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Recently, solid-state light-emitting electrochemical cells (LECs) have attracted much atten-
tion since they have advantages such as low operation voltages, simple device structure
and balanced carrier injection. Salts are commonly added in the emissive layer of LECs
to provide additional mobile ions and thus to accelerate device response. However, in addi-
tion to modified ionic property, carrier balance of LECs would also be tailored by salt addi-
tives. In this work, we improve device efficiency of LECs by incorporating imidazole-based

K.ey Wordsf ) . salts bearing various alkyl chain lengths. As the alkyl chain length of the added salt
Light-emitting electrochemical cells . . I
Salts increases, the device current decreases and the recombination zone approaches the anode.

These results reveal that hole transport in the emissive layer of LEC containing a salt with a
larger size would be impeded more significantly than electron transport. When doped with
a salt possessing a proper size, nearly doubled device efficiency as compared to that of the
neat-film device can be obtained due to improved carrier balance. This work demonstrates
a feasible strategy to improve device performance of LECs and clarifies the physical insights

Carrier balance

of the effect of salt size on carrier balance of LECs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As compared to conventional organic light-emitting
diodes (OLEDs), which have been shown to exhibit great
potential in displays and solid-state lighting, solid-state
light-emitting electrochemical cells (LECs) possess several
further advantages. In the emissive layer of LECs, electro-
chemically doped regions induced by spatially separated
mobile ions under a bias form ohmic contacts with elec-
trodes, giving balanced carrier injection, low operating
voltages and consequently high power efficiencies [1,2].
Hence, only a single emissive layer, which can be easily
processed from solutions, is generally required in LECs. In
addition, air-stable electrodes, e.g. Au and Ag can be used
in LECs due to facilitated carrier injection by doped regions
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while OLEDs typically require more sophisticated multi-
layer structures and low-work-function cathodes [3]. The
emissive-layer materials of LECs can be categorized into
two types: conjugated polymers and cationic transition
metal complexes (CTMCs). Polymer LECs are usually com-
posed of an emissive conjugated polymer, a salt and an
ion-conducting polymer to avoid phase separation [1,2].
However, for LECs based on CTMCs, no ion-conducting
material is needed since these metal complexes are intrin-
sically ionic. Furthermore, higher electroluminescent (EL)
efficiencies are expected due to the phosphorescent nature
of the metal complexes. Owing to these advantages, LECs
based on CTMCs have attracted much attention in recent
years [4-26]. Efficient blue [20,23], green [9,14], yellow
[11] and white-emitting [25] CTMC-based LECs have been
reported to show high external quantum efficiencies
(EQEs) >10%.

Ionic salts have been commonly added in the emissive
layer of LECs to improve device performance [27-29].
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Additional mobile ions provided by the salt additives can
reduce the time required for the formation of the doped
layers, fastening the device response [27-29]. Further-
more, the device efficiencies of polymer LECs were shown
to be dependent on the cation size of the added salts [30].
The emission zone position in the emissive layer of planar
polymer LECs have also been shown to be related to the
cation size of the added salts [30]. A recent literature
depicted that interfacial packing of salt cations at the cath-
ode of CTMC-based LECs enhances electron injection effi-
ciency, resulting in more balanced hole and electron
concentrations [29]. These results indicate that the salt
additives not only affect the ionic mobility and doping
propagation speed but also alter the carrier balance of
LECs. To optimize device efficiencies of LECs, overall carrier
balance including carrier injection and transport should be
considered. However, few reports concerning detailed
effects of varying the molecular size of the added salts on
carrier balance of sandwich LECs have been published
[30,31]. In this work, several imidazole-based salts con-
taining various alkyl chain lengths are incorporated in
the emissive layer of CTMC-based LECs and their device
characteristics are compared. The device current monoton-
ically decreases as the alkyl chain length of the salt
increases since a lager salt molecule increases the intermo-
lecular distance between the emissive complexes and
impedes carrier transport. In spite of decreased device cur-
rent, the device efficiency in the LECs doped with salts is
improved as compared to the neat-film devices. The trend
of device efficiency versus the alkyl chain length of the salt
corresponds to the recombination zone position in the LEC
device. More centered recombination zone in the emissive
layer suffers less degree of exciton quenching and leads to
a higher device efficiency consequently. These results dem-
onstrate a feasible way to optimize the carrier balance of
LECs by doping a salt with a proper alkyl chain length.

