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Low-Cost Dopant-Free Carbazole Enamine Hole-
Transporting Materials for Thermally Stable Perovskite

Solar Cells

Suer Zhou, Maryte Daskeviciene, Matas Steponaitis, Giedre Bubniene,
Vygintas Jankauskas, Kelly Schutt, Philippe Holzhey, Ashley R. Marshall,
Pietro Caprioglio, Grey Christoforo, James M. Ball, Tadas Malinauskas,

Vytautas Getautis,* and Henry J. Snaith*

Perovskite solar cells deliver high efficiencies, but are often made from high-cost
bespoke chemicals, such as the archetypical hole-conductor, 2,2’,7,7’-tetrakis(N,
N-di-p-methoxy-phenylamine)-9-9’-spirobifluorene (spiro-OMeTAD). Herein,
new charge-transporting carbazole-based enamine molecules are reported. The
new hole conductors do not require chemical oxidation to reach high power
conversion efficiencies (PCEs) when employed in n-type-intrinsic-p-type
perovskite solar cells; thus, reducing the risk of moisture degrading the perov-
skite layer through the hydrophilicity of oxidizing additives that are typically used
with conventional hole conductors. Devices made with these new undoped
carbazole-based enamines achieve comparable PCEs to those employing doped
spiro-OMeTAD, and greatly enhanced stability under 85 °C thermal aging;
maintaining 83% of their peak efficiency after 1000 h, compared with spiro-
OMeTAD-based devices that degrade to 26% of the peak PCE within 24 h.
Furthermore, the carbazole-based enamines can be synthesized without the use
of organometallic catalysts and complicated purification techniques, lowering the
material cost by one order of magnitude compared with spiro-OMeTAD. As a
result, we calculate that the overall manufacturing costs of future photovoltaic
(PV) modules are reduced, making the levelized cost of electricity competitive
with silicon PV modules.

1. Introduction

The very first report of perovskite solar cells
(PSCs) was published in 2009 and
described a device producing 3.8% power
conversion efficiency (PCE) employing a
liquid electrolyte redox couple."! Spurring
a dearth of activity in the following 3 years,
reports of over 10% efficient perovskite
solar cells employing solid-state hole con-
ductors in 2012, the perovskite solar cell
research field exploded into life. As a result,
a phenomenal amount of research has
been done since then and the performance
of PSCs raised dramatically, reaching a cer-
tified PCE of 25.5% in 2021 for a single
junction device.'! The device architecture,
the composition of perovskite, processing
methodologies, and electron extraction
layers, have all changed considerably
since the first early reports. However, the
hole conductor, 2,2’,7,7'-tetrakis(N, N-di-p-
methoxy-phenylamine)-9-9’-spirobifluorene
(spiro-OMeTAD), along with a “cocktail” of
ionic and basic additives, remains essen-
tially unaltered in the highest efficiency

perovskite cells.””) This extraction layer was first employed in
the first solid-state perovskite cells reported in 2012, and
originated in solid-state dye-sensitized solar cells from 1998.%!
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Despite the promises of this technology, PSCs can degrade
due to a variety of reasons®™! and moisture is one of the key
culprits.'? The best performing perovskite materials are usually
comprised of a mixture of multiple small organic and inorganic
monocations, lead(II) cations, and halide anions.*! When such
perovskites interact with water, they can form an intermediate
hydrated structure, followed by degradation to lead halide, which
leads to a large drop in PCE."*'% One of the possible pathways
for moisture to reach the perovskite layer is through the hygro-
scopic dopants (ionic and basic additives) used to induce chemi-
cal oxidation that improves conductivity and photoelectric
properties of the hole-transporting materials (HTMs).I"”! For
example, one commonly used dopant, bis(trifluoromethane)sul-
fonimide lithium salt (Li-TFSI), is hygroscopic.'"®¥ Doping
increases the conductivity of commonly-used HTMs by increas-
ing the hole density, since conductivity is proportional to the
product of the hole density and mobility."*=*!! However, it is
preferable to improve the inherent mobility of the HTMs because
doping can lead to additional instabilities.

