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A B S T R A C T

We have investigated the effect of blending electron deficient heterocycle Benzothiadiazole (BT) on the photo-
physical properties of conjugated polymer Poly [2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-
PPV). Quantum yield (QY) value has been found to increase from 37% for pure MEH-PPV to 45% for an optimum
MEH-PPV:BT blend ratio of 1:3. This can be attributed to the efficient energy transfer from the wide bandgap BT
(host) to the small bandgap MEH-PPV (guest). The FTIR spectrum of MEH-PPV:BT blended thin film indicates
suppression of aromatic C-H out-of-plane and in-plane bending, suggesting planarization of the conjugated
polymer chains and, hence, leading to increase in the conjugation length. The increase in conjugation length is
also evident from the red-shifted PL spectra of MEH-PPV:BT blended films. Single layer MEH-PPV:BT device
shows lower turn-on voltage than single layer MEH-PPV alone device. Further, the effect of electrical con-
ductivity of PEDOT:PSS on the current-voltage characteristics is investigated in the PLED devices with MEH-
PPV:BT blend as the active layer. PEDOT:PSS with higher conductivity as HIL reduces the turn on voltage from
4.5 V to 3.9 V and enhances the current density and optical output in the device.

1. Introduction

Since the first report on organic/polymer light emitting diodes
[1,2], there have been continuous efforts to improve the device effi-
ciency and lifetime by employing novel device architectures and syn-
thesizing new efficient organic materials [3–12]. Organic semi-
conductors (OSCs) are well suited for thin, light-weight, flexible and
large area flat panel displays and solar cells. Organic Light Emitting
Diodes (OLEDs), Solar Cells, Sensors and Lasers are some of the ex-
plored applications of OSCs [13–15]. Polymer light-emitting diodes
(PLEDs) are of particular interest since they can be fabricated by low
temperature solution processing and scalable technologies, such as in-
kjet printing, on large area flexible substrates [16,17]. Recent appli-
cations of PLEDs include flexible displays, solid-state lighting and short-
range indoor optical communication [18–20].

Efficient charge injection, balanced charge transport, exciton for-
mation and recombination within the active layer are the basic pro-
cesses involved in the operation of a PLED [21]. However, it is well
documented in the literature that the magnitude of hole transport in
OSCs are a few orders greater than that of electron mobility, which is
hindered by omnipresent electron traps at 3.6 eV [22]. The imbalance
of charge carrier transport in the OSCs invariably results in poor device
efficiency and performance. This problem has been partly addressed by

the design and synthesis of new materials with balanced charge carrier
transport and, also, by blending active layer material with electron
transport material [23]. A multilayer device includes hole injection
layer (HIL), hole transport layer (HTL), electron blocking layer (EBL) on
one side of the electroluminescent (EL) layer and, hole blocking layer
(HBL), electron transport layer (ETL), electron injection layer (EIL)
between the EL layer and the cathode. Such devices show improved
device performance [24]. However, a serious problem in such multi-
layer devices is the dissolution of pre-deposited polymer layer by the
solution for the subsequent layer [25]. Hence, there is great interest in
fabricating few-layer devices using blended polymer materials with
good device efficiency [26].

Poly [2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylene vinylene]
(MEH-PPV), a well-investigated electroluminescent conjugated polymer
and Benzothiadiazole (BT), an electron deficient small molecule, have
been widely used in the field of organic optoelectronics [27,28]. Re-
cently, Bidgoli et al. have explored the possibility of blending these
materials and applying it as a single electroluminescent layer in the
polymer light emitting diodes [29,30]. The motivation behind this was
to balance the charge carrier mobilities within the active layer and
thereby avoiding the complexity of multilayer device structure. They
could observe a reduction in the turn on voltage and an increase in the
lifetime of these devices. However, an extensive study of the photo-
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physical properties and different interaction mechanisms of these ma-
terials are still lacking in the literature. Here we report the enhance-
ment in fluorescence quantum yield of MEH-PPV by the addition of BT.
Fluorescence quantum yield (Φf), a measure of the efficiency of con-
version of absorbed light into emitted light, is the key parameter for
comparison of fluorophore efficiency. Relative fluorescence quantum
yield can be easily measured using a UV–Vis spectrometer and a
spectro-fluorometer.

