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Deciphering the Role of Hole Transport Layer HOMO Level
on the Open Circuit Voltage of Perovskite Solar Cells

Zhongyao Jiang, Tian Du,* Chieh-Ting Lin, Thomas J. Macdonald, Jiongye Chen,
Yi-Chun Chin, Weidong Xu, Bowen Ding, Ji-Seon Kim, James R. Durrant, Martin Heeney,

and Martyn A. McLachlan*

With the rapid development of perovskite solar cells, reducing losses in
open-circuit voltage (V,) is a key issue in efforts to further improve device
performance. Here it is focused on investigating the correlation between the
highest occupied molecular orbital (HOMO) of device hole transport layers
(HTLs) and device V. To achieve this, structurally similar HTL materials
with comparable optical band gaps and doping levels, but distinctly dif-
ferent HOMO levels are employed. Using light-intensity dependent V,. and
photoluminescence measurements significant differences in the behavior of
devices employing the two HTLs are highlighted. Light-induced increase of
quasi-Fermi level splitting (AEF) in the perovskite layer results in interfacial
quasi-Fermi level bending required to align with the HOMO level of the HTL,
resulting in the V,. measured at the contacts being smaller than the AEf in
the perovskite. It is concluded that minimizing the energetic offset between
HTLs and the perovskite active layer is of great importance to reduce non-
radiative recombination losses in perovskite solar cells with high V. values

that are the electron- and hole-transport
layers (ETL/HTLs) play an essential role
in ensuring contact selectivity, resulting
in reduced interfacial recombination and
ultimately enhanced open-circuit voltage
(Vo) and fill factor®®l The correlation
between interfacial recombination and V.
losses has been widely studied, with pho-
toluminescence (PL) spectroscopy being
commonly used as a tool to interrogate
recombination.12]

One pertinent question that remains
unanswered relates to the relation-
ship between the highest occupied
molecular orbital (HOMO) of the HTL
(HOMOy;) and the device V,. Whilst
some studies indicate that V,. is insensi-
tive to HOMOy; others show a corre-

that approach the radiative limit.

1. Introduction

Significant research volume has been channeled into control-
ling and optimizing the structure, composition, and perfor-
mance of metal-halide perovskite solar cells (PSCs).'™ Such
devices are inherently multi-layer systems thus it's critical to
consider not only the individual functional layers but addi-
tionally their interfaces. Device charge selective interlayers

lation between HOMOyq, and V,.[13M
Such differences can be explained when
considering the most commonly reported
organic HTLs, for example, poly(3,4
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),
poly(triaryl amine) (PTAA), poly(N,N’-bis-4-butylphenyl-N,N’-
bisphenyl)benzidine (PolyTPD) and poly(3-hexylthiophene)
(P3HT). In these materials changes in HOMOyy; are accom-
panied by simultaneous shifts in the lowest unoccupied mole-
cular orbital energy, as well as variations in film morphology,
carrier concentrations, and defect densities, which all have an
effect on carrier recombination and device V, . Physicochemical
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differences between materials, for example, surface hydrophi-
licity may also influence the structure and morphology of the
perovskite layer deposited on top.®! Thus deconvoluting the
role of HOMOyr; on device performance is a multi-faceted
challenge.

Here, we investigate the origins of the relationship
between HOMOyr; and device V,. by comparing the HTL
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performance of poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA) with that of a related co-polymer, poly[9,9-dioctyl-9H-flu-
orene-co-bis(4-phenyl)(2,4-dimethylphenyl amine] (PFS8TAA).l%]
Both polymers have similar molecular structures (Figure 1a),
comparable optical band gaps and doping levels, but have
distinctly different HOMO levels (Table S1, Supporting Infor-
mation), and when used as HTLs in perovskite PV result
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Figure 1. a) The molecular structures of PTAA and PF8TAA. b) Schematic illustration showing the p-i-n device architecture. c) Cross-section scan-
ning electron microscopy (SEM) image of a typical PSC. d) Ambient pressure photoemission spectroscopy (APS) spectra of PTAA, PF8TAA, and
FAp.95Cso.0sPbls films (three plots at different X, Y scales). e) Tauc plots from the UV-vis spectra of PTAA, PF8TAA and FA;g5sCsqsPbl; films f) Flat
band energy diagram at the HTL/perovskite interfaces.
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in devices with different V,. values. Using light-intensity
dependent steady-state PL measurements, we show that the
HOMOyr; begins to limit the achievable V, as light intensity
increases. This is shown to be a consequence of increases in
the magnitude of the quasi-Fermi level splitting (AEf) in the
bulk perovskite resulting in greater upward bending of the hole
quasi-Fermi level (E ) in the HTL.

