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The electron acceptors receive charge 
from the semiconductor until their 
acceptor levels are energetically in res-
onance with the Fermi energy. The 
resulting ground-state charge transfer 
across the interface gives rise to the for-
mation of a space-charge region and asso-
ciated band bending. This space-charge 
region can affect the charge-transport 
properties across the interface and signifi-
cantly weakens the binding between sub-
strate and adsorbate.[8] The spatial extent 
and the magnitude of the band bending 
depend on the amount of charge-transfer 
from the bulk to the adsorbate as well as 
on the bulk doping concentration and 
profile. Experimentally, those parameters 
are often challenging to control and not 
always well known. Moreover, they are 

subject to change during device operation, e.g., due to migra-
tion of charged defects, impeding the long-term stability of 
(opto)electronic devices.

When the electron affinity of the adsorbate is larger than 
the substrate’s work function, i.e., when the lowest unoccupied 
molecular orbital (LUMO) is below the Fermi-energy (EF) as 
schematically shown in Figure 1a, the bulk crystal donates elec-
trons to the adsorbate. The ensuing dipole moment (ΔΦ) shifts 
the now partially occupied LUMO upward in energy until it is 
in resonance with the Fermi-energy.[9,10]

The overall interface dipole, ΔΦ, is often divided into a band 
bending contribution ΔΦBB (i.e., the long-range, quasi-parabolic 
potential within the substrate), and a surface-dipole contribu-
tion ΔΦSD (the approximately linear potential change in the 
“empty” space between substrate and adsorbate), as indicated in 
Figure 1b. The relative contribution of ΔΦBB and ΔΦSD depends 
strongly on the doping concentration of the substrate.[8] In prin-
ciple, for low doping concentrations and strong electron accep-
tors, band bending could be as large as the total band gap of 
the substrate (≈3.5 eV in ZnO). In practice, however, ΔΦBB is 
almost always limited by the presence of defect states at or near 
the surface, such as oxygen vacancies,[11–13] provided they are 
present in sufficient concentrations.

Since the type and concentration of these defects is difficult 
to control, band bending is typically hard to engineer. In this 
article, we use these defect states as an analogy to demonstrate 
a new concept that uses properly designed, covalently attached 
self-assembled monolayers (SAMs) to act like surface defects 
that limit band bending at desired values. In order to do so, the 
highest occupied molecular orbitals (HOMOs) of these SAMs 
need to lie within the band gap of the inorganic substrate. This 

Adsorbing strong electron donors or acceptors on semiconducting surfaces 
induces band bending, whose extent and magnitude are strongly dependent 
on the doping concentration of the semiconductor. This study applies hybrid 
density-functional theory calculations together with the recently developed 
charge reservoir electrostatic sheet technique to account for charge transfer 
from the bulk of the semiconductor to the interface. This study further 
investigates the impact of surface-functionalization with specifically tailored 
self-assembled monolayers (SAMs). For the example of three chemically-
similar SAMs, that all bond to the ZnO surface via pyridine docking groups, 
it is shown that the SAMs introduce shallow or deep donor levels that pin 
the band bending at the position of the SAM’s highest occupied molecular 
orbital. In this way, the magnitude of the induced band bending can be 
controlled by the type of SAM, to a point where the doping-concentration 
dependence is completely eliminated.

1. Introduction

Organic photovoltaic cells and light-emitting devices require 
at least one transparent electrode such that light can reach or 
leave the organic material in which it is produced from or con-
verted to electricity. Although in principle such electrodes can 
be realized using nanoscale metals, it is more convenient to 
use doped, large band-gap transparent conductive oxides, such 
as ZnO. Often, these optically active organic materials are not 
in direct contact with ZnO. Instead, molecular electron accep-
tors are sandwiched between the optical organic material and 
ZnO, either because the electron acceptors are part of the active 
organic materials (e.g., fullerenes in photovoltaic cells[1–4]) or 
to modify the work function of ZnO, and therefore the charge 
injection and extraction barriers (as in the case of, e.g., CuPc,[5] 
perylene-2,3,9,10-tetracarboxylic dianhydride (PTCDA),[5,6] or 
F4TCNQ[7]).
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situation is schematically shown in Figure 2. Upon contact 
with the organic adsorbate, band bending will emerge until it 
shifts the SAM-HOMO up to the Fermi-energy. As soon as the 
SAM-HOMO becomes resonant with the Fermi energy, charge 
transfer from the SAM toward the adsorbate opens up as an 
additional electron-transfer channel, thereby inhibiting any fur-
ther band bending. The SAM thus acts akin to deep donor states. 
While conventional deep donor states are usually intrinsic to a 
material and thus found at fixed energies, organic SAMs put 
the vast toolbox of organic chemistry at our disposal to tune the 
pinning energy of the SAM. It is possible to design SAMs with 
states at desired energies and thereby control the energy land-
scape and the exact amount of band bending at the interface. 
With this design principle it would be possible to create organic 
electronic devices that are less dependent on the growth con-
ditions of the semiconductor substrate (and, hence, its doping 
concentration) and that exhibit better long-term stability.