Different doping strategies can be applied to boost the
performance of the HTM, such as oxidation in air, the addition
of chemical oxidization agents (such as cobalt-based metal
complexes),*?! direct addition of presynthesized HTM™ bis
(trifluoromethane)sulfonimide (TFSI)™ and the use of chemical
adducts.”*?*! For instance, the most widely used hole-
transporting material for devices in the n-i-p configuration is
spiro-OMeTAD, which has low conductivity in its pure form.
It is commonly doped with Li-TFSI, 4-tert-butyl pyridine (¢BP),
and cobalt-based metal complexes (for example tris(2-(1H-
pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III)  tri[bis(trifluorome-
thane)sulfonimide]) (FK209).”?! If Li-TFSI is used without the
cobalt salt, the oxidation process depends on prolonged ambient
oxygen exposure and therefore suffers from poor control over
doping levels.”® The FK209 partially oxidizes spiro-OMeTAD
by reducing Co(Ill) to Co(lI), thus initially increasing the
HTM conductivity. To further oxidize spiro-OMeTAD, air oxida-
tion with Li-TFSI is still needed to deliver the most efficient solar
cells.["®#2728] The addition of lithium ions can contaminate other
parts of the device, potentially lowering the PCE over time, such
as lithium-ion migration causing increased hysteresis.[***%

The presence of tBP was also shown to reduce the glass-
transition temperature of spiro-OMeTAD below 100°C.*!
Adding tBP along with Li-TFSI further causes morphological
transformations at the perovskite/spiro-OMeTAD interface at
elevated temperatures (>85 °C), which decreases device efficien-
cies.?**3] Therefore, it is desirable to avoid chemical oxidation
and additives for better device stability, thus making “dopant-
free” HTMs very attractive alternatives. There are two main types
of dopant-free HTMs for the common (n-i-p) device architecture:
polymers and small molecules. Polymers tend to demonstrate
better device PCEs, possibly due to the ability to coat thinner uni-
form films, in comparison with their small molecule counter-
parts. However, they suffer from drawbacks, such as purity,
batch-to-batch reproducibility,** and higher synthetic costs.>"!
In contrast, the PCEs of small-molecule, additive-free HTMs
are typically around 15%, with very few examples over
18%.5¢738) Nevertheless, the synthesis of these small molecules,
p-type semiconductors is reproducible; they can be purified in
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many different ways and, similarly to dopant-free polymers,
increase the long-term stability of devices.?*”!

In this study, we describe the synthesis and application of new
carbazole-based enamines as HTMs, specifically, N°, N°, N®, N¢
9-pentakis|2,2-bis(-methoxyphenyl)ethenyl]-9 H-carbazole-3,6-
diamine (MeOSPECz) and N°, N°, NS NS 9-tetrakis[2,2-
bis(-methoxyphenyl)ethenyl]-9-butyl-9 H-carbazole-3,6-diamine
(MeO4PEBCz) (Figure 1a). These materials are the product of a
facile synthesis that avoids expensive organometallic catalysts or
costly purification techniques, resulting in significantly reduced
cost from 92$g~' for spiro-OMeTADP? to 7.83$g " for
MeOSPECz and 10.33$g ' for MeO4PEBCz. Furthermore,
no chemical oxidation or dopants are required to reach high
PCEs, making these materials attractive alternatives for
applications in PSCs.

2. Results and discussion

The synthesis of enamines MeO5PECz and MeO4PEBCz from
commercially available carbazole diamines are shown in
Figure 1a,b.

Carbazole derivatives MeO5PECz and MeO4PEBCz have been
obtained without the use of expensive palladium-catalyzed cross-
coupling in a simple, acid-catalyzed condensation reaction
between carbazole diamines and bis(4-methoxyphenyl)-acetalde-
hyde (Figure 1a,b). The MeO5SPECz and MeO4PEBCz were
purified by recrystallization, without the need for column
chromatography.

The UV-vis absorption was performed on thin films of the
HTMs on glass substrates (Figure 1c). The #—z* transition of
MeO4PEBCz can be seen at 353nm and of MeOSPECz at
358 nm.

Photoemission spectroscopy in air was used to measure the
ionization potential (I;) of the carbazole derivatives in the
solid-state (the error is estimated to be +0.03eV) (Figure S8
and S9). All materials have similar I, of near 5.00eV
(Table 1); interestingly, the additional electron donating bis
(4-methoxyphenyl)ethenyl moiety in MeO5PECz increases the
I, slightly compared with MeO4PEBCz. Steric hindrance, result-
ing from five bis(4-methoxyphenyl)ethenyl fragments connected
to the carbazole core, could be the main factor behind the small
differences in I, since it influences the electronic coupling
between the peripheral phenyl units and the carbazole core.
In this case, the one additional bis(4-methoxyphenyl)ethenyl
group in MeOSPECz increases the steric hindrance around
the carbazole core, thus forcing other phenylethenyl fragments
to adopt a less planar configuration, mitigating the electron
donor impact of the substituents.

The thermal stability of the HTMs was determined using
thermogravimetric analysis (TGA), the results are shown in
Figure S1 and Table S1, Supporting Information. The materials
demonstrated 5% weight loss just slightly below 400 °C, showing
that they are sufficiently thermally stable for application in PSCs.
Furthermore, the rapid weight loss seen in Figure SI,
Supporting Information, just below 450°C suggests that the
investigated materials can readily sublime and demonstrate
the potential for vacuum deposition.

