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ABSTRACT: Hybrid organic−inorganic perovskite solar cells
(PSCs) have shown promise for next-generation photovoltaics.
This study presents a simple approach for enhancing the
performance and stability of PSCs by substituting the center
carbon atom of the common hole transport material (HTM)
Spiro-MeOTAD with a silicon atom. This modification, termed
Si-Spiro, results in an increased hole mobility. A density
functional theory simulation indicates that the enhanced hole
mobility is due to the structural change of Si-Spiro. Electron
beam-induced current microscopy measurements indicate
improved charged extraction at the Si-Spiro/perovskite inter-
face. A power conversion efficiency of 22.5% is achieved in Si-
Spiro-based PSCs, outperforming standard Spiro-MeOTAD. Additionally, Si-Spiro-based PSCs demonstrate enhanced
stability, maintaining over 90% of performance over 120 h of one-sun operation. Depth-profiling X-ray photoelectron
spectroscopy revealed that Si-Spiro effectively blocks metal ion migration, which contributes to its enhanced stability. The
findings suggest that Si-Spiro could be promising a HTM for high-performing, stable PSCs.

Since their inception in 2009, hybrid organic−inorganic
perovskite solar cells (PSCs) have emerged as a
promising platform for next-generation photovoltaics,

owing to their exceptional efficiency, low production cost, and
high chemical/structural flexibility.1−3 Over the past decade,
PSCs have experienced a significant surge in performance, with
power conversion efficiencies (PCEs) exceeding 26%.4−7

However, the rapid development of perovskite solar cells
faces significant challenges, primarily the limited progress in
achieving long-term device stability when compared to PCE.8

The instability origins in PSCs can be attributed to various
factors, including the intrinsic degradation of the electron
transport materials (ETMs) or hole transport materials
(HTMs) that make up the PSC,9,10 as well as the intrinsic
degradation of the perovskite absorber layer itself.11,12

Furthermore, interactions with adjacent layers can lead to
mutual influences and contribute to degradation.13−15 The
highest-performing PSCs typically employ a specific device
architecture known as the n-i-p configuration,16 which consists
of layers arranged in the following order from the bottom
electrode: ETM (n), perovskite absorbing layer (i), HTM (p),
and counter electrodes. In high-performing n-i-p devices, the
use of polymers or small-molecule-based organic materials for

HTMs has been a major concern due to their frequent
inherent instability. For example, organic HTMs such as
2,2′,7,7′-tetrakis(N,N-di-p-methoxyphenyl)-amine-9,9′-spirobi-
fluorene (Spiro-MeOTAD) or poly(triarylamine) (PTAA) are
commonly used.9 Their inferior stability is primarily due to the
intrinsic vulnerability of such HTMs, the necessary additives
for improved hole mobility, and metal ion migration from the
top electrode penetrating through the HTMs.17−19

While numerous attempts have been made to investigate
alternative HTMs that have better performance and stability,
no candidate has yet surpassed the efficiency performance of
Spiro-MeOTAD.20,21 Spiro-MeOTAD has a spirobifluorene
backbone, where two fluorene units (three-ring structures) are
connected at a single carbon with methoxy triarylamine side
groups attached to its benzene rings. Many attempts to modify
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spirobifluorene-based derivatives have focused on their func-
tional groups, and some of these attempts have been successful
with PSCs.22 However, these derivatives have not been widely
adopted in devices, likely due to their inconsistency in
performance. Alternatively, varying the center atom may
dramatically alter the optoelectronic and material properties
of the HTM. Si, an atom larger than the C atom, could change
the packing property of HTMs that are on top of vulnerable
perovskite layers, thus influencing the charge extraction and
ion migration or air/moisture penetration that affects long-
term stability.
In this study, we present the substitution of the central

carbon of Spiro-MeOTAD with Si and explore its impacts on

the material and solar cell devices. We demonstrate that the
substitution of the center carbon atom with a Si atom enhances
the perovskite device performance and operational stability.
The photovoltaic performance enhancement that is achieved
by using the Si-substituted Spiro-MeOTAD (termed Si-Spiro
or Si-Spiro-MeOTAD) is substantiated by increasing the hole
mobility. This enhanced hole mobility can be explained by an
increase in the π−π stacking ratio and the lower hole
reorganization energy estimated from density function theory
(DFT) for Si-Spiro. Electron beam-induced current (EBIC)
measurements experimentally demonstrate that using Si-Spiro
yields a better HTM/perovskite interface, resulting in an
improved hole collection in devices. By employing Si-Spiro as