To demonstrate this concept, we study the interface 
between a ZnO(1010) surface functionalized with a SAM and 
a tetracyano-quinodimethane (TCNQ) layer. TCNQ is a typical, 

strong electron acceptor that is frequently used for level-align-
ment studies, in particular in conjunction with other organic 
materials.[14–22] To functionalize the interface between ZnO 
and TCNQ, we consider three organic SAMs: doubly reduced 
viologen (Vio), diamino-4-phenyl-pyridine (DAPP), and 2,5-para-
phenylpyridine (PPP). These three molecules, whose chemical 
structures are shown in Figure 3, are listed here in order of their 
increasing ionization potential (decreasing HOMO, vide infra). 
In all molecules we used pyridine as docking group, which 
has been shown to form stable (2 × 2) patterns on ZnO(1010)  
without inducing appreciable etching.[23–25] Moreover, a full 
monolayer of pyridine reduces the work function of ZnO(1010) 
by almost 3.0 eV[25] and therefore increases the charge-transfer 
across the interface, amplifying the effect that we intend to 
demonstrate here. It is worthwhile mentioning that the intro-
duction of these polar SAM layers does not affect the final work 
function that results from TCNQ deposition,[26] changes in the 
geometric structure notwithstanding. For the sake of demon-
strating the concept, we consider atomistically clean, defect-free 
ZnO. Accounting for additional deep donor states, as done e.g., 
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Figure 1. Schematic level alignment at a semiconductor/organic inter-
face a) prior and b) upon interaction of an acceptor with an n-type semi-
conductor (here ZnO). ΔΦBB denotes the change in the electrostatic 
potential due to band bending, ΔΦSD is the surface dipole.

Figure 2. Schematic level alignment at a semiconductor/SAM/organic 
interface a) prior and b) upon interaction. ΔΦBB denotes the change in the 
electrostatic potential due to band bending, ΔΦSD is the surface dipole.
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in ref. [6], is straightforward but would unduly complicate the 
calculations and the interpretation of the results.

All studies were performed using density functional theory 
(DFT) in the repeated-slab approach, employing the Heyd–
Scuseria–Ernzerhof (HSE) hybrid functional family.[27,28] We 
increase the fraction of exact exchange to 40% to improve the 
description of the band gap as well as the valence band width 
of ZnO (as demonstrated in refs. [25,29,30]). We have previ-
ously reported that the choice of the functional does not affect 
the interface dipole generated by the adsorption of pyridine-
SAMs.[25] To account for long range van der Waals interactions, 
we used the vdW-TS[31] scheme with an appropriate parameteri-
zation for metal oxides.[32] Band bending and doping are treated 
using a simplified version of the charge reservoir electrostatic 
sheet technique (CREST).[33,34] In short, CREST simulates the 
space-charge region by a negatively charged sheet placed on the 
backside of the slab. The charge and position of the sheet is 
determined self-consistently, using only the substrates doping 
concentration ND and its dielectric constant as parameters. 
Within the quantum-mechanically treated ZnO slab, we 
accounted for the variable n-type doping by means of the virtual 
crystal approximation.[35] More details are given in the Experi-
mental Section at the end of this paper.