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 1. a) Synthesis of carbazole enamines MeO5PECz and b) MeO4PEBCz. c) UV-vis absorption spectra of carbazole derivatives MeO5PECz,
MeO4PEBCz, and spiro-OMeTAD thin films on glass. d) Conductivity of spiro-OMeTAD, MeO5PECz, and MeO4PEBCz variation with Li-TFSI doping
concentration (after having been left in a dessicator box with silica gel for 24 h), measured with a 4-point probe.

Table 1. Photophysical properties of the synthesized materials and
spiro-OMeTAD for comparison.

Compound Ioy [V o [em®V sy fem?VTT s 9 a?

MeOS5PECz 5.01 3.7x10°° 7.8x10°* 0.0038
MeO4PEBCz 4.96 1.2x10°* 1.1x1073 0.0027
Spiro-OMeTAD?] 5.00 41x107° 5x107* 0.0031

Ionization potential was measured on films by photoemission spectroscopy in air;
hole mobility value at zero field strength; “hole mobility value at the electric field
strength of 6.4 x 10°Vem ™" 9Poole-Frenkel parameter.
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Under working conditions, PSCs can reach temperatures well
above 65°CH*%: therefore, HTMs must have glass transition
temperatures (T,) above 65 °C. The Ty of the enamines was mea-
sured using differential scanning calorimetry (DSC) and the
results show that both MeO5PECz and MeO4PEBCz have accept-
able T, 152 and 140°C, respectively (Table S1, Supporting
Information). The difference in T, becomes clearer when we look
at the structure of the HTMs. Both organic semiconductors are
carbazole derivatives; however, MeO5SPECz has an additional
bis(4-methoxyphenyl)ethenyl fragment at the 9-position of the
carbazole moiety, while MeO4PEBCz has an aliphatic butyl chain
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instead, which reduces the bulkiness of the molecule thus low-
ering the T,*!! Furthermore, both materials are partially crystal-
line with melting temperatures of 204 °C for MeO5PECz and
260°C for MeO4PEBCz (Figure S2, Supporting Information).
Interestingly, during the second heating of MeO5PECz, no crys-
tallization takes place, which is important for the formation of
good quality thin films, since spontaneous and uncontrollable
crystallization causes charge trapping and layer separation which
results in a drop in device efficiency.*”! Although MeO4PEBCz
starts to crystallize during the first and second heating, it also
possesses relatively high T, which should lower the probability
of the crystallization occurring in a working device quite
significantly.

We employed the xerographic time-of-flight (XTOF) method
(Figure S4, Supporting Information) to estimate the drift carrier
mobility of the investigated pristine materials. The MeO4PEBCz
displayed slightly higher mobility of 1.1 x 10> cm*V~'s ™" ver-
sus 7.8 x 10~ *ecm? V™' s™! for MeOSPECz under an electric field
(Table 1). Despite many similarities between the molecules, the
difference in drift carrier mobility could be explained by the
closer packing of MeO4PEBCz and consequentially smaller
charge hopping distance. This correlates well with the I, results,
since the additional electron donating bis(4-methoxyphenyl)
ethenyl moiety in MeO5PECz increases steric hindrance in
the molecule and n—rn stacking distances, reducing the charge
carrier mobility.[*>~*8

Four-point probe conductivity measurements were done on
MeO5PECz, MeO4PEBCz, and spiro-OMeTAD films with vari-
ous doping concentrations of Li-TFSI on glass. When undoped,
MeOS5PECz has around a factor of 10 higher conductivity and
MeO4PEBCz has around afactor of 100 higher conductivity
compared with pristine spiro-OMeTAD (Figure 1d). For
MeO4PEBCz, this is in part due to a mobility that is three times
higher, but for both MeO4PEBCz and MeO5PECz, the higher
conductivities are mostly attributed to their higher intrinsic dop-
ing density compared to pristine spiro-OMeTAD, since

(a)

10F T T T T T T —

PLQE (%)

0.1F
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conductivity is proportional to both mobility and carrier density.
Furthermore, while the conductivity of spiro-OMeTAD increases
significantly (approximately three orders of magnitude) with the
addition of Li-TFSI, the conductivities of the carbazole-based
enamines improve more moderately (approximately two orders
of magnitude) up to 250 mol% Li-TFSI. Typically, 50 mol% Li-
TFSI is added to spiro-OMeTAD in devices.[*>*% At the highest
doping concentrations, MeO4PEBCz is still an order of
magnitude more conductive than spiro-OMeTAD.

