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The quenching of excitons in organic solar cells can play a significant role in limiting their power con-
e version efficiency (PCE). In this article, we investigate the effect of a thin layer of hexapropyltruxene
inserted at the interface between the electron donor boron subphthalocyanine chloride (SubPc) and
its underlying hole contact in planar heterojunction solar cells. We find that a 3.8 nm hexapropyl-
truxene interlayer between the molybdenum oxide (MoO,) hole contact and SubPc is sufficient to
improve PCE in SubPc/C60 fullerene solar cells from 2.6 % to 3.0 %, a ~20 % performance im-
provement. While the absorption stays roughly the same, the comparison of external and internal
quantum efficiencies reveals a significant increase in SubPc’s contribution to the current for light
with wavelengths between 520 and 600 nm. Microstructure and surface morphology assessed with
in-situ Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS) and Atomic Force Microscopy
(AFM), are evaluated alongside in-situ spectroscopic ellipsometry, and photoluminescence measure-
ments. The microstructural investigations demonstrate changes to the surface and bulk of SubPc
grown atop a hexapropyltruxene interlayer indicating that the latter acts as a template layer in a
similar way as MoO,. However, the improvement in PCE is found to be mainly via reduced exciton
quenching at the MoO, contact with the insertion of the hexapropyltruxene layer.

1 Introduction anode and the photovoltaic active layer® 1821, However, it is

Recent performance development in organic solar cells (OSCs) reported that the ITO/MoO, anode quenches excitons generated
shows remarkable progress, achieving power conversion effi- in the active layer in OSCs if MoO, and excitons can come into
ciencies (PCE) of more than 13% in single-junction devices®. direct contact?224  This quenching effect can reduce the PCE
Advantages such as their mechanical flexibility, portability, of OSCs. By inserting an interlayer between the MoO, layer
lightweight and potentially cost-efficient production on large area ~ and the photovoltaic active organic layer, the quenching effect

make OSCs promising alternative technology to silicon wafer- can be effectively reduced by blocking excitons from reaching the
based solar cells®Z, especially in the building-integrated PV mar- Mo0, 2%, Several small organic molecules are shown to have this
ket 718, effect, e.g. rubrene, TAPC, and CBP22, However, insertion of an

additional interlayer has some side effects. A significant conse-
quence of the insertion of interlayers is the change in morphol-
ogy introduced by its template effect. Such a template layer thus
can be used to influence the molecular ordering to increase the
PCE of OSCs because the ordering of the molecules in the pho-
tovoltaic active layer of an OSC can have profound consequences
on their performance, including improved absorption and
more efficient exciton and charge carrier transport. Fur-
thermore, the energy levels of the electrode materials can also
be modified by the template layer, which is important for

Interlayers between the photovoltaic active layer and the elec-
trodes in OSC stacks have been studied meticulously as OSCs have
developed®®14. They have been shown to improve the perfor-
mance of the OSC devicesT™1as well as the stabilityZ. Molyb-
denum oxide (MoO,) is a widely used interface modifier mate-
rial in OSCs that facilitates an efficient hole contact between the
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Fig. 1 Chemical structure of hexapropyltruxene, solar cell stack, and energy levels of the solar cells. (a). Chemical structure of hexapropyltruxene,
(b). Schematics of the investigated solar cell stacks with the individual layer thickness given in nanometres, (c). Energy levels of materials used in this
work. The indicated energy levels of SubPc (cyclic voltammetry, CV) and C60 (ultraviolet photoelectron spectroscopy, UPS & inverse photoemission

spectroscopy, IPES) are taken from literature®. The energy levels of electrodes and MoO, (UPS) are taken from literature

. The energy levels of

BPhen (UPS) are taken from literature®™, The HOMO-LUMO levels of hexapropyltruxene are determined by cyclic voltammetry (see Sl, Figure S2).

lar cell stack, e.g. reported increased OSC efficiency
using a template layer which also acted as the hole transporting
layer (HTL). Thus, molecules that combine this exciton blocking
effect together with templating properties for the photovoltaic ac-
tive layer are of high interest for OSCs.