2. Results and Discussion

A schematic illustration of the device architecture fabricated
is shown in Figure 1b. PTAA and PF8TAA HTLs were depos-
ited directly onto indium-doped tin oxide substrates without
the addition of any additional co-dopants. An ultrathin layer
of  poly(9,9-bis(3’-(N,N-dimethyl)- N-ethylammoinium-propyl-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide ~ (PFN-Br)
(<10 nm) was deposited onto the HTLs as an amphiphilic sur-
face modifier, to improve the wettability of the HTL surface
prior to deposition of the perovskite layer.'”] The perovskite
layers (MAPDI3/FA ¢5Cs ¢5PbI;3) were deposited via an antisol-
vent dripping method (full details in Supporting Information).
Devices were completed by depositing (6,6)-phenyl-Cy;-bu-
tyric acid methyl ester (PCBM) as the ETL followed by a thin
bathocuproine layer and finally upon thermal evaporation of
the Cu electrode. A typical device structure is shown in the
cross-section scanning electron microscope (SEM) image in
Figure 1c. From these images we observe a slight increase in
the average grain size when PF8TAA is employed, accompanied
also by an increase in the grain dispersity however no global
changes in crystallinity were detected, Figure S1 and Table S2
(Supporting Information).

Inspection of the molecular structures of PTAA and PF8TAA,
Figure 1a, shows the incorporation of a fluorene unit in the
latter that is designed to improve charge carrier mobility.'®! The
HOMO levels of the HTLs are obtained from their ionization
potentials (IP), measured using ambient pressure photoemis-
sion spectroscopy (APS, Figure 1d, also used to determine the
valence band (VB) of FA(g5CsgosPbls). The band gap energies
(Eg) are determined from the Tauc plots, Figure 1le, obtained
from UV-vis absorption spectra. The equilibrium dark Fermi
levels (Eg, 4arx) Were measured by Kelvin probe (Figure 1f). From
these combined data we construct the flat band energy diagram
at the HTL/FA(¢5CsgosPbl; interfaces, Figure 1f. Looking in
detail at the two HTLs the HOMO level of PF8TAA shifts by
0.21 eV compared with PTAA and is accompanied by a mod-
erate reduction of p-doping level and a negligible change in E,
(Table S1, Supporting Information).

Having interrogated the intrinsic properties of the HTLs and
perovskite materials we now turn to investigate the influence
of HTL on device performance. Figure 2a shows statistical per-
formance data for cells prepared using each of the HTLs (also
Table S3, Supporting Information). From these data it can be
seen that devices prepared using PF8TAA generally outper-
form those utilizing PTAA. The average V,. value for PTAA
is 1.01 (£0.01) V increasing to 1.05 (£0.01) V when PT8TAA is
used, resulting in an increase in PCE from 1708 (+£0.68)% to
1764 (£0.75)%. The champion J-V curves for each HTL are
given in Figure 2b with their corresponding External quantum
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efficiency (EQE) spectra shown in Figure 2c. For PTAA, the
highest measured V,. was 1.02 V, resulting in a measured PCE
of 18.08%. In contrast, an enhanced V,. of 1.06 V was achieved
in the PF8TAA system resulting in a PCE of 18.26%. All devices
exhibited negligible J-V hysteresis (Figure S2; Table S4, Sup-
porting Information). A similar trend is observed between
PTAA and PF8TAA devices using MAPDI; as the active layer
(Figure S3; Table S5, Supporting Information), where the
highest measured V,, increased from 1.06 V to 1.12 V and the
PCE of the champion cell from 17.06% to 17.87%.