To probe the quality of the interface between the HTMs and
the perovskite absorber layers, we performed absolute photolu-
minescence (PL) measurements. We determined the external
PL quantum efficiency (PLQE) on “half-devices” made with
the structure: glass/perovskite/HTM and compared them with
films of perovskite on glass (Table S3, Supporting
Information, and Figure 2). The perovskite absorber material
was FAgg3Cso.17Pb(IooBro1); with a bandgap of ~1.6eV.
Compared with the perovskite films deposited on glass, we
observe a reduction in absolute PLQE for all films coated with
the charge extraction layers denoting the presence of nonradia-
tive recombination at the transport layer interfaces. Perovskite
films coated with the undoped enamine HTMs have the highest
PLQE of all the HTM coated samples, while perovskite films
coated with the doped enamines show higher PLQE as compared
with the doped spiro-OMeTAD. Notably, the perovskite films
coated with the undoped MeOS5SPECz show very little quenching
of the PLQE.

From these PLQE measurements, we estimate the quasi-
Fermi-level-splitting (QFLS) in the perovskite layer following
the method outlined in reference.”” which is equivalent to
the maximum open-circuit voltage (Voc) which could be gener-
ated by the perovskite/HTM heterojunction. Specifically, we
found the spiro-OMeTAD interface, either doped or undoped,
to be the one characterized by the largest amount of recombina-
tion losses, limiting the QFLS to ~1.15eV for the doped case.
Remarkably, when the spiro-OMeTAD is replaced with enamine
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Figure 2. a) PLQE of half stacks on glass with the middle line denoting the median value and the boxes showing 25% —75% range of the data points with
the raw data plotted as circles. b) Box plot for the corresponding QFLS calculated using the PLQE.
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HTMs, the losses at the HTL interface are significantly reduced,
achieving a QFLS as high as 1.24 eV. To examine the perovskite/
ETL heterojunction, we also fabricated and measured the PLQE
of a sample: FTO/SnO,/perovskite and calculated the QFLS. In
Figure 2, the SnO, interface shows significant recombination
losses, limiting the QFLS to ~1.17 eV. These results highlight
how both electron transport layer (ETL) and hole transport layer
(HTL) interface limit the Vo of n-i-p devices, with the conven-
tional materials SnO, and spiro-OMeTAD. Since the V¢ of a full
device stack is limited by its weakest interface, the QFLS results
(enamine HTMs > FTO/SnO, > spiro-OMeTAD) indicate that
spiro-OMeTAD is limiting V,., but when using enamine
HTMs, FTO/SnO, becomes the limiting interface.

Across all three of the HTMs, the PLQEs of the perovskite/
HTM films consistently drop when Li-TFSI is added to the
HTMs (Table S3, Supporting Information, and Figure 2).
Contrary to what is often interpreted as more efficient carrier
extraction,’>* under open-circuit conditions, a higher degree
of PL quenching implies increased nonradiative recombina-
tion."*** Since our half-devices are not connected to an external
circuit, they are operating similarly to a device at open-circuit
conditions and the charge carriers only recombine through inter-
nal pathways. Since adding Li-TFSI increases the PL quenching,
this indicates that adding Li-TFSI increases the rate of nonradia-
tive recombination, which will negatively impact QFLS and as a
consequence we would expect this to reduce the Voc in complete
devices, if this interface is limiting the Voc.

Time-resolved photoluminescence (TRPL) decays were mea-
sured via time-correlated single-photon counting (TCSPC) on
the same films used for the PLQE measurements, the results
of which we show in Figure S10a. Fitting the decays using a
stretched-exponential curve (details in the S.I.), we determine
a mean carrier lifetime (<t>) of the PL decay of 308.4 ns for
the neat perovskite film coated on glass, 40.2 ns for perovskite
films coated with neat spiro-OMeTAD, compared to 160.3 and
52.0 ns for neat MeO5PECz and MeO4PEBCz films, respectively
(Table S3, Supporting Information). This varies consistently with
the PLQE trends (Figure 2a) and the time-integrated PL spectra
(or steady-state PL) (Figure S10b, Supporting Information), indi-
cating for the new enamine-based HTMs, there is less nonradia-
tive recombination introduced at the perovskite/HTM interfaces,
in contrast to the perovskite/spiro-OMeTAD heterojunction.