We applied hexapropyltruxene as an interlayer between MoO,
and the photovoltaic active layer in an OSC to examine its
exciton blocking effect and molecular template growth effect.
Hexapropyltruxene is an alkylated derivative of the parent trux-
ene molecule, in which the six propyl groups are positioned at
the three C sp? sites of the compound.@. The chemical struc-
ture of this molecule is shown in Figure [1| (a). Truxene deriva-
tives have been applied as photosensitizers®8, electron donor
molecules®®51 and hole transporting layers®2 in 0SCs due to
their good thermal stability, optoelectronic properties and ease of
being modified®2®4. Hexapropyltruxene has lower evaporation
temperature in vacuum (around 100 °C at 5%10~7 mbar in our
lab conditions) than rubrene, TAPC, and CBP (all above 150 °C),
which will decrease the energy consumption in device fabrica-
tion if we replace the latter molecules with hexapropyltruxene as
interlayer in OSCs. Besides, as hexapropyltruxene is nearly trans-
parent in visible spectra (as seen in Figure S1), it will not absorb
extra light to decrease the PCE of OSCs. Thus, hexapropyltruxene
is a good replacement molecule to rubrene, TAPC, and CBP as in-
terlayer inside OSCs. In-situ Grazing Incidence Wide-Angle X-ray
Scattering (GIWAXS) and in-situ spectroscopic ellipsometry were
used hand-in-hand to investigate the change in the growth of a
SubPc layer as an electron donor after inserting the hexapropy-
Itruxene layer. AFM measurement was performed to investigate
the surface topology change. Full planar heterojunction solar cell
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stacks using SubPc/C60 as the photovoltaic active layer were fab-
ricated to examine the performance change caused by insertion
of the hexapropyltruxene layer. Steady-state and time-resolved
photoluminescence spectroscopy (SSPL and TRPL) were carried
out to evaluate the exciton quenching effect.

2 Experimental Section

2.1 Sample Fabrication

Si wafers (IDB Technologies ltd., UK), Corning Eagle XG glass
substrates and ITO-coated glass substrates (both from TFD Inc.,
USA), were purchased commercially. The hexapropyltruxene ma-
terial was synthesised following Goubard et al.’s report4Z. The
materials for single film ultraviolet-visible spectroscopy (UV-vis)
measurement had a purity of more than 95%, determined by pro-
ton Nuclear Magnetic Resonance (1H NMR). The material for
cyclic voltammetry, multilayer thin film, and device fabrication
was triple purified by thermal sublimation under vacuum. All
organic materials (SubPc, C60, BPhen, all by Luminescence Tech-
nology Corp., Taiwan) were purchased commercially in their sub-
limed versions (state purity > 99%) and were used along with
MoO, (Luminescence Technology Corp., Taiwan) and Al (K. J.
Lesker) as received.

We used three different vacuum chambers to fabricate our sam-
ples. They were: a multi-source bell-jar type “B30” vacuum de-
position chamber (base pressure approx. 5x10~% mbar, Oerlikon
Leybold Vacuum Dresden GmbH, Germany) with major parts up-
graded (CreaPhys GmbH, Germany). Samples fabricated in this
chamber are exposed to air when being removed from the cham-
ber for further measurements (VC-A). A multi-source vacuum de-
position chamber (base pressure approx. 5X10~7 mbar, CreaPhys



GmbH, Germany) connected to a glovebox (LC Technology Solu-
tions Inc., USA) where samples can be loaded from and unloaded
to N, atmosphere without exposure to air after sample fabrication
(VC-B). VC-B has an attachment specially designed for connecting
an in-situ spectroscopic ellipsometer (J.A. Woollam Spectroscopic
SE RC2). A small dual-source vacuum deposition chamber (“MIN-
ERVA” system, base pressure approx. 5x 10~ mbar, co-developed
with K.J. Lesker Ltd., UK) specially designed for in-situ GIWAXS
measurement (VC-C) at Diamond Light Source2,

Substrates (glass/ITO-coated glass/Si wafer) were sonicated in
2.5% Hellmanex III soap solution, deionized water (DIW), ace-
tone and isopropyl alcohol (IPA) each at 50 °C for 10 minutes.
Subsequently, the substrates were UV-Ozone cleaned for 10 min-
utes before being loaded into one of the vacuum deposition cham-
bers. Organic layers, as well as MoO, and metal electrodes, were
thermally evaporated under vacuum. The full solar cell structure
(shown in Figure (1| (b), prepared in VC-B) was glass/ITO/MoO,
(5 nm, 0.1 A/ s) /hexapropyltruxene (various thicknesses, 0.1
A/s) /SubPc (13 nm, 1 A/s) /C60 (35 nm, 0.5 A/s) /BPhen (8
nm, 0.8 A/s) /Al (100 nm, 1 7\/5). The energy levels of the mate-
rials used in this solar stack are indicated in Figure|1| (c).

