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 2 

Abstract: 1 

 The properties of semiconductors can be crucially impacted by midgap states induced 2 

by dopants, which can be native or intentionally incorporated in the crystal lattice. For 3 

Bernal-stacked bilayer graphene (BLG), which has a tunable bandgap, the existence of 4 

midgap states induced by dopants or adatoms has been investigated theoretically and 5 

observed indirectly in electron transport experiments. Here, we characterize BLG midgap 6 

states in real space, with atomic scale resolution with scanning tunneling microscopy and 7 

spectroscopy. We show that the midgap states in BLG – for which we demonstrate gate-8 

tunability – appears when the dopant is hosted on the non-dimer sublattice sites. We further 9 

evidence the presence of narrow resonances at the onset of the high energy bands (valence 10 

or conduction, depending on the dopant type) when the dopants lie on the dimer sublattice 11 

sites. Our results are supported by tight-binding calculations that agree remarkably well 12 

with the experimental findings.  13 
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 3 

Main text: 1 

 Midgap states induced by dopants or defects have historically been of central importance 2 

in semiconductors physics because of their key role in the electronic transport properties and on 3 

the light absorption or emission of materials.1,2 This is also the case for two-dimensional 4 

semiconductors, which have attracted enormous attention in the last decade. Dopant/defect 5 

induced midgap states have been shown to play a central role e.g. in the exciton formation and 6 

dynamics in two-dimensional (2D) transition metal dichalcogenides (TMD).3–7 Several reports 7 

have also established the drastic influence of theses midgap states on the transport properties of 8 

2D semiconducting TMD.8–10 Scanning tunneling microscopy (STM) investigations conducted on 9 

doped 2D semiconducting TMD have revealed their spatial configuration and their electronic 10 

structure at the atomic scale.11–15 Bernal-stacked bilayer graphene (BLG) is also a semiconducting 11 

2D material, particularly known for its unique tunable bandgap.16–18 This unique property makes 12 

BLG especially promising for quantum information technology as it allows designing gate-defined 13 

confinement regions such as constrictions19 or quantum dots.20–25 Such devices require pristine 14 

electronic response free of impurity induced midgap states to maintain quantum coherence.26  15 

Impurity-induced midgap states in BLG have been investigated theoretically.27–31 The 16 

transport properties of biased doped BLG was studied by Ferreira et al.32 and Yuan et al.33 who 17 

predicted a plateau in conductivity around the charge neutrality point. This plateau and its 18 

dependence on the vertical electric field was later observed experimentally with transport 19 

measurements by Stabile et al.34 The problem of localization30 and the Kondo effect29 has also 20 

been investigated theoretically. More recently, the sublattice dependence of the dopants was 21 

indirectly evidenced by transport in an ultra-high vacuum environment by Katoch et al. 35 To date 22 

however, no local probe characterization of impurity states in biased BLG has been reported. Such 23 
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characterization offers unique information on the local modification of the local density of states 1 

(LDOS) induced by the dopants.  2 

We report in this letter atomic-scale characterization of dopant-induced midgap states in 3 

Bernal-stacked BLG. With data obtained on dopants with both positive and negative potential sign, 4 

we show that the dopants induce a midgap state only when sitting on the non-dimer sublattice sites. 5 

We demonstrate the tunability of the midgap states with the electrostatic backgate. We also 6 

demonstrate the existence of narrow resonant states located at the onset of the high energy bands 7 

when the dopant lies on the dimer sublattice sites. Although inaccessible in transport experiments, 8 

these higher energy states likely influence the optical properties of BLG. Our findings are 9 

supported by tight-binding-based simulations agreeing remarkably well with the experiments.  10 

 The lattice structure of Bernal-stacked BLG and our convention for sublattice labelling are 11 

shown in Fig. 1a. As McCann and Koshino, we refer to the A2 and B1 sublattice sites as dimer 12 

sites, because of the strong coupling between the orbitals of atoms located on them.18 By the same 13 

token, we refer to A1 and B2 as non-dimer sites. Figure 1b shows the band structure of Bernal-14 

stacked BLG around the K point when an interlayer potential of 𝑈 = 100 meV (see Fig. 1a for the 15 

polarity; other tight-binding parameters are 𝛾0 = 3.3 eV, 𝛾1 = 0.42 eV, and 𝛾3 = −0.3 eV;36 16 

following the convention from ref.18). Note that for simplicity we ignore the difference between 17 

the interlayer potential (𝑈) and the gap (𝑈𝐺) because it is negligible in the range we consider here 18 

