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Abstract: In solution processed single layer white organic light emitting diode (WOLED) applications,
the choice of host matrix and optimization of dopant levels represent two crucial parameters to
consider. In this work, poly(N-vinylcarbazole) (PVK): 2-(4-Biphenylyl)-5-phenyl-1,3,4-oxadiazole
(PBD) and PVK:1,3-bis[(4-tert-butylphenyl)-1,3,4-oxadiazolyl] phenylene (OXD-7) matrices are used
as hosts for perylene based devices. PVK:PBD presented better compatibility and lower turn-on
voltages compared to PVK:OXD-7. Benefiting from the exciplex emission observed at 630 nm, a color
rendering index (CRI) value of 90 is reached with the device containing PVK:PBD as the host and
0.1 wt.% of an orange emitting perylene derivative, i.e., PDI. Introduction of the perylene based green
emitter, i.e., PTE, in this emitting layer not only caused a fading in the exciplex emission, but also
resulted in disappearance of the electroplex peak at 535 nm, which is detected between PVK:PBD
and PTE in bare PTE containing devices. Full visible range coverage is achieved by optimizing the
PDI:PTE ratio. WOLED containing PVK:PBD:0.06 wt.% PDI:0.03 wt.% PTE presented high CRI (≥95)
and adjustable correlated color temperatures (CCT, 3800 K-5100 K).

Keywords: solution process; WOLED; lighting; perylene derivatives; color rendering index

1. Introduction

Solution processed white organic light emitting diode (WOLED) applications are
attracting much attention especially with their easy production process and consequently
relatively cost-effective natures [1,2]. It is well known that the quality of the light obtained
strongly depends on the balanced electron and hole injection into the emissive layer, exciton
formation and its radiative recombination [3]. Utilization of materials with appropriate
energy levels, electron and/or hole mobilities and device architecture enhances the electron-
hole balance and therefore the exciton formation efficiency. Although triplet sensitizers
have the potential of reaching 100% internal quantum efficiency, they suffer from their long
exciton diffusion lengths (<100 nm) compared to that of singlet excitons (<20 nm) which
retard the radiative recombination step, increase the probability of losses and therefore
need more complicated device architectures [4–7]. Recently, singlet emitters, free from those
kinds of disadvantages, are getting more and more attention in WOLED applications [8,9].

Besides being a singlet sensitizer, perylene diimides (PDI) have high thermal, optic and
chemical stabilities, high fluorescence quantum yields (>90%), and high electron affinities
and mobilities [10,11]. All those properties make them very good candidates to be used in
WOLED applications. However, due to strong π-π interactions, they tend to form excimer
and aggregate in their concentrated solutions (M > [10−5]) and their solution processed
films [12–15]. These bottlenecks of PDIs mostly limit their utilization to frequency down-
conversion material [16–19]. They are generally introduced into a host matrix [20–24] to
obtain electroluminescence (EL) and poly (N-vinylcarbazole) (PVK) represents the most
widely used host matrix [25–27]. However, in most of those studies, yellow, red or near
infrared EL are presented and only a few of them addressed and yet did not report the
main properties of white light altogether [13,28,29]; i.e., (i) the CIE 1931 (Commission
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Internationale d’Eclairage) coordinates, (ii) the correlated color temperature (CCT) (cool
white > ca. 5000 K and warm white < ca. 5000 K) and (iii) the color rendering index
(CRI) > 90 [30–32].

In this study, regular perylene diimide and perylene tetraester derivatives of N,N′-
bis(2-ethylhexyl)-3,4,9,10-perylenetetracarboxylic diimide (PDI) and perylene-3,4,9,10-
tetracarboxytetrabutylester (PTE) with photoluminescence quantum yields of 93% and 94%
in chloroform, respectively [16] are utilized as orange-red and green emitters. They are
introduced in PVK dominant host compositions which contain either 2-(4-Biphenylyl)-5-
phenyl-1,3,4-oxadiazole (PBD) or 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxadiazolyl]phenylene
(OXD-7) as hole blocker and electron transfer materials. It is suggested that red emission
intensity is mainly dominated by exciplex formation between the host and PDI, whereas
electroplex generation is present for the green region. By optimizing the PDI:PTE ratio in
PVK:PBD (60:40 wt.%) host, warm white light with adjustable CCT values (3800 K-5100 K)
and CRI value exciding 95 is achieved for a single layer all solution processed perylene
based WOLED.