The fabricated devices (in VC-B) were then encapsulated with
a glass cover slide (AMG Tech 1td, South Korea) and epoxy glue
(UHU PLUS Endfest 2-K-Epoxidharzkleber, UHU GmbH & Co KG,
Germany) in a N,-filled glovebox for further measurements. The
single layers of hexapropyltruxene were made in VC-A. The mul-
tilayers made for in-situ spectroscopic ellipsometry and photolu-
minescence measurements were fabricated in VC-B, multilayers
made for GIWAXS and AFM measurements were made in VC-C.

2.2 Thin Film Characterization

A Cary 300 UV-vis Spectrophotometer (Agilent Technologies) was
used to measure the ultraviolet-visible (UV-vis) absorbance of sin-
gle hexapropyltruxene thin films.

A J. A. Woollam Spectroscopic Ellipsometer (SE RC2; J. A.
Woollam, USA) system was used for the ellipsometry measure-
ments (210 nm — 1690 nm), both for in-situ (VC-B) and ex-situ
measurements as well as transmittance and reflectance measure-
ment of thin films. In-situ measurements were carried out at an
angle of 65 ° and an acquisition rate of per 10 s. CompleteEASE
software (also J. A. Woollam) was used to analyze the measured
data.

In-situ GIWAXS was performed during and after the growth of
the films in VC-C at beamline 107 of the Diamond Light Source
with a Pilatus 2M detector (Dectris AG, Switzerland) at a distance
of 421 mm. The samples were fabricated on an angle-adjustable
sample stage for in-situ growth observation. The incident angle
of the beam on the samples was 0.15°, with a beam energy of
24 keV (wavelength A = 0.5166 /c-’\). The exposure time for each
image was 10 s. The beam damage to the samples was avoided
by laterally moving the sample area at each exposure. Data were
analyzed with DAWN software2027, A sector region of 15° was
used to plot the line-cut profile.

Time-resolved photoluminescence measurements (TRPL) were
performed with a FluoTime 300 set up (PicoQuant GmbH, Ger-

many). The laser (generated with an LDH-P-C-510 laser diode,
also from PicoQuant) wavelength was 505 nm with 128 ps pulse
duration at a 10 MHz repetition rate. The excitation fluence of
the laser used was ca. 20 nJ cm~2. A long-wavelength pass
filter was used to filter out scattered light from the excitation
beam. The emission wavelengths monitored were 620 nm and
720 nm. Steady-state photoluminescence spectra (SSPL) mea-
surements were carried out with the same instrument as the
TRPL. The measuring time for each wavelength interval is 0.5
S.

For the cyclic voltammetry (CV) measurement, hexapropyl-
truxene, polytetrafluoroethylene (PTFE), and carbon black were
mixed 1:1:1 by mass ratio to make the working electrode. Refer-
ence and counter electrodes were both lithium>8:>2,

A Phillips X’pert Pro MRD was used for X-ray diffraction (XRD)
measurements. The X-ray source was Cu. K-o is 1.540598 A

Atomic Force Microscopes (AFM) used in our experiments were
an AutoProbe M5 from ThermoMicroscopes Ltd (UK) and an
MFP-3D from Asylum Research (UK). Non-contact mode mea-
surements were carried out with TAP150AI-G tips purchased from
Windsor Scientific Ltd. The scanning rate was between 0.2 to 1
Hz, and the data were analyzed and processed using gwyddion
software©0.,

2.3 Solar Cell Performance Characterization

An Abet Class AAB solar simulator was used to perform the solar
cell efficiency measurement. The solar cells were illuminated un-
der simulated AM 1.5 sunlight. Its intensity was measured with
an NREL-calibrated KG?5 filtered silicon reference cell. By follow-
ing a pre-established protocol©®2) the mismatch factor for the
reference solar cell without hexapropyltruxene and the solar cell
with hexapropyltruxene were calculated as 0.98(0) and 0.97(7),
respectively, which is close to unity. Details of the mismatch fac-
tor calculation are shown in SI, Figure S8. The dark and illumi-
nated current-voltage (JV) curves were recorded with a Keithley
2400 Series Sourcemeter. Six solar cells in two batches (three per
batch) with an active area of 7.5 mm? (defined by the geometric
overlap between ITO and Al) were measured for each thickness
of hexapropyltruxene. The exception was the stack with a 0.8 nm
hexapropyltruxene layer: here, four devices from the same batch
were measured, one of which had an active area of 1.5 mm?.

