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Abstract

Adlayers are often placed at metal-on-organic interfaces as a common strategy to alleviate
damage during metal deposition by thermal evaporation. Methods of chemically installing
adlayers have been recently demonstrated on organic semiconductors that address these
interfacial issues while providing many secondary benefits. Chemical installation has yet to be
attempted at the cathode-electron transport layer (ETL) interface within organic light-emitting
devices (OLEDs), offering a powerful option to optimize electron injection, improve surface
wetting, and reduce metal penetration. Here, a reaction between TPBi (2,2',2"-(1,2,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) and propylene oxide results in a controllable 1-3
nm thick layer of propylene oxide as shown by high-resolution X-ray photoelectron spectroscopy
(XPS) and energy dispersive X-ray spectroscopy (EDX). The reactive addition of the adlayer at
temperatures below 40 does not affect the morphology of the thin film and reaches a high
degree of coverage within 3 hours. Integration of this layer into a phosphorescent OLED does

not introduce any significant negative impact on device function. This result opens up the
possibility of introducing further specific functionality into the adlayer to engineer OLED
performance.
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1. Introduction

The deposition of a metal onto a soft organic thin film within an OLED to form a cathode
comes with particular challenges. High energy and unbound metals penetrating the organic
layers can increase leakage current [1,2], affect light emission through plasmonic or non-
radiative quenching effects [3], and cause bright spots to appear on the active area [4].
Metalation also damages the organic, creating trap states, lowering electron injection, and
reducing device efficacy and light output over time [5]. Other flaws include thermal damage,
aggregation of metal on the surface, and poor metal stability [6-9]. These, in part, stem from
high energy metal impinging on the surface of the ETL, while the low interactions of the ETL for
the metal layer allow penetration/diffusion [10].

One method to address these problems is to insert an adlayer between the metal-on-
organic interface, which is especially prominent with OPVs and to a lesser extent in OLEDs.



These adlayers can be comprised of inorganic dielectrics (CsCl, StOetc.) [11], metals/metal
oxides (TiOy, ALO; CrO, etc.)[12], mixed polymer interlayers (P3HT, PEDOT:PSS, PMMA,
etc.)[13,14], and organic buffers (CuPc, PCBM, etc.) [15] between the organic material and
metal contact. The adlayers first serve as a blocking layer mitigating the damage/penetration of

the thermally evaporated metals [10,16] and then further provide better adherence [17] which can
limit post-deposition diffusion. The adlayers often have additional advantages, such as reducing
injection barriers [18] or secondary functions like an oxidative/degradation-resistant layer
[19,20]. Research into different methods of installing interlayers sought to avoid the challenges
seen with thermal deposition of adlayers by instead utilizing metal oxide solution processing
[12], atomic layer deposition of metal oxides or noble metals [21], and low temperature thermal
evaporation of organic interlayers [15]. However, there are significant challenges that arise from
the utilization of these types of techniques. Spin-coated solution-processed layers are hindered

by rough surface morphologies and the solvents could wear away or dissolve the organic surface
[22,23]. Atomic layer deposition (ALD) has limited metal selection, unintended by-products that
incorporate with growth materials and can be subjected to decomposition [21].

An alternative method of installing adlayers is through a chemical reaction. This
addresses most of the aforementioned challenges while providing additional potential benefits.
Specifically, chemical modification can be designed to install a high surface coverage of
functional groups that are affixed to the surface. Additionally, adlayer chemistry can be installed
with a high degree of control over thickness (e.g. 1-3 nm), offers diverse functionality or
multiplexing, and can target low temperatures avoiding decomposition associated with thermal
deposition [24]. Previous reactions have been shown to work on organic semiconductors but not
on common ETLs [25,26]; as such, work is needed to demonstrate the viability of chemical
installation of an adlayer on an ETL. This is especially true as the reaction must not negatively
affect the sensitive OLED emissive layer for this approach to offer another means of
modification.