2. Experimental details

MEH-PPV with a number averaged molecular weight (Mn) of
40000–70000 and with a polydispersity index (PDI) of around 6 and BT
with a purity of 98% were purchased from Sigma Aldrich. Their che-
mical structures are shown in Fig. 1. Two varieties of PEDOT:PSS, one
of conductivity (1 S/cm) grade (referred to as PEDOT:PSS1) and an-
other with high-conductivity (> 200 S/cm) grade (PEDOT:PSS2) were
also purchased from Sigma Aldrich. All these materials were used as
received and without any further purification. Indium Tin Oxide (ITO)
patterned glass substrates with sheet resistance of 15Ω/□ and thickness
of 150 nm was sourced from Kintech, Taiwan, and used as the anode for
the device fabrication. MEH-PPV and BT were separately dissolved in
1,2-dichorobenzene (DCB) to obtain solutions with a concentration of
1mg/ml each. These two solutions were mixed together in different
ratios to get appropriate weight percentages and subjected to the ab-
sorption and emission spectroscopy to investigate the effect of BT on the
optical properties of MEH-PPV. Fluorescence quantum yields were
calculated from the absorption and fluorescence spectra using a com-
parative method in which Fluorescein used as the standard.

UV–Vis absorption spectrum was recorded using Ocean Optics USB
4000 spectrophotometer with integration time of 30ms. Fluorescence
spectrum at room temperature was recorded using Horiba Jobin Yvon
Fluoromax-4 spectrometer. Both the fluorescence reference standard
and samples under the investigation were excited by light of wave-
length 496 nm and the slit width of excitation and emission mono-
chromators were kept 0.75 nm. FTIR spectrum of MEH-PPV and MEH-
PPV:BT blend films were recorded by Perkin Elmer Frontier MIR
spectrometer to investigate the structural changes and bond stretching
or bending in MEH-PPV after blending with BT.

3. Results and discussions

3.1. Photo-physical studies of MEH-PPV and MEH-PPV:BT blends

Fig. 2 shows the normalized UV–Vis absorption curves for pure BT,
pure MEH-PPV and for MEH-PPV:BT in a 1:3 blend in DCB solvent. The
same curves were recorded for all other MEH-PPV:BT blend ratios (see
the supporting information). The absorption spectrum shows char-
acteristics absorption peak at 310 nm and 503 nm for solution of pure
BT and MEH-PPV, respectively. The MEH-PPV:BT blend solution retains
the absorption maxima at 310 nm, however, the absorption at 503 nm is
much reduced. The absorption spectrum for 1:1 shows almost equal
absorption for the constituent materials and is simply the linear com-
bination of absorption spectrum of BT and MEH-PPV. As the weight

percentage of MEH-PPV in the blend decreases, a similar reduction is
seen in the absorbance. Optical bandgap of these materials was calcu-
lated by substituting the λonset value in the equation =E eV,g

1241.25
λonset

and
found to be 3.55 eV and 2.18 eV for BT and MEH-PPV solutions, re-
spectively. The calculated optical bandgap values are in good agree-
ment with the values in the literature [31].

For very dilute solution (absorbance < 0.1) of BT, the excitation
wavelength was 310 nm, corresponding to absorption maximum in
UV–Vis, and the fluorescence emission (Fig. 3) was recorded from
325 nm to 600 nm. BT shows a narrow emission spectrum ranging from
350 nm to 450 nm with an emission maximum at 380 nm. MEH-PPV
and MEH-PPV:BT solutions were excited with light at wavelength of
496 nm and the emission was recorded from 506 nm to 800 nm. Both
the solutions show almost identical emission spectra without any shift
in the peak wavelength. This suggests that blending has little effect on
the shape of the PL spectrum and the optical band gap of MEH-PPV.
Therefore, BT can be a good alternative for inducing the charge carrier
balance in MEH-PPV without modifying the optical characteristics of
MEH-PPV. Both MEH-PPV and MEH-PPV:BT blend solutions show a
dominant peak at 569 nm and a shoulder at 610 nm, and their corre-
sponding energy values are 2.18eV, 2.03eV respectively. Another
shoulder peak at 668 nm (1.86eV) is barely visible. The energy differ-
ence between the three peaks are equal and it follows the usual vibronic
progression [32]. A red shifted PL spectrum was obtained for both

Fig. 1. Chemical structure of MEH-PPV and BT respectively (from Sigma-
Aldrich website).

Fig. 2. Normalized UV–Vis absorption spectrum of MEH-PPV, BT and MEH-
PPV:BT (1:3 ratio) solutions in DCB solvent.