The determination of the External Quantum Efficiency (EQE)
was carried out using a home-made EQE set-up. Two of the
best performing OSCs for each hexapropyltruxene layer thickness
were measured and compared.

A UV-vis set-up consisting of a DH-2000-BAL light source, opti-
cal fibre, and a Maya Pro 2000 detector (both Ocean Optics Inc.,
US) was used to perform UV-vis reflectance spectroscopy. Three
of the best performance OSCs with different thicknesses of inter-
layers were measured. Integration time was 1.168 ms, averaged
over ten scans.

The Internal Quantum Efficiency (IQE) was calculated by di-
viding the EQE data with estimated absorption (1-R) data of each
device which was measured from reflectance. This IQE measure-
ment method is widely used and has been chosen for its simplic-
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ity. Despite the known cavity effect-induced limitations®2, it still
provides meaningful information to describe our system.

2.4 Model Simulation

The optical simulation was based on a transfer matrix ap-
proach®®, Optical constants of the materials were acquired by el-
lipsometry measurement of thin films using the above mentioned
J.A. Woollam Spectroscopic Ellipsometer (SE RC2) system.

3 Results and Discussion

The JV curves and solar cell performances are shown in Figure
and Figure (3| respectively. In Figure 3| the PCE of the solar cells
is shown with hexapropyltruxene layer thickness systematically
increasing from O to 3.8 nm. In this range, the PCE increases
from 2.6 % to 3.0 %, mainly due to an increase in short circuit
current density (J,.), leading to an improvement of efficiency of
about 20 %. As the thickness of the hexapropyltruxene layer is
increased further from 3.8 nm to 7.7 nm, the PCE of the devices
begins to drop. This is mainly due to a decrease in fill factor (FF)
which changes from ca. 55 % to ca. 28 %. For all the investigated
hexapropyltruxene layer thicknesses, the open-circuit voltage V,.
of the devices remains the same at around 1.1 V. From the JV
curves (Figure [2) we can see that S-kink features are appearing
when the hexapropyltruxene layer exceeds 3.8 nm. According to
the shape of the S-kink in the range of 1.2 to 1.4 V, we conclude
that this is an injection barrier®"6Z, Qverall, we find that the PCE
increase with the insertion of a hexapropyltruxene layer is mainly
due to the rise of Jg.
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device with 2.3 nm hexapropyltruxene

—v— device with 3.8 nm hexapropyltruxene
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Fig. 2 JV curves of the solar cells (stack see Figure 1(b)) with different
thicknesses of a hexapropyltruxene interlayer between MoO, and SubPc.
The reference device does not have a hexapropyltruxene interlayer. Solid
lines are the JV curves under illumination, dashed lines are the JV curves
in the dark.

To investigate the reason for the Js increases of about 25
% with the insertion of a thin layer of hexapropyltruxene,
EQE and UV-vis reflectance measurement of the hexapropyl-
truxene solar cells with the best performance (devices with a
3.8 nm hexapropyltruxene layer) and reference devices without
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Fig. 3 Solar Cell performance versus the thickness of the hexapropyltrux-
ene layer between MoO, and SubPc (stack see Figure 1 a)): (a). Power
conversion efficiency (PCE), (b). Open voltage (Voc), (c¢). Short circuit
current (Jg), (d). Fill factor (FF). A table of the average values and the
standard deviations of photovoltaic parameters above is provided in the
supporting information as Table S2.

hexapropyltruxene were carried out.

As shown in Figure the EQE curves have two significant
peaks: one is in the range from 330 to 400 nm (C60 absorption
range), and the other is in the range from 520 to 600 nm (SubPc
absorption range). The EQE of the device with hexapropyltrux-
ene is significantly higher than the reference device in the range
from about 520 to 600 nm, i.e. in the major SubPc absorption
range, with the EQE peak between 520 and 600 nm, rising from
40 % (no hexapropyltruxene) to 56 % (3.8 nm hexapropyltrux-
ene). The improvement of photocurrent generation in the range
from 520 nm to 600 nm is calculated to be ca. 40 %. The esti-
mated absorption (1- reflectivity R) of the devices as measured in
UV-vis reflectance measurement shows little change in the absorp-
tion behaviour of the active layer after the insertion of hexapropy-
Itruxene. The small absorption difference is not sufficient to ex-
plain the high increase of EQE and photocurrent generation in
the SubPc absorption region. Absorption simulations of solar cell
stacks with 3.8 nm/without hexapropyltruxene were carried out
and shown in SI, Figure S9 and Table S1. This shows that after the