2. Experimental
2.1. Materials

Synthetic, structural, electrochemical, absorption and emission characterization details
of the used perylene derivatives of perylene-3,4,9,10-tetracarboxy tetrabutylester (PTE)
and N,N′-bis(2-ethylhexyl)perylene-3,4,9,10-dicarboxylic diimide (PDI) are provided at
the Supplementary Information (SI) file (Figures S1 and S2) [16,17]. Indium tin oxide
(ITO) glass substrates with a sheet resistance of 4–10 Ω/sq, were purchased from Lumtec.
Hydrochloric acid (30–32%) [HCl(aq)], poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS, Al4083) were from Heraeus Clevios, poly (N-vinylcarbazole)
(PVK) (Mw 1.100.000), 2-(4-Biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD), and 1,3-bis[(4-
tert-butylphenyl)-1,3,4-oxadiazolyl]phenylene (OXD-7) were from Sigma Aldrich.

2.2. Methods

UV-Vis absorption and photoluminescence (PL) measurements were performed by
using Edinburgh Instruments FS5 spectrophotometer. ITO substrate cleaning was pro-
cessed by ISOLAB ultrasonic bath and CUTE FC-10046 O2 plasma system. All solutions
were coated via Laurell WS-400B-6NPP LITE spin coater under atmospheric conditions.
Film thickness values were determined by KlaTencor MicroXM-100 optical profilometer.
Cathode evaporations were performed by the use of a vacuum thermal evaporator attached
to a LC Technology Solution Inc. glove box system. The EL spectra and luminance–voltage–
current density curves were obtained using a Keithley 2400 source measurement unit and
calibrated Hamamatsu C9920-12 measurement system. Frequency varying capacitance
values were determined up to 106 Hz by using an Agilent 4284A LCR meter.

2.3. Device Preparation

Light emitting layer solutions of x wt.% PDI (x = 0.03, 0.06, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0), y
wt.% PTE (y = 0.03, 0.06, 0.1, 0.20) and PDI (x’ wt.%): PTE (y’ wt.%) (x’:y’ = 0.1:0.03, 0.1:0.06,
0.1:0.1, 0.06:0.03) were prepared in host matrices of PVK:PBD or PVK:OXD-7 (60:40 wt.%)
in chlorobenzene and stirred overnight. Total solution density was kept at 30 mg/mL for
each of them. ITO coated glasses were appropriately etched with HCl(aq) and cleaned with
detergent, water, deionize water, acetone and isopropyl alcohol, respectively, for 30 min,
by using ultrasonic bath. After cleaning, ITO coated glass substrates were treated by O2
plasma (70 W) for 8 min. PEDOT:PSS was coated by using the spin coater (3000 rpm,
1 min) and annealed at 100 ◦C for 30 min. Light emitting layers were spin coated on top of
PEDOT:PSS at 3000 rpm for 1 min and annealed at 125 ◦C for 30 min. Finally, LiF (1 nm)
and Al (100 nm) cathodes were deposited through a shadow mask and by the use of the
vacuum evaporator at 10−6 mbar and deposition rates of LiF and Al were 0.2 Å/s and
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2.5 Å/s, respectively. The active area of the devices was 7 mm2 and six parallel devices
were fabricated.

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results and their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Characterization and Determination of Host Matrix

PVK is widely used as p-type host material due to its good film forming properties and
compatible energy levels [26,27]. However, because of the low lying HOMO level of PDI
(Figure 1), bare PVK cannot be considered an ideal host [20]. Therefore, in order to enhance
electronic level alignment and also increase the electron density in the emissive layer, two
dopants with different electron mobility values are also introduced in the PVK layer. These
materials are PBD and OXD-7 with electron mobility values of 8 × 10−8 cm2 V−1 s−1 and
1–4 × 10−5 cm2 V−1 s−1, respectively [33]. Energy levels of the materials are depicted in
Figure 1 together with the open structures of PDI and PTE.
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Figure 1. Energy band diagram of the devices, chemical structure of PTE and PDI [energy levels
of PVK [25], OXD-7 [34], PBD [35], are taken from literature and PTE and PDI are calculated by
using the first reduction potentials and optical band gaps (Figure S2)] and cross sectional view of
fabricated device.

