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Abstract: Organic optoelectronic device behaviour is heavily dependent on interfacial effects due
to the device architecture and thickness. Interfaces between the inorganic electrodes and the active
organic layers play a defining role in the all of the electronic and stability processes that occur in
organic light emitting diodes (OLEDs) and organic solar cells (OPVs). Amongst the many interlayers
introduced at these interfaces to improve charge carrier movement and stability, LiF has proven to be
the most successful and it is almost ubiquitous in all organic semiconductor devices. Implemented
at both top and bottom contact interfaces, doped into the charge transporting layers, and used as
encapsulants, LiF has played major roles in device performance and lifetime. This review highlights
the use of LiF at both top and bottom contacts in organic optoelectronics, discusses the various
mechanisms proposed for the utility of LiF at each interface, and explores its impact on device
lifetimes. From examples relating to charge carrier flow, interfacial electronic level modification, and
interfacial stability, a comprehensive picture of the role of LiF in organic devices can be formed. This
review begins with a brief overview of the role of the interface in OLEDs and OPVs, and the general
properties of LiF. Then, it discusses the implementation of LiF at the top contact electrode interface,
followed by the bottom substrate contact electrode, examining both performance and degradation
effects in both cases.
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1. Introduction

Semiconducting devices utilizing 77-conjugated organic molecules have been of sig-
nificant research interest for over 30 years, with next generation hardware systems based
on organic light emitting diodes (OLED), organic photovoltaics (OPV), organic transistors,
organic memory devices, and organic sensors all being developed and optimized. OLEDs
are already available commercially in lighting and displays [1], and organic photovoltaics
(OPVs) have reached efficiencies surpassing amorphous silicon, and approaching thin film
crystalline Si solar cells [2,3].

In all such molecular devices, heterojunctions between electrodes, interlayers, and
active materials play a strategic role. For OLEDs, effective carrier injection and light
extraction are managed by the interfacial structures between the organic active layers and
the inorganic contacts. For OPVs, all of the major processes are defined by the nature of
heterojunctions: organic/organic interfaces determine the exciton separation efficiency;
organic/inorganic interfaces with substrates determine the active layer morphology, which
critically determines charge transport; and electrode/active layer junctions dictate charge
extraction efficiency. Similarly, the long term viability of organic devices is dependent on
minimizing interfacial electronic level modifications, interfacial chemical reactions, and
interfacial morphological changes.

Lithium fluoride (LiF) is widely used as a buffer layer in organic devices, even though
as a wide band gap insulator, it should have inaccessible energy levels. The introduction of
LiF in organic devices has been shown to modify electrode work function [4-7], modify
the interfacial reactivity [8-10], and modify the contact adhesion [11,12]. This has allowed
LiF to be effectively implemented at both top and bottom electrodes to improve device
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performance. Additionally, LiF interlayers also have significant impacts on the stability of
organic devices, through control of interfacial chemical interactions and modifications of
the interface morphology at either electrode.

In this contribution, the aim is to highlight the use of LiF in organic optoelectronic
devices to understand its impact on performance and stability. From examples of our own
research and others relating to electrical behaviour, interfacial chemical interactions, and
interfacial morphological changes, a comprehensive picture of the role that LiF plays at
interfaces in devices can be made.

2. Role of the Interface in Organic Devices

Organic optoelectronic devices are most commonly used in diode configurations,
consisting of a multilayer structure built up on a glass substrate, with the active organic
films sandwiched between two dissimilar electrodes, as developed by Kodak in the late
1980’s [13,14]. For typical device configurations, the bottom contact is deposited first,
directly onto the substrate. Such contacts tend to be thin transparent conductive films
of high work function suitable for hole injection (typically indium tin oxide (ITO)), with
additional electrode materials for inverted configurations. Atop the electrode, one or
more organic layers are deposited, each between 50 and 100 nm, that can act as hole-
injecting, hole transporting, light emitting or absorbing, electron transporting and electron
injection/hole blocking layers. The top contact is then evaporated or screen printed on
top of these organic layers. Multiple evaporation/deposition steps may be required for
electrode formation if multilayer electrodes are desired. Finally, the device is usually
encapsulated to prevent oxidation of the various layers.

The thickness of these devices, generally between 0.1 and 2.2 um, magnifies the role
of the interface in device behaviour, as the interfacial interaction region can dominate the
thickness of the active layers. The major effect of the interfacial properties is on carrier
injection, and therefore on effective conduction, absorption, and luminescence, and on long
term device reliability.

2.1. Carrier Motion across Electrode Interfaces

Due to the observed temperature dependence of the current-voltage behaviour of
organic devices, electron injection into or charge extraction out of the organic layer is pre-
sumed to be controlled mainly by a thermionic emission process, governed by a modified
Richardson Equation [15]

B 5 1/2
Jinj = 4C*NoepE exp (,j;s) exp < (4:712(1?]")2) ) (1)

where ( is a function of the electric field, N, is the density of charge hopping sites, ¢ is the
barrier to injection, E is the applied electric field strength, y is the electron mobility, € is the
material permittivity and e is the electron charge.

Most of the variables controlling this mechanism are set either by the device conditions,
such as the applied electric field and operating temperature, or by the organic layer prop-
erties, such as the dielectric constant, thickness or mobility. Therefore, it is the interfacial
conditions—the barrier to charge injection and the density of interfacial sites—that control
the modification of injection properties. Baldo et al. [16] has shown that the barrier to
charge injection is controlled by the formation of interface dipoles, with injection from
this dipole region into the organic being the limiting mechanism. This is supported by
experimental evidence of band bending and Fermi level pinning, showing that the or-
ganic molecular orbital-metal Fermi energy band offset was independent of the metal
work function for various organic materials [17-19]. Other effects such as the “pillow” or
“push-back” effect [20,21], the integer charge transfer model [22,23], induced density of
interface states (IDIS) model [23-25], interfacial electrostatics model [26], metal induced gap
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states [27-30] and tunnelling barriers [30,31], which have also been proposed as possible
injection mechanisms, are also confined to the interfacial region.

2.2. Device Reliability

Unlike inorganic optoelectronic systems, all organic devices are prone to instability,
with performance degrading over timescales that can affect large scale commercializa-
tion [32]. As efficiencies continue to increase, device lifetime is the second critical parameter
for organic device commercialization [12,33,34]. Contrary to their inorganic counterparts,
organic semiconductor devices are not intrinsically stable chemically or insensitive to light
and the ambient environment. Rather the small molecule or polymer active layers them-
selves, the electrodes, and all interfaces are all susceptible to degradation. Consequently, no
single mechanism can completely describe the complex processes involved in degradation
in organic devices.