insertion of hexapropyltruxene, the light absorption of the active
layer slightly changes: SubPc absorbs less light while C60 absorbs
more. Calculations of the absorbed number of photons per unit
area and time show that after the insertion of hexapropyltrux-
ene, photon absorption of SubPc layer decreases from 36 % of
the total absorption of the stack to 32 %, while C60 absorption
increases from 30 % to 33 %. It is due to changes in the cav-
ity and the slight shift of the light interference before and after
the insertion of hexapropyltruxene. However, the total absorp-
tion of the photovoltaic active layer stays similar after the inser-
tion of the hexapropyltruxene layer according to the simulations.
Thus, the change of the absorption behaviour in SubPc and C60
layers can not account for the significant rise of EQE and pho-
tocurrent generation. We notice that this simulation result shows
small difference comparing to the reflectivity measurement (esti-
mated absorption (1-R) calculated from reflectivity measurement
shown in Figure[d)), which might be due to slightly different thick-
nesses in the measured films and simulation data. In any case, the
small change in absorption behaviour of the active layer cannot
explain the significant increase in EQE and photocurrent gener-
ation. Further simulations and UV-vis reflectance measurements
confirm that the change in EQE is due to a corresponding change
in IQE (See SI, Figure S10).
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Fig. 4 External quantum efficiency (EQE) and UV-vis reflectance mea-
surement results of reference devices without a hexapropyltruxene layer
and the devices with 3.8 nm hexapropyltruxene between MoO, and SubPc
showing the best performance. R is the measured reflectance of the stack.

In order to examine the effect that the hexapropyltruxene inter-
layer has on the growth of the subsequent SubPc, spectroscopic
ellipsometry measurements of the device stack up to the C60
layer with and without hexapropyltruxene were carried out in-
situ during the deposition of the SubPc layer. The SubPc layer
was modelled as a uniaxial layer, i.e. with different in-plane and
out-of-plane refractive indices. The derived refractive indices,
shown in Figure |5} reveal that the in-plane optical property of
the stack stays similar after inserting the hexapropyltruxene in-
terlayer, which is in line with the absorptance measurements.

The out-of-plane refractive indices, however, shows a notable
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3.6
(a) E‘gg_
3241
& 2.0
=164
C12— T T T T T T
200 300 400 500 600 700 800 900
©3.6
(b) 2353
ik
it
>1.6
Pl S S o S
200 300 400 500 600 700 800 900
(©) 520
2 1.6
%—1‘2—
0.8
£0.4
XO‘O— T T T T T T
200 300 400 500 600 700 800 900
d ©20
(d) 516
1.2
Q 0.8+
5044
L0
X T T

400 500 600 700 800 900
Wavelength (nm)

200 300

Fig. 5 In-plane and out-of-plane refractive overall indices n, k of the
reference device stack (Si/MoO, (5 nm)/SubPc (13 nm) /C60 (35 nm))
and a device stack with hexapropyltruxene (Si/ hexapropyltruxene (3.8
nm)/MoO, (5 nm)/SubPc (13 nm)/C60 (35 nm)). (a). in-plane re-
fractive indices n, (b). out-of-plane refractive indices n, (c). in-plane
refractive indices k, (d). out-of-plane refractive indices k.

difference between the stack with hexapropyltruxene and with-
out. For the out-of-plane refractive index k, there is a peak at 630
nm rise after the insertion of the hexapropyltruxene layer. This
increase seems to come at the cost of weakening the peak at 590
nm. Similarly, for the out-of-plane refractive index n, a trade-off
in peak intensities between 605 and 633 nm is observed. These
changes in absorption behaviour happen in the absorption wave
range of SubPc. This indicates that the insertion of the hexapropy-
Itruxene interlayer modifies the out-of-plane optical properties of
SubPc in between MoO,. and SubPc layers, which might be a con-
sequence of the change in the molecular ordering of SubPc.