PVK:OXD-7 host presented higher turn-on voltages (Vturn-on) and, lower current den-
sity and luminance values (Figure 2a,b) than those of PVK:PBD host in bare PDI containing
devices. These results may be attributed to the deeper HOMO and LUMO energy levels of
OXD-7, which may act as trap center for the injected holes and may cause unnecessarily
excess electron injection in to the emission layer, respectively. Hole mobility values of
PVK:PBD and PVK:OXD-7 hosts are calculated to be 2 × 10−6 and 8 × 10−7 cm2 V−1 s−1,
whereas the electron mobility values are 8.7 × 10−7 and 1.1 × 10−5 cm2 V−1 s−1, respec-
tively (Figure S3). The dramatic difference obtained between the electron mobility values
confirm the above made suggestion on the lower luminance values, but the difference in
hole mobility values is incapable of addressing the deeper HOMO level of OXD-7 as the
main reason for higher Vturn-on. The AFM micrographs of PVK:PBD (RMS of 0.31) and
PVK:OXD-7 (RMS of 0.44) films presented homogenous and smooth surfaces (Figure S4).
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However, dramatic thickness difference between the host media was also detected; the
thicknesses of PVK:OXD-7 and PVK:PBD films are 126 ± 4.3 nm and 84 ± 2.0 nm, respec-
tively (Table S1). Therefore, we suggest that in addition to the deeper HOMO energy level,
a higher thickness of PVK:OXD-7 layer may have caused charge accumulation on both
sides of the active layer and resulted in an increased Vturn-on for the PVK:OXD-7 based
OLED [36].

Electronics 2021, 10, x FOR PEER REVIEW 4 of 12 
 

 

whereas the electron mobility values are 8.7 × 10−7 and 1.1 × 10−5 cm2 V−1 s−1, respectively 
(Figure S3). The dramatic difference obtained between the electron mobility values con-
firm the above made suggestion on the lower luminance values, but the difference in hole 
mobility values is incapable of addressing the deeper HOMO level of OXD-7 as the main 
reason for higher Vturn-on. The AFM micrographs of PVK:PBD (RMS of 0.31) and PVK:OXD-
7 (RMS of 0.44) films presented homogenous and smooth surfaces (Figure S4). However, 
dramatic thickness difference between the host media was also detected; the thicknesses 
of PVK:OXD-7 and PVK:PBD films are 126 ± 4.3 nm and 84 ± 2.0 nm, respectively (Table 
S1). Therefore, we suggest that in addition to the deeper HOMO energy level, a higher 
thickness of PVK:OXD-7 layer may have caused charge accumulation on both sides of the 
active layer and resulted in an increased Vturn-on for the PVK:OXD-7 based OLED [36]. 

The Vturn-on values are increased with the increase in PDI doping wt.% for both of the 
host media and this increment is more notable with PVK:OXD-7 host (Figure 2b). The 
explanation given above is also pertinent for the devices those of which PDI doping wt.% 
is increased. Presence of 0.1 wt.% PDI in PVK:OXD-7 caused approximately 10 nm of 
thickness increment whereas for PVK:PBD:PDI (0.1 wt.%) this increment is only 5 nm 
compared to their un-doped films. The thicknesses of PVK:OXD-7: PDI (0.1 wt.%) and 
PVK:PBD:PDI (0.1 wt.%) films are 135 ± 4.9 nm and 89 ± 3.4 nm, respectively (Table S1). 
This huge thickness difference is attributed to the different molecular volumes of OXD-7 
(378 Å3) and PBD (270 Å3) (molecules are drawn in the chemsketch software and their 
volumes are calculated by using an online tool [37]). The Vturn-on value increments obtained 
can also be explained by the high dipole moments and dipole moment differences of the 
hosts and PDI molecule, which may create energy disorder and consequently reduce the 
carrier mobility and conductivity of the emitting layer [38]. 

Due to the comparatively better luminance and lower Vturn-on values obtained, 
PVK:PBD was chosen as the host matrix. The white light properties of the device structure 
of ITO/PEDOT:PSS/PVK:PBD:PDI (x wt.%)/LiF/Al are summarized in Table 1. The CIE 
coordinates of (0.36, 0.29), CCT of 4170 K and CRI of 90 could be reached with 0.1 wt.% 
PDI doping. Further increment of PDI wt.% caused a reduction in white light properties 
as a result of decreasing of both the blue and the orange-red emission intensities (Figure 
S5a). 