We fabricated n-i-p perovskite solar cells with the architecture
FTO/SHOZ/FA()A83CSOA17Pb(IOA9BI‘0A1)3/HTM/AU (Figure 33.)
Upon investigating doping Li-TFSI and ¢BP into the new carba-
zole enamine HTMs, we optimized the doping concentrations
for each HTM layer. Champion devices made with
MeOS5PECz achieved a maximum power point tracked efficiency
(1mpp) of 17.4% when doped with 33 pL mL™" tBP and 25 mol%
Li-TFSI with respect to MeO5PECz (Figure S14a, Supporting
Information). Similarly, MeO4PEBCz achieved a #yp, of
16.7% at the same mol% dopant concentrations (Figure S14b,
Supporting Information). Due to their high hole mobilities,
MeO5PECz and MeO4PEBCz were further tested as dopant-free
HTMs. In Table 2, we report the devices with the HTMs without
dopants, with only tBP, and with both ¢tBP and Li-TFSI. The |-V
scans and maximum power point tracked efficiency (#mpp) plots
show that the devices made with undoped MeO4PEBCz and
MeOS5SPECz have performances similar to that of devices
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employing doped spiro-OMeTAD. Without any Li-TFSI or tBP
doping, MeO4PEBCz achieved a #mp, of 15.9% while
MeO5PECz devices achieved a #,p, of 16.1%, as compared with
17.4% with doped spiro-OMeTAD. Notably, there is quite a sig-
nificant degree of hysteresis among all three devices made with
different HTMs. This is partly due to the fast voltage sweep speed
(0.61Vs™') we used in our solar cell measurements. However,
the critical figure of merit is the maximum power point tracked
efficiency, which reveals the true steady-state efficiency. We also
note that significant hysteresis is common in n-i-p devices, which
has been attributed to a number of factors related to the metal-
oxide ETL/perovskite interface.*>7)

The external quantum efficiency (EQE) spectra are also similar
for devices made with the three different HTMs (Figure S12,
Supporting Information). Notably, there are some differences
in the “wiggles” in the EQE spectra, likely to originate from
the difference in the HTM layer thicknesses and coherent inter-
ference from the incident and light reflected from the rear Au
electrode.

Based on the EQE and PLQE measurements for the full
devices made with doped spiro-OMeTAD, undoped
MeOS5PECz, and MeO4PEBCz, we can perform QFLS analysis
on these full devices stacks and compare with the measured
Voc to assess the V. loss in each case (Figure 3b). From the
QFLS analysis on the half stacks, we find similar values for
the devices fabricated regardless of HTM. As such, this finding
highlights that, in a full device, even if the enamine HTMs
improve the perovskite/HTL interface, the detrimental SnO,
interface dominates the Vo losses and the QFLS in a working
device. Therefore, as a future study, the ETL/perovskite interface
should be concomitantly improved to fully benefit from the HTL
optimizations that we report here.

Comparing the QFLS calculated for the full devices to the
measured Voc reveals a further loss in the complete devices.
In all cases, the measured V,. is lower than the estimated
QFLS of the device stack, and this difference is more severe
for the cells employing the undoped enamine-based HTMs than
those employing the doped spiro-OMeTAD. The difference
between the QFLS of the full device stack and the V. could
be explained by either an energetic misalignment between the
perovskite and the charge transport layers or the imperfect selec-
tivity of the charge extraction layers.*®>°! From the device results
shown in Table 2 and Figure 3b, devices without Li-TFSI and tBP
dopants in the HTM have higher V. losses, which contradicts
the QFLS results in Figure 2. However, if the ETL/perovskite
interface is the dominant recombination channel, the improve-
ments in the HTM will be obscured in the full devices.’”
Furthermore, there could be additional interactions between
the dopants added to the HTM and the ETL/perovskite interface,
especially under bias where lithium ions can readily diffuse to
and alter the ETL/perovskite interface.?>®” Further studies
are required to understand the potential interactions between
the dopants and the ETL/perovskite interface.

From the device statistics (Figure S15, Supporting
Information), while doping MeO5PECz seems to improve the
Nimpp Of the device, doping MeO4PEBCz does not improve the
device efficiency to the same extent. We hypothesize that the
higher conductivity of the undoped MeO4PEBCz accounts for
the high device performance and removes the need for oxidative
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Figure 3. a) Cross-sectional SEM image of a MeO5PECz device and schematic illustration of device stack. b) Calculated quasi-Fermi level splitting (QFLS)
of champion full device stacks with the different HTM materials (undoped MeO4PEBCz, undoped MeO5PECz, and doped spiro-OMeTAD, with metallic
electrodes) and measured steady-state open-circuit voltage (V,.) of the same perovskite solar cells. We note that the QFLS analysis in Figure 2 was
performed on bi-layer films. The J-V curves of champion devices of ¢) undoped MeO4PEBCz d) undoped MeO5PECz €) spiro-OMeTAD (doped with
Li-TFSI and tBP) as HTMs with their corresponding maximum power point tracked efficiency (Nmpp) shown in the insets. f) Statistics of the 5y, for all
devices. Spiro-OMeTAD was doped with tBP and Li-TFSI. The MeO5PECz and MeO4PEBCz were undoped.