Herein, we demonstrate the reaction of propylene oxide with the archetypical ETL
2,2',2"-(1,2,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) as a means of chemically
installing adlayers on the surface. We demonstrate that treatment of TPBi under varying
conditions leads to a controllable addition of propylene oxide on the organic surface. The ability
to maintain a continuous thin-film under reactive conditions is probed, while
adsorption/mechanistic studies can be used to justify both the mode of bonding and adlayer
structure. In accordance with application in OLEDs, the reaction is probed for its compatibility
with device stacks.

2. Methods
2.1 Materials

TPBi (=99.5%, sublimed grade) was obtained from Sigma-Aldrich while evaporation metals (Cr

and Au) were of >99.9% purity and purchased from Kurt J. Lesker. Reagent grade propylene
oxide (299%) from Sigma-Aldrich was used. Organic materials 4.,4'4-tris(carbazol-9-
yDtriphenylamine (TCTA), 4,4'-bis(carbazol-9-yl)biphenyl (CBP), tris(2-phenylpyridine)iridium
(Ir(ppy)3) (>99.5%, sublimed grade) were purchased from Luminescence technology corp. and
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used as received. Molybdenum (VI) oxide (>99.5%, ACS grade) was purchased from Alpha
Aesar and used as received.

2.2 TPBi Thin Film Preparation

Microscope slides were cut (12x25x1 mm) and cleaned with piranha solution (3:1, H ,SO4:H,0,)
for 30 min. The slides were washed with deionized water, sonicated in isopropyl alcohol for 15
min, and dried with a stream of nitrogen. For gold slides, the cut and cleaned glass was placed in
a thermal evaporator (Kurt J. Lesker NANO38) and 5 nm of Cr followed by 100 nm of Au were
deposited at a rate of 1 A/s at a base pressure of 9x10 ' torr. 30 nm of TPBi was then sublimed
onto fresh gold or cleaned glass slides at a rate of 1.0 A/s in a custom sublimation chamber with
a source to sample distance of 16-17.5 cm (<8.0x10° torr base pressure).

2.3 Reaction of Thin-Film TPBi with Propylene Oxide

Freshly sublimed TPBi slides were placed at the far end of a sealed tube (100 mL) with a 2 mL

vial on the opposite end, nearest a septum. The tube was evacuated and filled with nitrogen three
times. Propylene oxide was injected into the vial (which served as the reservoir) through the
septum The septum was replaced with a screw cap and the sealed tube was left under nitrogen

for the duration of reaction. Reaction time, temperature, and reactant amounts are specified in the
text.

2.4 Morphology Assessment Using SEM and Extent of Reaction Using SEM-EDX

The surface morphology before and after reactions was examined at room temperature using
SEM imaging on a Hitachi SU3500 microscope. The samples were mounted onto a specimen
stub using carbon double-sided conductive tape where scans using an acceleration voltage
between 3.0-5.0 kV for secondary electron (SE) images were taken. Backscatter images (BSE-
COMP) were taken at the same acceleration voltages and processed in Imagel. Images were
processed using a binary threshold differentiating substrate (light areas) from carbon (dark
areas). Relative areas were calculated to determine TPBi coverage. Elemental composition
measurements were taken for 45 seconds using 1.0 kV, 100 spot intensity, and 400x
magnification using a Bruker Xflash 6-30 energy-dispersive X-ray (EDX) detector and used to
determine the extent of the reaction.

2.5 Thin Film and Adlayer Thickness Determination Using Ellipsometry

Freshly deposited gold slides were quickly placed onto the stage of a Gaertner Stokes LSE
Ellipsometer to obtain the extinction coefficient and refractive index measurements of the gold
slide. TPBi thickness was obtained after deposition using the refractive index of 1.73 giving the
exact film thickness. The sample was then reacted with propylene oxide and the thickness was
measured again using a refractive index of 1.36 for the chemically installed adlayer.



