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ABSTRACT 

n-Type doping with (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl) 

dimethylamine (N-DMBI) reduces a work function (WF) of graphene by ~0.45 eV without 

significant reduction of optical transmittance. Solution process of N-DMBI on graphene 

provides effective n-type doping effect and air-stability at the same time. Although neutral N-

DMBI act as an electron receptor leaving the graphene p-doped, radical N-DMBI acts as an 

electron donator leaving the graphene n-doped, which is demonstrated by density functional 

theory. We also verifies the suitability of N-DMBI-doped n-type graphene for use as a 

cathode in inverted polymer light-emitting diodes (PLEDs) by using various analytical 

methods. Inverted PLEDs using a graphene cathode doped with N-DMBI radical showed 

dramatically improved device efficiency (~13.8 cd/A) than did inverted PLEDs with pristine 

graphene (~2.74 cd/A). N-DMBI doped graphene can provide a practical way to produce 

graphene cathodes with low WF in various organic opto-electronics. 
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1. INTRODUCTION 

Graphene has been regarded as a potential material for flexible transparent conducting 

electrode to replace brittle indium-tin-oxide in optoelectronics due to its unique electrical and 

mechanical properties.1–8 Graphene has been used various types of flexible organic 

optoelectronics including organic light-emitting diodes (OLEDs),9–17 organic photovoltaics, 

18–22 and organic thin-film transistors.23,24 Pristine graphene has work function (WF) of ~4.4 

eV,6,7,15 and it forms large energy barrier from graphene electrode to overlying layers. 

Therefore, to facilitate charge carrier injection from electrode, energy level of graphene 

electrode should be appropriately aligned to remove large energy barrier between electrodes 

and adjacent organic materials. There have been several attempts to modify electrical 

properties of pristine graphene for use in organic optoelectronics. Among them, chemical 

doping has been considered as the most effective way to control these traits of pristine 

graphene.9–21,25–37 To use graphene as a cathode, n-type doping of pristine graphene is 

essentially required as well. n-Type graphene doping is more challenging than p-type doping 

because transferred graphene film is inherently p-doped during wet transfer process of 

graphene films.38–40 Residual p-type dopants such as residues of catalytic metal etchant, 

polymer supporter (i.e., poly(methyl methacrylate) (PMMA)) and adsorbed H2O or O2 

molecules in air act as p-type dopants for pristine graphene. Conventionally, n-doped 

graphene has been synthesized introducing nitrogen-containing molecules during the 

synthesis steps;25–28,30,36,37,41 this process introduced N atoms in the carbon networks. 

However, graphene synthesized by substitutional doping is not suitable for electrode 

applications because it inevitably causes structural disorder and opening of electronic band 

gap.25,26,36,37,41 N-containing gaseous molecules (e.g., NH3, N2H4)
 has also been used to n-

dope graphene, but chemical toxicity, volatility and ineffective doping effect of N2H4 make it 

not suitable for ideal n-type dopants of graphene.26,30,31,42 
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Standard structured OLEDs generally use low WF metal or their derivatives (e.g., Ca, Ba, 

CsCO3, LiF) as an electron injection layer formed using vacuum thermal evaporation, but 

they have suffered from severe air-instability of devices and high fabrication cost. To solve 

these issues, inverted structure of OLEDs have been proposed using air-stable and solution-

processable metal oxide electron injection layers (e.g., ZnO, TiO2, NiOx) instead of highly 

reactive low WF metals.43–47 Graphene can be used as a cathode to fabricate flexible inverted 

OLEDs. Conventionally, chemical doping of pristine graphene for use of electrode in OLEDs 

mostly towards to p-type doping, which increase graphene’s WF for anode application.8-12,15-

17 To our best knowledge, previously reported n-doped graphene cathode for inverted OLEDs 

employed thermal evaporation of Cs2CO3 on graphene,13 or substitutionally N-doped 

graphene.14 However, each approach has disadvantage of significant defect generation inside 

graphene cathode, and high fabrication cost with air-instability, respectively. To make 

efficient flexible inverted OLEDs with low fabrication cost, n-type doping method of pristine 

graphene that meets solution-processability, effective n-type doping without generating 

defects, and air-stability at the same time is essentially needed for practical flexible displays 

or solid-state lightings. 