Fig. 3. Normalized fluorescence spectra of MEH-PPV, BT and MEH-PPV:BT (1:3
ratio) solutions in DCB solvent.
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MEH-PPV and MEH-PPV:BT blend (1:3 ratio) films compared to their
solution state (see the supporting information).

The optical parameters obtained from the absorption and emission
spectra are presented in Table 1.

Fluorescence quantum yield (Φf) is simply the ratio of number of
photons emitted to the number of photons absorbed. Here we have
adopted the commonly used comparative fluorescence quantum yield
measurement technique taking fluorescein, dissolved in 0.1 M NaOH
solution, as the reference standard whose QY value, taken from the
literature is 0.95. Fluorescence quantum yield (Φf) is given by Refs.
[33–35].

=Φ Φ F
F

f
f

n (λ )
n (λ )f,x f,st

x
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st

x

x
2

em
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2
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Here F is the integral photon flux, f is the absorption factor, n is the
refractive index (at the excitation wavelength) of the solvent and Φf is
the quantum yield. The index x denotes the sample and the index st
denotes the standard solution. Fx and Fst values were obtained by in-
tegrating the PL spectra over wavelength. The absorption factor is given
by = −

−f 1 10 A(λ )ex , where A(λex) is the absorbance at the excitation
wavelength. Absorption factor can be considered as the absorbance
value at the excitation wavelength for very dilute solution. All the so-
lutions were taken in a quartz cuvette having a path length of 10mm
and were subjected to both absorption and fluorescence measurements.
Here all the solution concentrations were restricted to get absorbance
values less than 0.1 to ensure that self-absorption is negligible.

Here we substituted 1.335 and 1.551 for the refractive index value
(at 589 nm) of the 0.1M NaOH and DCB solvents, respectively. The
slope values were extracted from the absorbance versus integrated
fluorescence intensity graph (Fig. 4) and substituted in equation (1).
The quantum yield values obtained for different blend ratios of MEH-
PPV:BT are tabulated Table 2.

From the calculated QY values it is clear that the fluorescence
quantum yield increases initially with increasing proportion of BT in
the blend and attains a maximum QY value of 45% for MEH-PPV:BT
blend ratio of 1:3. Further blending of BT into MEH-PPV resulted in
reducing the QY value to 38% for blend ratio of 1:4 and more. Efficient
energy transfer from a wide bandgap host to a small bandgap guest
happens only when the emission spectrum of the host overlaps con-
siderably with the absorption spectrum of the guest [6]. Since the
emission spectrum of BT overlaps to some extent with the absorption
spectrum of MEH-PPV, shown in Fig. 5, the energy transfer from the
host BT to the guest MEH-PPV must be considered. The extent of
overlap between the emission spectrum of BT and absorption spectrum
of MEH-PPV was further improved when the blended liquid was cast
into a solid film form (see the supporting information). This energy
transfer can, in turn, result in the enhancement of fluorescence QY for
MEH-PPV:BT blend.

Since MEH-PPV:BT:1:3 blend ratio resulted in maximum

fluorescence QY, further characterizations and device fabrication were
done using MEH-PPV:BT blend solution with 1:3 blend ratio only.

Infrared spectra of MEH-PPV and MEH-PPV:BT films were recorded
by ATR method, from an upper limit 4000 cm−1 down to 650 cm−1, to
investigate whether there are any structural changes and bond
stretching or bending in MEH-PPV after blending with BT. FTIR spec-
trum of the glass substrate was recorded as the reference. FTIR spec-
trum of MEH-PPV:BT blend film shown in Fig. 6 is similar to that of
MEH-PPV except for the absence of vibrational frequencies at 727, 853,
1080, 1117, 1152, 2212, 3106 cm−1. The absence of certain group
frequencies implies that the blending results in reduced methylene-
(CH2)n – rocking and absence of aromatic C-H out-of-plane and in-plane
bend [36]. The absence of aromatic C-H out-of-plane and in-plane bend
in the MEH-PPV:BT blend can lead to planarization of the conjugated
polymer chains and, thus, an increased conjugation length. The increase
in conjugation length is further confirmed from the red-shifted PL
spectra for MEH-PPV:BT blended films compared to MEH-PPV film
[32,37]. In the PL spectra, full width at half maxima is 31 nm for MEH-
PPV film and it reduces to 25 nm for MEH-PPV:BT blended films. The
narrowing of the emission spectrum can be due to the dilution effects
that decrease the conformational disorder in the blended films [32,38].
The conformational modification and the increased conjugation length
can lead to an enhancement in the fluorescence quantum yield of MEH-
PPV:BT thin films [38,39].