Figure 1. Chemical signatures of Spiro-MeOTADs. (a) Synthesis process of Si-substituted Spiro-MeOTAD (Si-Spiro-MeOTAD). X-ray
photoelectron spectroscopy (XPS) spectra of the Si 2p region for (b) Spiro-MeOTAD and (c) Si-Spiro-MeOTAD. Peak fitting of XPS
spectra of the C 1s region for (d) Spiro-MeOTAD and (e) Si-Spiro-MeOTAD films.

Figure 2. Optoelectronic property of Spiro-MeOTADs. (a) Tauc plot from the UV−vis absorption spectra of Si-Spiro-MeOTAD and Spiro-
MeOTAD films. (b) Secondary electron cutoff and (c) valence band of UPS spectra for Spiro-MeOTAD and Si-Spiro-MeOTAD films. Space-
charge-limited currents of hole only devices with (d) Spiro-MeOTAD and (e) Si-Spiro-MeOTAD. (f) Schematic illustration of energy levels
for perovskite solar cell devices with Spiro-MeOTAD and Si-Spiro-MeOTAD.
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the HTM, we achieved a remarkable PCE of 22.5% without
any hysteresis, surpassing the PCE that was obtained when
using Spiro-MeOTAD. The Si-Spiro-based PSCs achieved
superior long-term stability, maintaining over 90% of their
performance over 120 h, while the Spiro-based PSCs degrade
below 90% within only 20 h. Depth-profiling X-ray photo-
electron spectroscopy (XPS) showed the effective blocking Si-
Spiro HTMs have against metal ion migration due to strong
intermolecular interactions, as was also indicated by the
cohesive energy obtained from DFT calculations.
The chemical and optoelectronic properties of Spiro-

MeOTAD are altered significantly upon the substitution of
the center atom to form Si-Spiro. Figure 1a illustrates the
chemical synthesis process of Si-Spiro, and the specific
pathway is elaborated in the Materials and Methods section.
The 1H NMR spectrum of Si-Spiro is presented in Figure S1.
To investigate the chemical changes, X-ray photoelectron
spectroscopy (XPS) was employed. The full spectra of the XPS
measurement are provided in Figure S2. The XPS spectra of Si
2p for both HTMs, as depicted in Figure 1b,c, reveal the
presence of Si−C bonding exclusively in Si-Spiro, whereas the
substrate Si−O peak appears in both spectra. The XPS spectra
of C 1s for both HTMs (Figure 1d,e) display C−C (∼284.8
eV), C−N (∼285.6 eV), C−O (∼286.8 eV), and π−π*
satellite (∼291.7 eV) in varying ratios, which are summarized
in Table S1. In the XPS spectra of Si-Spiro, a small
contribution from C−Si (∼283.9 eV) was detected, which
again confirms the result of the Si substitution. The significant
increase in the residue of raw data compared to the fitted line
after excluding the C−Si bond confirms the existence of the
C−Si bond in Si-Spiro (Figure S3). The peak positions in the
XPS spectra measured from both HTMs were in good