2.6 Characterization of Thin Film Reaction using High-Resolution XPS

High-resolution carbon (C 1s), oxygen (O 1s), and nitrogen (N 1s) XPS scans were taken using a
Kratos Axis-165 with a monochromatic Al Ka (1486.6 eV) X-ray source. The X-ray had a spot
size of 400 um, 10 mA emission, 20 eV pass energy, a 0.1 step size, and 0.45 eV energy
resolution. A 180-degree, 165 mm hemispherical analyzer was utilized at a take-off angle of 90
degrees. XPSPEAK4.1 software was used for peak fitting using a 30:70 ratio Lorentzian-
Gaussian function with no varying line widths and a Shirley background. The spectra were
referenced using the nitrogen signal, shifting the N 1s peaks to 398.9 eV [27-29].

2.7 Contact Angle Measurement

A 30 nm TPBi film was prepared on gold coated glass slides. Half the samples were reacted for
3hat37 .Reacted and unreacted samples were placed onto a sample stage in front of a fixed
camera where a 15 pL drop of 18.2 MQ-cm water was placed on the surface and images were
taken. Tangent lines were manually drawn and contact angles manually measured.

2.8 OLED Fabrication and Reaction

OLEDs were fabricated on organic substrates pre-coated with a 130 nm-thick layer of indium-
tin-oxide (ITO; Kintec) with a sheet resistance of 15 /0. Prior to organic film deposition,
substrates were washed with tergitol solution (Sigma-Aldrich) followed by deionized water.
Next, the substrates were sonicated in acetone for 10 min, cleaned with boiling isopropyl alcohol
for 10 min, and treated with UV-ozone ambient for 15 min. Organic layers were deposited in a
thermal evaporator (Angstrom Engineering EvoVac) at 1-2 A/s with a base pressure of < 9x10
torr. The Al cathode was deposited at a rate of 2.5 A/s through a shadow mask, defining a device
active area of 4 mm?. The device stack had the following structure: ITO / TCTA: MoO3 (150 nm,
9 vol%) / TCTA (20 nm) / CBP: Ir(ppy)3 (10 nm, 7 vol %) / TPBi1 (60 nm) / LiF (1 nm) / Al (100
nm). After fabrication was completed, the device was encapsulated with epoxy and a glass cover
in an N, glovebox. For the reaction, after the TPBi layer was deposited, the stack was removed
from the evaporator and reacted with 10.0 pL of propylene oxide for 3 h at 37 . Control
devices were left under the N, environment during the reaction.

-7

3. Results and Discussion

The reaction between propylene oxide and TPBi was inspired by prior solution-phase
experiments where propylene oxide was added to several monosubstituted imidazoles [30,31],
adding to the nitrogen at the 3 position (light blue circle in Figure 1a). The reaction was adapted
to the solid phase and applied to a 30 nm thick film of TPBi, whereby the film was exposed to
vapor phase propylene oxide in an inert environment. Figure 1 shows the proposed solid phase
reaction with the addition of propylene oxide to the benzimidazole groups of TPBi with up to
three reaction sites available. Similar vapor/solid reactions (small molecule adsorbates with
pentacene/tetracene) are known to occur primarily at the surface, leading to the proposed adlayer
structure [26,32]. The addition of an oxygenated species allows for a spectroscopic marker of
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reaction that also has functional application, e.g. reducing metal penetration from thermal
deposition of the cathode [32].

Adlayer Adlayer

Organic Layer Organic Layer Organic Layer
(TPBI) (TPBI) (TPBI)

Figure 1. (a) Adlayer formation on the surface of thin-film TPBi during solid-vapor phase
chemical reaction with propylene oxide. (b) Potential metal-organic interactions of the propylene
oxide adlayer.

XPS was used to characterize the reactions due to its surface sensitivity and ability to
determine atomic composition and oxidative states of elements [33]. In particular, increased
levels of oxygen on TPBi will indicate a potential reaction. Figure 2 shows the high-resolution
XPS spectra of the O 1s, C 1s, and N 1s regions of both unreacted and reacted TPBi. In the O 1s
region, there is a significant increase in oxygen percent to 3.6% (increase of 1.7%) for the
reacted samples indicating adlayer formation. This level of oxygen represents a fully formed
adlayer across the surface, rather than a low-density addition at a single location on the TPBi
such as depicted in the inset of Figure 1a.