2. Experiment section
2.1. Materials

The host complex (1) used in the emissive layer of the
LECs was Ru(dtb-bpy)s(PFs), (where dtb-bpy is 4,4'-diter-
tbutyl-2,2’-bipyridine) [5]. Complex 1 was purchased from
Luminescence Technology. The salts used in this study were
1-ethyl-3-methylimidazolium hexafluorophosphate (EMI-
MPFg), 1-butyl-3-methylimidazolium hexafluorophosphate
(BMIMPFg), 1-hexyl-3-methylimidazolium hexafluoro-
phosphate (HMIMPFg) and 1-octyl-3-methylimidazolium
hexafluorophosphate (OMIMPFg). OMIMPFg was purchased
from Tokyo Chemical Industry and the other salts were pur-
chased from Alfa Aesar. All materials were used as received.

2.2. LEC device fabrication and characterization

Indium tin oxide (ITO)-coated glass substrates were
cleaned and treated with UV/ozone prior to use. A thin
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) layer (30 nm) was spin-coated at 4000 rpm
onto the ITO substrate in air and was then baked at

150 °C for 30 min. For the thinner devices (N1, E1, B1, H1
and O1), the emissive layers were then spin-coated at
3000 rpm from the acetonitrile solutions of complex 1 or
complex 1 and salts (80 mg mL™!). The emissive layer of
the device N1 was composed of a neat film of complex 1
while those of the devices E1, B1, H1 and O1 contained
complex 1 doped with EMIMPFs, BMIMPFg, HMIMPFg and
OMIMPFg, respectively (molar ratio of complex 1 and
salt=2.1: 1). For the thicker devices (N2, E2, B2, H2 and
02), the concentrations of the solutions used for spin coat-
ing of the emissive layers were 250 mg mL™'. The rotation
speed for spin coating and the components of the emissive
layers of the thicker devices were the same with those
used for their thinner counterparts. The thicknesses of
the thinner and thicker devices were measured by ellips-
ometry to be ca. 250 and 600 nm, respectively. After spin
coating of the emissive layers, the samples were then
baked at 70 °C for 10 h in a nitrogen glove box, followed
by thermal evaporation of a 100-nm Ag top contact in a
vacuum chamber (~10- torr). The electrical and emission
characteristics of LEC devices were measured using a
source-measurement unit and a calibrated Si photodiode.
All device measurements were performed under constant
bias voltages in a nitrogen glove box. The EL spectra were
taken with a calibrated CCD spectrograph.

3. Results and discussions

The molecular structures of the salts used in this study
are shown in Fig. 1. The alkyl chain length increases in the
order; EMIMPFs, BMIMPFs, HMIMPFg and OMIMPFg. The
physical properties of the salts used in this study are sum-
marized in Table 1. The volume per molecule of each salt
was calculated from the molar mass and density data
[32-34]. The molecular volume of the salt increases with
the alkyl chain length since a longer alkyl chain occupies
more space. When doped in the emissive layer of LECs,
the salt molecules tend to increase the intermolecular dis-
tance between the emissive complexes. As shown in Fig. 2,

EMIM, R=C,H
+ ) 255
\Né\N"R BMIM, R=C4Hg
—_ - HMIM, R=C5H13
\—/ PF¢ OMIM, R=CgH;

Fig. 1. Molecular structures of the salts used in this study.

Table 1
Summary of the physical properties of the salts used in this study.
Salt Molar mass Density Volume per
(g mol™1) (gcm3)? molecule (nm?)"
EMIMPFs  256.13 1.56¢ 0.274
BMIMPFs 284.18 1.37¢ 0.346
HMIMPFs 312.24 1.29¢ 0.403
OMIMPFs  340.29 1.24¢ 0.457
2 At 298 K.
b Calculated from molar mass and density data.
¢ Ref. [31].
4 Ref. [32].
€ Ref. [33].
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Fig. 2. The EL spectra of the LEC devices N1, E1, B1, H1 and O1 under
26V.

the neat-film device (N1) showed an EL emission peak at
ca. 660 nm while the EL of the devices containing salts
(E1, B1, H1 and 0O1) centered at ca. 640 nm. Such blue-
shifted EL emission confirms reduced intermolecular inter-
actions induced by the added salts.