2. Results and Discussion

2.1. TCNQ on Nonfunctionalized ZnO

To establish a reference, a useful first step is to examine the 
adsorption of TCNQ on the pristine, unaltered ZnO surface. We 
consider two morphologies: (1) a low-density structure in which 
TCNQ molecules are adsorbed face-on (i.e., flat lying), and  
(2) a high-density structure in which TCNQ molecules adsorb 
edge on (i.e., upright standing). Our calculations show that 
TCNQ can assume several adsorption geometries on ZnO(10-10) 
that are energetically very close to each other. Hence, we would  
expect that in experiments, TCNQ would probably form disor-
dered films. Since a full structure search or an investigation of 
disordered films is beyond the scope of the present paper, the 
two ordered morphologies can be regarded as “extreme cases” 
of different adsorption structures. Hereafter, we will focus on 
the upright standing TCNQ film, shown as inset in Figure 4, 

since TCNQ also assumes a similar adsorption geometry upon 
adsorption on the self-assembled monolayers (see below). It 
should be emphasized, however, that the doping dependence 
of the adsorption-induced band bending agrees qualitatively for 
the flat-lying and the upright-standing geometry.

The band-banding contribution to the adsorption-induced 
work-function change is shown as a function of the ZnO doping 
concentration in Figure 4. We chose to define band bending by 
the change of the onset of the ZnO valence band (with respect 
to the Fermi-energy) of the ZnO/SAM/TCNQ system relative to 
the pristine ZnO surface. We find that the work function after 
adsorption (≈6 eV) is essentially independent of the bulk doping 
concentration, as previously observed for F4TCNQ on the polar 
ZnO surfaces.[7,8] At the lowest considered doping concentra-
tion (ND = 1016 e cm−3), the band bending is ΔΦBB = 3.1 eV and 
thus of the same order of magnitude as the band gap. For larger 
doping concentrations, ΔΦBB becomes smaller. The change of 
ΔΦBB with ND is relatively small between 1016 and 1018 e cm−3. 
For larger ND, however, ΔΦBB decreases exponentially, until it 
vanishes for degenerately doped ZnO (ND = 1021 e cm−3). The 
doping concentration of natively doped ZnO is ≈1017 e cm−3.[36] 
The large sensitivity of ΔΦBB to ND at this value further illus-
trates the importance of controlling the band bending by sur-
face functionalization.

2.2. Surface Functionalization of ZnO

To demonstrate the impact of specifically customized self-
assembled monolayers on the level alignment between TCNQ 
and ZnO, we consider three different archetypes, which are 
characterized by the position of the molecular HOMO with 
respect to the ZnO band gap.

PPP serves as our “blind-test.” Its ionization energy is suf-
ficiently large that its DFT HOMO lies below the valence band 
maximum (VBM) of ZnO, and its gap is large enough such that 
its LUMO is located above the conduction band minimum of 
ZnO. In other words, PPP does not induce states in the ZnO 
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Figure 3. Chemical structure of the molecules used in this work. Para-
phenylenepyridine (PPP), 2,5-diamino para-phenylenepyridine (DAPP), 
and Viologen (Vio), serve as surface functionalization. Tetracyanoqui-
nodimethane (TCNQ) is the electron acceptor. Grey spheres denote 
carbon, blue spheres nitrogen atoms, and cyan spheres hydrogen atoms.

Figure 4. Adsorption-induced band bending as a function of the sub-
strate doping concentration for an upright-standing TCNQ film on the 
ZnO(10-10) surface.
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band gap, as shown in Figure 5. The second molecule in our 
study is DAPP. Although this molecule is chemically very 
similar to PPP, the two amine groups and their corresponding 
dipole moments decrease the ionization potential of DAPP sig-
nificantly. On the surface, the HOMO of DAPP is found in the 
ZnO gap, ≈2.3 eV below the Fermi energy (EF). Finally, Vio is a 
particular strong electron donor[37–40] due to its quinoid struc-
ture. It exhibits a HOMO 0.1 eV below the conduction band 
edge and thus directly at the Fermi energy.

Our calculations indicate that all three SAMs adopt a similar 
morphology on the surface, as shown in the Supporting Infor-
mation. In analogy to the interaction of unsubstituted pyridine 
with ZnO(10-10),[23–25] all molecules adsorb with the nitrogen 
lone pair situated above a surface Zn atom. The energetically 
most stable packing density (at 0 K and omitting the zero-point 
energy) is found at 5.8 molecules per nm2, which amounts to 
one molecule bonded to every second surface Zn atom. Tighter 
molecular packing is less stable due to steric repulsion between 
the molecules in the layer.