In order to corroborate these results, in-situ GIWAXS measure-
ments were carried out using VC-C22, The results are shown in
Figure@ The high intensity spot around Q,, = 1.6 A1 originates
from the Si/SiO, substrate. We find a SubPc peak at around 0.7
A1, It could be either SubPc (110) peak (0.67 A~!) or SubPc
(011) peak (0.74 A=1). In SubPc single crystal structure, (110)
peak is systematically absent.®8. Thus, this broad peak could be
SubPc (011) peak. Line-cut profiles (15°) in horizontal (in-plane)
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Fig. 6 Plots of the GIWAXS results obtained through measurements at Diamond Light Source’s 107 beamline. In-plane and out-of-plane line cuts for (a)
Si/Si0,, (b) Si/Si0, /hexapropyltruxene (3.8 nm), (c) Si/SiO2/SubPc (13 nm), and (d) Si/SiO, /hexapropyltruxene (3.8 nm)/SubPc (13 nm) multilayer
films. GIWAXS images of (e) Si/SiO2, (f) Si/SiO,/hexapropyltruxene (3.8 nm), (g) Si/SiO,/SubPc (13 nm), and (h) Si/SiO,/hexapropyltruxene (3.8
nm)/SubPc (13 nm) multilayer films. Line-cut sections are indicated with dashed wedges in the figure.

and perpendicular (out-of-plane) directions were analyzed. The
fitting result is shown in Figure[6and Table[I} From the fitted full
width at half maximum (FWHM) and peak maximum heights, we
can find that the SubPc peak becomes sharper in both in-plane
and out-of-plane directions after the insertion of hexapropyltrux-
ene. This indicates a larger crystalline size of SubPc after the
insertion of the hexapropyltruxene interlayer. The peak center lo-
cations of the SubPc (011) plane shift to 0.70 A~! from 0.68 A~
(in-plane) and 0.73 Al (out-of-plane) after the insertion of the
hexapropyltruxene interlayer. This peak shift might be an indica-
tion of a change of crystal structure of SubPc after the insertion of
hexapropyltruxene, which could explain the difference in optical
properties of SubPc in the thin film. A radial distribution of the
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peaks is shown in Figure[7] Comparing the integrated intensities
in Figure[7]between SubPc on SiO, and SubPc on hexapropyltrux-
ene, we can see that the hexapropyltruxene layer affects, along
with the crystallite sizes, the orientation distribution of SubPc,
with a clear shoulder visible around 30 °. This affect on structure
is reflected in the difference in the optical properties (Figure
of SubPc.

In order to complement the structural experiments, AFM mea-
surements of SubPc layers on the relevant substrates were car-
ried out (see SI, Figure S5). Comparing the results of the SubPc
film on substrates with and without hexapropyltruxene layer, a
higher roughness and shrunken surface feature size of SubPc on
the hexapropyltruxene layer indicate a change in surface topology



Table 1 Fitted peak properties of the GIWAXS line cut. (Gaussian function is used in the peak fitting)

Film & orientation (*) Peak center FWHM (8gq, d-value (A) Scherrer co- Max
AH AD herence length  height
(D=2m/8q, A) (a.u.)
Si/Si0,/SubPc (in-plane) 0.68+£0.01 0.31+£0.01 9.24+0.14 20.27 +0.68 12.1
Si/Si0,/SubPc (out-of-plane) 0.73+0.01 0.22+0.01 8.61+0.12 2856+ 1.36 18.8
Si/Si0,/ hexapropyltruxene/SubPc (in-plane) 0.70£0.01 0.23+0.01 898+0.13 27.32+1.24 26.2
Si/Si0,/ hexapropyltruxene/SubPc (out-of-plane) 0.70 +0.01  0.20 +0.01 8.98 +0.13  31.42 + 1.65 52.8
ties, even higher than the glass/hexapropyltruxene/SubPc sam-
10 ple. This phenomenon suggests that in addition to the exciton
—— SifSi0,/SubPc blocking effect from hexapropyltruxene layer, the combination of
—— SilSiO,/hexapropyltruxene/SubPe MoO, and hexapropyltruxene layers may also affect the photo-
g 081 20 luminescence property of SubPc thin films. The reason for this
2 2 12 change may be due to a change of the thin film structure as dis-
g %1 3 o8l cussed below. Previous research illustrates that the SubPc PL
é 0.4 Jl:‘\\‘\\‘ emission components at these two peaks have different mecha-
-% 0.4 0-:400 0,4‘;,8 v nisms. The emission component around 620 nm is reported to
g o 'Qxy ( A_‘)' o originate from the direct emission of excitons while the compo-
z 02 nent around 720 nm comes from the emission of trapped exci-
tons in structural defects of the SubPc films25€2, Because of
this reason, the ratio of the peak intensities (/720um/ls20nm) €20
0.0 0@, 20 0 %@, be used as an indication of the concentration of microstructural
Angle (%) defects inside the SubPc layer. We calculated the peak inten-

