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ABSTRACT: We report on the utilization of an ultrathin buffer layer at the organic/organic (O/O) interface to enhance device effi-

ciency in organic light-emitting diodes. Two different kinds of buffer layers are examined: metal and dielectric. It is shown that

employment of an ultrathin Ag layer with a thickness of 1–2 nm enhances the device performance, while a MgF2 dielectric buffer

cannot affect the device properties considerably. In particular, the turn-on voltage of the device with an appropriate buffer layer is

reduced about 3 V, its current efficiency increases by a factor of more than three, and the power efficiency increases by a factor of

more than five in comparison to the control device when a Ag buffer layer is introduced at the O/O interface. By employment of the

buffer layer at the interface, an accumulation of current carriers appears within the device that redistribute the recombination profile

toward the interior part of the emissive layer. Also, morphological examinations reveal that distinguishable phase segregation occurs

in the blend of the hole-transport layer. In particular, the polymer component remains at the surface and facilitates the hole transport

into the successive layers. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43894.
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INTRODUCTION

Organic light-emitting diodes (OLEDs) have been a topic of

special interest in many research studies owing to their potential

advantages over competing technologies such as fluorescent

lamps and liquid crystal displays.1–5 The establishment of bal-

anced electrons and holes in OLEDs results in improved electri-

cal and optical properties and therefore superior device

efficiency.1,4 Optimizing the electrical characteristics in OLEDs

also leads to an enhancement in device lifetime.3–5

It has been demonstrated that employment of ultrathin buffer

layers at a metal/organic interface can considerably improve car-

rier injection into the device. Tang and coworkers showed6–8

that a thin layer of LiF can be inserted at the cathode/organic

interface to enhance the device performance. Buffer layers such

as MgF2, CaF2, MgO, Al2O3, and NaCl have been shown to be

effective in enhancing the electrical characteristics of OLEDs.9–14

For instance, Chen et al.15 revealed that an ultrathin MgF2 layer

can act as both electron-injection layer at the cathode/organic

interface and as a hole-blocking layer at the anode/organic

interface. Recently, the application of metal buffers such as

indium has been presented to enhance device properties.16 Also,

many studies have been conducted17–23 in order to understand

the physics of carrier transfer at the metal/organic interface in

an OLED structure.

Despite many investigations concerning the utilization of buffer

layers to treat the cathode/organic and anode/organic interfaces,

a highly paramount and effective interface in the device struc-

ture, that is, the organic/organic (O/O) interface, has been

barely considered in the literature. The organic/organic interface

has an extreme impact on device performance because the exci-

ton formation and recombination area is mostly established at

or near the interface where the light emission takes place. At

the same time, employment of metals as buffer layers has rarely

been investigated in OLED structures.

In the present paper, we demonstrate the utilization of an ultra-

thin buffer layer (BL) at the organic/organic interface. It is

observed that insertion of an appropriate buffer layer at the

interface improves the device performance considerably.
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Dielectric buffer and metal buffer layers are examined (MgF2

versus Ag), and their effectiveness is compared. In particular, we

demonstrate that, by employing an ultrathin layer of Ag with a

thickness of 1–2 nm at the O/O interface, the turn-on voltage

of the device is reduced, the current efficiency increases, and

the power efficiency increases in comparison to the control

device without any buffer layer. Also, the rational origin of the

performance improvement is inspected. The investigations reveal

that utilization of an ultrathin Ag buffer not only affects the

morphology of the organic/organic interface but also redistrib-

utes the recombination profile.