Occurring during operation and storage, degradation for organic systems is a continu-
ous process, taking three forms: loss of conjugation of the active layers and irreversible
deterioration, loss of the conductive properties at interfaces, and mechanical disintegra-
tion [12]. Degradation mechanisms are known to include crystallization or oxidation of
organic layers, electrode oxidation, interfacial reactions between various components, diffu-
sion of electrode and interlayer materials, diffusion of molecular oxygen and water into the
device, intermixing and interdiffusion of organic materials, phase segregation and dewet-
ting, delamination of any layer, and the formation of bubbles, debris and cracks [12,34,35].
All result in loss of the measured electrical properties. It is common to describe the device
lifetime using the time it takes to decay as some percentage of the initial performance,
typically 50% or 80% of initial performance for OLEDs (t50) and OPVs (tgp), respectively.

Both top and bottom contacts are vectors of instability in organic devices. The top
metal contact is typically the most vulnerable, as degradation there proceeds more rapidly
than anywhere else in the device [34]. The possibility of chemical reactions that can take
place at the interface, such as the destructive reaction of the organic layer induced by
the electrode [36,37], or the electrochemical coupling of cathode alloy components [38],
can greatly affect both the long and short term device characteristics. Additionally, the
surface morphology and interfacial defects can act to limit device performance through
cathode delamination [12,38,39], or pinhole formation [40,41], which are often linked to
interfacial reactions. Delamination for OLEDs and OPVs, exaggerated for flexible devices,
could result from oxide formation yielding interfacial volume changes [42], hygroscopic
interlayers at inorganic electrodes, such as PEDOT:PSS or LiF [11,43] swelling or dissolving
with exposure to ambient water; or active organic layers swelling with water or solvent
vapour absorption [44]. Top contact delamination results from a cohesive failure within
the organic layer, with the fracture plane roughly within 5-10 A of the interface [12,37,45],
outside of any interfacial interaction zone.

As the substrate upon which the device is built, the bottom contact is also influential
in device stability. Morphological, chemical and electronic changes over the lifetime of the
device all contribute to device failure [34]. There are four criteria which result in an unstable
interface: a mismatch in surface energy, a material with low glass transition temperature,
a reaction between organic and substrate materials, and an inconsistent surface work
function. An erratic and mutable interface is detrimental to both OLEDs and OPVs as the
device response critically depends on the nature of the electrode interface and of the hole
transporting (electron donating) (HTL) film deposited on it [34].

3. LiF General Properties

Lithium fluoride (LiF) is an alkali halide that appears as a solid white powder. It forms
as an ionic crystal with the cubic rock salt (NaCl) structure, occurring in nature as griceite,
an extremely rare mineralogical form [46]. With a bulk lattice parameter of 4.0271 A[47],
lithium and fluorine in LiF have the smallest radius between alkali and halide ions. The
Li—F bond distance (i.e., nearest neighbour distance) in face centred cubic (FCC)-solid LiF
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is 2.014 A while the cation-anion bond length Ry in the isolated molecule is 1.586 A [48].
This is a result of fluorine having the highest electron affinity amongst all the elements. LiF
monomers have high dipole moments of 6.3 Debye, giving it a strongly ionic character.

The special technological and scientific interest in LiF stems from its electrical and
optical properties. Due to its high band gap of 13.6 eV [49], one of the largest known for
solids, LiF makes an excellent electrical insulator, and is useful for specialized optics in
the ultraviolet region of the electromagnetic spectrum [50-52]. However, ultrathin layers
of thermally evaporated LiF are known to reduce the work function of metal electrodes,
significantly enhancing carrier injection and field emission in semiconductor devices [5].
LiF produced from solution [6,7] has been used to tune the ITO surface work function,
using surface dipoles. Dipole layers in LiF thin films on diamond surfaces have also been
seen to lower the surface work function by inducing negative electron affinity [53].

LiF is particularly susceptible to irradiation and heating, developing optically and
electrically active defects, colour centres, and hardening sites [54-57]. LiF is unique in that
any kind of ionizing radiation can create defects that are room temperature stable [56]. This
ability to form stable active defects makes LiF particularly attractive for applications in
optoelectronics [55].

Thin films of LiF are mainly produced by vapor deposition techniques, with LiF subli-
mating at 845 °C [58]. Evaporative deposition of LiF is generally substrate independent
for amorphous and polycrystalline substrates [59,60], including ITO [61], and organic sur-
faces [62]. When thermally evaporated, LiF has a granular and porous morphology, with
large surface roughness [57,61,63], being made up of crystallites roughly an order of magni-
tude larger than the nominal deposited thickness [61,62]. This is thought to result from the
strong ionic bonding in LiF preventing full wetting of thin layers on the surface [59,60,64].
However, the size of crystallites can greatly depend on the deposition conditions. Slower
deposition rates, at lower evaporation temperatures, can result in significantly smaller
island sizes than those formed at higher deposition rates [61] due to the higher preva-
lence of monomer evaporation as evaporation temperature decreases [65,66]. A deposition
greater than 3 nm, as measured by a quartz crystal thickness monitor (QCM), is typically
needed to form complete layers on most surfaces [59,61,64,67,68]. At 1 nm deposition, as
measured by QCM, coverage is ~80%; below this nominal thickness, crystallites of roughly
the same size cover less and less area [61,62]. The vapour phase of LiF tends to consist of
dimers, trimers and higher order LiF clusters during evaporation [65,66,69-71], resulting
in roughly similar sized islands of LiF nanoparticles coalescing on the surface until a full
layer is formed.

Structurally, LiF thin films are similar to their bulk crystallographic structures, with a
polycrystalline arrangement where the (111) planes are nearly normal to low temperature
substrate surfaces (Ts; < 200 °C) [64] ((1697) surface texture [68]). At higher substrate
temperatures during growth (Ts > 250 °C), crystallites are arranged with their (100)
orientation parallel to the substrate surface ((522) surface texture [68]). Deposition at high
substrate temperatures (T; greater than 300 °C) results in fully oriented single crystals
rather than polycrystalline films [72,73].

To take advantage of fully solution processed organic devices and controllable sub-
monolayer coverage of LiF, Turak and coworkers [6,7,61,74] produced uniform LiF nanopar-
ticles from diblock copolymer micelle templates. Using reverse micelles not only results in
the formation of particles with a very narrow size distribution of less than 2% variation in
the particle diameters [7,74], but also allows the monolayer deposition of LiF nanoparticles
with less than 15% surface coverage. Surface coverage by mostly disconnected LiF islands
can be systematically increased using successive coating and etching steps until a complete
layer is formed [6,7,61].