The C 1s region should give an indication of the differences in chemical state after the
reaction. Figure 2b shows TPBi both pre- and post-reaction, with a notable shoulder appearing at
a higher binding energy region after 3 h exposure to propylene oxide. Assessment of the changes
to the film is accomplished by deconvolution of the two measurements. Deconvolution of the
control is accomplished by fitting to two peaks corresponding to the C-C and C-N bonds at 285.1
and 286.0 eV respectively [28]. The ratio between the C-C to C-N peaks is 2.7 to 1, which also
reflects expected ratios in TPBi1 (C 44NgHz,, 33 C-C, 12 C-N). After the reaction, the C 1s peak
significantly shifts towards oxygenated carbon (>286 e¢V) as well as the added intensity of C-N,
consistent with the proposed reacted structure. Figure 2¢ shows this deconvolution for reacted
TPBi and, keeping the same assignments for C-C and C-N, the relative amount of C-N increases
to 2.4 to 1, indicating additional C-N bonds are being formed when propylene oxide is added to
the imidazole. Additionally, two new peaks were needed at 286.2 and 286.7 eV which
correspond to reported C-N " [27,29] and expected C-O binding energies. The C-N " peak is small
and appears 0.2 eV higher than the uncharged C-N and its addition significantly improves the
deconvolution, while the C-O" only minimally improves curve fitting but is necessary for
elemental consistency with the O 1s measurements.
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Figure 2. High-resolution XPS spectra of the (a) O 1s region and (b) C 1s region. (c)
Deconvolution of the C 1s signal for the reacted sample. Signals are as follows C-C blue, C-N
orange, C-N" green, C-O yellow, raw signal in black, and background in grey (d) High-
resolution XPS spectra of the N 1s region. Blue spectra correspond to the reacted sample. Orange
spectra correspond to the unreacted sample.

The N 1s region also provides data, namely the signal decreases after the reaction, which
can be used to confirm the location and coverage of the installed adlayer. In the case of an
adlayer covering the surface of TPBi, any photoelectrons generated from the underlying TPB1
are now attenuated, decreasing the observed intensity. This is consistent with the measured data
which contains a 45% decrease in the N 1s signal pre- to post-reaction, and thus is the basis of
the proposed structure. Moreover, this decrease can be used to calculate the adlayer thickness.
Here, the intensity from unreacted samples can be used to establish the XPS normalization factor
which, along with parameters such as the mean free path of an electron and approximate atom
density, allow for the thickness to be determined [34,35]. These calculations (Eq. 1-3 in SI)
measure an attenuating adlayer thickness of roughly 1 nm. Again, a full discussion of coverage
occurs during mechanistic studies (vide infra), but the thickness is slightly larger than the
molecular length of propylene oxide on a surface (~0.4 nm), suggesting the adlayer might be two
to three molecules thick. Peak fitting of the N 1s of the reacted sample, seen in Figure S1, show a
new peak corresponding to a nitrogen cation and a decrease the sp > hybridized nitrogen signal
consistent with the hypothesized reaction. Regardless, the increase in oxygen, presence of the
adlayer, and stability of composition under ultra-high vacuum conditions (<I® Torr) are all
indicative of a successful reaction on the surface of TPBi.



To further corroborate the reaction, EDX was used in conjunction with additional
controls. At low accelerating voltages, EDX provides similar composition information and depth
sampling to XPS but also allows for the rapid screening necessary for condition optimization.