p-doping. Spiro-OMeTAD and MeOSPECz device efficiencies
are improved by approximately 3% (absolute #y,pp, Figure S15,
Supporting Information) at an optimum concentration of
50 mol% Li-TFSI for spiro-OMeTAD and 25 mol% Li-TFSI for
MeO5PECz and 33 pL mL ™! tBP. In contrast, the performance
of MeO4PEBCz devices is not affected by similar doping
(25mol% Li-TFST and 33 uLmL™" tBP). In fact, higher doping

Sol. RRL 2022, 6, 2100984 2100984 (6 of 11)

concentration reduces the #,, of the cells employing
MeO4PEBCz. This discrepancy in the effectiveness of doping
can be explained by the fact that pristine spiro-OMeTAD has
much lower mobility and conductivity than the carbazole-based
enamines, and hence requires p-doping to have a suitably low
series resistance for the conduction of holes out of the solar cell.
In addition to the intrinsic properties of the HTM, another effect
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http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ‘RRL

www.advancedsciencenews.com

www.solar-rrl.com

Table 2. Power conversion efficiencies (reverse scans) of champion devices and average performance + standard deviation (both forward and reverse
scans) of a batch of devices fabricated with different HTMs, with or without dopants. The last column shows the maximum power point tracked efficiency
(1mpp) for 33 s.

Jsc [mAcm ] Voc M FF [94] PCE [%] mpp (%]
Best Average Best Average Best Average Best Average Best Average
Undoped MeO4PEBCz 21.9 21.6+£0.2 1.02 1.00 + 0.04 74 65+7 16.4 141£15 15.9 14.5+0.8
MeO4PEBCz, tBP 21.0 21.0+04 1.12 1.04 +0.06 72 64+8 16.9 145+1.4 17.3 148 +1.7
MeO4PEBCz, tBP, Li-TFSI 21.3 20.7+0.5 1.09 1.09 +0.02 74 68+6 17.0 152+1.4 16.7 16.4+0.4
Undoped MeO5PECz 22.2 21.6+0.4 1.06 1.03 £ 0.05 72 63+9 16.9 143+1.6 16.1 149+1.2
MeO5PECz, tBP 20.9 20.3+£0.6 1.09 1.05 +0.05 73 67+5 16.5 144+£1.4 17.0 148+1.3
MeOS5PECz, tBP, Li-TFSI 20.9 20.4£0.5 1.12 1.10£0.03 74 67+7 17.6 15.0+1.6 17.4 16.2+0.9
Undoped spiro-OMeTAD 21.8 21.7+£0.2 1.05 1.01 £0.08 66 53+7 15.1 11.6+£1.9 14.3 11.7£1.9
Spiro-OMeTAD, tBP, Li-TFSI 21.9 20.5+0.6 1.09 1.01 £0.06 76 67 +8 18.1 14.6+2.1 17.4 15.5+0.9

that could explain why the PCEs of devices employing spiro-
OMeTAD increase significantly upon doping, is that the
optimized spiro-OMeTAD layer (200 nm) is thicker than the
undoped  carbazole-based enamine layers (45~55nm).
Predictably, doping is more necessary for thicker transport layers
because the resistance through the layer will increase linearly
with increasing thickness, causing a fill factor drop in devices.™™!
The series resistance could be reduced by decreasing the
spiro-OMeTAD layer thickness, but at a cost of introducing pin-
holes and lowering shunt resistance; since, this material is not
effective at forming continuous films when the thickness is
decreased. Hence, the ability to form a continuous film in a thin
layer is another important property of these carbazole-based
enamines HTMs.

Since these new HTMs perform well without dopants and
have higher glass-transition temperatures (Tg) than spiro-
OMEeTAD, we carried out stability studies on complete solar cells.
The n-i-p device stack (shown in Figure 3a) was modified for bet-
ter stability by introducing a phenyl-C61-butyric acid methyl ester
(PCBM) interlayer between the SnO, and the perovskite absorber
layer: glaSS/FTO/SI’IOz/PCBM/FAOAg:),CSOA17Pb(10A9Bro_1)/HTM/
Au. Upon the addition of a PCBM layer, there is no significant
difference in the device performance aside from a slight
enhancement in the V,. (Figure S16, Supporting
Information). Devices with three different HTMs: spiro-
OMEeTAD doped with Li-TFSI and tBP, undoped MeO5PECz,
and undoped MeO4PEBCz were aged at 85°C in a nitrogen
atmosphere  (Figure 4a). While devices employing
spiro-OMeTAD showed fast degradation within the first 24 h,
the devices employing the two new carbazole-based enamines
exhibited a striking contrast—they improved in efficiency over
the first 100 h and maintained >80% of their peak performance
after 1,000 h. Thermal degradation of spiro-OMeTAD devices has
been reported in the literature and has been shown to be caused
by the formation of voids at the spiro-OMeTAD/ perovskite
interface,?22*% post iodine doping of spiro-OMeTAD from
the perovskite film during aging®” tBP reacting with
spiro-OMeTAD forming new pyridinated species,’®*®* and
spiro-OMeTAD recrystallizing at 85°C due to its low glass
transition tempelratulre.[42'65 /661