agreement with previous studies.23,24 The π−π stacking
behavior of the HTM composites plays a crucial role in the
hole mobility, as hole carrier transportation occurs via hopping
through the π−π stacked intermolecular interactions.25,26 The
π−π* ratio in the XPS data is indicative of the total π-
conjugation in the system.27,28 The substitution of Si does not
induce any alterations in the π-bonding configurations within
the chemical structures of both Si-Spiro and Spiro-MeOTAD.
Consequently, any variations observed in the π−π* peaks can
be primarily attributed to π−π stacking interactions.
Considering the chemical structure of Spiro-MeOTAD and
Si-Spiro, the ratio of the C−N bond can be assumed to be
consistent, which can be confirmed by the similar peak
position and shape of the N 1s spectra for both HTMs (Figure
S4). Therefore, to quantitatively analyze the amount of π−π*,
we calculated the ratio of the π−π* peak to the C−N peak.
Notably, Si-Spiro (13.96%) has a higher π−π* ratio than
Spiro-MeOTAD (11.68%); this indicates greater π−π stacking
behavior, which should facilitate efficient hole carrier hopping
transportation that can enhance the performance of PSCs.
To further explore the optoelectronic properties of Si-Spiro,

Figure 2a presents the Tauc plot derived from the ultraviolet−
visible (UV−vis) spectra. For these measurements, Spiro-
MeOTAD and Si-Spiro thin films were deposited on indium
tin oxide (ITO)/glass substrates. A comprehensive summary of
the optoelectronic properties for both the Spiro-MeOTAD and
Si-Spiro devices can be found in Table S2. The Tauc plot
reveals the optical bandgap of each film, indicating that Si-
Spiro has a slightly smaller bandgap. The bandgap of small
molecular organic semiconductors tends to decrease as the size
of the molecule or the conjugated system increases, as larger
molecules have more closely spaced energy levels, which

Figure 3. Enhanced carrier collection with Si-Spiro-MeOTAD. Current−voltage curves of reverse scan (from Voc to Jsc) and forward scan
(from Jsc to Voc) of PSCs with (a) Spiro-MeOTAD as the HTM and (b) Si-Spiro-MeOTAD as the HTM. (c) Statistical histogram of PSCs
with Spiro-MeOTAD and Si-Spiro-MeOTAD as HTMs. Electron beam-induced current mapping on SEM images for PSCs with (d) Spiro-
MeOTAD and (e) Si-Spiro-MeOTAD HTMs. (f) Representative EBIC line profiles for PSCs with Spiro-MeOTAD and Si-Spiro-MeOTAD as
HTMs.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.3c01964
ACS Energy Lett. 2023, 8, 5003−5011

5005

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.3c01964/suppl_file/nz3c01964_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01964?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01964?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01964?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.3c01964?fig=fig3&ref=pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.3c01964?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


results in a small energy difference between the highest
occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO).29 However, the
HOMO−LUMO gap of organic materials is more complex
than that of inorganic semiconductors due to their molecular
conformation and packing structure.30 The optical red-shift
can be further discussed in conjunction with the molecular
structure.
Ultraviolet photoelectron spectroscopy (UPS) was used to

further elucidate the energetic changes; the secondary electron
cutoff is plotted in Figure 2b and the valence band region is
plotted in Figure 2c. The UPS spectra indicate that Si-Spiro
(−4.88 eV) has a slightly higher HOMO level than Spiro-
MeOTAD (−4.90 eV). Typically, there is no significant issue if
the HOMO level of the HTM is greater than the valence band
maximum level of the perovskite (−5.40 eV), as it does not
generate any hole extraction barrier. However, an elevated
HOMO level could potentially lead to a decrease in the PSC
performance due to thermionic losses for the collected holes.31

Nevertheless, given the negligible difference between the
HOMO levels of the two HTMs, it can be reasonably inferred
that the charge collection loss would not exhibit substantial
variation. An additional cyclic voltammetry (CV) analysis was
conducted to validate the HOMO levels, as shown in Figure
S5. In regard to the HOMO levels of the two HTMs, those
estimated by the CV measurements have the same shift trend
as the UPS results. Combining the Tauc plot analysis with the
UPS results, the LUMO level of Spiro-MeOTAD (−1.87 eV)
is estimated to be higher than that of Si-Spiro (−2.23 eV),
which means it could exhibit a better electron blocking
efficiency. However, both LUMO levels are significantly higher
than the perovskite conduction band minimum level (−4.0
eV), so they both effectively block undesired electron leakage
from the perovskite layers. Energetically, the two HTMs would
be expected to have similar hole extraction efficiencies.
Next, the hole mobility was evaluated to understand how