The first set of measurements, shown in Figure 3a, are the controls used to corroborate the
reaction. The thin film TPBi was exposed to heat as a negative control and then to ethyl ether as

a non-reactive oxygenated species to eliminate the possibility of non-reactive adsorption. As
expected, the exposure to the control conditions yielded no significant increase in oxygen
percentage with the controls both measuring at 1.0%, near the background signal for freshly
deposited TPBi. In contrast, exposure to propylene oxide significantly increased the oxygen
percentage to 1.6%. The increase in oxygen due to propylene oxide exposure over the controls
supports the conclusion from XPS that the oxygen presence and adlayer formation is due to new
bond formation, between substrate and reactant.
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Figure 3. Relative oxygen percentages obtained by EDX. (a) Propylene oxide (C 3HsO) reaction
versus three controls of freshly deposited TPBi, TPBi only heated 37  for 3 h (no reactant), and
TPBi exposed to diethyl ether all at 37  for 3 h. (b) Increasing the concentration of propylene
oxide from 1.0 to 20 uL at 37  for 3 h. (c) Increasing the time from 1 to6 hat37 and 10 uL
of propylene oxide.

With the efficacy of the reaction corroborated, reaction conditions were optimized.
Figure 3b shows the measured oxygen percentage of TPBi, exposed to increasing concentrations
of propylene oxide, to determine its effect on reaction at 3 hours of exposure. Low amounts of
propylene oxide (1.0 pL) result in virtually no increase in oxygen percentage at 0.9%, similar to
the control oxygen percentages shown previously. Larger additions (5.0, 10.0, and 20.0 pL)
result in the expected dependence of reactivity on concentration with the oxygen percentage
increasing to 1.5, 1.8, and 2.0% respectively. Larger concentrations become incompatible with
the formation of quality adlayers, as described below, while 10 pL is near ideal for the time,
temperature, and chamber volume used.

Varied reaction times were also considered. Figure 3¢ shows that reaction durations > 1 h
were needed to obtain a statistically significant increase in oxygen percentage. Longer durations



(2, 3, and 6 h) result in the expected dependence on time, with oxygen percentages increasing to
1.6, 1.8, and 2.0% respectively. It is important to briefly note that these changes in composition
are also accompanied by associated thickness increases. Ellipsometry measurements, shown in
the supporting information Table S1 and Table S2, were taken of the reacted samples show that
3-hour reactions result in layers between 1.3 and 2.2 nm thick layers slightly thicker than the
values measured by XPS. A maximum of 3.3 nm is observed when the reaction is extended to 6
hours.