To study the effects of adding salts on carrier balance,
the EL characteristics of LECs without and with salts were
measured and are summarized in Table 2. Comparison of
device current would clarify the impact of the salt additive
on carrier injection and transport properties of the devices.
As shown in Fig. 3, the device current first increased with
time and reached a plateau value finally. When a bias was
applied, the mobile ions drifted toward electrodes and the
doped layers were formed gradually. Carrier injection effi-
ciencies were enhanced due to formation of the doped lay-
ers and the device current increased consequently. It is
noted that the device current densities decreased with
increasing alkyl chain length of the added salts. A recent
study indicated that ohmic contacts at electrodes of LECs
based on CTMCs can be achieved only when the carrier
injection barrier is relatively low [23]. For a relatively larger
carrier injection barrier (ca. 1 eV), some residual barrier is
still present even when the doped regions have been
formed. As a result, strategies to enhance carrier injection,
e.g. inserting carrier injection layer at electrodes, can
increase device current substantially [23]. The work func-

Table 2

Summary of the LEC device characteristics.
Device Bias (V)  tmax Jmax Limax Next,max

(min)*  (MAcm™2)° (uWcem 2 (%)

N2 2.5 41 0.35 9.0 1.84
E2 2.5 57 0.19 5.0 2.55
B2 2.5 36 0.18 5.5 3.27
H2 2.5 62 0.12 3.6 3.15
02 2.5 115 0.08 2.0 2.40

¢ Time required to reach half of the maximal light output (before
reaching the maximal light output).

b Maximal current density achieved at a constant bias voltage.

€ Maximal light output achieved at a constant bias voltage.

d Maximal external quantum efficiency achieved at a constant bias
voltage.
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Fig. 3. Current density as a function of time for the LEC devices N2, E2, B2,
H2 and 02.
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Fig. 4. Work functions of the electrodes and the energy levels of complex
1.

tions of electrodes and energy levels of complex 1 are
depicted in Fig. 4 [35]. The hole injection barrier at the
anode is only 0.42 eV while the electron injection barrier
is up to 1.03 eV. The salts provided additional mobile ions,
which can accumulate at the electrodes under a bias and
increase the doping concentrations, rendering enhanced
carrier injection efficiencies [29]. Improving injection effi-
ciency by adding salts would be more significant for elec-
trons since a much larger potential barrier is present at
the cathode. Therefore, when these salts were added,
device currents should increase due to enhanced carrier
injection. However, reduced device currents were mea-
sured instead for all LECs with salts (Fig. 3). Such phenom-
enon may be rationally attributed to impeded carrier
transport induced by the salts. The salt molecules isolated
the emissive complexes and thus it would be more difficult
for carriers to hop between complexes under an applied
electric field. Reduced carrier mobilities decreased device
current densities consequently. Increased device currents
due to enhanced carrier injection can not compensate for
decreased device currents resulted from impeded carrier
transport, rendering reduced device current densities of
LECs containing salts. Larger salt molecules resulted in
lower device currents since longer intermolecular distances
between complexes reduced carrier mobilities more signif-
icantly. It implies that carrier balance of LECs can be
adjusted by varying the alkyl chain length of the added
salts.
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Fig. 5. Light outputs as a function of time for the LEC devices N2, E2, B2,
H2 and 02.

The time-dependent light outputs of LECs without and
with salts are shown in Fig. 5. The light outputs first
increased with the current and reached the maxima values.
All devices exhibited stable current finally and thus degra-
dation would not be significant during 10-h operation.
Time-dependent EQEs of the LEC devices without and with
salts are depicted in Fig. 6. When a bias was just applied,
the EQE was low due to poor carrier injection (Fig. 4). Dur-
ing the formation of the doped layers near electrodes, the
carrier injection efficiency was improved and the EQE thus
rose rapidly. After reaching the peak value, the EQE
decreased with time due to exciton quenching induced
by the extension of the doped layers. Furthermore, the deg-
radation of the emissive material during the LEC operation
was also responsible for decreased EQEs [36,37]. The EQEs
of devices N2, E2, B2, H2 and 02 reached steady-state val-
ues after 250, 250, 250, 300 and 450 min, respectively
(Fig. 6). The current densities of devices N2, E2, B2, H2
and 02 at 250, 250, 250, 300 and 450 min were up to 93,
93, 93, 96 and 93%, respectively, of their maximal values.
When the device current was almost reaching the maximal
value, the doped layers were nearly stabilized and thus the
degree of exciton quenching was approximately constant,
leading to steady-state EQEs as well. Similar results corre-
lating the time for stabilized doped layers and EQEs of LECs
based on the same complex have been reported in Ref.
[35]. All LECs doped with salts showed higher peak EQEs
than the neat-film devices (Table 2). The peak EQEs
increased when an ethyl chain of the added salt was
replaced by a butyl chain (cf. device E2 and B2, Table 2).
However, further increasing the alkyl chain length of the
salt resulted in reduced EQEs (cf. device H2 and 02, Table
2). These data suggest that device efficiency of LECs can
be optimized by doping a salt with a proper molecular size.