effectively the HTM transports hole carriers to the anode. The
hole mobility was evaluated by measuring the space-charge-
limited current (SCLC) using the ITO/HTM/Au device
structure shown in Figure S6. The estimated hole mobility of
Si-Spiro, which was calculated using the Mott−Gurney law, is
almost 10× higher than that of Spiro-MeOTAD (1.47 × 10−5

cm2 V−1 s−1 for Spiro-MeOTAD and 1.86 × 10−4 cm2 V−1 s−1
for Si-Spiro). This higher mobility could originate from the
charge hopping mechanism through the increased π−π
stacking, which is further substantiated by the reorganization
energy calculated by DFT later on. In addition, it was
anticipated that an increase in the mobility of the HTM could
reduce the charge accumulation at the interface, thus enabling
a more efficient charge extraction regardless of the energy band
level.32 Consequently, the higher mobility of Si-Spiro is
expected to enhance the photovoltaic performance compared
to Spiro-MeOTAD.
These optoelectronic properties that were observed and

discussed above suggest that Si-Spiro could potentially
outperform Spiro-MeOTAD when used in PSC devices. To
validate this hypothesis, we applied both Si-Spiro and Spiro-
MeOTAD to a SnO2 ETM and formamidinium lead iodide
(FAPbI3) perovskite absorber-based PSC and evaluated their
performances. The results, as presented in panels a and b of
Figure 3, clearly demonstrate the superior photovoltaic
parameters of Si-Spiro. These graphs show the forward
(short-circuit current density (Jsc) to open-circuit voltage

(Voc)) and reverse scans (Voc to Jsc) of the current density−
voltage (J−V) curves for PSCs with Spiro-MeOTAD and Si-
Spiro HTMs, respectively. Detailed photovoltaic parameters
are listed in Table S3. The champion device with Spiro-
MeOTAD achieved a PCE of 21.6% for the reverse scan with
the following photovoltaic parameters: a Jsc of 25.6 mA/cm2, a
Voc of 1.11 V, and a fill factor (FF) of 76.0%. In contrast, the
Si-Spiro-based device achieved a higher PCE of 22.5% with a
Jsc of 25.9 mA/cm2, a Voc of 1.12 V, and a FF of 77.1%. To
further validate the disparity of the PSC performance
depending on HTMs, we fabricated a set of 30 devices with
identical ETM and perovskite absorbing layers but with
varying HTMs. The statistical histogram, summarized in
Figure 3c, indicates that PSCs with Si-Spiro not only perform
better but also exhibit a more uniform distribution.
This performance enhancement is mainly attributed to the

FF increase (Figure S7), which can be the portion of increased
hole transportation from enhanced mobility. Forward scanned
J−V curves exhibit a much more significant difference due to
the hysteresis behavior. PSCs with an n-i-p structure
commonly exhibit severe hysteresis behavior depending on
the scanning direction.33 The significant difference that is
observed under the same J−V scan condition is that the
hysteresis behavior of the champion device with Si-Spiro has
decreased substantially compared to the device based on Spiro-
MeOTAD. The hysteresis issue in PSCs is primarily attributed
to slow charge transport or extraction, which results in
capacitive current characteristics.34 Therefore, it can be
inferred that the significant reduction in hysteresis observed
in the device based on the Si-Spiro HTM is due to its
improved hole transport, substantiation by SCLC measure-
ment, and/or extraction.
To investigate the difference in charge extraction between

the perovskite layer and the HTM for a better understanding
of the performance enhancement, we utilized the EBIC
method, which enables the direct spatial mapping of carriers
and local measurements of charge extraction with the full
device structure without additional modification. Typically,
photoluminescence (PL) analysis can be performed to
compare the charge transfer efficiency at the interface.
However, this approach is usually limited to evaluating half
devices using individual transporting layers. In contrast, EBIC
analysis can provide a more comprehensive evaluation of the
interface charge transfer in full devices.35,36