Table 1. PDI and PTE doping wt.% dependent CRI, CCT and CIE values of ITO/PEDOT:PSS/PVK:PBD:PDI or PTE/LiF/Al 
devices. 

 
PVK:PBD:PDI (x wt.%) PVK:PBD:PTE (y wt.%) 

0.06 0.1 0.2 0.4 0.6 0.8 1.0 0.03 0.06 0.1 0.2 
CRI 86 90 82 80 76 74 69 77 74 71 65 
CCT 7901 4170 3711 2558 2431 2276 2333 7094 5402 5154 4860 

CIE 
0.32, 
0.26 

0.36, 
0.29 

0.41, 
0.34 

0.43, 
0.35 

0.44, 
0.35 

0.45, 
0.35 

0.45, 
0.35 

0.29, 
0.37 

0.34, 
0.42 

0.35, 
0.45 

0.37, 
0.49 

 
Figure 2. (a) Current density—Voltage and (b) Luminance -Voltage characteristics of bare PDI devices in host matrices of
PVK:PBD and PVK:OXD-7.

The Vturn-on values are increased with the increase in PDI doping wt.% for both of
the host media and this increment is more notable with PVK:OXD-7 host (Figure 2b). The
explanation given above is also pertinent for the devices those of which PDI doping wt.%
is increased. Presence of 0.1 wt.% PDI in PVK:OXD-7 caused approximately 10 nm of
thickness increment whereas for PVK:PBD:PDI (0.1 wt.%) this increment is only 5 nm
compared to their un-doped films. The thicknesses of PVK:OXD-7: PDI (0.1 wt.%) and
PVK:PBD:PDI (0.1 wt.%) films are 135 ± 4.9 nm and 89 ± 3.4 nm, respectively (Table S1).
This huge thickness difference is attributed to the different molecular volumes of OXD-7
(378 Å3) and PBD (270 Å3) (molecules are drawn in the chemsketch software and their
volumes are calculated by using an online tool [37]). The Vturn-on value increments obtained
can also be explained by the high dipole moments and dipole moment differences of the
hosts and PDI molecule, which may create energy disorder and consequently reduce the
carrier mobility and conductivity of the emitting layer [38].

Due to the comparatively better luminance and lower Vturn-on values obtained, PVK:PBD
was chosen as the host matrix. The white light properties of the device structure of
ITO/PEDOT:PSS/PVK:PBD:PDI (x wt.%)/LiF/Al are summarized in Table 1. The CIE
coordinates of (0.36, 0.29), CCT of 4170 K and CRI of 90 could be reached with 0.1 wt.%
PDI doping. Further increment of PDI wt.% caused a reduction in white light properties as
a result of decreasing of both the blue and the orange-red emission intensities (Figure S5a).

Table 1. PDI and PTE doping wt.% dependent CRI, CCT and CIE values of
ITO/PEDOT:PSS/PVK:PBD:PDI or PTE/LiF/Al devices.

PVK:PBD:PDI (x wt.%) PVK:PBD:PTE (y wt.%)

0.06 0.1 0.2 0.4 0.6 0.8 1.0 0.03 0.06 0.1 0.2

CRI 86 90 82 80 76 74 69 77 74 71 65

CCT 7901 4170 3711 2558 2431 2276 2333 7094 5402 5154 4860

CIE 0.32,
0.26

0.36,
0.29

0.41,
0.34

0.43,
0.35

0.44,
0.35

0.45,
0.35

0.45,
0.35

0.29,
0.37

0.34,
0.42

0.35,
0.45

0.37,
0.49

The EL maximum of PVK:PBD host presented 15 nm of red shift compared to its PL as
a result of exciplex emission [39]. The orange-red region of the EL was mainly dominated
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by a peak at 610 nm (Figure 3a). Generally, this peak has been observed in PL spectrum of
bare PDI films and attributed to aggregation of the PDI core due to π-π stacking [23]. How-
ever, 0.1 wt.% of PDI content corresponds approximately 5 × 10−5 M of PDI concentration
and aggregation induced PL behavior might not be expected. Therefore, PL measurements
are carried on in order to further understand the mechanism and origin of this peak. PL
spectra of PVK:PBD:(0.1 wt.%) PDI film presented the same emission wavelength maxima
(λ1