(< 90 meV). The LDOS on each sublattice is shown in Fig. 1c. The color of each band in Fig. 1b 19 

reflects the distribution of the LDOS on each sublattice, as seen in Fig. 1c. The LDOS plotted in 20 

Fig. 1c show the strong lattice dependence of the electronic density in gapped BLG. The strong 21 

van Hove singularities (vHs) at the gap edges (low energy) are spatially located around the non-22 
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dimer sites, whereas the weaker vHs corresponding to the onset of the higher energy bands can be 1 

associated with the dimer sites. 2 

The sample we have investigated consists in a Bernal-stacked bilayer graphene (BLG)/hBN 3 

heterostructure deposited on SiO2/Si (see SM section 1, which includes refs.24,37–39, for details on 4 

sample fabrication). In our STM experiments the tip is grounded, and a bias is applied to the sample 5 

(𝑉𝐺) while the silicon substrate serves as an electrostatic gate (𝑉𝐺); a schematic of the device is 6 

shown in Fig. 1d. As we have recently reported,40 native defects/dopants are found in these 7 

samples. It is challenging to find and characterize these dopants with STM because, although their 8 

effects are striking,40 their concentration is extremely low (~1 2 × 109 cm-2). However, an 9 

advantage of having such a low concentration of defects/dopants is that interactions between 10 

them41,42 are absent, simplifying somewhat the comparison between experiments and simulations.  11 

 We start by presenting the sublattice dependence of the dopant-induced localized states in 12 

gapped Bernal-stacked BLG (Fig. 2). Figures 2a and 2b show a dI/dVS spectra acquired atop the 13 

dopants shown in the STM topography images displayed in the respective insets (red crosshair). 14 

The dotted gray spectra in Fig. 2a and 2b are reference spectra obtained ∼3 nm away from the 15 

dopants. The spectra were obtained at 𝑉𝐺 = +30 V, corresponding to 𝑈𝐺 = 64 meV (see SM 16 

section 2, which includes refs.43–45, for details on the band gap determination). Superimposing 17 

atomic lattice schematics to the STM image (see SM section 3, which includes ref.46) suggests that 18 

the dopant in Fig. 2a is located on the B1 sublattice (dimer site) whereas the dopant in Fig. 2b is 19 

located on the A1 sublattice (non-dimer site). The spectra of Fig. 2a and 2b both display a broad 20 

state in the conduction band (𝑉𝑆 ≈ +0.75 V) similar to what is observed atop nitrogen dopant in 21 

monolayer graphene,47 indicating the dopant should be donor-like, with attractive potential.48 We 22 

refer to this state as the broad resonance.  23 
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The spectroscopic and the topographic STM signatures of the dopants shown in Figs. 2a 1 

and 2b are very similar to the signature of nitrogen dopants in monolayer graphene.47,49,50 Also, 2 

the topographic STM signature of nitrogen dopant in bilayer graphene was shown to resemble 3 

closely the signature in monolayer graphene.51,52 We thus identify the dopants as nitrogen. The 4 

spectra in Fig. 2a and 2b also display two very clear differences. The first difference is found close 5 

to the Fermi level (𝑉𝑆 = 0): a state is clearly visible for the dopant on the A1 sublattice, while no 6 

state is seen for the dopant on the B1 sublattice. Another difference can be seen at 𝑉𝑆 ≈ 0.40 V, 7 

where a narrow peak in the spectrum can be seen only for the defect located on the B1 sublattice, 8 

no such state being seen for the defect on A1. We refer to this state as the narrow resonance. 9 

Importantly, these three states (midgap state, broad and narrow resonances) are well localized on 10 

the dopants, as they are not present ∼ 3 nm away from the dopants (gray spectra in Fig. 2a and 2b; 11 

we also present more spatially dependent spectra in the SM (section 4). Finally, note that in pristine 12 

regions, the sharp peak associated with the low energy vHs, which could be expected to appear in 13 

the STS spectra (red and blue curves in Fig. 1c), turns out to be very weak. Also, over the energy 14 

range that we have probed (+/- 1 eV), only a faint sublattice dependence is observed in the pristine 15 

regions.53 We discuss this point in detail in section 5 of the SM, which includes ref.53. 16 