Panels d and e of Figure 3 present combined images of
cross-sectional EBIC mapping and SEM images of PSCs that
were created with Spiro-MeOTAD and Si-Spiro HTMs,
respectively. It can be seen that the Si-Spiro device shows
overall higher EBIC currents (brighter colors) compared to the
Spiro-MeOTAD device, which indicates an improved charge
collection efficiency.37 This is evidenced by comparing the
average intensity extracted from the EBIC maps for the Spiro-
MeOTAD and Si-Spiro devices, as shown in Figure 3f. This
average intensity was extracted from the EBIC mapping data of
18 different regions of PSCs using Spiro-MeOTAD and Si-
Spiro, with each set of mapping data provided in Figures S8
and S9, respectively. In the case of the Si-Spiro device, the
EBIC current is higher; however, in addition to this, the EBIC
line profile is uniform across the device junction. In contrast,
the devices fabricated with a Spiro-MeOTAD HTM exhibit a
gradual decrease in the current of the EBIC signal as it
approaches the HTM interface. This decay suggests a poor
HTM/perovskite interface with a high surface recombination
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velocity of selective carriers. This EBIC profile provides
evidence for the imbalance between electrons and holes,
leading to the observed hysteresis characteristics. Thus, the
improved HTM/perovskite interface and high hole mobility of
Si-Spiro result in an increased charge collection when
incorporated into the device, providing mechanistic evidence
of the improved efficiency and Voc in the PSCs, even though
the HOMO level of Si-Spiro is slightly higher than that of
Spiro-MeOTAD.
The silicon atom in Si-Spiro has a larger atomic radius than

the carbon atom in Spiro-MeOTAD, which is expected to
cause overall structural changes and changes in its arrangement
in the deposited layers. It is anticipated that these changes
could lead to alterations in stability. A comparison of the long-
term stability of PSCs with different HTMs can be evaluated
by tracking the stabilized power output (SPO), as shown in
Figure 4a. SPO tracking was conducted with the unencapsu-
lated devices under 1 sun in an Ar atmosphere for 120 h at
ambient temperature and 0.77 V. Every recorded raw data
point for the SPO tracking is displayed in Figure S10. The PCE
of the PSC with Si-Spiro retained 92.9% of the initial PCE after
continuous light illumination for 120 h, while the PCE of the
PSC with Spiro-MeOTAD only retained 53.2% of the initial
PCE. During SPO tracking, intermediate J−V measurements
were performed to track the evolution of other device-related
parameters, including Jsc, FF, and Voc, with the aim of gaining
deeper insights into the degradation mechanisms. The J−V
sweeping led to abrupt changes in the output power, as shown
in Figure 4a. In contrast to the Si-Spiro device, the Spiro-
MeOTAD cells showed a recovery in PCE after the J−V
sweeping. Notably, these recovery profiles share a reported
time scale of ionic migration.38 The varying magnitudes of the
PCE change after J−V sweeping suggest that Si-Spiro has the

potential to mitigate the impact of interface-mediated ion
migration in devices.
The degradation of PSCs can be attributed to both intrinsic

degradation, such as the destruction of the material itself, and
degradation resulting from the layer-stacked interfaces. First,
the intrinsic molecular stability of the HTMs was assessed
using differential scanning calorimetry (DSC). The DSC
analysis revealed that Spiro-MeOTAD exhibited an endother-
mic peak at approximately 240 °C, similar to previous
studies.22,39 In contrast, Si-Spiro showed no distinct
endothermic peak up to 350 °C but rather exhibited a broad
heat flow, indicating higher thermal stability. This suggests that
Si-Spiro possesses enhanced thermal stability, which could
contribute to the improved stability of PSCs.
One notable example of degradation resulting from

interactions with the surrounding layers is the infiltration of
metal Au, which is deposited as an electrode on top of the
HTM.17,40 To investigate this, both HTMs were deposited on
top of perovskite layers, and identical Au electrodes were
deposited on the HTMs. Subsequently, the samples were
exposed to light and heat under 1 sun of illumination for 24 h,
and depth-profiling XPS was performed to compare the extent
of Au atom penetration into the perovskite layer (Figure 4c).
The boundary between Au and the HTM was determined as
the etching time when the Au peak rapidly decreased, while the
boundary between the HTM and the perovskite layer was
determined based on the appearance of the Pb 4f peak of the
perovskite (Figures S11 and S12, respectively). It can be seen
in Figure 4c,d that Au atoms penetrated significantly less into
the perovskite layer beneath Si-Spiro compared to that beneath
Spiro-MeOTAD, indicating that long-term stability is likely to
be enhanced according to the degradation mechanism revealed
in previous studies. As previously discussed, the enhanced π−π
stacking behavior in Si-Spiro leads to strong intermolecular