To further clarify the physical insights of the effect of
molecular size of the added salts on device efficiency of
LECs, the recombination zone position in the emissive layer
should be examined. In our previous study, time-depen-
dent EL spectra induced by microcavity effect were
employed to estimate the temporal evolution of recombi-
nation zone in sandwich LECs [35]. A similar technique is
adopted in this study to compare the recombination zone
positions of the LECs doped with different salts. The emis-
sion properties of the emissive layer can be modified in a
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Fig. 6. External quantum efficiency as a function of time for the LEC
devices N2, E2, B2, H2 and 02. Inset: magnification of the time-dependent
EQE during the first 15-min measurement.

microcavity structure and the output EL spectrum of a bot-
tom emitting OLED device can be calculated approximately
by using the following equation [38]:
e TASA[1 R 2 s (51
Eea(AI = 1+RiR; — 2VRiR; cos (A2 + ¢, + @,)

X |Eine(4)[?

where R; and R, are the reflectance from the cathode and
from the glass substrate, respectively, ¢, and ¢, are the
phase changes on reflection from the cathode and from
the glass substrate, respectively, T, is the transmittance
from the glass substrate, L is the total optical thickness of
the cavity layers, |Eq¢(2)|* is the emission spectrum of the
organic materials without alternation of the microcavity
effect, |Eex(7)|* is the output emission spectrum from the
glass substrate, z; is the optical distance between the emit-
ting sublayer i and the cathode. The emitting layer is
divided into N sublayers (thickness of each sublayer is
1 nm) and their contributions are summed up. The thick-
ness of the emitting layer is estimated to be ca. 10% of
the active-layer thickness according to the measured width
of p—n junction in capacitance measurements [39]. To facil-
itate measurements of time-dependent EL spectra, the
thickness of the emissive layer of LECs was chosen to be
600 nm. In thinner LECs, the spectral spacing between
the cavity modes, at which constructive interference
occurs, is larger and thus the cavity modes are more likely
to occur outside the emission spectrum of complex 1, ren-
dering insignificant shift of EL with time. To fairly correlate
the estimated recombination zones with the EL character-
istics of the thicker LECs, devices with the same thickness
should be used in the optical fitting. Furthermore, carrier
balance of the thick and thin LECs would be different since
the electric field is significantly higher in thinner devices.
The photoluminescence (PL) spectrum of a thin film
(600 nm) of the emissive layer coated on a quartz substrate
was used as the emission spectrum without alternation of
the microcavity effect since no highly reflective metal layer
is present in this sample. Based on this simulation tech-
nique, the temporal recombination zone position of LECs
can be estimated by fitting measured EL spectra to simu-
lated EL spectra with proper emitting layer position.
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Fig. 7. Simulated (solid symbol) and measured (open symbol) EL spectra when the EQE reached the maximum for devices (a) N2, (b) E2, (c) B2, (d) H2 and
(e) 02 under 2.5 V. The extracted recombination zone position, as measured from the cathode, of each device is shown on the corresponding subfigure.

The recombination zone positions of these LECs were
estimated by utilizing the technique mentioned above.
The EL spectrum of each device varied with time due to
altered microcavity effect induced by the moving of
recombination zone. Fitting of the simulated and measured
EL spectra when the EQE reached the maximum for the
devices N2, E2, B2, H2 and 02 are shown in Fig. 7a-e,
respectively. Different shape of the EL spectrum from indi-
vidual device resulted from different recombination zone
position in each device, which affects the wavelength-
dependent outcoupling efficiency. The extracted recombi-
nation zone position, as measured from the cathode, of
each device is shown on the corresponding subfigure. The
recombination zone positions of these LECs reflect their
peak EQEs. Devices B2 and H2 exhibited relatively centered
recombination zones and thus they showed high EQEs >3%
(Table 2). The recombination zone of device E2 was close to
the cathode while that of device 02 was close to the anode.
Both devices suffered more severe exciton quenching near
the doped layers and showed lower EQEs (Table 2). Neat-
film device N2 had the most off-centered recombination