ems = 551 nm, λ2
ems = 598 nm and λ3

ems = 650 nm) with the excitation wavelengths of
510 nm and 310 nm which are used for the excitation of the PDI and host, respectively
(Figure 3a). Although they preserved characteristic three peak decreasing intensity struc-
ture of PDI, λems maxima and PL offset are red shifted approximately 20 nm and 90 nm,
respectively, compared to the solution phase ([10−6] in chloroform) and polystyrene (PS):
0.1 wt.% PDI film (Figure S5b). These shifts are evaluated as possible formation of another
excited state. Interestingly, in the EL spectrum, λ1ems of PDI was the same while λ2

ems
of it also presented approximately 15 nm of red shift and gave a peak at 610 nm. It is
deduced that the EL obtained at 610 nm was a result of an excited/ground state energy
or charge transfer interaction between the host and PDI. In applied voltage dependent
EL measurements [40–42] arising of a new peak at 630 nm is observed and intensities of
both the blue and the orange-red regions are affected equally from the voltage increments
(Figure 3b). Therefore, it is suggested that the EL at 610 nm was actually the combination
of λ2

ems of PDI and exciplex emission with a peak point at 630 nm. This suggestion is
supported by the EL intensity increments observed at 630 nm with the increase in PDI
doping wt.% in PVK:PBD host system (Figure S5a, inset).
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3.2. Optimization of White Color Properties

In order to increase the visible light region coverage and consequently, the CRI
value of bare orange-red emitting PDI containing devices, green light emitting PTE
is thought to be introduced in the emission layer. Absorption and emission spectra
of PVK:PBD, PDI and PTE are provided in Figure S2b. Beforehand, the behavior of
ITO/PEDOT:PSS/PVK:PBD:PTE (y wt.%)/LiF/Al device is monitored. In a similar man-
ner with the bare PDI devices, the Vturn-on values increased with the increasing doping
ratio of PTE (Figure 4a) but the maximum luminance value produced by the bare PTE
containing device was slightly higher than that of the bare PDI containing one (Figure 4a
vs. Figure 2b). This is attributed to more efficient interaction between the host and PTE due
to bigger integral area (overlap) between the absorption of PTE and emission of PVK:PBD
compared to that of PDI (Figure S2b). It is well known that in host:guest systems the
emission is usually controlled by energy or electron transfer between them [43]. Therefore,
in order to determine the measure of transfer, steady state quenching experiments are
performed. PDI and PTE are used as quenchers for the emission of PVK:PBD host and
quenching rate constants of 9 × 1010 M−1 s−1 and 3.6 × 1011 M−1 s−1, respectively, are
extracted from the corresponding Stern-Volmer plots (Figure 4b). These rate constants are
higher than the diffusion control limit (kq ≈ 1010 M−1 s −1) and suggests the probability of
charge transfer process between the carbazole based host and perylene derivatives [44].
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of PVK:PBD PL quenching with the addition of PDI and PTE in film phase [average radiative life time of PVK:PBD is
measured as 65 ns (Figure S6)].

Resulting from a better donor-acceptor relationship between the host and PTE, the
ratio needed to obtain white light was much lower than that of the PDI based devices. The
devices that contain 0.03, 0.06 and 0.1 wt.% PTE presented greenish white light and the CIE
values remained above the Planckian locus, while for the bare PDI devices these values are
below it (Figure 5). Further increment of PTE wt.% did not cause a significant change in
the EL intensities of blue and green regions (Figure 6a). The green region of the EL was
dominated by a peak at 535 nm which corresponds to a wavelength of 15 nm red shifted
second PL peak of PTE in solution phase (λ2

ems = 520 nm, Figure S2b). The intensity of
535 nm peak is increased with the increase in PTE doping wt.%. Although both the red
shift and increasing EL intensity behaviors are similar with the situation in PVK:PBD:PDI
devices, it is unlikely that the applied voltage dependent EL spectra presented significant
intensity differences between the blue and green regions; the intensity of 535 nm peak
increased more than two folds of the 445 nm peak (Figure 6b and Figure S7). Therefore, it
is suggested that the EL peak of 535 nm is generated as a result of electroplex formation
between the host and PTE [40–42].
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Figure 6. (a) EL spectra of PVK:PBD:y wt.%PTE devices and (b) applied voltage dependent EL
spectra of the device with PVK:PBD:PTE (0.03 wt.%) emitting layer.