In this work, we used (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl) 

dimethylamine (N-DMBI) as an n-type chemical dopant because it has effective n-type 

doping effect, air-stability and solution-processability at the same time. N-DMBI has been 

reported as a strong and stable n-type dopant due to its strong electron donating capability 

when it forms radicals by thermal annealing.32 We verified the suitability of solution-

processed n-type graphene doping that uses N-DMBI for use in inverted polymer light-

emitting diodes (PLEDs) by using various types of analytical methods and theoretical 

calculation, and we fabricated inverted PLEDs using N-DMBI doped graphene cathode 

which has lower operating voltage and higher electroluminescent efficiency than those with 
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pristine graphene. 

 

2. EXPERIMENTAL SECTIONS 

Single-layer graphene was synthesized on Cu foil by chemical vapor deposition. The foils 

were heated to 1060 °C with 15-sccm flow of H2 gas and annealed for 30 min. As a carbon 

source, CH4 gas was flowed at 60 sccm for 30 min. Then the foil was rapidly cooled to room 

temperature. The graphene on Cu foil, was covered with PMMA polymer solution (PMMA : 

Chlorobenzene = 4.6 g : 100 ml, purchased from Sigma Aldrich) by spin-coating. PMMA 

functioned as a supporting polymer layer. O2-plasma treatment using reactive ion etching 

(RIE) was performed to remove the graphene that had grown on the bottom of Cu foil. Then 

the foil was floated on ammonium persulfate (APS) solution (APS : DI water = 11 g : 600 ml) 

for > 5 h to etch away the Cu foil, then rinsed with deionized water for several hours to 

remove the etchant residue. The resulting floating single-layer graphene was transferred to 

the target substrate. The PMMA layer was removed by soaking in acetone bath and rinsing 

with acetone and isopropyl alcohol successively. By repeating this process for four times, 

four-layer graphene (4LG) was stacked. Then 0.5 wt.% N-DMBI in chlorobenzene was spin-

cast to chemically dope the graphene, which was then annealed at 80 °C for 20 min.  

Raman spectroscopy (WITEC) was performed with a 532-nm laser. Rsh of graphene 

cathode was measured using a 4-point probe combined with a Keithley 2400 Source meter. 

Surface potential difference was measured using a SKP-5050 Kelvin Probe measurement 

system. Optical transmittance was measured using a SCINCO S-3100 multi-channel 

spectrophotometer. 

All calculations in this work are performed using the planewave pseudo-potential code 

VASP48–50 under the generalized gradient approximation of Perdew, Burke, and Ernzerhof 

(PBE).51 For atomic core-levels, we have used projected augmented wave (PAW) 
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potentials52,53 treating the 2s2p of N and C, and 1s of H as the explicit valence electrons. A 

maximum energy cutoff of 400 eV is used for plane-wave basis set. In our calculations, the 

pure graphene has honeycomb lattice structure with triclinic unit cell and space group P1. For 

the combined graphene/dopant system, we have taken a supercell of graphene. The lattice 

constants of this hexagonal supercell are a = b = 18.950 Å, c = 40.0 Å, a = b = 90°, and g = 

60°. There are in total 115 C, 33 H, and 3 N, atoms in this supercell for graphene/DMBI 

system. We have relaxed our graphene/DMBI using van der Waals (vdW) interaction. To 

incorporate the vdW interaction, we have used optB86bvdW functional where the exchange 

functionals were optimized for the correlation part.54 Therefore, the LDA correlation part 

present in the PBE functional is removed by using the parameter AGGAC = 0.000 in the 

input file in order to avoid double-counting.  

The 4LG was patterned using O2 plasma by RIE through a pre-patterned shadow mask. 