To improve our understanding of the influence of the
HOMOyy, on V.. we employed PL spectroscopy at a range of
incident light intensities for complete devices containing PTAA
and PF8TAA HTLs. The PL intensity versus illumination inten-
sity data is shown in Figure 3a, exhibiting similar behavior
that can be described by a power law PLj o I¥. The exponent
k is determined from the slope of the fitted data, which in this
case are kpap = 1.86 and kpggraa = 1.78. The similarity between
kpraa and kppgras indicates that the dominant recombination
mechanism in each is similar. Rather than focus on the recom-
bination mechanisms here we shift attention to the differences
between relative PL signals (PL,;) and how these vary with inci-
dent light intensity. From the absolute intensity of steady-state
PL, the quasi-Fermi level splitting (AEg) in the bulk perovskite
layer can be obtained,!® described by a generalized Plank’s
law.”) The relationship can be simplified when only the PL,,
is measured, such that AEgy,; = kTIn(PL,) + C, where C is
a calibration factor requiring separate determination, thus we
can directly correlate changes in V. with changes in PL,,.[%

From Figure 3a several observations can be made. Most
obviously the PL, for the PF8TAA devices is greater than
that for PTAA at all light intensities, and that the difference is
greater at low light intensities. Looking at 1 Sun intensity that
is that at which the J-V characteristics were obtained, the PL,,
for the PF8TAA device is =100% greater than that of the PTAA
device indicating an increase of the AEg, by =16 meV. The
difference between AEp,,; is much less than the measured
AV,. (80 meV). Thus we can conclude that the measured V.
does not equate to the AFEgy,y in the active layer, indicating
bending of hole quasi-Fermi level (Eg ;) at the perovskite-HTL
interface.2122

Figure 3b shows a semi-log plot of V,. as a function of light
intensity. Fitting these data allow us to obtain an ideality factor
(ng) that describes how V, varies with light intensity. The n;;
values are calculated to be 1.40 and 1.54 for PTAA and PF8TAA
respectively, we do not expand on the recombination mecha-
nism information that may be extracted from such calcula-
tions, owing to their non-trivial interpretation,®2324 A rather
clear trend, however, is that the higher ny, value for the PF8TAA
device results in the V,. improvements seen at higher light
intensities. This is clearly observed in the data, where at an illu-
mination intensity of 0.01 mW cm™2 AV, is 23 mV whereas at
100 mW cm2, that is 1 Sun AV, increases to 80 mV. By extrap-
olating the data in Figure 3a we can estimate the difference in
PL,, between PTAA and PF8TAA devices at 0.01 mW cm™ to be
fourfold, corresponding to AV, of 36 mV, this fits well with the
measured data, Figure 3b, of 23 mV.

Thus, at low light intensities the changes in PL,; track
the changes in V,. where the magnitude of the AEpy is

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a) Statistical distribution of measured device parameters for PTAA and PF8TAA PSCs b) |-V curves obtained for devices with the highest V.

values, c) EQE spectra of PTAA and PF8TAA PSCs.

small — resulting in a small degree of upward bending of Ep ,
between the active layer and the HTL, Figure 3c. A contrasting
trend is observed at higher light intensities where the PTAA
and PF8TAA devices exhibit smaller differences in AEp py
but greater differences in V,.. As V,. measures AEy between
the two electrodes, the greater mismatch between V,. and
AEFg, pu indicates stronger upward bending of Ep ,, in the
PTAA. In such cases, Figure 3d, the V,. becomes limited by
the extent of upward bending of Eg , required to align with the
HOMOprpp compared with the HOMOpggraa. Thus, the mag-
nitude of AEg 1, becomes greater as light intensity increases —
whereby the Eg , bending at HTL/perovskite interface becomes
more significant, this induces greater V,. losses and we observe
a larger mismatch between the V. and AEg

Adv. Mater. Interfaces 2023, 10, 2201737 2201737 (4 of 6)

In addition, time-resolved PL spectroscopy was used to probe
charge extraction and recombination dynamics and correlate
with device performance, Figure S4 (Supporting Information).
The data from the neat perovskite films can be fitted to biex-
ponential decay, the faster phase attributed to trap-mediated
non-radiative recombination and the slower decay to the bimo-
lecular recombination. When interfaced with our HTLs signifi-
cant PL quenching is observed with both, but to a greater extent
when PF8TAA is employed indicating more efficient charge
transfer.'?l This may be attributed to a reduction in surface/
interfacial trap density but will also be driven by the improved
band alignment.