The CRI values of PTE containing devices are only around 75 because of the lack
of orange-red region and CIE and CCT values of PTE wt.% < 0.1 devices presented the
closest values to white light (Table 1). Therefore, these doping ratios of PTE are con-
sidered to be introduced in the 0.1wt.%PDI containing device. Device configuration of
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ITO/PEDOT:PSS/PVK:PBD:PDI (0.1wt.%): PTE (y’ wt.%)/LiF/Al (y’ = 0.03, 0.06 and 0.1)
is prepared and labeled as Device 1, 2 and 3 in accordance with the increasing y’ wt.%. As
expected, an increment at the green and a decrement at the blue regions of the EL spectra
are detected as the wt.% of PTE is increased (Figure 7a). The fading of 630 nm emission of
a bare PDI device and disappearance of the electroplex peak at 535 nm in bare PTE devices
are also monitored. The Vturn-on values of Device 1–3 are in the range of bare PDI and
bare PTE containing devices. Although the current density at the same applied voltage
is in the order of Device 1 > Device 2 ∼= Device 3 (Figure 7b), the EL intensity decrement
at 630 nm is continued in Device 2 and Device 3. This situation is evaluated as more
evidence of electric field independent formation of 630 nm peak, and the fading is ascribed
to the reduction of host concentration ready to form exciplex with PDI as the PTE wt.% is
increased. Absence of 535 nm peak is attributed to the wide overlap between the emission
of PTE and absorption of PDI (Figure S2).
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The white light properties of Device 1–3 are given in Table 2. Combination of blue,
green and orange-red emitter resulted in a CRI value higher than 90. However, white
light characteristic is reduced from Device 1 to Device 3. By considering the discussions
provided above, in order to regain the green photons absorbed by PDI and increase
the host concentration in emitting layer, reducing the PDI wt.% is employed. Device
4, with an emitting layer of PVK:PBD: 0.06 wt.% PDI: 0.03 wt.% PTE, is prepared. Its
EL spectrum presented a full visible range coverage (Figure 8) with the combination of
dominated peaks at 445, 535, 558 and 620 nm. These peak points are attributed to PVK:PBD,
PVK:PBD:PTE electroplex, PDI and addition of PVK:PBD:PDI exciplex and PDI emission
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peaks, respectively. Electron (7.3 × 10−7 cm2 V−1 s−1) and hole (8.5 × 10−7 cm2 V−1 s−1)
mobility values of this device addressed a balanced charge injection in the emissive layer
(Figure S9). White light properties of 96 CRI, 4916 K CCT and (0.34, 0.36) CIE coordinates
are achieved (Device #4 in Table 2), which can be manipulated with the applied voltage
between 86 and 96, 3800 K and 5100 K, and (0.38, 0.34) and (0.33, 0.40), respectively
(Figure S10).

Table 2. CRI, CCT and CIE values Device 1–4 @ maximum brightness.

Device # CRI CCT CIE

1 92 3790 0.37, 0.35

2 90 3773 0.37, 0.36

3 84 4634 0.36, 0.36

4 96 4916 0.34, 0.36

Electronics 2021, 10, x FOR PEER REVIEW 9 of 12 
 

 

emitting layer of PVK:PBD: 0.06 wt.% PDI: 0.03 wt.% PTE, is prepared. Its EL spectrum 
presented a full visible range coverage (Figure 8) with the combination of dominated 
peaks at 445, 535, 558 and 620 nm. These peak points are attributed to PVK:PBD, 
PVK:PBD:PTE electroplex, PDI and addition of PVK:PBD:PDI exciplex and PDI emission 
peaks, respectively. Electron (7.3 × 10−7 cm2 V−1 s−1) and hole (8.5 × 10−7 cm2 V−1 s−1) mobility 
values of this device addressed a balanced charge injection in the emissive layer (Figure 
S9). White light properties of 96 CRI, 4916 K CCT and (0.34, 0.36) CIE coordinates are 
achieved (Device #4 in Table 2), which can be manipulated with the applied voltage be-
tween 86 and 96, 3800 K and 5100 K, and (0.38, 0.34) and (0.33, 0.40), respectively (Figure 
S10). 

Table 2. CRI, CCT and CIE values Device 1–4 @ maximum brightness. 

Device # CRI CCT CIE 
1 92 3790 0.37, 0.35 
2 90 3773 0.37, 0.36 
3 84 4634 0.36, 0.36 
4 96 4916 0.34, 0.36 

 
Figure 8. Normalized EL spectrum of Device 4 in comparison with the normalized EL spectra of 
PVK:PBD, PVK:PBD:(0.03 wt.%) PTE and PVK:PBD:(0.06%) PDI devices. 