EXPERIMENTAL

Materials

For the hole-transport layer (HTL), a mixture of N,N0-

bis(phenyl)benzidine (TPD) small molecule semiconductor

and poly(vinyl carbazole) (PVK) polymer with a ratio of 3:2

was employed. The mixture presents superior properties com-

pared to the individual materials. For the emissive layer, tris(8-

hydroxyquinolinato)aluminum (Alq3) was exploited. Alq3 serves

as an electron-transport layer as well. Figure 1 shows the molec-

ular structures of the materials that are present at the organic/

organic interface. Indium tin oxide (ITO)–coated substrates

were exploited as the anode electrode. Also, a poly(3,4-ethylene-

dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) layer was

deposited as a hole-injection layer. On the other side, silver

(Ag) and aluminum (Al) were used as the metal cathode elec-

trode. Indeed, an ultrathin layer of Ag (metal buffer) or MgF2

(dielectric buffer) was inserted at the organic/organic interface

adjoining the recombination zone. All of the chemicals, except

the ITO substrates, were purchased from Sigma-Aldrich (China)

or Merck (Germany) and used without any further purification.

ITO-coated substrates were purchased from Diamond Coating

(UK). The ITO coating possesses a sheet resistance, a layer

thickness, and a work function of 20 X/Sq, 150 nm, and 5.2 eV,

respectively. The schematic of the basic device structure is

shown in Figure 2.

Device Fabrication

ITO-coated substrates were patterned to fit with a metal

shadow mask prior to any other preparation process. Then,

the samples were cleaned in acetone and isopropyl alcohol

baths and dried with a nitrogen stream. PEDOT:PSS was

deposited on the top of the substrates by using a spin-coating

system and backed at 120 8C for 20 min. The thickness of the

polymer layer was �100 nm. Next, the solution of TPD and

PVK (3:2) was prepared in chloroform as the common sol-

vent, and subsequently the solution was spin-coated and

backed at 90 8C for 20 min to form the first organic layer

with a thickness of �100 nm. This layer operates as the hole-

Figure 1. Molecular structures of the organic materials present at the organic/organic interface: (a) poly(vinyl carbazole) (PVK), small molecule semicon-

ductor, (b) N,N0-bis(phenyl)benzidine (TPD), and (c) tris(8-hydroxyquinolinato)aluminum (Alq3).

Figure 2. The schematic of the device structure and the ultrathin buffer

layer at the organic/organic interface. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Current density versus voltage for the devices: squares: without

any buffer; circles: with MgF2 (1 nm); and triangles: with Ag (1 nm)

buffer layer. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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transport layer and electron-blocking layer (EBL).24 The sam-

ples were then transferred to the high-vacuum coating system

inside a glove box for physical vapor deposition (PVD). In

the vacuum chamber, first, an ultrathin layer of Ag metal or

MgF2 dielectric was thermally deposited, and then the deposi-

tion of the second organic layer, that is, Alq3 as the emissive

layer (EML) and electron-transport layer, was performed.

Finally, the cathode electrode was thermally deposited, Ag or

Al, with a thickness of 80 nm at an operating pressure of <8

3 1026 mbar. The active area of the devices was around 4 3

5.5 mm2. It is noteworthy that all deposition processes were

performed under precisely controlled conditions in order to

minimize any undesired effects on the morphology of the

organic layers. In particular, the distance between the samples

and the evaporation sources was designed to be as long as

25 cm, the deposition rate was kept as low as 0.1 Å/S, and a

sample holder with capacity of 16 devices was exploited for

the deposition of the Ag metal and MgF2 dielectric layer. Also,

the cathode deposition was performed in two steps. The depo-

sition rate was kept as low as 0.2 Å/S at the beginning of the

evaporation, �20 nm, in order to prevent any damage to the

underlying organic layers, and then the evaporation rate was

increased to 0.6 Å/S.

Measurements

A Sigma Instruments SQ160 crystal thickness monitor and a

DekTak (Germany) 8000 profilometer were used as thickness-

measurement systems. A Keithley (Korea) source meter, model

2400, was utilized to obtain current–voltage characteristics.