ZnO precursor solution was prepared by dissolving 1.0 g of zinc acetate (Zn(CH3COO)2, 

purchased from Sigma Aldrich) and 0.28 g of ethanolamine in 5 ml of 2-methoxyethanol and 

5 ml of methanol. Prepared ZnO precursor solution was stirred overnight. ZnO precursor 

solution was spin cast at 1000 rpm for 60 s, then annealed at 150 °C for 1 h. 

poly(ethyleneimine ethoxylated) (PEIE) solution was dissolved in 2-methoxyethanol (0.6 

wt.%) and spin-cast on the ZnO layer. Super yellow (PDY-132 from Merck) was dissolved in 

toluene (0.9 wt.%) and spin-cast on the PEIE layer to form an emissive layer. MoO3 (5 nm) 

and Ag (100 nm) were deposited on the emissive layer as an anode. The devices were 

encapsulated using a glass lid and epoxy resin. A Keithley 236 Source measurement unit and 

Minolta CS 2000 spectroradiometer were used to measure current-voltage-luminance 

characteristics of the PLEDs. 

 

3. RESULTS AND DISCUSSION 
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We performed solution-processed n-type doping of graphene with N-DMBI, then used 

doped graphene as a cathode for inverted PLEDs (Figure 1). N-DMBI dopant solution was 

prepared by dissolving N-DMBI in chlorobenzene, then spin-cast on a graphene layer and 

thermally annealed to activate the N-DMBI molecules. Thermal annealing in N2-filled 

atmosphere converts N-DMBI molecule to radical form. Although highest occupied 

molecular orbital level of N-DMBI is ~4.67 eV, which does not allow spontaneous electron 

transfer to pristine graphene (WF ~4.4 eV), N-DMBI radicals have singly occupied molecular 

orbital energy level of 2.36 eV, and thus effectively induce n-type doping of graphene by 

spontaneously donating electron from N-DMBI radical to the graphene.55 Raman 

spectroscopy is a non-destructive way to determine the number of layers, doping 

characteristics and quality of graphene.56,57 Raman spectra of pristine, and N-DMBI doped 

graphene showed clear G and 2D bands, and an insignificant D-band (Figure 2a); i.e., the 

graphene was successfully grown and transferred with high quality, and that the doping 

caused negligible defect generation.  

Several attributes of Raman spectrum provide information about the doping state of 

graphene: i) peak shift of G and 2D bands; ii) changes of the ratio I2D/IG of the intensities of 

the 2D and G bands; and iii) full-width at half maximum of the G band (FWHM(G)). N-type 

graphene doping shifts the characteristic peaks of graphene (upshifts the G-band peak and 

downshifts the 2D-band peak) and reduces I2D/IG and FWHM of G-bands.56 We performed 

Raman spectroscopy to investigate the n-type doping effect of graphene with various N-

DMBI concentrations (Figure S1a). Raman spectrum of 0.5 wt.% N-DMBI doped graphene 

exhibited clear downshift of 2D-band, which implies effective n-type doping on graphene. 

However, Raman spectrum of graphene doped with higher N-DMBI concentration (i.e., 1.0 

wt.%) showed almost identical shift of Raman bands with those of 0.5 wt.%, which indicates 

that n-type doping effect by N-DMBI is saturated at > 0.5 wt.%. Graphene doped with 1.0 wt.% 
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N-DMBI showed aggregation forming large-sized particles, and it causes deleterious effects 

in  devices (Figure S1b-e). Therefore, we used 0.5 wt.% of N-DMBI to n-type dope 

graphene. N-DMBI doped graphene showed upshift of G-band peak (Pristine: 1583 cm-1, N-

DMBI: 1600 cm-1) and downshift of 2D-band peak (Pristine: 2672 cm-1, N-DMBI: 2658 cm-1) 