In experiments, ZnO is typically n-type doped,[41] with its 
Fermi level ≈200 meV below the conduction band onset. Since 
all SAMs considered here are electron donors, they poten-
tially introduce downward band bending, which is limited by 
the difference between the conduction band and EF. We have 
recently verified for pyridine that our surface slab models 
contain enough ZnO layers to capture this downward band 
bending.[25] The interface dipole induced by the adsorption of 
the SAMs causes a strong reduction of the work function of the 
substrate from 4.6 eV (pristine) to 1.2 eV (Vio), 2.9 eV (DAPP), 
and 1.7 eV (PPP). (Note that the work-function modification 
induced by the SAMs does not correlate with the ionization 
potential because of the molecules’ inherent dipole moment.) 
Intuitively, one might assume that the different work function 
of the ZnO/SAM system will impact the level alignment of 
subsequently deposited TCNQ. However, for molecules which 
are in the so-called Fermi-level pinning region (i.e., where a 
molecular state is in resonance with the Fermi-energy after 

adsorption), we have previously shown that any dipole that is 
spatially located between the charge reservoir (here: ZnO) and 
the adsorbate (TCNQ) has no net effect on the final work func-
tion;[26] a claim that, as will be shown in the following, is cor-
roborated by the observation that the work-function after TCNQ 
deposition is essentially independent of the underlying SAM.

2.3. Adsorption of TCNQ on Functionalized ZnO

On all three SAMs, we find that TCNQ adopts a roughly 
upright-standing geometry, shown in the Supporting Informa-
tion. If there would be no interaction between the TCNQ film 
and the ZnO/SAM system, the TCNQ LUMO would be located 
6.2–6.5 eV below the vacuum level in our calculations. The dif-
ference occurs due to the slightly different inclination of the 
TCNQ molecules with respect to the surface normal.[42] The 
LUMO of TCNQ is thus low enough that even if we assume 
vacuum level alignment (i.e., the noninteracting limit) it would 
be located below the HOMO of Vio and DAPP, but not of PPP. 
Furthermore, it is always below the conduction band onset of 
ZnO. Therefore, electron transfer from the inorganic substrate 
to TCNQ should be expected in all three cases.

To understand the processes occurring upon adsorption of 
TCNQ on the SAM/ZnO surfaces, it is instructive to first con-
sider the “metallic limit.” “Metallic limit” here refers to a situ-
ation in which the substrate is so strongly doped such that the 
bands are practically flat and the little bit of (upward) band 
bending induced by electron transfer from “bulk” ZnO to its 
surface is confined to a few Å. In other words, all band bending 
is completely captured in a slab calculation with only eight ZnO 
layers. Here we used a doping concentration of 1021 e cm−3 
to achieve this metallic limit. The resulting level alignment, 
shown in Figure 6a–c, shows (i) that there is no appreciable 
band bending, illustrated by the observation that the conduc-
tion band edge of the topmost layers is still below the Fermi 
energy, and (ii) that the TCNQ LUMO shifts into resonance 
with the Fermi-energy in all three cases. Consequently, we 
observe a fractional filling of the (former) TCNQ LUMO upon 
adsorption. (We note that no hybrid states form since there is 
no wave-function overlap between ZnO and the TCNQ mole-
cules. In previous work, we showed that in such cases integer 
charge transfer would be expected.[43] The fact that we observe 
partial and not integer charge transfer in our calculations in 
this work is partly a result of the self-interaction error still pre-
sent in the hybrid functional we use[43–45] and partly due to the 
small lateral size of the unit cell that does not permit charge 
localization on individual molecules. The distinction between 
integer and fractional charge transfer does not affect our results 
here. Nonetheless, the partial filling in our calculations should 
be interpreted as an ensemble-average of charged and neu-
tral TCNQ molecules, in the same sense as the virtual crystal 
approximation represents an ensemble average of substrate 
and dopant atoms.) A Mulliken charge analysis shows that each 
TCNQ molecule accepts ≈0.60 e on Vio, 0.13 e on DAPP, and 
0.15 e on PPP.