Also, USB2000 and HR4000 Ocean Optics (USA, Florida) spec-

trometers were employed to record the Electroluminescence

(EL) and Photoluminescence (PL) of the fabricated OLEDs. A

Lutron YK2005LX light meter was used to measure the light

intensity, and the surface morphology of the samples was cap-

tured by atomic force microscopy (AFM) images, which were

acquired with a DME (Danish Micro Engineering (Denmark))

DualScope DS 95.

RESULTS AND DISCUSSION

Figure 3 compares the current density against voltage character-

istics of the devices with a Ag cathode electrode without any

buffer, with 1 nm MgF2 buffer, and with 1 nm Ag buffer layers.

As can be seen, the J–V characteristic of the device almost

remains unchanged and is affected only slightly by the insertion

of the buffer layer for both the metal and dielectric buffer

layers. Principally, the current carriers can directly tunnel

through the ultrathin buffer because the energy barrier is

extremely narrow. Nevertheless, the slight decrease in the J–V

characteristics can be associated with the accumulation of the

current carriers close to the buffer layer, as schematically

depicted in Figure 4(a). First, the external electric field induced

a dipole moment in the buffer layer. This local dipole attracts

and accumulates the free current carriers, and consequently a

net internal electric field is established opposite to the external

field that slightly decreases the total current density. It should

also be emphasized that formation of the dipole moments and

the accumulation of the current carriers are more prominent

when the Ag ultrathin layer is utilized than when a dielectric

layer is employed. It might be postulated that MgF2 as a dielec-

tric possesses natural atomic dipoles that are oriented randomly

Figure 4. Schematic operation of (a) the device employing a Ag buffer

layer, and (b) the control device without a buffer layer. The accumulation

of the current carriers at the O/O interface owing to the presence of the

Ag buffer layer rearranges the recombination profile. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Emission intensity against voltage for the device without any

buffer and the devices with MgF2 (1 nm) and Ag (1 nm) buffer layers.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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at the organic/organic interface during the layer deposition. The

randomness in the direction of the natural atomic dipole for

the dielectric buffer layer attenuates the accumulation of current

carriers close to the interface.

Next, Figure 5 demonstrates the light-emission intensity ver-

sus voltage (L–V) characteristics of the fabricated devices. As

can be observed, the L–V characteristic of the device is

enhanced surprisingly in particular when the Ag buffer layer

is inserted into the device structure. It might be argued that

the deposition of the ultrathin metal buffer layer manages the

exciton formation and exciton annihilation at the organic/

organic interface and consequently improves the device per-

formance. Two phenomena might be considered as the origin

of the performance enhancement, namely, morphological

Figure 6. Atomic force microscope microstructure images of glass/ITO/PEDOT:PSS/PVK:TPD/BL surface: (a) height trace for sample without buffer, (b)

height trace for sample with 1 nm Ag BL, (c) height trace for sample with 1 nm MgF2 BL, (d) phase trace for sample without buffer, (e) phase trace for

sample with 1 nm Ag BL, and (f) phase trace for sample with 1 nm MgF2 BL. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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treatment of the surface at the interface and then redistribu-

tion of the recombination zone.

Figure 6 reveals the AFM tapping-mode and phase-mode

images of the surface of the interface, glass/ITO/PEDOT:PSS/

PVK:TPD/BL, for the samples without buffer [(a) and (d)],

with Ag buffer [(b) and (e)], and with MgF2 buffer [(e) and

(f)]. The tapping-mode images present well-distinguishable sub-

micron regions appearing at the surface of the interface after

deposition of the Ag and MgF2 buffer layers. These areas can be

interpreted as good segregation of the blend components, that

is, PVK polymer, which remains at the surface. Similarly, the

homogenous phase contrast in phase-mode images confirms

that the polymer component (PVK) alone dominates at the sur-

face of the interface after the deposition of the buffer layer. In

the blend, the highest-occupied molecular orbital (HOMO)

energy level of the PVK polymer matches better with the

HOMO energy level of the emissive material (the HOMO level

of both is 25.8 ev); therefore, the transfer of the holes may be

facilitated across the interface by deposition of the buffer layer.