Fig. 7 Radial distribution of the GIWAXS peak from 0.65 A~! t0 0.75
A~!. The cut section is indicated with dashed sector in the inset figure.
The intensities of the peaks are normalized. 0 ° stands for Q,, and 90 °
stands for Q.

after the insertion of hexapropyltruxene interlayer. We need to
point out that because of the limited organic sources in MINERVA
(only two) and the conditions of the experiment at the beamtime,
we were not able to perform the characterization of SubPc and
hexapropyltruxene/SubPc thin film on top of MoO, layer. Thus,
this GIWAXS measurement result can only illustrate the template
effect of hexapropyltruxene on SubPc, rather than the function of
hexapropyltruxene layer in between the MoO, and SubPc layer in
solar cell stack, and GIWAXS data can not completely clarify the
change in the ellipsometry experiment result.

To conclude the measurements, steady-state photolumines-
cence (SSPL) measurements were carried out and the results
of the samples glass/SubPc(13 nm), glass/MoO, (5 nm)/SubPc
(13 nm), glass/hexapropyltruxene (3.8 nm)/SubPc (13 nm),
and glass/MoO, (5 nm)/ hexapropyltruxene (3.8 nm)/SubPc
(13 nm) are shown in Figure From Figure we can
see that SubPc films have two major emission peaks: around
620 and 720 nm. Comparing the PL peak intensity of bare
SubPc and MoO,/SubPc samples, we can find that the reduc-
tion of the emission peak intensity shows the exciton quench-
ing effect of MoO, layer. A notable increase in PL peak in-
tensity after inserting the hexapropyltruxene layer indicates it
has an exciton blocking effect. To our surprise, the peaks from
glass/MoO,/ hexapropyltruxene/SubPc have the highest intensi-

sity ratio of the SSPL signal for each sample (see Figure [8):
SubPc 3.51, MoO,/SubPc 1.87, hexapropyltruxene/SubPc 3.36,
and MoO,/hexapropyltruxene/SubPc 2.49. The change of ra-
tios indicates that apart from the exciton quenching effect, MoO,
layer also seems to reduce the microstructural defects concentra-
tion inside the subsequent deposited SubPc layer. This finding
suggests that MoO, layer not only quenches the excitons inside
SubPc but also modifies the SubPc film structure. The addition of
hexapropyltruxene interlayer between MoO, and SubPc layer can
recover this effect. However, 720 /ls20nm ratio of hexapropyl-
truxene/SubPc sample is still slightly lower than that of SubPc
sample. This may be due to the template effect of hexapropyl-
truxene on SubPc, which has been observed in GIWAXS measure-
ment.

To further investigate the emission components’ lifetimes, time-
resolved photoluminescence (TRPL) spectra were performed for
the same samples. The results are shown in Figure[9] The instru-
ment response function (IRF) is also plotted together with the
experimental results.

Considering the different mechanisms of emission components
at 620 and 720 nm®? we used a single exponential fit to calcu-
late the exciton lifetime at 620 nm, while a bi-exponential fit was
utilized to model the component lifetime at 720 nm. The fitted
lifetimes of emission components are shown in Table |2| The ex-
citon lifetimes in different samples are similar to each other, due
to the intrinsic short lifetime of excitons at an excitation with 620
nm wavelength. As the emission component at 720 nm is due to
trapped excitons in structural defects in SubPc, it is observed to
have a longer lifetime than the emission at 620 nm. However, we
still find that after inserting the MoO, layer beneath the SubPc
layer, the exciton lifetime decreases. This result agrees with the

Journal Name, [year], [vol], 1 |7



Table 2 Time-resolved photoluminescence lifetimes of SubPc thin films on quartz glass with different interlayers. The emission component lifetime is

measured at 620 nm and 720 nm.