Table 1
Optical parameters obtained from the absorption and emission spectra.

Sample Solvent UV–Vis λmax

(nm)
PL λmax

(nm)
Stoke Shift λPL-
λUV (nm)

MEH-PPV DCB 503 570 67
BT DCB 310 386 76
MEH-PPV:BT (1:3) DCB 310, 503 568 65

Table 2
Fluorescence quantum yield values for different blend ratios of MEH-PPV with
BT.

MEH-PPV:BT 1:0 1:1 1:2 1:3 1:4 1:5

QY (%) 37.48 40.79 42.96 45.54 38.67 38.26

Fig. 4. Absorbance versus integrated fluorescence intensity graph for different
blend ratios of MEH-PPV and BT. The same graph for fluorescein is shown in the
inset. The absorbance values were recorded at a wavelength of 496 nm for both
the sample and standard solutions.

Fig. 5. Normalized absorption spectrum of MEH-PPV and PL emission spectrum
of BT.
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3.2. Polymer light emitting diodes (PLEDs) using MEH-PPV:BT blend

For the device fabrication, MEH-PPV and BT were separately dis-
solved in DCB at 5mg/ml and blended together in the weight ratio 1:3.
Single and multi-layer PLEDs were fabricated using this MEH-PPV:BT
blend for the active layer since the blend ratio of 1:3 resulted in max-
imum fluorescence quantum yield. The device structure and the energy
level diagram of the materials used in the devices are shown in Fig. 7.
The blended solution was spin cast at a speed of 2000 rpm for 30 s. The
amorphous nature of the MEH-PPV and MEH-PPV:BT blend films were
confirmed by X-ray diffraction (XRD) and is presented in the supporting
information. Active layer thickness of 100 nm was obtained by step
height measurement of MEH-PPV:BT film using Atomic Force Micro-
scope (AFM), in tapping mode (Bruker- Dimension Icon). Several mul-
tilayer devices were fabricated using PEDOT:PSS, of two different
conductivities, as HIL and its effect on the device performance was
investigated. The two PEDOT:PSS solutions were spin cast at 2000 rpm
for 30 s yielding films of thickness 20 nm for PEDOT:PSS1 and 60 nm
for PEDOT:PSS2, respectively. Aluminum film of thickness 120 nm was
deposited as the cathode by thermal evaporation at a vacuum level of
5× 10−6 mbar.

The current density-voltage characteristics of the devices, were re-
corded under ambient conditions just after the fabrication. Fig. 8 in-
dicates that the high conductive PEDOT:PSS film works as a good hole
injection layer and drastically reduces the turn on voltage, thereby in-
creasing the current density in the devices. The turn on voltage for
devices with high conductivity PEDOT:PSS2 is 3.9 V where as that of
devices with lower conductivity PEDOT:PSS1 is 4.5 V. Clearly, the high
conductivity PEDOT:PSS film plays the role of a good HIL. The J-V
characteristics of MEH-PPV single layer device shows a higher turn on
voltage (12 V) than the MEH-PPV:BT (1:3) single layer device (9 V).

The logarithmic (J-V) plot (Fig. 9) for single layer MEH-PPV:BT
blend devices shows three distinct linear regions conforming to a power
law behaviour (J α Vk+1) [29]. At low voltages current injection me-
chanism is dominated by ohmic injection having a slope value of 0.90.
At intermediate voltages, the conduction mechanism changes from
ohmic to space charge limited (SCLC) type, with a slope value of 1.50.
SCLC is exhibited by low-mobility semiconductor materials when the
injected charge density is far greater than the intrinsic free carrier
density. As the voltage increases further, the k value also increases to
4.98, signifying the domination of trap charge limited conduction
(TCLC). Multilayer devices, having PEDOT:PSS and MEH-PPV:BT
layers, also exhibit a similar behaviour with three distinct linear re-
gions. Slope values of 0.94, 1.96 and 6.08 were obtained for devices
with PEDOT:PSS1 and 1.05, 1.6 and 6.13 for devices with higher con-
ductivity PEDOT:PSS2 layer as HIL.