This phenomenon can be observed in the reduction of the

turn-on voltage and the increase in the efficiency of devices

with the buffer layer.

Nonetheless, the morphological treatment of the interface can-

not be the only reason for the improvement in device properties

because both the metal and the dielectric ultrathin layers intro-

duce similar morphological effects. As mentioned, the insertion

of the metal ultrathin buffer layer leads to the accumulation of

the current carriers at the interface, which has superb beneficial

effects on the device performance. Notably, the accumulation of

the current carriers forces the exciton formation zone to be dis-

placed toward the interior part of the emissive layer, as com-

pared schematically in Figure 4(a,b). Therefore, the exciton

annihilation due to the collision at the organic/organic interface

is effectively suppressed, and the device presents enhanced per-

formance. The mentioned redistribution of the exciton forma-

tion profile and the recombination zone can be tracked in

electroluminescence (EL) spectra as well. Figure 7 compares the

normalized EL spectra for the device without any buffer layer

and the device with a Ag buffer layer. As can be seen, the spec-

trum is red-shifted due to the displacement of the recombina-

tion profile and also amplification of the microcavity effect

because of the presence of the metal layer close to the recombi-

nation zone. Table I summarizes the property improvement for

the fabricated devices as the buffer layer is employed.

Finally, to examine further and to confirm the role of the buffer

layer in device performance, other devices with similar structure

were fabricated, namely, device D, for which the thickness of

the Ag buffer layer is changed to 2 nm, and devices E and F, in

which aluminum is employed as the cathode electrode. As can

be observed, in device F, the turn-on voltage was decreased and

power efficiency was increased (as a result of adding the buffer

layer) in comparison with device E. Consequently, similar per-

formance improvement is achieved when an ultrathin metal

buffer layer is introduced in the device structure with an alumi-

num cathode.

CONCLUSIONS

In conclusion, an ultrathin metal buffer layer has been inserted

at the organic/organic interface to enhance performance in

OLEDs. The organic/organic interface plays a crucial role in the

device performance as, generally, the mobility of the holes

exceeds the mobility of electrons in organic materials, and

therefore the recombination zone takes place at or near the

HTL/EML interface. By utilization of an appropriate buffer layer

at the interface, exciton formation and exciton annihilation can

be managed effectively. We observed that a metal buffer layer,

Ag, can enhance the device efficiency, whereas a dielectric buffer

Figure 7. EL spectra for the control device without BL and the device

with 1 nm Ag BL. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table I. Properties of the Organic Light-Emitting Diodes

Device
name Buffer layer

Turn-on
voltage (V)

Maximum current
efficiency (cd/A)

Maximum power
efficiency (lm/w)

A none 11 1.5 0.3

B MgF2 (1 nm) 10 1.4 0.3

C Ag (1 nm) 7 5.2 1.6

D Ag (2 nm) 9 6.0 1.9

Ea none 9 10.2 2.8

Fa Ag (1 nm) 6 11.5 3.1

a Device with aluminum cathode electrode.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4389443894 (5 of 6)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


layer, MgF2, does not affect the device performance noticeably.

The experimental results show that the electrical properties of

the device remain unchanged while the optical properties

improve remarkably: the turn-on voltage reduces about 3 V, the

current efficiency increases from �1.5 cd/A to more than 5 cd/

A, and the power efficiency increases from �0.3 lm/W to more

than 1.5 lm/W. The study of the morphology of the surface at

the interface shows that distinguishable segregation of the blend

components occurs at the surface; that is, the polymer part

(PVK) of the blend remains at the surface. This phase segrega-

tion partially facilitates hole transport to the emissive layer.

Nonetheless, the device performance enhancement is mainly

associated with the accumulation of current carriers and conse-

quently the redistribution of the recombination zone from near

the interface toward the interior part of the emissive layer.
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