Film Emission wavelength (nm) 7, (ns) 1 (ns) x” (reduced)
glass/SubPc 620* 0.593 2971
glass/MoO,/SubPc 0.576 1.986
glass/ MoO,/hexapropyltruxene/SubPc 0.674 3.729
glass/hexapropyltruxene/SubPc 0.671 3.02
glass/SubPc 720* 5.018 2419 1.076
glass/MoO,/SubPc 3.563 1.302 1.085
glass/ MoO,/hexapropyltruxene/SubPc 4.786  2.116 1.036
glass/hexapropyltruxene/SubPc 5.546  2.924 1.022

* The 620 nm data sets were fitted with the single exponential model while the 720 nm data sets were fitted with the bi-exponential

model.
2000
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Fig. 8 Steady-state photoluminescence (PL) spectra of glass/SubPc(13
nm), glass/MoO, (5 nm)/SubPc (13 nm), and glass/ MoO, (5
nm)/hexapropyltruxene (3.8 nm)/SubPc (13 nm). The numers in brack-
ets on the right side of the graph are the ratios of peak intensities
(F720nm /I620nm) Of the corresponding samples.

quenching effect of the MoOj layer. The estimated quenching ef-
fect (reduction of PL emission component lifetime at 620 nm) is
about 3 % calculated according to the classical diffusion equa-
tion©70, After inserting the hexapropyltruxene, the exciton life-
time increases (from 0.576 ns to 0.674 ns). It improves even more
than that in the bare SubPc film on glass (increases from 0.593
ns to 0.674 ns). This shows that the hexapropyltruxene layer
can reduce the exciton quenching effect of the MoO, layer. At
720 nm, the lifetime of the emission component decreases when
a MoO, layer is present directly beneath the SubPc layer com-
pared with SubPc on bare glass. The estimated exciton quench-
ing effect (reduction of PL emission component lifetime at 720
nm) is around 40 %. The lifetime increases again after inserting
hexapropyltruxene in between MoO, layer and SubPc layer, but
it is still shorter than the ones in the pure SubPc layer (see Table
[2). For the glass/hexapropyltruxene/SubPc sample, the lifetime
of the emission is even longer than it is for the SubPc on glass
layer. These results indicate that the hexapropyltruxene layer acts
as an exciton blocking layer between MoO, and SubPc layers. It
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Fig. 9 Time resolved photoluminescence (TRPL) decay dynam-
ics of glass/SubPc(13 nm), glass/MoO, (5 nm)/SubPc (13 nm),
glass/hexapropyltruxene (3.8 nm)/SubPc (13 nm) and glass/ MoO, (5
nm)/hexapropyltruxene (3.8 nm)/SubPc (13 nm). The instrument re-
sponse function (IRF) is plotted together with the sample data. (a).
TRPL decay dynamics at 620 nm wavelength, (b). TRPL decay dynam-
ics at 720 nm wavelength.

is worth noting that the exciton/emission component lifetimes of
the hexapropyltruxene/SubPc sample at both 620 and 720 nm
are longer than those in the glass/SubPc sample. It may indicate
that apart from the exciton-blocking effect, the small microstruc-
tural changes induced by hexapropyltruxene in the subsequent
SubPc layer affects the exciton lifetime, as well. In particular, the
emission at 720 nm is caused by the excitons trapped inside the



structural defects of the SubPc layer®?.

4  Conclusion

By exploring the characteristics of hexapropyltruxene and its ap-
plication in standard SubPc/C60 planar heterojunction solar cells,
we find that it acts as a functional interface modifier layer on
top of a MoO, hole contact layer. A maximum enhancement in
PCE of about +20 % was achieved by inserting a 3.8 nm in-
terlayer layer between MoO, and the photovoltaic active donor
layer of SubPc. Our characterization of the thin film microstruc-
ture shows that hexapropyltruxene modifies the growth of the
subsequently deposited SubPc layer. In-situ GIWAXS and in-situ
spectroscopic ellipsometry measurements indicate that insertion
of the hexapropyltruxene layer induces a change of the crystal
structure of SubPc, which impacts the absorption properties and
concentration of crystal structure defects of SubPc. However,
absorption changes have only a minor impact on device perfor-
mance. Looking at TRPL spectroscopy, we find the enhancement
of the PCE is mainly due to improved blocking of photogener-
ated excitons from recombining at the MoO, interface. The ex-
citons are trapped in the defects in SubPc films induced by the
hexapropyltruxene layer, which increases the lifetime of photo-
generated excitons by ca. 35 %. This shows that hexapropyl-
truxene can be used with beneficial effects as an interface layer
in small molecule OSCs containing SubPc and potentially other
’small molecule’ materials, as our results indicate that electrode
modification with hexapropyltruxene may offer a practical ap-
proach for PCE enhancement.
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