(Figure 2b). I2D/IG and FWHM of G-bands were both lower in N-DMBI doped graphene than 

in pristine graphene. (I2D/IG of Pristine: 1.846, N-DMBI: 0.674; FWHM(G) of Pristine: 26.3 

cm-1, N-DMBI: 19.7 cm-1) (Figure 2c). These results indicate that N-DMBI doped graphene 

showed n-type characteristics without degrading the quality of the graphene lattice. We 

performed X-ray photoelectron spectroscopy (XPS) to analyze the detailed chemical bonding 

characteristics of pristine, and N-DMBI-doped graphene. In contrast to pristine graphene, 

N1s characteristic peak arises at binding energy of ~400 eV in N-DMBI doped graphene 

(Figure S2a).28 C1s spectrum of N-DMBI doped graphene showed C-C sp2 bonding (~284.7 

eV), oxygen or nitrogen related carbon bondings (i.e., C-C sp3 or C-OH (~285.9 eV), C=O or 

C-N sp3 (~287.0 eV), and –C(O)O (~289.1 eV), which would come from wet-transfer 

residues (e.g., PMMA, isopropyl alcohol, acetone)7,40; these are similar with C1s spectrum of 

pristine graphene (Figure S2b). Deconvoluted peak at ~287.0 eV increased in C1s spectrum 

of N-DMBI doped graphene, which can attribute to the C-N sp3 chemical bonding from N-

DMBI molecules (Figure S2c).58 

Kelvin probe measurements were performed to measure the surface WF changes caused by 

N-DMBI doping of four-layered graphene (4LG) (Figure 3a). N-DMBI doped 4LGs showed 

uniformly reduced WF ~0.45 eV compared to the WF of pristine 4LG throughout the large 

area (2.54 × 2.54 mm2); this result means that N-DMBI doping uniformly reduced the WF 

of graphene over a large area. Pristine graphene showed WF of 4.4 eV, which can be 

confirmed by ultraviolet photoelectron spectroscopy (Figure S3); these indicated that N-

DMBI-doped 4LG has WF of 3.95 eV. To investigate the influence on optical transmittance 
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(OT) of graphene, ultraviolet-visible spectroscopy was performed. OT change of the N-DMBI 

doped graphene indicated that N-DMBI doping does not significantly degraded the OT of 

4LG (Pristine: 92.3%, N-DMBI: 89.5%) (Figure 3b). 

To apply graphene as an electrode in thin-film optoelectronic devices, protruding regions 

can provide electrical leakage current paths, which cause severe instability of device 

operation. Atomic-force microscopy (AFM) was performed to quantify how N-DMBI doping 

affected the surface morphology of 4LG (Figure S4). The pristine graphene surface was 

uniform (root-mean square (RMS) roughness r = 1.61 nm) throughout the area of 5 × 5 µm2; 

the heights of graphene wrinkles were < 5 nm, which is low enough not to cause leakage 

current in thin film electronic devices. N-DMBI doped graphene surfaces were also uniform 

(N-DMBI: r = 1.70 nm) throughout the area of 5 × 5 µm2 without any significant protruding 

regions along the surface; i.e., N-DMBI doping do not cause any protruding particles on 

graphene, so graphene doped with these dopants can be applied in thin-film electronic 

devices.  

To investigate the doping mechanism of N-DMBI on graphene, we performed DFT 

calculation on graphene and dopants (N-DMBI and its radical state). In our calculations, we 

have considered the N-DMBI and its radical where the missing H atom is indicated with the 

purple dot (Figure 4a). With detailed charge difference distribution (∆ρ) we can spatially 

visualize the characteristics of charge transfer (Figure 4b) between graphene and dopants. 