zone, which is approaching the anode, rendering the low-
est EQE <2% (Table 2). These results confirm that the device
efficiency of LECs is strongly dependent on the recombina-
tion zone position in the emissive layer. Furthermore, the
EL spectra also determined the unit used for light output
of the device. As shown in Fig. 7a-e, significant spectral
change due to moving of the recombination zone took
place at 42 =700-800 nm. EL emission at this spectral range
has little contribution to candela values since human eyes
are insensitive to the near infrared light. If the unit of
brightness (cd. m~2) was used, some EL emission at this
spectral range would be underestimated. To accurately cal-
culate the light output, the unit of general power density
(LW cm~2) was used instead.

Since the maximum EQE of these LECs reached shortly
after the bias was applied (Fig. 6), further extension of
the doped layers under a bias resulted in moving of the
recombination zone. Temporal evolution of the recombina-
tion zone for devices N2, E2, B2, H2 and 02 are shown in
Fig. 8a-e, respectively. Device containing salts (E2, B2,
H2 and 02) exhibited the same trend in temporal evolution
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of the recombination zone, i.e. moving toward the anode.
Such trend of temporal evolution in recombination zone
position could be understood by the energy level align-
ments shown in Fig. 4. The injection barrier for hole
(0.42 eV) is much lower than that for electron (1.03 eV).
After a bias was just applied, the required amount of accu-
mulated ions near the anode to achieve ohmic contact for
hole is smaller than that required to achieve ohmic contact
for electron at the cathode. Therefore, the hole injection
efficiency was higher at the early stage of formation of
the doped layers and the recombination zone would thus
locate relatively closer to the cathode initially. When both
p- and n-type doped layers were getting well established,
carrier injection would approach balanced and thus the
recombination zone would move toward the anode with
time. It is noted that the recombination zone was closer
to the anode as the alkyl chain length of the added salt is
longer (cf. Fig. 8b-e). Since incorporating salts in the emis-
sive layer lead to reduction in device current, shifting of
the recombination zone due to increasing molecular size
of the added salt would be attributed to modified carrier
mobilities. Ruthenium complexes containing bipyridyl
ligands were shown to exhibit higher electron mobilities
than hole mobilities [40]. Furthermore, imidazolium-
substituted conjugated polyelectrolytes were introduced
as electron transport materials [41]. Hence, incorporating
salts with imidazole cores in complex 1 may not affect
electron transport significantly. On the other hand, hop-
ping of holes in a complex 1 film blended with electron-
transporting salts would be impeded due to increased

intermolecular distances. Larger salts resulted in increased
intermolecular distances and thus reduced hole mobilities,
rendering recombination zones approaching the anode. It
is interesting to note that neat-film device N2 showed a
recombination zone closer to the anode and the temporal
evolution of recombination zone was reversed as com-
pared to that of devices with salts (Fig. 8a). Compared with
devices with salts, neat-film devices contain fewer mobile
ions and thus the intrinsic layer between the doped layers
would be thicker [42], especially at the early stage of oper-
ation. As the intrinsic layer shrank with time due to exten-
sion of the doped layers [19,42], field-dependent carrier
mobilities would alter the recombination zone positions.
The electron mobilities of ruthenium complexes contain-
ing bipyridyl ligands were shown to decrease with increas-
ing electric field [40]. Reduction of the intrinsic layer
during operation lead to increased electric filed and
decreased electron mobility consequently. Therefore, the
recombination zone of device N2 was initially close to
the anode and moved to the center of the emissive layer
gradually. Similar phenomenon would also take place in
devices with salts shortly after the bias was just applied
since additional mobile ions accelerated extension of the
doped layers. However, the EL emission was not bright
enough for spectra fitting at the very early stage of opera-
tion and thus the later temporal evolution of the recombi-
nation zone in devices with salts was dominated by
gradually enhanced electron injection. These results reveal
that incorporating salts in the emissive layer significantly
alters carrier balance of LECs. Utilizing salts of proper sizes
would be beneficial in tailoring the recombination zone
position to mitigate exciton quenching near the doped lay-
ers and to optimize the device efficiency. However, after
reaching the maximum value, the EQE decreased with time
when the device current was still increasing (cf. Figs. 3 and
6). It revealed that exciton quenching due to continuous
extension of the doped layers deteriorated the device effi-
ciency [19]. Dynamic doping profiles would be the obstacle
to maintain the optimal operation condition. Techniques to
fix the doping profiles by freezing ionic motion would be a
feasible way to keep the optimized device efficiency during
operation [43].