Figure 4. Stability enhancement with Si-Spiro-MeOTAD. (a) Long-term stability evaluation of PSCs with Spiro-MeOTAD and Si-Spiro-
MeOTAD as HTMs by tracking the stabilized power output. (b) Thermal characteristics of Spiro-MeOTAD and Si-Spiro-MeOTAD,
measured by differential scanning calorimetry. (c) Depth-profiling X-ray photoemission spectral counts of Au atoms through the Spiro-
MeOTAD and perovskite layers. (d) Schematics of Au ion migration penetrating perovskite layers.
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interactions, which are the aspect that is attributed to
preventing the infiltration of Au atoms through the HTM
layer. The forthcoming computational study further supports
the presence of such strong intermolecular interactions.
As detailed above, we have confirmed the improvement in

performance and stability of PSCs with the use of Si-Spiro as
the HTM. Furthermore, we have verified the underlying causes
by measuring the intrinsic and extrinsic properties of the
materials. Next, to gain a more comprehensive molecular
understanding of these effects, we performed density functional
theory (DFT) calculations for Spiro-MeOTAD and Si-Spiro. It
is interesting to notice from the optimized geometries of the
two HTMs that the bond angle of C−Si−C (119°) in Si-Spiro
is significantly larger than the corresponding bond angle of C−
C−C (113°) in Spiro-MeOTAD (Figure 5a,b). The larger
bond angle observed in Si-Spiro provides a more unfolded
geometry that leads to it having stronger intermolecular van
der Waals interactions with the perovskite layer than Spiro-
MeOTAD.41 For the comparison of such intermolecular
interactions among the HTM units, we calculated the
thermodynamic energies of the molecular crystal structure to
obtain the cohesive energy (Ecoh) of the molecular crystals via a
DFT simulation.42 It was performed under periodic boundary
conditions and was also optimized. The total energies of the
unit cell of the HTM and an isolated HTM molecule were also
calculated under identical conditions. The cohesive energy of
molecular crystals is an important parameter for assessing
intermolecular interactions. We calculated the cohesive energy
by using the following formula:

E
N

E E1
coh bulk gas=

(1)

where Ebulk is the total energy of the unit cell, Egas is the energy
of an isolated molecule, and N is the number of molecules per
unit cell. The calculated cohesive energy of Spiro-MeOTAD

was −2.87 eV. In the case of Si-Spiro, we modeled the crystal
structure by replacing the central spiro carbon atom with a
silicon atom and fully relaxed the system, including the lattice
parameters. The calculated cohesive energy of Si-Spiro was
−3.12 eV. The more negative cohesive energy (by 0.25 eV) of
Si-Spiro is expected to induce stronger intermolecular van der
Waals interactions. Furthermore, we investigated the difference
in cohesive energy by plotting the total charge density
isosurfaces. As shown in Figure 5c,d, the charge density is
evenly distributed over the spiro core and methoxyphenyl
groups in Spiro-MeOTAD.43 On the contrary, in the case of Si-
Spiro, the charge density is shifted to methoxyphenyl groups
from the spiro core. The concentrated charge density on the
methoxyphenyl groups in Si-Spiro leads to strong intermo-
lecular interactions. Because of the increased interactions in Si-
Spiro, its unit cell volume (2984.75 Å3) is decreased compared
to that of Spiro-MeOTAD (3193.55 Å3). The improved
cohesive energy and strong intermolecular interactions in Si-
Spiro can render excellent stability to Si-Spiro-based PSCs.
Because of the stronger intermolecular interactions in Si-Spiro,
tighter molecular packing and a denser HTM are formed on
the perovskite. As a result, it can be assumed that the
degradation caused by the penetration of the Au metal can be
effectively blocked, as shown in Figure 4c.
To validate the improved hole mobility of Si-Spiro, we

