; layers.

simultaneously improve the morphology and crystallinity of the me-
soporous perovskite absorber as well as the interfacial natures of per-
ovskite/TiO,, further significantly enhancing EQE, Jsc and FF values of
PVSCs.

4. Conclusions

We have developed a facile, simple and convenient method to ef-
fectively deposit high quality and low defect density CH3NH3PbI; per-
ovskite films with improved optoelectronic natures for high-efficiency
mesoscopic heterojunction PVSCs. Colloidal Ge NPs were embedded
between m-TiO, and perovskite layers. The influence of the in-
corporated Ge NPs on the PV performance of PVSCs have been sys-
tematically investigated by a combinatorial evaluation of micro-
structures of Ge NPs modified porous TiO, and perovskite films, defect
densities and charge transport natures of the perovskite absorber and
the interface at m-TiO,/CH3NH3PbIs. It is found that the addition of Ge
NPs with an optimized concentration simultaneously improved the
crystallinity and morphology of the perovskite film as well as the TiO,-
perovskite interfacial properties. The more effectively PL quenching,
abbreviated PL decay lifetime of FTO/c-TiO»/m-TiO,@Ge NPs/
CH3NH3PbI; layers and multiple (over five folds) enhanced charge
mobility of the perovskite absorber at the optimal Ge NP content
strongly confirm our results. Consequently, the incorporation of an
optimized ratio Ge NPs in PVSC devices improves the average PCE from
16.24 to 18.59%, displaying over 14% enhancement compared with the
reference cell without Ge NP modification. Our research provides an
innovative approach to significantly promote the performance of het-
erojunction PVSC devices by green semiconductor nanoparticles.
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