In order to estimate the surface roughness of the PEDOT:PSS films,
the morphology of the films have been studied using AFM. The AFM
images (Fig. 10) of PEDOT:PSS films, yield a surface roughness rms
value (Rq) of 2.85 nm for PEDOT:PSS2 and 3.48 nm for PEDOT:PSS1.
Although the AFM images of PEDOT:PSS2 film looks highly granular,
NanoScope software analysis shows lower surface roughness for PED-
OT:PSS2. Therefore the high conductive PEDOT:PSS2 can form a better
interface with the MEH-PPV:BT emissive layer and, hence, enhances the
charge injection into MEH-PPV:BT layer.

Fig. 6. FTIR spectra of MEH-PPV and MEH-PPV:BT thin films on glass substrate.

Fig. 7. Device structure and energy level diagram of multilayer PLEDs with
MEH-PPV:BT as active layer.

Fig. 8. Current density-voltage (J–V) characteristics of MEH-PPV:BT (1:3)
blend devices with and without PEDOT:PSS film of different conductivities as
HIL. J-V characteristics of MEH-PPV alone device is also shown for comparison.

Fig. 9. Logarithmic plot of current density-voltage (J–V) characteristics of
MEH-PPV:BT blend (1:3 ratio) devices with and without PEDOT:PSS as HIL.
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Fig. 11 shows the electroluminescence (EL) spectrum of the devices
with MEH-PPV alone and MEH-PPV:BT blend, as active layer. The EL
spectra were recorded over a wavelength range 300–800 nm using a
spectrometer (Flame, Ocean Optics). The EL spectrum was trimmed
between 500 and 750 nm to avoid the noise present in it. All the devices
exhibit a broad EL ranging from a wavelength of 525 nm–725 nm.
Emission maxima occurs close to 591 nm wavelength for MEH-PPV
based devices and at 586 nm for MEH-PPV:BT based devices. The small
blue shift in the emission maxima of MEH-PPV:BT devices can be due to
the interaction between MEH-PPV and BT. It is well documented that
the PL spectrum of the fluorescent molecules shows a red shift in the
solid state compared to the respective solution state. The PL spectrum
resembles the EL spectrum for these materials. The PL spectrum of BT
solution shows the emission maxima at 386 nm and is expected to ex-
hibit a red shifted EL emission in film form. Hence, the strong EL
emission at 586 nm from the MEH-PPV:BT device may be ascribed to
MEH-PPV only [40].

The optical output measurement shows that same current density
(∼100mA/cm2) resulted in higher number of photons (integration
from 400 nm to 700 nm) for single layer MEH-PPV:BT blended device
(1.69×1010) than the single layer MEH-PPV alone device
(8.23×109). From the optical and electrical characterizations, it is
clear that blending MEH-PPV and BT together and applying it as an

active layer resulted in a lower turn-on voltage and better device effi-
ciency than MEH-PPV alone device. Further, multilayer device with
PEDOT:PSS as HIL improves the optical output due to better hole in-
jection. Device with high conductivity PEDOT:PSS2 as HIL shows im-
proved optical output and large number of photons (2.61×1010) than
the device with lower conductive PEDOT:PSS1 (2.49×1010).

4. Summary and conclusions

Fluorescence quantum yield (Φ) measurement reveals that the ad-
dition of BT into MEH-PPV resulted in an enhancement in the fluores-
cence efficiency. A maximum quantum yield of 45% obtained for an
optimum blend ratio of 1:3 for MEH-PPV:BT. This can be attributed to
the efficient energy transfer from the wide bandgap host to the small
bandgap guest. FTIR spectra revealed the suppression of aromatic C-H
out-of-plane and in-plane bending in the MEH-PPV:BT blend. This leads
to the planarization of the conjugated polymer chains and increased
conjugation length. Single layer MEH-PPV:BT device shows lower turn
on voltage and higher optical output than single layer MEH-PPV alone
device. Use of high conductivity PEDOT:PSS film as HIL enhances the
charge injection into the active polymer and reduces the turn on voltage
of the device. AFM image shows a smoother surface for the high con-
ductivity PEDOT:PSS films and therefore forms a better interface be-
tween HIL and active polymer layer resulting in enhanced charge in-
jection. Blending of MEH-PPV and BT does not affect the photo-physical
properties of MEH-PPV and the EL originates only from MEH-PPV.
Therefore, BT is seen to be a good candidate to induce balanced charge
carrier transport and obtain emission enhancement in MEH-PPV based
PLEDs, with less device complexity.
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