To clarify the origin of these states, we next compare our experimental data to tight-binding 17 

simulations. Figures 2c and 2d display computed LDOS on B1 and A1 (respectively) for a dopant 18 

located on the B1 and A1 (respectively). The dopant is modelled by modifying the onsite energy at 19 

the specific sublattice position and the results are shown for a range of onsite energy values (details 20 

on the calculations are given in section 6 of the SM, which includes refs.54,55). A very good 21 

agreement between the simulated LDOS and the experimental dI/dVS spectra can be seen. In both 22 

cases, the broad resonance in the conduction band is reproduced by the simulations and the position 23 
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in energy is comparable to experiment. Notably, the state next to the Fermi level is also well 1 

reproduced in the simulations. It lies at the conduction band gap edge (see below). We refer to it 2 

as the midgap state and associate it to the predictions made by earlier theoretical work,27,31 as we 3 

show below.1 In addition, the narrow resonance at ≈ 0.40 eV for the B1 case is well reproduced. 4 

Note that the position of the state in energy coincides with the onset of the high energy band (Fig. 5 

1b) and that simulations show that a dopant located on A2 (the other dimer site) results in very 6 

similar LDOS to a dopant located on B1 (peak in the LDOS also located in the conduction band; 7 

see supp. mat.). This narrow resonance located at the high energy band onset can be expected 8 

because of the van Hove singularity (discontinuity of the density of states and divergence of its 9 

Hilbert transform) associated with the dimer sites (B1 and A2 sublattices; see Fig. 1). As the midgap 10 

state (edge of the low energy band) is produced by the dopant lying on a non-dimer site, a dopant 11 

lying on a dimer site can be expected to produce a resonant state located at the edge of the 12 

associated high energy band (see Fig. 1c).56  13 

We now explore the gate tunability of the midgap state. In Fig. 3a we present the gate-14 

dependent STS data obtained atop the nitrogen dopant located on the A1 sublattice (same dopant 15 

as in Fig. 2b). The simulated LDOS for the corresponding gap values (see SM section 2 for gap 16 

determination) is shown in Fig. 3b, for an onsite potential 𝑉 = −12 eV. The LDOS curves in Fig. 17 

3b have been shifted vertically for clarity and horizontally to match the gate dependence observed 18 

experimentally (Fig. 3a). The gap is indicated on the LDOS curves in (b), as well as in the 19 

experimental data in (a). The gap edge on the valence band side is not clearly resolved 20 

experimentally for 𝑉𝐺 = +60 V in (a) (unknown reason). A very good agreement between the 21 

 
1 Note that although the state lies at the edge of the gap, we follow the terminology of Nilsson and Castro Neto27 and 

refer to it as the midgap state. 
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simulations and the experiment is evident. As the gate (and the gap) increases, the midgap state 1 

becomes more prominent, as can be intuitively expected since the midgap state disappears when 2 

the gap closes.27,31 Note also that we observe the midgap state very close to the conduction band 3 

edge. The separation between the midgap state and the band edge is not resolved within our 4 

experimental resolution, which we estimate at 15 meV (the amplitude of the lockin excitation; see 5 

section 1 of SM). This is in agreement with the values anticipated theoretically.27,31 We must 6 

however note that, although the state seen experimentally in Fig. 3a can be unequivocally 7 

attributed to the midgap state, the simulated LDOS curves for the pristine case (in the absence of 8 

defect) display a similar shape as seen in Fig. 3b, only with a less intense peak at the band edge 9 

(see section 5 of the SM). That peak corresponds to the low energy vHs expected on A1 (see Fig. 10 

1). As already mentioned, the low energy vHs peak in pristine regions turns out to be very weak 11 

in STS spectra.53  12 

In addition to the dopant that causes the midgap state discussed so far we observed another 13 

type of dopant that also produces a broad resonance, but in the valence band. Figure 4a shows 14 

dI/dVS spectra obtained atop the dopants whose STM topographic images are shown as insets. We 15 

also reproduce in Fig. 4a the experimental spectrum obtained atop the N-dopant located on A1 in 16 

light dotted grey (Fig. 2b), for convenient comparison. Both dopants display a broad resonance at 17 