Though reaction condition ranges have been examined, there is still one critical variable
to consider: TPBi films have a propensity to crystallize This process is known to occur under
heating [36,37] and could potentially be accelerated by added media (i.e. propylene oxide).
Heated systems can also form non-continuous films as a result of crystallization, which would be
incompatible with devices. Accordingly, scanning electron microscopy (SEM) was used to
determine reaction conditions conducive to maintaining a continuous thin film. Figure 4a shows
an illustrative TPB1 film from non-viable conditions (100 nm film of TPBi, 10 pL of propylene
oxide at 80  for 6 h) and microscopy images display distinct contrast between the areas covered
with TPBi (dark) and the exposed gold substrate (light). Generally, the appearance of crystalline
dendritic morphology features is accompanied by an exposed substrate, as is the case in Figure
4a. The average coverage of TPBi under those conditions was determined using backscatter
images and was 52 + 8% (Figure S2). Numerous conditions were screened to minimize the
appearance of these features and maximize the continuity of the TPBi, including time,
temperature, and substrate. The substrate material has a fairly significant influence on
maintaining a continuous thin film, as seen in Figure S3. TPBi deposited on top of an organic
material maintains a more consistent coverage after heating, followed by silicon and then gold.
It has also been demonstrated that reducing film thickness reduces TPBi’s ability to form
crystallization fronts while reducing temperature limits crystal growth rate [36]. Reducing film
thickness (30 nm), reaction temperature (<40 ), and time (< 3 h) were effective in minimizing
the formation of non-continuous dendritic features. For example, although a 30 nm film treated
with 10 pL of propylene oxide for 6 h at 37 contains a significant amount of crystalline-like
material (Figure 4b, on the left and right of the image), a continuous film of TPBi starts to
emerge, seen by the uninterrupted dark grey area in the center. When the reaction time is reduced
to 3 hours, a continuous film, absent of any dominant crystalline-like features, is retained (Figure
4c). Further examples of time-dependence annealing are shown in SI (Figure S4). Finally, using
higher amounts of reactant or temperatures lower than the boiling point of the reactant leads to
wetting of the surface as seen in Figure 4d. Under these conditions we presume that the reactant
has aggregated on the surface of the TPBi, dissolving the organic film and, once dried, leaves
isolated clusters of TPBi on the surface. Therefore, reactions at 37  for 3 hours with 10.0 puL of
propylene oxide on thinner films (<50 nm) are optimal to maintain thin film integrity compatible
with devices while maximizing the amount of oxygen on the surface.
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Figure 4. (a) SEM image of a 100 nm thick film of TPBi heated at 80 for 6 h with 10 pL of
propylene oxide showing significant annealing of TPBi (dark) and exposed gold substrate (light).
(b) SEM image of 30 nm of TPBi heated 37 for 6 h with 10 pL of propylene oxide showing
continuous thin film character starting to emerge in the center of the film. (¢) SEM image of 30
nm of TPBi reacted at 37  for 3 h with 10 puL of propylene oxide maintains a continuous thin
film on the surface. (d) SEM images of 30 nm TPBi reacted at 37 for 3 h with 20.0 pL
propylene oxide where TPBi appears in localized clusters with large gaps of substrate between
them. Secondary electron images were taken at an acceleration voltage of 3.0 kV.

With the reaction conditions optimized, our analysis shifted to the mechanistic aspects of
the reaction. Upon reanalyzing the C 1s deconvolution, we first find that XPS data is consistent,
though not definitive, with the reaction forming a ring-opening product, which we presume to be
our first step of the reaction. This step is also consistent with prior solution phase work on
unsubstituted and monosubstituted imidazoles [30]. The remaining data heavily suggest a
subsequent step to occur. XPS and ellipsometry data show an adlayer with a calculated thickness
of ~1 nm at 3 hours. This is notably greater than the molecular length of propylene oxide (~0.4
nm). Thicknesses determined via ellipsometry also continue to increase well past this length
with extended reaction times. This suggested a mechanism whereby the initial reaction occurs at
the nitrogen of the imidazole, then later vaporous propylene oxide can react with this adsorbed
species, leading to multiple adsorptions or oligomerization. This mechanism is also based on
solution phase precedence where propylene oxide has been observed to undergo polymerization
under certain conditions [38]. We looked for additional evidence of this mechanism at high
temperatures/times. Though these conditions would sacrifice overall film integrity, the higher
degree of reaction would allow for easier analysis because of the thicker adlayers.



Using high-resolution XPS of films reacted at 80 , we found that there was significantly
more attenuation of the N 1s signal, thus the higher thicknesses measured by ellipsometry were
corroborated in XPS (Figure S5). However, the primary goal was to isolate the signal from the
propylene oxide adlayer, which was accomplished by subtracting the subsurface TPBi signal.
The nitrogen signal (only present in TPB1) has a fixed 6:45 ratio to carbon. Using the nitrogen
signal to determine the amount of carbon associated with subsurface TPBi, the bulk TPBi signal
can be separated from the adlayer, as shown in Table 1. Accordingly, 57.6% of the carbon signal
was assigned to the bulk and was subtracted from the reacted XPS measurements, meaning
28.1% C and 7.9% O are attributed to the adlayer. This is equivalent to a carbon-to-oxygen ratio
of 3.4 to 1 and is close to the 3 to 1 of propylene oxide indicating propylene oxide is the only
material responsible for what is happening on the surface. Coupled together, the data appears
consistent with a mechanism based on the initial reaction with TPBi1 in the initial 1-2 hours,
followed by a transition to oligomerization at >3 hours, higher temperatures, or higher
concentrations.