4. LiF Interlayers at Top Contact Interfaces

Historically, with limited understanding of the true nature of organic/metal interfaces,
the barrier to charge injection was presumed to simply be the difference between the lowest
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unoccupied molecular orbital (LUMO) of the organic molecule and the work function of
the metal cathode in contact. Therefore, initial studies used low work function metals as
the top contact, including Li, Mg, and Ca [75]. Such low work function cathodes, which
achieve high injection efficiency due to the ease of electron stripping, are unfortunately
also highly reactive and unstable. Therefore, they are prone to oxidative or corrosive attack
by the organic layers or by atmospheric gases [12,34].

As well, due to the small size and relatively high thermal energy of the evaporated
metal, the impinging "hot" atoms can diffuse into the weakly bonded organic layers [76-79].
This can severely limit their injection behaviour, such as the case of metal diffusion from
Ca cathodes leading to photoluminescence quenching in oligomers [80], or the formation
of recombination centres in P3BHT:PCBM [81].

To mitigate these effects, attempts were made to modify the cathode materials by
alloying with more stable metals or by introducing interfacial buffer layers. The shift to mul-
tilayer electrodes also led to the adoption of more stable metals, such as Al and Ag, which
generally showed poor injection characteristics by themselves. In 1997, Jabbour et al. [82]
and Hung et al. [19], within months of each other, introduced a LiF interlayer for a device
based on an Alqj electron transport (ETL) and emitting layer (EML), and the bilayer Al/LiF
electrode has been the most ubiquitous and effective top contact electrode for most organic
devices, due to its superior properties and ease of reproducible fabrication compared to
alloy cathodes.

Figure 1 shows the impact of introducing a LiF interlayer beneath an Al top contact
electrode for single carrier devices, OLEDs and solar cells. For single carrier diodes, it can
significantly reduce the built-in voltage, achieving a flat band condition at much lower
injecting voltages and producing ohmic contacts. For OPVs, the open circuit voltage is
significantly increased, leading to higher conversion efficiencies. For OLEDs, both current
density and luminance are significantly increased, with a lower turn-on voltage. For all
cases, the introduction of LiF has improved the device performance.
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Figure 1. (a) Impact of a thin LiF layer (1.0 nm) between cathode metal and electron transport
material on the current-voltage, I-V, characteristics for Alq; (65 nm). Insertion of LiF between
aluminum and Alqj significantly enhances the injection current. Adapted from Ref. [83] copyright
(2000) with permission from Elsevier. (b) I-V characteristics of Al/Cgy/ Al devices with and with-
out LiF interlayer 0.5 nm. The bias was applied to the bottom electrode in reference to the top
grounding electrode. Adapted from Ref. [84] with the permission of AIP Publishing. (c) Typical
illuminated current density—voltage, ]-V, curves for photovoltaic cells with the inclusion of a LiF
layer. Adapted from Ref. [85] with the permission of AIP Publishing. (d) Luminance-voltage (L-V)
characteristics of multilayer OLED device with Alqj electron transporting layer. Device structure
glass/ITO/NPB(60 nm)/Alq(25 nm)/LiF (0 or 0.5 nm)/Al(150 nm).
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The effectiveness of LiF in improving charge motion at the interface is highlighted
by a study of the impact of solvent annealing in PSHT:PCBM based solar cells [85], where
the LiF interlayer overshadows the impact of other processing steps and even accommo-
dates suboptimal morphology development. In that study, Turak et al. [85] showed that
introducing a LiF interlayer almost eliminates the need to optimize growth and annealing
parameters, with both solvent annealed (“slow”) and non-solvent annealed (“fast”) films
having much improved and similar device properties, as shown in Figure 2. Without the
LiF interlayer, not only did the devices perform much worse, but the drying time had
a significant affect on the device performance. This underscores the importance of the
interface in such devices.
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Figure 2. Box plots for the (a) power conversion efficiency, (b) open circuit voltage, (c) fill factor, and
(d) short-circuit current, for fast and slow drying of PBHT:PCBM solar cell films, with and without a
LiF interlayer. Data incorporate results from 10 devices. Adapted from Ref. [85] with the permission
of AIP Publishing.

While the positive influence of LiF on device efficiency is well documented [4,19,84,86-88],
the underlying working principle is still somewhat controversial. It is generally understood
that Al/LiF forms a “good” contact, with dramatically enhanced energy-level alignment with
a number of organic materials, resulting in ohmic or quasi-ohmic behaviour [84,89,90].

Changing the electrode metal or organic transport layers has a major influence on
the effectiveness of a thin LiF interlayer, with certain bilayer combinations, such as
Mg/LiF [10,83,91] having a negative effect on device performance, while others such
as Ag/LiF [31,92] have no effect at all for small molecule or fullerene based ETLs (see
Figure 3). For polymeric conducting layers, other bilayer combinations such as CsF/ Al
and LiF/Ca/Al, are more effective electrodes [93,94].

The many investigations into the impact of an interlayer between the organic and the
metal cathode have resulted in the proposal of many conflicting mechanisms, for all of
which there is both supporting and contradicting evidence. These mechanisms include
electron tunnelling through thin insulator layers [19,87], band bending at the metal/organic
interface [19,87], lowering of the cathode metal work function [4,5], introducing interfacial
dipoles [16], and doping of the organic layer with ions dissociated from the interfacial
compound [95-97]. Due to the strong bonding of LiF, dissociation was speculated to require
the presence of Al and moisture [95,98]. Though it is widely believed that LiF dissociation
is the dominant mechanism [31,95,99,100], there has been no conclusive evidence of the
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strong ionic bonding of LiF being broken [8,9,91] nor of Li and F existing in a chemical state
other than LiF [9,19,87,95,100,101], though charge transfer between the LiF and organic
layers are often observed [98,102]. Additionally, studies showing similarly improved
performance for LiF doped organic layers [83,99,103] or thick alternating stacks of LiF
and organic films [104] suggest that the mechanism is complicated and multiple factors
influence the interfacial energy level alignment.
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Figure 3. Effect of interlayer with a variety of cathodes for relative efficiency for a LiF interlayer.
Adapted from Ref. [83] copyright (2000) with permission from Elsevier.

As LiF is a wide band gap insulator [105], it is typically only effective as an interlayer
below a critical thickness as an ultrathin layer [19,30,88,95,106-109]. For Al top electrodes,
this is generally between 0.5 and 1.5 nm. Above a critical thickness, LiF’s capacity to improve
charge transfer diminishes, which deteriorates device performance. However, in some cases,
the use of thicker LiF layers have shown improved performance, such as 3-5 nm for Ag [110],
up to 10 nm with Cg, [91], or between 2 and 50 nm for poly(spirofluorene) [111].