4. Conclusions 
One of the many problems in WOLED generation is the energy transfer between R G 

B emitters and local color losses. In this study, we produced an optimized host: perylene 
single layer WOLED with white light properties of 96 CRI, 4916 K CCT and 0.34, 0.36 CIE 
from selected emitters that prevent aggregation with low doping rates in host [15]. To the 
best of our knowledge, this device presents the best white light properties of current so-
lution processed single layer perylene based WOLED literature. Comparison of PL and 
EL spectra of the films and devices, respectively, addressed that the orange-red emission 
was dominated by the exciplex formation, whereas green emission was mainly generated 
from the electroplex emission. Energy transfer from the host to the green emitting PTE is 
more efficient than that of to the orange-red emitting PDI. The lack of the red region re-
sulted in CRI values of only around 75 in bare PTE devices. The highest CRI value ob-
tained with bare PDI devices was 90. Even though the devices do not contain additional 
layers, optimization of the dopant ratio and detailed investigation of the electronic mech-
anism during the device operation allowed for reporting the best white light properties of 
solution processed WOLED literature [28]. 

400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

1.2
445 nm

 PVK:PBD:0.06 wt% PDI
 PVK:PBD:0.03 wt% PTE

 Dev.4 

N
or

m
al

iz
ed

 E
L

Wavelength (nm)

 PVK:PBD

535 nm 620 nm
558nm

Figure 8. Normalized EL spectrum of Device 4 in comparison with the normalized EL spectra of
PVK:PBD, PVK:PBD:(0.03 wt.%) PTE and PVK:PBD:(0.06%) PDI devices.

4. Conclusions

One of the many problems in WOLED generation is the energy transfer between R G
B emitters and local color losses. In this study, we produced an optimized host: perylene
single layer WOLED with white light properties of 96 CRI, 4916 K CCT and 0.34, 0.36 CIE
from selected emitters that prevent aggregation with low doping rates in host [15]. To
the best of our knowledge, this device presents the best white light properties of current
solution processed single layer perylene based WOLED literature. Comparison of PL and
EL spectra of the films and devices, respectively, addressed that the orange-red emission
was dominated by the exciplex formation, whereas green emission was mainly generated
from the electroplex emission. Energy transfer from the host to the green emitting PTE is
more efficient than that of to the orange-red emitting PDI. The lack of the red region resulted
in CRI values of only around 75 in bare PTE devices. The highest CRI value obtained
with bare PDI devices was 90. Even though the devices do not contain additional layers,
optimization of the dopant ratio and detailed investigation of the electronic mechanism
during the device operation allowed for reporting the best white light properties of solution
processed WOLED literature [28].

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-929
2/10/6/725/s1; Synthesis and characterization of perylene derivatives, Figure S1: 1H-NMR spectra
of (a) PTE, (b) PDI and (c) FTIR spectrums of PTE and PDI, Figure S2. (a) Cyclic behavior and (b)
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absorption spectra of PDI and PTE, electrochemical stability of (c) PTE and (d) PDI, Figure S3. Hole
and electron mobility of PVK:PBD and PVK:OXD-7 hosts, Figure S4. (a) AFM images of PVK:PBD
and (b) PVK:OXD-7 films, Figure S5. (a) EL vs. wavelength spectra of PVK:PBD:x wt.%PDI devices
(inset: EL intensity change at orange-red region for the x values between 0.03 and 0.4) and (b) PL
curves of polystyren (PS):PDI (λexc = 510 nm), PS:PVK:PBD:PDI (λexc1 = 510 and λexc2 = 310 nm),
films and PDI solution in CHCl3, Figure S6. Lifetime measurement of PVK:PBD matrix, Figure S7.
Applied voltage dependent EL vs. wavelength spectra of PVK:PBD:x wt.%PTE devices (a) x = 0.06
and (b) x = 0.1, Figure S8. (a) External quantum efficiency, (b) current efficiency and (c) power
efficiency of Device1–4, Figure S9. Hole and electron mobility of PVK:PBD: 0.06 wt.% PDI: 0.03 wt.%
PTE based device; Device 4, Figure S10. (a) Applied voltage dependent CCT and CRI values and (b)
CIE coordinate deviation (inset; applied voltage dependent images) of Device 4, Table S1: Thickness
measurements of layers.
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