Sol. RRL 2022, 6, 2100984 2100984 (7 of 11)

There have been many tests and exemplifications of good sta-
bility of perovskite solar cells, in both the p-i-n and n-i-p configu-
ration, stressed under simulated sunlight at normal operating
temperatures.'*”** However, the combination of temperature
and light is particularly stressful for perovskite solar cells.
Although there have been very encouraging results for ambient
65 and 85 °C full-spectrum light soaking for p-i-n cells,'*>”% there
have been few reports of stress tests of n-i-p cells under combined
(heat and light) stress conditions. There are some reports of n-i-p
device stability with SnO, under combined light and 65°C in a
nitrogen atmosphere!”! or 55°C ambient light stability test.”””!
Herein, we assess the stability of our n-i-p perovskite solar cells
comprising the three different HTMs, encapsulated and subject
to full-spectrum 1 sun irradiance at 85°C (43 °C) in ambient
conditions; the results of which we show in Figure 4b.
Unfortunately, all the devices degraded rapidly under the com-
bination of thermal and light stress, however, the degradation
trends are somewhat different. The devices made with the
new carbazole-based HTMs improved in the initial 24 h of aging
and then gradually degraded; whereas, spiro-OMeTAD-based
devices degraded rapidly from the beginning. These results
are consistent with the thermally driven degradation due to
the spiro-OMeTAD HTM dominating the first 24h of aging,
but a further degradation mechanism takes over when devices
are stressed for longer times under light at elevated tempera-
tures. We postulate that reactions and degradations at the perov-
skite/n-type layer heterojunction are driving this degradation
under light and temperature.

To probe the influence of atmosphere (humidity and oxygen)
upon the illuminated cells, we subject complete unencapsulated
devices to LED white light illumination with close to 0.6 sun
equivalent irradiance, in air at 40 °C, under open-circuit condi-
tions. In Figure 4c, we show photographs taken at the end of
7 days of aging under the LED light. After stressing, the gold
contacts on top of the spiro-OMeTAD devices have
become visible from the glass side; whereas, the devices
employing MeOS5SPECz and MeO4PEBCz remain opaque,
since the perovskite beneath the new HTMs remains black.
This indicates that some form of electrochemical or galvanostatic
degradation is taking place within the devices employing

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. a) 85 °C dark aging under a nitrogen atmosphere, removed occasionally and tested at room temperature in air, with max power point tracked
efficiency shown, averaged over 18 devices. b) Average efficiency as a function of time for encapsulated perovskite cells aged under AM1.5 full spectrum
sunlight (xenon lamp Suntest aging box) at 76 mW cm ™2 irradiance at 85 °C. ¢) Photograph of (unencapsulated) devices after 7 days of ambient LED light
aging (with 60 mW cm ™2 intensity under 40 °C). d) Cost calculation for different perovskite tandem solar cells to reach the same cost as a silicon module.
Architecture A is a homojunction-based tandem with the perovskite solar cell being SnO,/perovskite/Spiro-OMeTAD/MoO,/ITO/Ag. The architecture
with MeO5PECz is the same as A, the only difference is that spiro-OMeTAD is replaced with MeO5PECz. E is a heterojunction-based tandem with the
perovskite solar cell being NiO,/polyTPD/PFN/perovskite/LiF/C60/SnO,/ITO/Ag and F is the same but a simpler perovskite solar cell with NiO,/
perovskite/C60/SnO,/ITO/Ag. Each given point shows the necessary lifetime and module efficiency which one would need to reach the same cost
(0.11 $kWh™") as a 19.5% efficient silicon solar module (the capacity-weighted average monocrystalline module efficiency in Q1 2020 according to
CA NEM reports’) in Phoenix, Arizona which lasts for 30 years.
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Li-TFSI and ¢tBP doped spiro-OMeTAD, possibly driven by the
migration of water and/or lithium ions into the active layer of
the device.l”?)