𝑉𝑆 ≈ −0.75 V. However, only the red curve displays a midgap state (narrow peak close to 𝑉𝑆 =18 

0). Also, the gold curve shows a slight shoulder around 𝑉𝑆 = −0.4 V.  19 

To understand the origin of the states seen experimentally (Fig. 4a), we show in Fig. 4b 20 

simulated LDOS for dopants modelled by an onsite potential 𝑉 = +12 eV located on A2, B2, and 21 

B1 (we also show the LDOS for 𝑉 = −12 eV on A1, for comparison).  Because of the agreement 22 

between the red solid line curves in Figs. 4a and 4b, we can confidently assign the red spectrum in 23 
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Fig. 4a to a dopant located on the B2 sublattice (non-dimer site) with repulsive potential (𝑉 = +12 1 

eV). For the other unknown dopant (gold curve) the situation is less straightforward as both 2 

simulated LDOS for a dopant on the B1 and the A2 sublattices (dimer sites) with 𝑉 = +12 eV 3 

reproduce well the experimental dI/dVS spectrum: the absence of midgap state and the shoulder at 4 

the onset of the high energy band (𝑉𝑆 = −0.4 V) are both reproduced. Note that 𝑉𝑆 = −0.4 V 5 

corresponds to the onset of the high energy band (similarly as the nitrogen dopant located on the 6 

B1 sublattice, see Fig. 2a). However, the similar low level of corrugation observed in the 7 

topographic STM images for both dopants indicates they both are most likely located in the bottom 8 

layer.51 We thus tentatively assign the dopant corresponding to the gold curve to the sublattice A2. 9 

Superimposed atomic lattice schematics on the STM images of the dopants are consistent with a 10 

dopant on B2 (red) and A2/B1 (gold) (see SM section 3).  11 

It is difficult to identify the chemical nature of the dopants presented in Fig. 4a but a natural 12 

candidate is boron. The symmetry between nitrogen and boron for the broad resonance in the 13 

conduction or the valence band is expected from density functional calculations51,57 and previous 14 

tunneling spectroscopy data on monolayer graphene suggested the presence of the broad resonance 15 

in the valence band.57–59 Boron dopants are also expected to act as negatively charged defects (as 16 

opposed to nitrogen dopants which act as positively charged defects) and we show in the SM 17 

(section 7, which includes refs.60,61) spatially dependent dI/dVS spectra consistent with these 18 

polarities. 19 

Finally, from Fig. 5b (and Figs. 2c and d), we summarize the rules for the position of the 20 

midgap state and the narrow and broad resonances. First, the sign of the onsite potential determines 21 

the position of the broad resonance:  𝑉 > 0 (𝑉 < 0) gives a broad resonance in the valence 22 

(conduction) band. Second, the narrow resonance at the onset of the high energy band is present if 23 
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the dopant is on a dimer site (B1 or A2). Its position (valence or conduction band) does not depend 1 

on the sign of the electric field, but only on the sign of the onsite potential. Its amplitude varies 2 

significantly with the onsite potential amplitude (see Fig. 2c). Moreover, the midgap state is 3 

present if the dopant is located on a non-dimer site (A1 or B2). It is flanking either the valence band 4 

or the conduction band edge, depending on which dimer site it is occupying and the orientation of 5 

the electric field. The dependence on the electric field is not illustrated in Fig. 5 but we show in 6 

the SM (section 8) complete results for the positions of the resonant states (broad and narrow) and 7 

the midgap state, as a function of the sublattice position, the onsite potential, and the electric field 8 

direction.  9 

In conclusion, we have reported gate-dependent scanning tunneling spectroscopy results 10 

demonstrating the existence and the tunability of midgap states induced by native dopant in Bernal-11 

stacked BLG. We have demonstrated that the midgap state appears when the dopant lies in the 12 

non-dimer sites and shown how it can be tuned by the backgate voltage (perpendicular electric 13 

field). We have also shown that when the dopant lies in the dimer sites, a narrow resonance appears 14 

at the edge of the high energy bands. These higher energy states, although inaccessible in transport 15 

experiments, should be observable (and tunable) for example in optical absorption spectra,62 for 16 

samples with high enough dopants concentration, in which case subbands are expected to 17 

appear.27,31 Studying the evolution of these states with increasing dopants concentration achieved 18 

by intentional doping with angle-resolved photoemission spectroscopy and/or STM could reveal 19 

the development of these gate-tunable impurity bands. 20 

We dedicate this work to the memory of our co-author François Ducastelle who passed 21 

away during the review process of this article.  22 
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Figures 1 