Table 1. Isolation of Adlayer Signal from High-Temperature TPBi and Propylene

Oxide Reaction (80 )
Signal Signal
TPBi Reacted XPS Attributed 18 Adlayer
o . i Attributed to ;
Composition Signal to TPB1 Ratio
Adlayer
Subsurface
Carbon 88.2 84.4 57.6 28.1 3.4
Nitrogen 11.8 7.7 7.7
Oxygen 7.9 7.9 1

With confirmation of adlayer formation, it was important to determine if the adlayer
could alter the surface properties of the TPBi thin film. This was examined two ways. First,
contact angle measurements were performed to assess whether surface wettability could be
increased via to the propylene oxide adlayer. Before reaction, a freshly deposited 30 nm TPBi
thin film had a contact angle of averaging 76 +3°, shown in Figure 5a. After reaction, the TPB1
film displayed a lower contact angle, averaging 66 =3° (Figure 5b). Thus, the appended adlayer
does impact the surface properties. The second experiment examined whether the propylene
oxide adlayer would limit crystalline-like feature formation after installation. Overall, TPBi is
known to be less prone to annealing after deposition of additional layer. We find that after
reaction, a TPBi thin film with an adlayer developed less crystalline-like features then pristine
TPBi when both were exposed to heat (40 "C for 3 h). More than 50% of pristine TPBi samples
showed appreciable dendritic features (>30% of surface) after heating, while surfaces containing
adlayers never showed any increase in dendritic features (12 samples), Figure S6. Combined,
the two experiments demonstrate the potential of adlayers to impact surface properties of TPBi.
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Figure 5. Image of a water droplet on (a) unreacted and (b) reacted thin films of TPBi, used
to measure contact angle and wettability. Reaction conditions are 3 h at 37.

After showing chemical reaction have the potential to modify electron transport layers, it
was important to determine if chemical installation is compatible with OLED processing and
operation. Bottom-emitting OLEDs were constructed with the following layer structure: ITO
(130 nm) / TCTA: MoO 3 (150 nm, 9 vol%) / TCTA (20 nm) / CBP: Ir(ppy) 3 (10 nm, 7 vol %)/
TPBi (60 nm) / LiF (1 nm) / Al (100 nm). The reaction was included in the process by removing
devices from the evaporator after deposition of TPBi and exposing them to 10 puL of propylene
oxide for three hours at 37  before completing the device. During this time, unreacted control
devices were left in the glovebox. Both sets were tested for current density and luminance
(Figure 6a and b). The measurements show the control and reacted samples have similar turn-on
voltages, with the reacted devices showing reduced current and luminance after turn-on. This
reduction may not be intrinsic to the reaction and may reflect exposure of TPBi to ambient
during the reaction process. No impact is observed on the electroluminescence spectrum (Figure
S7), and both devices show similar peak external quantum efficiencies and efficiency roll-off
characteristics (Figure 6¢). This further suggests that exposure to propylene oxide does not
adversely impact the electron-hole charge balance in the device.
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Figure 6. (a) Current density-voltage, (b) luminance-voltage, and (c) the external quantum
efficiency-current density characteristics for reacted (blue) and unreacted (orange) OLEDs.
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4. Conclusion.

In summary, we have developed and characterized a reaction between TPBi and
propylene oxide to show chemical installation is a viable method for installing adlayers on ETLs.
EDX and high-resolution XPS indicate a controllable 1-3 nm thick layer of propylene oxide
remains on the surface of TPBi. SEM imaging shows the integrity of the thin film is maintained
for device compatibility when the reaction is held to milder conditions. Exposing a bottom-
emission OLED device to the mild propylene oxide reaction results in no serious damage and no
significant negative effects on the device's functionality. This reaction provides evidence that
chemically installed adlayers are possible on common ETLs and shows a new route of surface
modifications of TPBI that can address the problems surrounding modern OLEDs and ETLs.
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