Due to the high surface roughness of typical 7t conjugated molecular films used
in devices, separating the LiF morphology and structure from that of the underlying
organic layers can be challenging. Studies have either used indirect methods [112,113] or
described island growth on rough surfaces, which obscures and limits information on the
coverage and size of the LiF islands [114-116]. However, Turak and co-workers [61,62,117]
showed directly by using well ordered small molecules that form large smooth terraces (di-
indneoperylene, DIP) that, at thicknesses used in typical systems, LiF forms disconnected
nanoparticles roughly 0.5 nm in diameter on organic surfaces without disrupting the
crystalline packing of the underlying organic layer (see Figure 4). They have observed that
LiF deposits as similar sized nanoparticles that coalesce on the surface until a full layer is
formed, as on other surfaces. Therefore, for QCM measured thicknesses below 30 A, the
nominal film thickness is less useful than direct observation of the size, distribution and
coverage of crystallites when trying to determine the mechanism for LiF as an interlayer.

Though island growth suggests the formation of a complete layer on the surface after
approximately 20-30 A deposition [61,62], the maximum possible useable thickness of
the LiF layer in a device is highly dependent on the nature of the underlying organic
layer. In most cases, performance is maximized for submonolayer films, but some systems
can perform well with extremely thick LiF layers [89,91,103,111,118], as seen in Figure 4c,
comparing a device with an Alqz ETL to one with a Cg layer.
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Figure 4. Thickness dependent LiF deposition on top of planar monolayer (ML) by monolayer grown
di-indenoperylene (DIP) (a) GIXRD data support the formation of crystalline nanoparticles on well or-
dered organic molecules without disrupting the crystalline packing. Centre positions of the observed
in-plane peaks were fitted with Lorentzian functions. Inset shows the schematic arrangement in the
observable crystallographic planes in real space for DIP herring bone structure and LiF FCC structure.
(b) AFM micrographs of low coverage (~7 A) and (c) high coverage (~15 A) show the LiF islands
formed on top of the large flat plateau islands of DIP. Height profile beneath corresponds to the
line in the AFM micrograph, showing height steps between different DIP layers and peaked height
fluctuations (20-70 A) due to LiF. Reproduced with permission from Ref. [62]. (d) Luminance-voltage
(L-V) characteristics of multilayer OLED device with Alqy and NBB (Cg) electron transporting
layers with relatively thick LiF layers, which form a complete layer on top of the organic molecule.
Though 10 nm completely blocks emission from Alqs based devices, the emission characteristics
are unchanged for the NBB layer. Device structure glass/ITO/NPB(60 nm)/Alq(25 nm)/NBB(0 or
20 nm)/LiF (4 or 10 nm)/Al(150 nm). Reproduced with permission from Ref. [91].

Role of LiF in Top Contact Stability

In addition to its role in improving device performance, LiF interlayers have also been
very effective in improving device stability, and its role has been widely
studied [8,10,12,34,91,104,119-127]. In general, at the top contact side, buffer layers should
block oxygen and moisture, prevent metal diffusion, enhance adhesion, and inhibit interfa-
cial reactions [34]. The best reported improvements in lifetime for LiF interlayers, relative
to the electrode without LiF, are given in Table 1. Lifetime, as described previously, is
defined as the time for the initial electrical behaviour, either current density or efficiency,
to decay to some percentage of its initial value, typically 50% for OLEDs and 80% for
OPVs [12,34].

For Al electrodes, LiF improves both lifetime and electrical performance for both
OLEDs and OPVs. Turak et al. [8] using X-ray photoelectron spectroscopy (XPS) and
Paci et al. [128] with X-ray reflectivity (XRR) showed that sub-monolayers of LiF slow
down oxidation at Al surfaces (see Figure 5). Lattante et al. [123] found that LiF stabilized
the series resistance in OPVs with exposure to air. Ganzorig et al. [120] saw that dark spot
formation rates decrease when bilayer electrodes with LiF are used. Huang et al., and
developed further by Turak [34,86], showed that 0.5 nm LiF is sufficient to increase the tgy
from 10 to 60 min for single layer diodes, with thicker layers providing better protection [34].
A Cg/LiF multilayer stack [104], and LiF doping into Cg [118] and Alqs [129] layers for
bulk heterojunction devices also improved the device stability, with higher roughness and
decreased interfacial injection barriers. However, this improvement is not universal; the
accumulation of charged defects within the layer has been suggested to play a role in the
catastrophic failure of OLEDs [127], and some metal cathodes, such as Mg and Cu, rapidly
degrade when used with a LiF interlayer [8,10,83,91,130].
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Table 1. Best improvement in the device lifetime, t5q (for OLEDs) and tgg (for OPVs) for LiF used at
the top electrode relative to without its use, either as an interlay or an encapsulant.

Interlayer tso/tso Electrode ETL
OLEDs
LiF 16x Al Alqgs [120]
LiF 2x Al MEH-PPV [131]
Alqz:NPB+LiF 1.3% Al/LiF Alqs:NPB [129]
OPVs
LiF/Cu 1.5x% Cu Ceo [130]
LiF/Al 1.2x Al MDMO-PPV:PCBM [128]
CuO/LiF/Al 150 x Al P3HT:PCBM [125]
LiF/Al 2.7% (tgg) Al P3HT:PCBM [104]
Cgo:LiF composite /Al 6.2% Al P3HT:PCBM [118]
Cgo/LiF/Al >3.3% (tgg) Al P3HT:PCBM [104]
encapsulants
UV+LiF encapsulant 15-25x Al/LiF Algs [132]
LiF (120 nm) encapsulant 11x Al/LiF Alqgs [132]
(a( [y (g)
800 % /ﬁ U TR
60% Al substrate
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LiF Deposition time (min)
A @oo
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8 50
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Figure 5. AFM micrographs of evaporated LiF films (a) bare Al (100) single crystal (b) after 20 s
deposition of LiF (c) after 8 min (d) after 26 min (e) surface coverage and height as a function of
LiF deposition time. Reproduced with permission from Springer Nature from Ref. [61] Copyright
(2021). (f) Growth of oxide on Al surfaces, monitored by XPS, for thickness as estimated by the simple
overlayer model. Lines represent a linear sum of reduced squares best fit of the data for the bare Al
surface and the surface with 10 A LiF deposition. Uncoated Al and 5 A LiF coated Al both show a
bend in the curve at around 60 h. The open triangles represent the predicted oxide values scaled
by the LiF coverage as predicted by angle resolved XPS. Reproduced with permission from Ref. [8].
Copyright 2007, The Electrochemical Society. (g) Schematic oxide growth model on LiF coated Al
surfaces. (Top) Initially, growth occurs between LiF islands, producing a columnar structure. As
growth progresses, Al diffuses through the LiF islands and growth occurs over the islands, leading
to (bottom) an embedded structure. (h) The loss of performance after one day, and the shelf life (t19)
relative to the 0.5 nm LiF interlayer, as a function of LiF thickness for C¢, based OLED devices with
Al/XLiF cathodes. The lines are a guide to the eye. Reproduced from Ref. [34] with permission of
The Royal Society of Chemistry.