The charge density difference was obtained using the relation: ∆ρ = 	ρ��� − ρ� − ρ�. ∆ρ > 

0 tells us the excess electrons which were described in yellow region. On the other hands, ∆ρ 

< 0 is shown in blue region which identifies the regions with electron deficiencies (e.g., holes) 

after the adsorption of the dopant took place. We can confirmed no significant excess of 

electrons or equivalently lack of holes on graphene (blue cloud) in the vicinity of neutral N-

DMBI. However, C atoms of graphene near the radical N-DMBI have excess of electrons 
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(yellow cloud) in their p orbitals. Density of state (DOS) of pristine, neutral N-DMBI doped, 

and radical N-DMBI doped graphene are presented (Figure 4c). Compared to pristine 

graphene, neutral N-DMBI doped graphene showed negligible n-type doping effect, while 

radical N-DMBI doped graphene showed clear n-type doping effect. We see the electron 

count of neutral N-DMBI doped graphene up to Fermi level for the nearest C atom and that 

of neutral N-DMBI doped graphene showed insignificant difference compared with that of 

the C atom in pristine graphene, while that of radical N-DMBI doped graphene is higher than 

pristine graphene (Figure 4d); this indicates neutral N-DMBI cannot act as effective electron 

donor, but radical N-DMBI act as electron donator leaving the graphene n-doped. To 

summarize, N-DMBI doping on graphene provides has several advantages for a transparent 

graphene cathode: i) WF decrease (~0.45 eV), ii) negligible defect generation, iii) 

insignificant OT decrease, iv) smooth graphene surface. 

We fabricated inverted PLEDs using pristine 4LG, N-DMBI doped 4LG/ ZnO (~120 nm)/ 

PEIE (~8 nm)/ Super Yellow (~230 nm)/ MoO3 (5 nm)/ Ag (100 nm). We used metal oxide 

interfacial buffer layers that are air-stable (i.e., ZnO and MoO3) for electron and hole 

injection, respectively. Even though N-DMBI doped graphene was followed by a solution-

processed electron-injecting layer (ZnO), n-type doping effect of N-DMBI was still 

maintained, which was confirmed by Raman spectroscopy (Figure S5). We also investigated 

the electron-injecting properties of electron injecting interfacial layers (ZnO (120 nm)/PEIE 

(8 nm) or thin PEIE (8 nm)) by fabricating the inverted PLEDs with [ITO/ electron interfacial 

layer/ Super Yellow/ MoO3/ Ag] (Figure S6). PLEDs using the ZnO/PEIE bi-layers clearly 

showed improved current density and device efficiency than did those using single PEIE 

layer because conduction band minimum (CBM) of ZnO (~3.6 eV)21 is located between WF 

of n-typed graphene (~3.95 eV) and lowest unoccupied molecular orbital of Super Yellow 

(~3.0 eV). N-DMBI doping which can reduce the WF of graphene from 4.4 eV to 3.95 eV 
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can efficiently reduce the electron injection barrier to the CBM (~3.6 eV) of ZnO, and thus 

facilitate the electron injection during PLED operation (Figure 5a). The PLED with the N-

DMBI-doped graphene showed a higher current density than that with pristine 4LG; this 

result was also caused by improved electron injection from the graphene cathode (Figure 5b). 

However, at high applied voltage > 20 V, the difference between current density of PLEDs 

with N-DMBI-doped 4LG and that of PLEDs with pristine 4LG decreased; this difference 

occurs because N-DMBI doped graphene has higher Rsh than does pristine 4LG (Figure S7), 

and because Rsh affects current density more than does WF in high voltage region.14 Pristine 

4LGs have inherent p-type doped properties owing to the residual etchant, adsorbed H2O, O2, 

or PMMA residue.1,38,40 N-DMBI doping reduces the residual p-type doping effect of pristine 

4LG, and thereby decreases the hole concentration and increases the Rsh of pristine 4LG (as-

transferred: 185.8 Ω/sq, N-DMBI doped: 537.5 Ω/sq). To investigate the pure n-type doping 

effect of N-DMBI on pristine graphene, we annealed the pristine 4LG in vacuum chamber at 

500 °C for 3 h to remove the residual p-type dopants, then doped it with N-DMBI. Rsh was 

increased by ~8 times due to removal of residual p-type dopants (pristine 4LG: 202.1 Ω/sq, 

annealed 4LG: 1632 Ω/sq); N-DMBI doping on the annealed graphene decreased its Rsh by 