It is noted that temporal evolution trend of the EQE is
different for LECs with and without salts (Fig. 6). The max-
imum EQE of all LECs reached shortly after the bias was
applied. Then the EQE gradually decreased toward a
steady-state value. However, the EQEs of the devices doped
with salts approached steady-state values at ca. 200 min
while the EQE of the neat-film device decreased more
quickly to reach a steady-state value. Temporal evolution
of the recombination zone shown in Fig. 8 can explain the
difference in temporal evolution of EQE between the
devices with and without salts. Initially, the recombination
zone of the neat-film device (N2) was closest to the elec-
trode (Fig. 8a). When the doped layer was growing, the dis-
tance between the doped layer and the recombination zone
decreased rapidly and thus fastest decay rate in EQE for
device N2 could be expected initially. For devices doped
with salts, devices E2 and 02 showed more off-centered
recombination zone (Fig. 8b and e) and thus they exhibited
faster decay rate in EQE as compared to devices B2 and H2
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(Fig. 6) for the same reason. With temporal evolution of EQE
and recombination zone, we can only speculate that the
decay rate of EQE is dependent on the initial recombination
zone position. However, all devices showed similar steady-
state EQEs (Fig. 6) while their stabilized recombination
zone positions were different (Fig. 8). It implies that uneven
p- and n-type doped layers may be formed finally in these
devices such that the degree of exciton quenching is similar
for all devices. Further studies will be required to clarify
detailed effect of salt addition on growing of the doped lay-
ers. For instance, temporal evolution of p- and n-type dop-
ing front positions should be measured to determine
accurate time-dependent distances between the recombi-
nation zone and the doped layers. However, these data
can not be obtained by employing a technique based on
optical interference since the doped layers are not emissive.

The photoluminescence quantum yield (PLQY) of the
emissive layer would also be responsible for the trend in
the device efficiency as the alkyl chain length of the added
salt varied. To study this effect, we measured the PLQYs of
the thin films of the emissive layers. The measured PLQYs
of the emissive layers of the devices N2, E2, B2, H2 and 02
were 17%, 19%, 19%, 21% and 23%, respectively. Compared
to the neat film of complex 1, the PLQYs of the thin films
of complex 1 doped with salts were enhanced due to
reduced self-quenching effect. Measured PLQYs enhanced
as the alkyl chain length of the added salt increased. It con-
firms that a larger molecular size of the doped salt
separates the complexes and self-quenching is reduced.
Therefore, intermolecular distance and carrier transport
property of the complex film can be modified by salt addi-
tion. The maximal EQE can be estimated by b¢/2n?, where
b is the recombination efficiency (equal to unity for bal-
anced carrier injection), ¢ is the PLQY of the emissive
material and n is the refractive index of the glass substrate
(the factor 1/2n? is the light outcoupling efficiency of a bot-
tom-emitting device) [5]. Estimated maximal EQEs of the
devices N2, E2, B2, H2 and 02 were 3.74, 4.18, 4.18, 4.62
and 5.06%, respectively. The percentages of the measured
EQEs (Table 1) as compared to the estimated maximal
EQE:s for the devices N2, E2, B2, H2 and 02 were calculated
to be 49%, 61%, 78%, 68% and 47%, respectively. These ratios
are strongly dependent on the initial recombination zone
positions (Fig. 8). Device B2 showed the most centered ini-
tial recombination zone and thus suffered the least exciton
quenching, rendering the highest ratio in measured EQE
with respect to the estimated maximal EQE. On the other
hand, for devices N2 and 02 possessing significantly off-
centered recombination zones, only half of the maximal
EQEs were achieved due to severe exciton quenching.
Compared to the neat-film device, the enhancement in
device efficiency for the salt-doped device with poor car-
rier balance (device 02) mainly results from increased
PLQY of the emissive layer. However, for the salt-doped
device with good carrier balance (device B2), enhancement
in PLQY of the emissive layer (only 12%) can not account
for improvement in device efficiency as compared to the
neat-film device (78%). These results reveal that carrier
balance of the device rather than PLQY of the emissive
layer dominates the device efficiency of the devices doped
with salts.