While the impact of LiF is well documented, the mechanisms for stability improve-
ment, such as those for electrical enhancement, are still not completely understood. The
effectiveness of LiF in stabilizing the interface also challenges the commonly held belief
that dissociation and doping with Li* is a dominant mechanism, as such radicals have
been proven to be detrimental to device stability [12,34], and would not be expected to
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effectively block oxidation of the electrode. Therefore, there does not seem to be a clear
mechanism for stability improvement if the LiF layer was dissociated. On the other hand,
if LiF was intact, a potential explanation for these disparate effects for different electrodes
could be related to interfacial oxidation, as studied by Turak and coworkers [8,10,34,86,91].

In particular, Cg, based diodes with LiF bilayer electrodes using Al and Mg have
been helpful to understand the role of LiF [10,34,86,91]. Due to the rapid doping and
oxidation of Cg, with exposure to oxygen, such devices decay quickly if unencapsulated.
By encorporating a 0.5 nm LiF layer with Al, Huang et al. was able to increase tgy of such
devices from 10 to 60 min [86]. However, ultrathin layers of LiF consist of an agglomeration
of LiF nanoparticles [61,62] that do not completely cover the surface, as shown in Figure 5.
Such a nanoporous LiF layer is not able to prevent electrode oxidation (see Figure 5f) [8],
and the device has only 85% of its initial current after exposure to air for 1 day [34].
Increasing the thickness of LiF can limit this current decay, as shown in Figure 5h, which
shows the initial current decay and relative unencapsulated shelflife (¢19) as a function of
LiF thickness [34]. In such devices, the current degradation follows a typical decay curve,
described by two exponentials [12]. The monotonic decay rate, which sets in after one
day exposure to ambient atmosphere, is the same for all thicknesses of LiF [34]. As such,
it is likely related to the oxidative degradation of the C¢ layer [133-135]. This oxidation
is reversible, as Huang et al. [86] showed that annealing for 24 h in vacuum completely
recovers the tunnel diode characteristics for C¢y diodes with a 0.5 nm LiF interlayer with
Al electrodes.

The initial decay, on the other hand, is most likely related to the oxidation of the
interface. As Turak [34] showed, the initial current loss after one day can be reduced by
half by increasing the thickness of LiF to 3 nm (Figure 5h). Chin et al. [119] also observed a
thickness dependence in the initial loss of luminance during degradation for OLEDs with
LiF/Ca cathodes. The shelf lifetime (t19) for Cgy diodes described by Turak [34], heavily
affected by that initial current loss, increases with LiF thickness, mirroring the protection
provided by the LiF layer against electrode oxidation. For Al electrodes, a 0.5 nm LiF
layer does not sufficiently passivate the surface against oxidation (see Figure 5f) [8] due
to incomplete coverage, and with similar interlayer thickness, the device still degrades
relatively rapidly. Increasing the thickness to 1 nm improves the shelf lifetime by nearly
a factor of three [34], which reflects the passivation of the Al surface with 1 nm of LiF
observed by Turak et al. [8]. Above 2 nm, which corresponds to the onset of nearly complete
coverage as shown by Lee et al. [61], the shelf lifetime becomes independent of the LiF
thickness. The fact that oxidation is the dominant decay mechanism is supported by the
work of the Krebs group for C¢ based solar cells, where LiF had no impact on the device
degradation, when devices were encapsulated [122].

Beyond blocking interfacial oxidation, the LiF layer has also been shown to prevent
oxygen and water diffusion into various organic layers, as demonstrated in Grozea et
al. and Turak [9,34]. Though Grozea et al. [9] showed that 20 nm of LiF are sufficient to
completely block oxygen penetration to the organic layer, Turak [34] saw chemisorbed O
and Al throughout the interlayer thickness for thinner layers (Figure 6). With a nanoporous
layer consisting of agglomerated nanoparticles on the organic surface [61,62], thinner LiF
layers do not completely prevent Al from penetrating into the organic layers, trapping
laterally diffusing oxygen atoms away from the injection zone. As a bonus, this effect
consumes some of the molecular oxygen that would otherwise act as bulk conduction traps
within the Cg layer itself [135]. Therefore, the LiF interlayer protects the device by both
scavenging oxygen within the LiF layer and preventing oxidation at the critical injection
region. Gao et al. [118] used this effect to achieve a t5p of 2300 h with a C¢y:LiF composite
buffer layer for PSHT:PCBM OPVs.
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Figure 6. (a) XPS Al 2p core level for the sputter profile through the thickness of the LiF layer for peeled
Al/10 nm LiF cathodes on Cg based OLEDs, showing the evolution of the chemisorbed Al. Reproduced
from Ref. [34] with permission of The Royal Society of Chemistry. (b) XPS depth profile on the Al/LiF
side of peeled off interface with 20 nm LiF layer. The evolution of the Al 2p, and O 1s core level features
is shown as a function of the distance from the interface. The presence of an Al oxide at the Al/LiF
interface suggests diffusion of O through pinholes in the Al films. Such O diffusion ends abruptly at the
Al/LiF interface. Adapted from Ref. [9] with the permission of AIP Publishing.

Changing the electrode material, however, can result in completely different be-
haviours in LiF interlayers. Under mild electrical stress (~6 V), Turak et al. [10] saw sig-
nificant bubbling and device failure for Mg/LiF electrodes in C¢, and Alqs based devices.
This was thought to be as a result of high Joule heating, from the high barrier to charge
injection [34]. Using an in-house developed Scotch tape peel method [91], Turak et al. [10]
examined the buried interface, seeing enhanced molecular breakdown of Alqs with LiF,
corresponding with the observation that LiF on Mg surfaces form bulky carbonates that
enhance electrode oxidation [8]. Ghorashi et al. [130] saw that Cu electrodes for Cgy based
OPVs similarly had worse stability with a LiF interlayer, though they were able to increase
the lifetime if the bilayer was exposed to an ambient atmosphere to allow the formation
of copper oxides. Therefore, the oxidation behaviour of the interface seems to dictate the
effect of LiF for different metal electrodes.