These results illustrate that although we have now achieved
thermally stable n-i-p cells with the new HTMs and improved
stability under light soaking in ambient conditions, the issue
of good stability under combined light and elevated temperature
remains unsolved. We hypothesize that further improvements to
the n-type ETL/perovskite heterojunction and the electrodes are
now required, in order to deliver competitively stable n-i-p
perovskite solar cells.

Finally, we want to understand the scale of the impact of the
lower cost of the HTMs on the final PV module production and
electricity generation costs. Recently, Chang et al.*®) found that
spiro-OMeTAD would be the highest single contributor to cost,
by a significant margin, if employed in perovskite solar cells and
perovskite/silicon tandems. As outlined previously, it is possible
to lower the manufacturing cost of the HTM by around one order
of magnitude from 92 $ g~ ! for spiro-OMeTAD t0 10.33 $ g~ ' for
MeO4PEBCz and 7.83$ g ' for MeO5PECz (Table S4 and S5,
Supporting Information). To study what that means for the final
commercialized module, we perform a cost analysis. We note
that this methodology gives the means to compare different
PV technologies. However, since there are many assumptions
in the calculations which can only be estimated at this stage, such
as material processing and cost reductions with increasing scale,
the results of our estimations cannot be taken as absolute values.
We first took the (capacity weighted average) manufacturing
costs of silicon PV, in $/Wpc, from the 2020 NREL PV bench-
mark report and calculated the levelized cost of electricity (LCOE)
for a silicon PV module deployed in a residential installation in
Phoenix, Arizona, in order”* to verify that the parameters of our
cost model are sensible. We determined an LCOE of
0.11 $ kWh ™, the same as the NREL PV benchmark report, con-
firming that our methodology is consistent with others. Among
other factors, the LCOE depends on the manufacturing cost,
which is the only PV technology-specific aspect which we will
vary in our model here. Thus, it's possible to express the
manufacturing cost as a function of the lifetime (Tgy time)
and efficiency required to achieve a given LCOE. We set the
LCOE at 0.11 $kWh ™' and show a plot of the manufacturing
costs against the required lifetime to achieve such LCOE, for
a range of different efficiencies of PV modules in Figure S19,
Supporting Information. We also show the calculated
manufacturing costs for a range of different perovskite-on-silicon
tandem modules (architectures A, F, and G), as estimated by
Chang et al.,* the costs of a single junction silicon module
and our estimated cost for the tandem modules incorporating
MeOS5PECz, our best performing HTM. In order to achieve this
LCOE, the single junction Si module lasts for 30years at a
starting efficiency of 19.5% (the USA capacity-weighted average
efficiency for Si PV modules).”* It is apparent that the lifetime
required to obtain an LCOE of 0.11 $ kWh ' for a perovskite PV
module employing spiro-OMeTAD, is considerably longer than
40 years, even at the highest efficiency model of 30%. However,
for our device structure employing MeO5PECz, this LCOE can
be achieved within a feasible range of lifetimes and an attainable
range of efficiencies, such as 25 years lifetime at 27% starting
efficiency. We summarize the results in Figure 4d, where we
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show the efficiencies required to reach the LCOE target, for
different lifetimes and for different module architectures.

3. Conclusions

We have presented the synthesis of two new carbazole-based
enamines HTMs. These HTMs can be obtained in a simple syn-
thesis procedure from commercially available materials and
without the use of expensive palladium-catalyzed cross-coupling
reactions. Moreover, none of the investigated compounds
required column chromatography or any other expensive purifi-
cation techniques, making them more than tenfold cheaper at
research volumes than spiro-OMeTAD. Both new carbazole-
based enamine materials are thermally stable, have high T, suit-
able energy levels and bandgap, and relatively high charge carrier
mobilities (up to 1.1 x 10> cm®V ™~ 's™ '), negating the need for
dopant additives in the solar cells.

We demonstrated devices made with MeOS5SPECz and
MeO4PEBCz that can reach >16% PCEs without adding Li-
TFSI or tBP into the HTM solutions. Through QFLS analysis,
we have revealed that significant further improvements in both
Voc and efficiency will be possible by focusing future efforts
upon improving the ETL/Perovskite interface in conjunction
with employing the new HTMs reported here. Leaving out
Li-TFSI and tBP additives improves the device’s moisture and
thermal stability, since no hygroscopic additives are present,
and no volatile dopants can escape under elevated temperature
nor react with the perovskite. The low synthetic cost and less
material required in the optimized devices make the new
HTMs significantly more economically viable to integrate into
perovskite solar cell devices and tandem modules.
Furthermore, the simplicity of synthesis and high operational
stability of devices may make these HTMs the new standard
HTMs for perovskite PV research going forward.
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Supporting Information is available from the Wiley Online Library or from
the author.
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