The temporal evolution of the recombination zone also
affect the turn-on time of LECs doped with salts. In a pre-
viously reported work [28], device response of LECs con-
taining salts was slower when a salt with a longer alkyl
chain length, which decreased the ionic mobility of the
emissive layer, was used. However, the device turn-on
time, which is defined as the time required to reach half
of the maximal light output (before reaching the maximal
light output), increased as the alkyl chain length of the
added salt increased except for the devices E2 (Table 2),
which is not consistent with what was observed in Ref.
[28]. As shown in Fig. 3, the times required for the current
density of the device E2 and B2 to reach the maximum
were similar. Thus, the ionic mobility of the device E2
and B2 was also similar. It revealed that the abnormal
trend in turn-on times of the devices E2 and B2 would
result from light-emitting properties rather than ionic con-
ductivity issues. Since the turn-on time is defined as the
time required to reach half of the maximal light output,
it would be affected by exciton quenching near the elec-
trode during operation. Exciton quenching in the device
E2 was more severe initially and then was gradually
reduced when the recombination zone was moving toward
the center of the emissive layer (Fig. 8b). Thus, the light
output was quenched more significantly at the early stage
of operation and the time to reach the light output maxi-
mum was delayed. On the other hand, the temporal recom-
bination zone evolution of device B2 (Fig. 8c) was closer to
the center of the emissive layer. The time to reach half of
the light output maximum was relatively unaffected by
the exciton quenching effect, rendering a shorter turn-on
time as compared to that of the device E2. Hence, the
turn-on time of device E2 would be similar to that of
device B2 if exciton quenching effect was absent. Both
devices E2 and B2 should have faster device response than
device N2. In the previous work of Ref. [28], the device
thickness was relatively much thinner (ca. 100 nm) and
exciton quenching was universally significant in all
devices. Hence, the trend of device response perfectly
aligned with the alkyl chain length of the added salts since
differential quenching of light output was not significant in
the devices under study. It is noted that as compared to the
neat-film device, the devices doped with salts did not show
significantly reduced turn-on times and these results are
not consistent with those reported previously [28].
Recently, LECs based on [Ir(ppy)2(bpy)][PFe] (where ppy
is 2-phenylpyridine and bpy is 2,2’-bipyridyl) doped with
salt additives [NH4][PFs] and K[PFs] have also been
reported to exhibit slower response than the undoped
devices [29]. However, the devices doped with Li[PFg]
showed significantly reduced turn-on times [29]. The cat-
jonic radii of NH}, K* and Li* are 1.43, 1.33 and 0.87 A,
respectively [29]. These results are similar to those
observed in our study, i.e. the salts with larger cations
(HMIMPFg and OMIMPFg) showed longer turn-on times
while the salts with smaller cations (EMIMPFs and
BMIMPFg) exhibited faster device response (Table 1).
Therefore, to reduce the turn-on time of LECs, the salts
added should have small enough cations. This phenome-
non may be related to the crystalline structure with inter-
mediate-range order, i.e. about three complex lattices for
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Ru complex, in spin-coated films [44]. These crystals may
block moving of ions and affect dissociation of the salt with
larger cations.

4. Conclusions

In summary, we have demonstrated enhancing effi-
ciency of LECs by incorporating imidazole-based salts bear-
ing various lengths of alkyl chains. The device current
decreased monotonically with increasing alkyl chain
length of the added salt while the device efficiency was
nearly doubled as compared to that of the neat-film device
when a salt with a proper alkyl chain length was
employed. To shed light on the physical insights of the salt
size on device performance, temporal evolution of the
recombination zone for devices without and with salts
were estimated by fitting the measured time-dependent
EL spectra to the simulation model concerning microcavity
effect. The extracted recombination zone of LECs moved
toward the anode as the alkyl chain length of the added
salt increased. It indicates that a larger salt size would rel-
atively impede hole transport more significantly than elec-
tron transport. Therefore, the device efficiency of LECs can
be optimized by incorporating a salt with a proper size to
achieve centered recombination zone, which reduces exci-
ton quenching near the doped layers.
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