 2 

Fig. 1: Bernal-stacked bilayer graphene (BLG) lattice, band structure, and local density of states 3 

(LDOS). (a) Lattice structure of Bernal-stacked BLG. (b) Band structure of Bernal-stacked BLG, 4 
around the K point. (c) Local density of states on each sublattice site for U=+100 meV.  The color 5 

code used in panel (b) is indicative of the LDOS on each sublattice site. (d) Schematics of the 6 
backgated Bernal-stacked BLG device investigated by scanning tunneling microscopy in this work.7 
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 1 

Fig. 2: Sublattice dependence of the spectroscopic signature of  a nitrogen dopant in Bernal-2 

stacked BLG. (a) Experimental dI/dVS spectrum acquired atop a nitrogen dopant located on the 3 
B1 sublattice. Inset: 3⨯3 nm² topographic STM image of the dopant; z-scale is 0.14nm, VS=+1V, 4 

I=0.5nA, VG=+30V. (b)  Experimental dI/dVS spectrum acquired atop a nitrogen dopant located 5 
on the A1 sublattic. Inset: 3⨯3 nm² topographic STM image of the dopant; z-scale is 0.14nm, VS=-6 

0.3V, I=0.5nA, VG=+30V. Data acquired at a gate voltage 𝑉𝐺 =  +30 V and stabilizing 7 

parameters 𝐼 = 0.5 nA, 𝑉𝑆 =  −1 V.  Spectra were acquired at the location indicated by the red 8 

crosshair in the topographic image. In (a) and (b), the grey spectrum is a reference spectrum 9 
acquired in a pristine region, ~3 nm away from the dopant, in the same conditions, for comparison. 10 
(c) Simulated LDOS of a dopant located on the B1 sublattice, modeled by the indicated onsite 11 

energy (𝑉 = −10, −12, −14, 𝑎𝑛𝑑 − 16 eV) (d) Simulated LDOS of a dopant located on the A1 12 

sublattice, modeled by the indicated onsite energy (𝑉 = −10, −12, −14, 𝑎𝑛𝑑 − 16 eV). The main 13 

features seen in (a) and (b) are well reproduced in (c) and (d). 14 
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 1 

Fig. 3: Gate dependence of the midgap state associated to a nitrogen dopant in Bernal-stacked 2 
BLG.  (a) Experimental dI/dVS spectra obtained atop a nitrogen dopant located on the A1 3 

sublattice for various gate voltages. Inset: : 3⨯3 nm² topographic STM image of the dopant; z-4 

scale is 0.14nm, VS=-0.3V, I=0.5nA, VG=+30V The spectra were acquired at the position 5 
indicated by the red crosshair in the topographic image. (b) Simulated LDOS for the A1 sublattice 6 
for a dopant modelled by an onsite energy  𝑉 = −12 eV. In (a) and (b) the midgap state and the 7 

gap are indicated. For unknown reason, the gap edge on the valence band side is not clearly visible 8 
for 𝑉𝐺 = +60 V in (a).  Curves in (a) and (b) are shifted vertically for clarity. The simulated LDOS 9 

are shifted manually in energy to match the position of the midgap state in the experiments. 10 
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 1 

Fig. 4: Spectroscopic signature of dopants other than nitrogen in BLG. (a) Experimental dI/dVS 2 
spectrum obtained atop the dopants shown in the inset (𝐼 = 0.5 nA; 𝑉𝑆 =  −1 V; 𝑉𝐺 = +30 V). 3 

Crosses indicate the position where the spectra were acquired. The correspondence is indicated 4 
by the arrows. The dotted grey curve is the experimental dI/dVS spectrum obtained atop the 5 
nitrogen dopant located on the A1 sublattice (Fig. 2b) shown here for comparison.  (b) Simulated 6 

LDOS for a dopant modelled by an onsite potential 𝑉 = +12 eV on all sublattice sites; the grey 7 

curve is the computed LDOS at A1 for an onsite potential 𝑉 = −12 eV on A1, for comparison. The 8 

location of the LDOS corresponds to the dopant site.  9 
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