compared the carrier mobilities of Si-Spiro and Spiro-
MeOTAD by calculating the reorganization energy via a
DFT simulation.44,45 As per the Marcus theory, for high charge
hopping and a high charge carrier mobility, the corresponding
reorganization energy (λh for hole reorganization energy and λe
for electron reorganization energy) must have a lower value.46

The computed λh and λe values are shown in Figure 5e. For the
two selected HTMs, the λh values are significantly lower than
their corresponding λe values, which is as expected, as both
HTMs are more suitable for hole transportation than for

Figure 5. Enhancement evidence of Si-Spiro-MeOTAD via the density functional theory approach. Molecular structure, bond lengths, and
angles of (a) Spiro-MeOTAD and (b) Si-Spiro-MeOTAD. Charge density distribution and calculated cohesive energy of (c) Spiro-MeOTAD
and (d) Si-Spiro-MeOTAD. (e) Hole reorganization energy (HRE) and electron reorganization energy (ERE) for Spiro-MeOTAD and Si-
Spiro-MeOTAD.
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electron transportation. The smaller λh value (0.148 eV) of Si-
Spiro compared to that of Spiro-MeOTAD (0.152 eV) may
enhance its hole mobility and the performance of Si-Spiro in a
PSC over Spiro-MeOTAD. Furthermore, we calculated the
electron−hole exciton binding energy to validate the better
photovoltaic performance of Si-Spiro-based PSCs. We
calculated the exciton binding energy by subtracting the
optical bandgap (S1 excitation energy) from the electronic
bandgap (ELUMO − EHOMO). The calculated exciton binding
energies of Spiro-MeOTAD and Si-Spiro were 0.513 and 0.507
eV, respectively, as summarized in Table S4. The lower exciton
binding energy of Si-Spiro facilitates an easy charge separation
and enhances its hole mobility over that of Spiro-MeOTAD.
The calculated exciton binding energy of Spiro-MeOTAD
(0.513 eV) is in very good agreement with the previously
calculated value (0.510 eV).46 Moreover, the calculated energy
levels and absorption spectra have the same trends as the
experimental results (Figures S13 and S14, respectively).
Thereby, our simulation results show qualitative and
quantitative agreement with the experimental findings that
Si-Spiro-based PSCs exhibit enhanced performance and
stability.
In this study, we synthesized Si-Spiro-MeOTAD (Si-Spiro)

and compared its properties and performance with those of
Spiro-MeOTAD in perovskite solar cells (PSCs). The
introduction of a silicon atom in place of the central carbon
atom in Spiro-MeOTAD resulted in variations in the chemical
and optoelectronic properties of the material. X-ray photo-
electron spectroscopy (XPS) confirmed an increased portion
of the π−π stacking interaction; this resulted in an enhanced
hole mobility by carrier hopping, which was further evidenced
by space-charge-limited current (SCLC) measurements. This
higher hole mobility and altered molecular structure of Si-Spiro
contributed to the enhanced performance and stability in
PSCs. The devices that used Si-Spiro as a hole transport
material (HTM) demonstrated superior photovoltaic param-
eters and a more uniform distribution of performance as well as
improved long-term stability. Cross-sectional electron beam-
induced current (EBIC) mapping further confirmed the
improved charge collection efficiency in Si-Spiro-based devices,
and depth-profiling XPS showed that metal ion migration
through Si-Spiro is significantly decreased compared to that
through Spiro-MeOTAD. Theoretical calculations using
density functional theory (DFT) supported these experimental
findings, revealing a larger bond angle in Si-Spiro that leads to
stronger intermolecular van der Waals interactions and an
improved cohesive energy. The results of this study highlight
the potential of Si-Spiro as a promising HTM for use in PSCs,
offering opportunities for the development of solar cells with
enhanced performance and stability.
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