The combined systems exhibit total work functions of 
6.3–6.8 eV, agreeing well with the LUMO-energy of the non-
interacting monolayer. We emphasize again that because the 
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Figure 5. Level alignment between ZnO(10-10) and the three SAMs PPP 
(red), DAPP (blue), and Vio (green). For clarity, only the HOMO of the 
SAMs is shown. A density of states with all molecular contributions can 
be found in the Supporting Information.
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SAM is located between the charge reservoir (ZnO) and the 
pinned system (TCNQ), its dipole moment has essentially no 
impact on the final work function of the pinned system.[26] The 
interface dipole also shifts the states of the SAM significantly 
upward in energy. For Vio, the HOMO is now in resonance 
with the TCNQ LUMO. This shows that Vio directly donates 
charge to TCNQ and explains why the LUMO occupation is so 
much higher than for the other two SAMs. DAPP shows an 
increase of the HOMO energy from 2.3 to 1.3 eV below EF, with 
the HOMO still being significantly below the TCNQ LUMO. 
Also PPP shows a significant increase of its HOMO energy, 
which is now found in the ZnO gap, but still far below the 
TCNQ LUMO (see Figure 6).

As a next step, we consider more realistic doping concentra-
tions. In particular for low doping concentrations, the spatial 
extent of the depletion region can reach macroscopic dimen-
sions. In general, it is not possible to model slabs which are 
sufficiently large to capture the whole region. We therefore 
employ the CREST method.[33]

In Figure 6d–f, the level alignment for all three systems is 
shown exemplarily for a doping concentration of 1016 e cm−³. The 
ZnO/Vio/TCNQ system does not exhibit any band bending, 
since the HOMO of Vio lies directly at the Fermi-energy 
already prior to adsorption, and hence, does not require any 
band bending to induce charge-transfer from the SAM to the 
adsorbate. For ZnO/DAPP, the HOMO was initially 2.4 eV 
below the Fermi-energy. DAPP is thus only able to contribute 
to charge transfer to TCNQ once its HOMO has been shifted 
to the Fermi-energy by virtue of band bending, i.e., at a band 
bending value that corresponds to the difference of the HOMO 

to the Fermi energy prior to interaction. Upon TCNQ adsorp-
tion, we observe band bending of ≈2.4 eV, which indeed moves 
the DAPP-HOMO into resonance with the Fermi energy, 
where band bending subsequently pins. We emphasize here 
once again that our model for the ZnO slab does not include 
other deep donor states except for those induced by the SAM. 
In reality, it is likely that such states would be present and pin 
the band bending already at a smaller value. Nonetheless, the 
results nicely corroborate the fundamental mechanism pro-
posed in Figure 2. Conversely, for the ZnO/PPP system the 
SAM-HOMO is below the VBM of ZnO. Once band bending 
is developed, the valence band reaches the Fermi-energy before 
the PPP-HOMO does, and the band bending is only limited by 
the magnitude of the ZnO band gap.

To ascertain the stability of the result, we have calculated the 
level alignment for doping concentrations between 1016 and 
1019 e cm−³. The resulting band bending is depicted in Figure 7. 
Within the calculated doping range, there is no band bending 
for ZnO/Vio. For ZnO/DAPP, band bending is mostly con-
stant between 1016–1018 e cm−³, and slightly decreases at higher 
doping concentrations. For PPP, band bending always amounts 
to the maximally achievable value, i.e., the ZnO band gap value 
of 3.5 eV in our calculations. These three molecules are there-
fore examples of the three different possible types of band 
bending achievable in these ternary systems: constant band 
bending at minimum and maximum value and band bending 
pinning at a predesigned value with a small residual doping 
dependence for higher doping concentrations.

In summary, we have shown that self-assembled mono-
layers can limit band bending at interfaces between inorganic 

www.advelectronicmat.de

Adv. Electron. Mater. 2017, 1600373

www.advancedsciencenews.com

Figure 6. Level alignment for TCNQ on modified ZnO. a–c) The level alignment upon contact with the TCNQ crystal for metallic doping. d–f) The level 
alignment upon contact for a doping concentration of 1016 e cm−3. For ZnO only the projection onto the four topmost double layers is shown.
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electrodes and organic electronic acceptors. The maximum 
amount of band bending can be tuned by tuning the HOMO 
energy of the employed SAM. Particularly strong electron 
acceptors, such as Viologen, are even able to suppress band 
bending completely. SAMs with a HOMO in the gap pin the 
band bending at a predetermined energy, akin to deep donor 
states. Conversely, adsorbates with their HOMO below the 
valence-band maximum do not have any impact on the magni-
tude of the band bending.