One possible explanation for the disparate performance of different metal /LiF combi-
nations may be attributed to the coherence of the interfacial layers with the metal electrode,
using the bulk lattice constants as a rough guide in predicting the oxidation resistance
and interface integrity. If an overlayer is not well matched with the underlayer, it may
not be able to form a protective barrier at the interface. The distortion in the interface
coherence can allow fast diffusion pathways for oxygen and water, increasing the oxidation.
The surface lattice constant, assuming (1 x 1) surface structure, therefore, could be used
to predict which of these interfaces will provide a better contact. In this case, the lattice
matching can be defined from a coincidence-site lattice concept [136], where the long and
short axes of the surface unit cell for a given plane are matched to gauge the coherence of
the interface. The misfit is defined by

as—a
A=2ATYB @)
aa
where a,, is the surface lattice constant along a given direction on the surface plane. If the
lattices match over a broad range of orientations, the likelihood of the grains having similar,

well matched orientations is high. Table 2 shows the lattice mismatch comparisons for low
indexed planes for Al/LiF and Mg/LiF bilayers.
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At thicknesses typically used in optoelectronic device cathodes, 5-10 A, evaporated
LiF does not completely cover the surface, instead forming islands, as seen in Figure 5 for
LiF on single crystal Al For Al, even without complete surface coverage, LiF is effective
in decreasing the oxidation rate due to broadly matched lattices of the overlayer and the
substrate, as shown in Table 2. As LiF and Al have good lattice matching over a broad range
of orientations, it is likely that, upon deposition, any one of the preferred planes is aligned.
The commensurate LiF islands, therefore, give the Al surface a corrugated structure upon
which the oxide grows, as in Figure 5, with the islands acting as diffusion barriers for Al
atoms. Turak et al. [8] found that ion diffusion was two orders of magnitude faster in the
oxide alone compared to the combination of LiF and oxide on the metal surface.

Table 2. Lattice constant comparisons for low index planes.

Lattice Misfit @ Best Matched Interface
{100}//{100},
Al/LiF 0.7% {110}//{110},
{111}//{111}
Mg /LiF 11.3% {0001}//{111}P
1.9% {0001}//{0001}
Mg(OH _ -
Mg/Mg(OH), 1.9%, 5% (1102)/(1102)
Mg/MgCO; 30.8% {0001}//{0001}
? Lattice constants ay = 404 A [137], ayp = 402 A [138], 2, = gg—ﬁ [137), 4 ygom, = %ﬁ [139],

EMgco, = S S [1401. 0 {1000} symmetrically equivalent to {111} [141].

When the Al is deposited on top of the LiF on an organic, such as in device structures,
the interfacial chemical structure that develops is related to the amount of protection the
LiF can provide for the Al overlayer. As the thickness of LiF increases, the protection of
the cathode from oxidation is improved [9]. In a device with 0.5-1.5 nm LiF, the LiF layer
is mixed with an oxidized Al layer [34]. When the metal capping layer and the interlayer
have good lattice matching, the LiF layer prevents migration of oxygen and acts as a trap
for oxygen away from the metal surface.

Deposition of LiF on Mg surfaces, which has poor nearest neighbour lattice matching,
has the opposite effect. Rather than passivating the surface, LiF on the surface changes the
products of oxidation [8]. Initially, there is preferential oxidation to form MgCOj; on the
surface, with little apparent change in the oxide thickness. As oxidation continues, oxygen
and water likely diffuse through the incommensurate LiF lattice, and hydroxides become
the dominant oxide components [8]. When this occurs, the oxidation rate increases rapidly,
and the oxide thicknesses for the coated and uncoated surfaces become similar. Irrespective
of the oxide thickness, the LiF coated surfaces show preferential formation of MgCO;.
Such carbonates are very poorly lattice matched with Mg. The presence of LiF, therefore,
modifies the activity of the metal surface, decreasing the likelihood of Mg(OH), formation.

For Mg devices, which already show a tendency to react with the O rich groups in
organometallics [37], the introduction of an LiF interlayer does not protect the Mg from
destructive molecular fragmentation reactions, and in fact enhances them, changing the
by-products of reaction between Mg and the organic layer [10]. Additionally, oxidation is
not prevented at the metal surface, as LiF and Mg are not coherent. Without LiF, the possi-
bility of initially forming Mg(OH), is much higher. Since Mg(OH), has better matching
along many orientations, it could help to explain why Mg cathodes perform much better
than Mg/LiF cathodes. With bulky, mismatched interfacial reaction products when LiF is
present, the injection of electrons appears to be limited and cathode delamination is likely,
which results in the complete suppression of luminescence in devices with bilayer cath-
odes [10,83]. Subsequently, a device incorporating LiF fails almost immediately compared
to devices with Mg alone.

The introduction of LiF is not universally beneficial for long term device stability, as
the case of Mg/LiF shows. One of the failure mechanisms with Mg/LiF was the delami-
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nation of the top electrode, which is another general route for device degradation [12]. In
delamination, interfacial defects, interfacial oxidation products or swelling/dissolution of
interfacial structures all weaken the adhesion of the top electrode [12]. Defects are particu-
larly troublesome, as in almost all cases, they act as a local avenue for the penetration of
moisture and ambient air into the device.

As LiF is hygroscopic [52,142], the agglomerated nanoparticle LiF thin films can be
vulnerable to moisture attack and potential dissolution. Turak et al. showed that LiF inter-
layers significantly decreased the interfacial adhesion for P3HT:PCBM solar cells [11,12],
as shown in Figure 7. A Scotch tape peel test for Al on P3HT:PCBM was significantly
easier for 20 nm thick LiF interlayers compared to the typical submonolayer films, where
immersion in a water bath for at least 10 min was required for complete electrode removal.
Without a LiF interlayer, even immersion in a water bath only results in incomplete cathode
removal during the peel test, due to the strong adhesion between Al and P3BHT:PCBM [11].
Phatak et al. [43] also saw that in high humidity environments, incorporating LiF resulted
in faster growth of dark spots. Replacing LiF with insoluble interlayers has been shown to
be effective at preventing interfacial delamination [12,43].
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Figure 7. Effect of interlayer thickness on interfacial interaction zone and peeling. Optical micro-
graphs of complete devices before (left) and after (right) Scotch tape peeling for various interlayers.
At the bottom are schematic models of the interfacial interaction zone and nature of the electrode
interface. Reprinted from Ref. [12], copyright (2019) with permission from Elsevier.