These results highlight the limitations of V,. that result from
the magnitude of the energetic offset of the HOMOyr; and the
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Figure 3. a) Light intensity-dependent photoluminescence measured on PTAA and PF8TAA PSCs b) Light intensity-dependent V,. measured on PTAA
and PF8TAA PSCs respectively, with extracted ideality factors. c,d) Schematic representations of the band diagrams at an open circuit, under (c) low

light conditions and (d) high light conditions.

VB of the perovskite. This is exemplified at higher light inten-
sities, where the value of AEp i approaches the magnitude
of the perovskite E,. This corresponds to the higher illumina-
tion levels in our case and fits the scenario of high-V,. PSCs
comprising high-quality perovskite layer with well passivated
defects in bulk or interfaces. In the case where AEp yy is
much smaller than the perovskite E,, the V. is mainly deter-
mined by AEg i and is less influenced by HTLygpo. In the
present work, this corresponds to lower illumination intensi-
ties and can be extended to the more general case where non-
radiative recombination is a dominant factor limiting AEg pyp.
This may of course be attributed to a lack of defect passivation
in the perovskite/interlayers or to high doping densities of the
HTL. Therefore, the lack of correlation between HTLyopmo and
V,. can be a common phenomenon in non-state-of-the-art PSCs
having relatively low V,-to-E,ratio.

3. Conclusion

We have successfully fabricated and provided in-depth struc-
tural and device characterization of pin perovskite solar cells
that compare the HTL performance of PTAA against that of
its related co-polymer, PF8TAA. The comparable molecular

Adv. Mater. Interfaces 2023, 10, 2201737 2201737 (5 of 6)

structure of these HTLs combined with their similar band
gaps and doping levels allows for a focused investigation
on the impact of HOMOyr; on device performance, more
specifically V..

Devices reliant on PF8TAA as an HTL outperform those
consisting of a PTAA HTL, this is true for FA 95Cs¢sPbl; and
MAPDI; active layers. To better understand this behavior, we
applied light-intensity dependent PL and JV measurements,
through which we have made a number of significant obser-
vations. We see significant differences in the PL behavior in
FA( 95Csgo5PbI; thin films when interfaced with the different
HTLs, where the PL,, for the PF8TAA devices is greater than
PTAA devices at all light intensities, more so at low light inten-
sities. At low light intensities changes in PL,, follow varia-
tions in V,. — conditions where the magnitude of the AEg
is small — resulting in a small degree of upward Ey , bending
between the active layer and the HTL. At higher light intensi-
ties devices prepared with the two HTLs exhibit less difference
of AEg, pux however greater differences in V,. Here the V.
becomes limited by the extent of upward Ef, , bending required
to align with HOMOprps compared with HOMOpggraa. Thus,
the magnitude of AEy , becomes greater as light intensity
increases, and the Ey , bending at the HTL/perovskite interface
becomes more significant, inducing greater V. losses.
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85US017 SUOLULIOD BAERID 3|edtidde au Aq peueob 88 S VO (88N JO S3INJ 10} ARIQIT BUIUO 4811 UO (SUORIPUOD-PUE-SLUBILIOD" A3 I ARR1q 1 BUIUO//SANY) SUORIPUOD PUe SWS L 33 39S *[5202/T0/0T] U0 ARigIT8uuO AB|IM 'SeoInes ARqiT 1N uopuo 86|00 Aisienun Aq LE2T0Z20Z WPR/Z00T OT/I0PAL0D" AB] 1w ARIqIeu1|u0//Sdiy WO pepeojumoq ‘6T ‘€20 ‘0SELI6TE



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Our work provides new insights into the previously unre-
solved issue regarding the role of HTLs HOMO level on
device V,., demonstrating that minimizing the energetic offset
between the HTLs and perovskite is critical for further reducing
V, losses in the pursuit of state-of-the-art perovskite solar cells.

Supporting Information

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