~35%. To generate 1000 cd/m2 of luminance, the required applied voltage was ~18 V with 

pristine 4LG, ~10 V with N-DMBI doped 4LG (Figure 5c). The high WF of pristine 4LG 

obstructed electron injection and increased the operating voltage, while N-DMBI doped 4LG 

provided efficient electron injection between a graphene cathode and an overlying ZnO layer 

by reducing the WF of graphene, and thereby decreased operating voltage of the PLEDs. Due 

to reduced electron injection energy barrier, PLEDs with N-DMBI doped 4LGs showed 

higher current efficiency (CE) than PLEDs with pristine 4LGs (pristine: 2.74 cd/A, N-DMBI: 

13.8 cd/A) (Figure 5d). N-DMBI doping decreased the electron injection energy barrier and 

provided an improved electron-hole balance, which resulted in a higher luminous efficiency. 
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Simple solution-process N-DMBI doping on graphene substantially increased the luminous 

characteristics of PLEDs: PLEDs with N-DMBI doped 4LG showed reduced operating 

voltage, and increased CE.   

 

4. CONCLUSION 

 We have investigated the effect of n-type doping in graphene using N-DMBI, then used the 

doped graphene as a transparent cathode in PLEDs. Not only for experimental, but 

computational analysis confirmed that N-DMBI doped graphene can be a promising cathode 

in organic optoelectronics. N-DMBI doping reduced the WF of pristine graphene by ~0.45 eV 

without structural defects, nor large particles on its surface. N-DMBI doping reduced the OT 

of 4LG by < 3%. Use of N-DMBI-doped 4LG cathodes in PLEDs reduced their operating 

voltage and considerably improved their luminous efficiency (13.8 cd/A), because N-DMBI 

significantly improved the electron injection properties due to substantially reduced electron 

injection barrier from graphene to an overlying layer. n-Type graphene doping by solution 

process using N-DMBI simply and effectively decreased the WF of graphene; this method 

provide an important step toward high-efficiency inverted PLEDs using graphene cathodes, 

which can be potentially used for future flexible and stretchable displays. This result can 

expand the utility of solution-processed graphene doping in use of electrodes for high-

efficiency OLEDs, which is previously biased towards p-type doping for anode, to n-type 

doping for cathode. 

 

Supporting Information 

Physical and chemical properties changes of N-DMBI doping on graphene, optical 

microscopy and atomic force microscopy images of pristine, and n-doped graphene, and 

luminous properties of inverted PLEDs with varying electron injecting interfacial interlayer 
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on inverted PLEDs.  
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FIGURE LEGENDS 

 

Figure 1. Schematics of inverted PLEDs with N-DMBI-doped graphene, and molecular 

structure of N-DMBI.  

 

Figure 2. Raman spectrum of (a) average, (b) positions of G band and 2D band, (c) intensity 

ratio of 2D band to G band, and FWHM of G-band in pristine, and N-DMBI doped graphene.  

 

Figure 3. (a) Surface potential difference, (b) optical transmittance of pristine, and N-DMBI 

doped 4LG     

 

Figure 4. (a) Molecular structures of radical N-DMBI. The purple dot on N-DMBI radical 

indicates the missing H atom, which occurred in thermal annealing. Spheres: red = nitrogen, 

gray = carbon, green = hydrogen. (b) Spatial distribution of charge density difference in N-

DMBI dopant and graphene (top: neutral N-DMBI, bottom: radical N-DMBI), (c) density of 

state, and (d) electron count at the C atom of nearest to the N-DMBI (green: graphene + 

neutral N-DMBI, red: graphene + radical N-DMBI), and pristine graphene (black). Black and 

red vertical dashed lines in inset of (c) correspondingly shows the Dirac points of pristine 

graphene and graphene + N-DMBI (radical) complex.  

 

Figure 5. (a) Schematic diagram of inverted PLEDs with pristine or N-DMBI doped 4LG, (b) 

current densities, (c) luminances, and (d) current efficiencies of inverted PLEDs using 

pristine or N-DMBI doped 4LG    
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