5. LiF Interlayers at Substrate Contact Interface

Though LiF is more commonly used as an interlayer at the top contact, a number of
studies have also shown that LiF can be beneficial at the bottom contact as well. Similar
to the top contact, an optimal thicknesses of LiF ranging from 0.5 to 1 nm on ITO has
been shown to improve device performance in single carrier devices, OLEDs and OPVs
for a variety of hole injection layers, as shown in Figure 8, and outlined in Table 3. LiF
nanoparticles decrease the built-in voltage of hole-only devices, resulting in significantly
more current at lower bias. Ultrathin layers also affect the peak capacitance voltage,
corresponding to the highest density of space charges formed in the device [61,143]. As can
be seen from Figure 8b, a more rapid increase in capacitance and a higher peak capacitance
at lower voltages is seen with inclusion of a LiF interlayer compared to bare ITO. The
steeper increase in capacitance with LiF suggests that the recombination rate is much slower
than the carrier injection rate, allowing high density accumulation of injected carriers. This
can be used advantageously in both OPVs and OLEDs, where submonolayer coverage
of LiF with nanoparticles was shown to significantly increase the short circuit current in
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P3HT:PCBM solar cells and improve the luminance from blue phosphorescent OLEDs
(Figure 8c,d).
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Figure 8. (a) Current density—voltage of single layer hole-only devices (HODs) using a TAPC hole
transporting layer sandwiched between Al and ITO, with and without solution deposited LiF nanopar-
ticles on the ITO surface. Insets show schematically the device structure and ordered uniform array
of nanoparticles. Adapted with permission from Springer Nature from Ref. [61] Copyright (2021).
(b) Capacitance-voltage characteristics of single layer hole-only devices (HOD) with submonolayer
(0.5 nm) and evaporated LiF and on the ITO electrode. Inset shows the expected energy levels for
the device structure. Adapted with permission from Springer Nature from Ref. [61] Copyright (2021).
(c) Typical illuminated current density—voltage (J-V) curves for polymer-fullerene photovoltaic cells
with various anodes. Insets show schematically the device structure and ordered uniform array of
nanoparticles. Adapted from Ref. [74] with the permission of AIP Publishing. (d) Luminance-voltage
characteristics of blue phosphorescent OLED using a TAPC hole transport layer. Inset shows the ex-
pected energy levels for the device structure, as well as the ordered uniform array of nanoparticles.
Adapted with permission from Springer Nature from Ref. [61] Copyright (2021).

Improved device performance for LiF at the ITO surface has been attributed to both
enhanced and inhibited hole injection, as summarized in Table 3. As a result of its large
band gap, LiF is thought to act as a tunnelling layer or a surface blocking layer, dependent
on thickness for complete layers. Blocking hole injection can aid in increasing luminance in
OLEDs by improving the charge carrier balance [144-146] as generally, electrons have lower
mobility than holes in many organic devices. Blocking of exciton dissociation at the electrode
surface with LiF has also been proposed, as doing so would prevent leakage currents, leading
to enhanced performance [147-149]. The effect of LiF as a tunnelling layer is described
by the metal insulator semiconductor model, where charge carriers can tunnel through
thin layers with high barriers under an applied field [150-152]; Bory et al. [89] additionally
proposed that, for extremely thick layers, the ionized defects in the LiF layer can provide
a pathway for enhanced tunnelling. Alternatively, accumulated surface charge at bilayer
contacts can polarize the insulating material, for thin or submonolayer films, changing the
electrical field and barrier to hole injection in the device dynamically [61,74,153-155]. With
a high dipole moment, LiF can effectively tune the energy level alignment by modifying the
interface states [61,153—155].



Electron. Mater. 2021, 2

212

Table 3. Comparison of LiF interlayer effects at ITO surfaces. Reprinted with permission from Springer Nature [61]

Copyright (2021).
HTLs HOMO Thickness of LiF Effect Of.hl? on Mechanism Reference
Hole Injection
TAPC 55eV submonolayer Enhanced Interfacial dipole [61]
NPB 53+ 0.25eV submonolayer Inhibited Interfacial dipole [61]
Enhanced /Inhibited
NPB 53+ 0.25eV 0.5~1.5 nm (dependent on Tunnelling [150]
initial barrier)
NPB 53+£025eV 1 nm Inhibited Charge balance [145]
TPD 55eV 0.4 nm Inhibited Charge balance [146]
CuPc 5.2eV 1nm Enhanced Interfacial dipole [155]
CuPc 52eV 3nm Enhanced Exciton dissociation [149]
CuPc 52eV 1nm Enhanced Exciton dissociation [147]
CuPc 5.2eV 0.5-1.5nm Enhanced Tunnelling [151]
Pentacene 49eV 0.1 nm Enhanced Interfacial dipole [154]
P3HT:PCBM 52eV nanoparticles Enhanced Interfacial dipole [74]
P3HT 5.2eV 5nm Enhanced Tonization of defects [89]
PEDOT 51£0.1eV 0.5 nm Inhibited Charge balance [144]
PEDOT 51+£01eV 0.5 1.5nm Enhanced Tunnelling [152]
PEDOT 51+£0.1eV nanoparticles Enhanced Interfacial dipole [74,153]

Lee et al. [61] recently showed that in hole only devices, submonolayer LiF is necessary
for enhanced current density, particularly for large band gap, deep HOMO HTLs with large
injection barriers. For incomplete LiF layers, the high dipole moment and polarization
enhances the hole injection [6,7,61]; once the coverage is complete, tunnelling probability
decreases as thickness increases, as observed in other studies [150-152]. By deliberately
introducing LiF nanoparticles with controlled submonolayer coverage using reverse micelle
templating, Lee et al. [61] showed hole injection much higher than what can be achieved
with thermal evaporation of LiF (see Figure 9a). Using this enhanced hole injection in
blue PHOLEDs with large band gap hole transport layers, they improved luminance and
efficiency by over 20% (Figure 8d). Similarly, Kurt et al. were able to nearly double the
short circuit current of polymer-fullerene solar cells, increasing the efficiency by 70% [153]
as shown in Figure 9b with a submonolayer of micelle templated LiF.

However, as with LiF at the top interface, this behaviour is not universal. Lee et al. [61]
and Zhao et al. [150] showed that the initial barrier to hole injection has a big effect on the
utility of LiF. For hole transporting layers with relatively shallow HOMOs, no improvement
in light emission was observed (see Figure 9c).