Our results indicate that the toolbox of organic chemistry can 
be used to design surface-modifications, which generally miti-
gate or even completely suppress the occurrence of band bending 
in transparent conductive oxides. We expect that the application 
of such molecules makes the performance of organic electronic 
devices less dependent on unintentional doping during the 
crystal growth process or to changes of the doping concentra-
tion during device operations. Such devices may exhibit a better 
device performance and a better long-term stability.

3. Experimental Section
Calculations were performed using the FHI-aims code[46,47] with a 
numerically tabulated atomic orbital basis. Surfaces and interfaces 
were modeled by periodic slabs containing four double-layers of ZnO. 
A Gamma-centered k-grid of 16 × 16 × 1 points per ZnO unit cell was 
used and scaled appropriately to larger supercells. A region of at least 
30 Å vacuum was inserted between the slab and its periodic replica. In 
the direction perpendicular to the surface, dipole interactions between 
repeated slabs were prevented by using a dipole correction.[48] FHI-aims’ 
“tight” numerical settings were used, which also implied a “Tier 1” basis 
for Zn and a “Tier 2” basis for all other atoms. The electronic structure 
was calculated using the HSE06 functional[27,28] with 40% instead of the 
usual 25% exact exchange. The same amount of exact exchange was 
used in previous studies,[8,30] and similar values (37.5%) have been 
used by others.[29,49] All geometry optimizations were performed using 
the Perdew, Becke, and Ernzerhof[50] generalized gradient approximation 
corresponding to HSE with 0% exact exchange. To account for long-
range van der Waals forces, we employed the vdW-TS scheme.[31] 
For ZnO, the parameters were obtained from time-dependent density 
functional theory.[32] We used C6 = 46.0183, α = 13.7743, r0 = 2.818 for  

Zn and C6 = 4.45343, α = 4.28501, r0 = 2.953 for O, as previously 
published in ref. [25]. The self-consistent field cycle was converged to 
a threshold of 10−6 eV for the total energy and 10−3 eV for the sum of 
eigenvalues. All geometries were optimized until the remaining forces 
were smaller than 10−3 eV Å−1.

Due to its low-lying valence band, bulk ZnO is always found to 
be n-type doped.[51] In the present work, we use a modified version 
of the CREST method to account for doping.[33,34] CREST treats a 
part of the substrate (the surface) within DFT, while the long-range 
electrostatic behavior (i.e., in particular the band bending) is captured 
semi-classically using a charged plate at the bottom of the slab. Within 
the quantum-mechanically treated substrate, we employ the virtual 
crystal approximation to model the free charge carriers.[30,35,52] Here, the 
oxygen atoms are replaced by an electrically neutral pseudo-atom that 
contains a core with a charge of 8 + δ and the same number of electrons. 
The excess electrons go to the bottom of the conduction band.

Any band bending beyond the slab is modeled quasi-classically by 
using a charged plate. In short, the charge of the plate is computed 
by requiring that adsorbing a molecule on the upper side of the slab 
must not change the position of the Fermi-level (i.e., the work function) 
on the bottom side of the slab. The position of the charged plate is 
then determined from the overall charge and the doping concentration. 
A more detailed explanation will be given in a future publication. In 
contrast to the original formulation, the simplified version of CREST 
used in this paper requires only the dielectric constant ε of ZnO and 
the work function of the unperturbed slab as input. We used ε = 4 for 
ZnO. The work function of the unperturbed slab was determined from 
calculations without the adsorbate for each doping concentration 
separately. The CREST-approach is performed self-consistently and was 
converged to a work function accuracy of 100 meV.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 7. Band bending after TCNQ adsorption on ZnO/SAM, as function 
of the ZnO doping concentration.
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V. Avrutin, S.-J. Cho, H. A. Morkoç, J. Appl. Phys. 2005, 98, 41301.
[42] S. Duhm, G. Heimel, I. Salzmann, H. Glowatzki, R. L. Johnson, 

A. Vollmer, J. P. Rabe, N. Koch, Nat. Mater. 2008, 7, 326.
[43] O. T. Hofmann, P. Rinke, M. Scheffler, G. Heimel, ACS Nano 2015, 

9, 5391.
[44] J. P. Perdew, A. Ruzsinszky, L. A. Constantin, J. Sun, G. I. Csonka,  

J. Chem. Theory Comput. 2009, 5, 902.
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