Though work function tuning of the ITO interface has been possible using solu-
tion deposited LiF [6,7,153], as shown in Figure 9d, which was taken advantage of by
Kurt et al. [153] for PBHT:PCBM solar cells (see Figure 9b), capacitance and single carrier
device analysis by Lee et al. [61] suggests that static vacuum work function values de-
termined ex situ do not represent the true barrier to injection in the device, due to the
dynamic nature of interface dipoles during device performance. Instead, it seems that
quasi-ordered nanoparticles of uniform size at the ITO surface tunes the interface and trap
states, modifying the electric field developed in the subsequently deposited organic layers.
Resulting from their regular size and spacing, such nanoparticles increase the pathways for
injection. The periodic nature of the roughness due to the particles results in an increase in
injection and performance [61], rather than the shorting and loss of performance usually
attributed to randomly rough surfaces as described in Turak [35].
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Figure 9. (a) Hole only current density—voltage characteristics for various coverages of LiF with a
TAPC HOD with a deep HOMO level relative to ITO. Reprinted with permission from Springer Na-
ture from Ref. [61] Copyright (2021). (b) Current density-voltage characteristic curves of PSHT:PCBM
solar cells with ITO anodes modified by different sol-LiF surface coverages, a under AM1.5G il-
lumination. Reprinted with permission from Springer Nature from Ref. [153] Copyright (2015).
(c) Luminance-voltage characteristics for blue PHOLED devices with an NPB hole transport layer
with varying amounts of solution deposited LiF nanoparticles. Nx represents the number of spin-
coating and plasma etching cycles were performed. Reprinted with permission from Springer Nature
from Ref. [61] Copyright (2021). (d) Work function difference for various LiF coverages relative to
bare ITO. Insets show SEM images of representative LiF decorated surfaces. Note that measurements
suggest that thermally evaporated LiF decreases the work function of ITO as discussed in [7], which
should lead to an increasing barrier to hole injection and solution deposited LiF increases it as a
function of coverage (also discussed in [6]), leading to a decreasing barrier.

As with deposition of LiF on top of organic films, the nominal film thickness is less
useful than direct observation of the size and distribution of crystallites when trying to
determine the mechanism for LiF on the surface. As evaporation conditions can affect the
crystallite size [61,62], and every evaporation system is unique, reported QCM thickness
values are inadequate to fully correlate with the device behaviour. Using reverse micelle
templating, Lee et al. [61] established a categorization of the behaviour of the LiF layer
at ITO into different regimes dependent on the surface coverage. At low coverage of
nanoparticles, the barrier is low and injection of holes is maximized, and decreases with
increasing coverage of LiF. Above a critical surface coverage (~50%), the particles start to
act more like a tunnelling layer, with the barrier to injection becoming higher than that
at a bare ITO surface, but is mediated by interfacial trap states. Interfacial dipoles in the
array of particles induce intermediate states that allow carriers to hop to the bulk states,
even after nearly complete coverage is obtained. Further growth of LiF starts to build up
multiple porous nanoparticle layers on the surface. Eventually, the layer becomes so thick
and the barrier so high that charge carriers cannot be effectively injected and the device
does not operate.

Role of LiF in Stabilizing Degradation at Bottom Contact Surfaces

Similarly to the introduction of LiF at the top contact, the bottom contact interlayers of
LiF often have a secondary effect of modifying the degradation properties. Lee et al. [151],
for example, saw a 1.6 x (tgp) improvement in the lifetime of flexible Alqz; OLEDs with a
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CuPc hole transport layer by introducing thin LiF interlayers. Typically, bottom contact
buffer layers can eliminate problems from mechanical weakness and block oxidation or
indium diffusion [12,34]. Though there have been few studies on mechanisms for a LiF
interlayer specifically, it is likely that these effects would be observed with a LiF interlayer,
similar to that observed at the top contact.

One of the main sources of device degradation at the bottom contact and the hole
transport layers is morphological instability, with crystallization and dewetting leading to
loss of device performance [12,34,35]. Doping with LiF nanoparticles [156,157] been used
to prevent dewetting and crystallization in hole transport layers, though enhanced stability
sometimes led to decreased device performance for such systems [156]. As stabilization is
linked to the strong electrostatic or charge-transfer interactions between the particle and
the organic layer leading to a cross-linked network [156,158], the uniform suspension of
nanoparticles in the layer can sometimes also disrupt the percolation path of the charge
carriers. Yet, doping was not seen to improve stability with every organic, irrespective
of the effect on the electrical behaviour. Grozea et al. [156] observed that LiF doping
suppressed crystallization of NPB at 120 °C (see Figure 10), while having no impact on the
crystallization behaviour of CuPc. Immobilized fillers are thought to be the most effective in
stabilizing films, either being pinned to the substrate [158,159], or at grain boundaries [157].
Heidkamp et al. [157] was able to stabilize the dewetting behaviour of DIP by depositing
LiF on-top, using the pinning effects of nanoparticles at organic grain boundaries, as
shown in Figure 10. Other stabilization mechanisms proposed include the high volume-
surface area ratio of the nanoparticles modifying the film rheology and increasing the glass
transition temperatures, nanoparticles blocking heterogeneous nucleation of the organic
film, and de-segregation of filler and film relieving residual stress [160].

e
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Figure 10. Optical micrographs of (a—c) an undoped ITO/NPB 10 nm/NPB 50 nm sample morphol-
ogy: (a) before annealing, (b) after 120 °C annealing, and (c) after 140 °C annealing; and (d—f) of
an ITO/NPB:LiF (5 wt %) 10 nm/NPB 50 nm sample morphology: (d) before annealing, (e) after
120 °C annealing, and (f) after 140 °C annealing. Reprinted from Ref. [156], with the permission
of AIP Publishing. (g) Morphology of neat di-indenoperylene (DIP) deposited on superflat ITO.
(h) Morphology of DIP on superflat ITO with thermally evaporated LiF nanoparticle decoration. Top
panels are the as-deposited morphology, middle panels are AFM micrographs before and after at
least one month storage in an evacuated dessicator. The bottom panels show the schematic of DIP
structure with significant dewetting of DIP on ITO, stabilized by LiF nanoparticle pinning at DIP
grain boundaries. Lines indicate height profiles (not shown). Adapted from Ref. [157], copyright
(2013) with permission from SPIE.
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6. Conclusions

LiF is nearly ubiquitous in all organic optoelectronic devices. Though many materials
have been investigated, it has been hard to replace LiF as a dominant interlayer material,
as it is relatively stable and easy to evaporate and also deposit from solution in the form of
nanoparticles and thin films. Its interesting impacts and sometimes unexpected effects on
performance and stability of organic devices has prompted much study and opened up
new avenues of research. The role that LiF plays in organic devices is a central one, and
with the introduction of organic layers in other exotic devices, including perovskite and
quantum dot electronics, it is likely to be an area of continued research for years to come.
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