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Abstract—The negative differential resistance (NDR) 

phenomenon emerging from vertically stacked two-dimensional 

(2D) van der Waals (vdW) heterostructures consisting of few-

layer hexagonal boron nitride (hBN) sandwiched by graphene 

(Gr) electrodes has been traditionally explained in terms of the 

semiclassical resonant tunneling. However, we recently showed 

that the alternative quantum-hybridization NDR (QH-NDR) 

mechanism can be effective with the defective hBN. Here, with 

the increasing bias voltage, the quantum mechanical 

hybridization between Gr and hBN defect states supports the 

increase of currents up to the NDR peak, at which the abrupt 

breaking of QH then leads to the NDR valley regime. This 

phenomenon was identified in the tree-layer hBN channel case 

with a defect positioned in the central layer, and the presence of 

pristine hBN monolayer (1L) separating Gr and defective hBN 

was found to be the precondition of obtaining the QH-NDR 

signal. Carrying out multi-space constrained-search density 

functional calculations, we examine the generality of this 

observation and in doing so deepen our understanding of the 

QH-NDR phenomena in Gr electrode-based 2D vdW 

heterojunctions. Specifically, we adopt the four-layer hBN 

channel model and consider various configurations of hBN 

defects. We observe that the defect-mediated QH-NDR signal 

appears as long as an hBN defect is separated from another hBN 

defect or Gr by pristine 1L hBN. These findings not only 

confirm the wide applicability of the QH-NDR mechanism but 

also could prove to be a useful guideline for the design of 2D 

vdW devices 
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I. INTRODUCTION 

Conventional explanations of the quantum mechanical 
negative differential resistance (NDR) relied on the band-to-
band tunneling in the tunnel diode or the resonant tunneling 
through double barriers in the resonant-tunneling diode [1]. 
However, in our recent study, utilizing one-dimensional (1D) 
van der Waals (vdW) halide perovskite nanowires, we 
established a novel quantum-hybridization NDR (QH-DNR) 
mechanism [2, 3]. This mechanism emerges from the initial 
quantum mechanical hybridization throughout the source-
channel-drain regions and its breaking with the increasing 
applied bias voltage. We further extended the applicability of 
the QH-NDR mechanism to vertically stacked two-
dimensional (2D) vdW heterojunctions. Specifically, by 

employing a tri-layer (3L) hBN channel sandwiched by Gr 
electrodes, we showed that the introduction of a carbon atom 
substituted for a nitrogen atom (CN) within the central hBN 
layer can induce a symmetric NDR feature due to the QH-
NDR principle (Fig. 1a) [4]. This QH-NDR mechanism in 
vertically stacked 2D Gr/few-layer hBN/Gr heterojunctions 
successfully explains the experimentally observed symmetric 
NDR curve [5], which cannot be accounted for based on the 
semiclassical tunneling mechanisms [6]. However, the 
generality and specific conditions for the emergence of the 
QH-NDR signals in 2D vdW heterojunctions still remain 
unexplored. 

In this report, adopting the Gr/four-layer (4L) hBN/Gr 
heterojunction model (Fig. 1b), we confirm the generality of 
the QH-NDR mechanism in Gr-based 2D vdW 
heterojunctions and establish that the precondition of its 
emergence is the defective hBN layer being separated from 
the adjacent Gr or neighboring defective hBN layer by pristine 
single-layer (1L) hBN.  

 

Fig. 1. (a) The schematics of QH-NDR mechanism in Gr/defective 3L 
hBN/Gr junction with the central CN defect (left) and corresponding � � �� 
characteristics (right). (b) The CN defect on the hBN layer (left) and 
Gr/defective 4L hBN/Gr junction model with three different cases of CN 
defect position (right). 

 

41

2-3



II. METHODS 

DFT and MS-DFT calculations: All equilibrium density 

functional theory (DFT) and nonequilibrium multi-space 

constrained search DFT (MS-DFT) calculations [4, 7, 8] were 

performed using the SIESTA software package [9] within the 

LDA exchange-correlation functional [10]. The atomic cores 

were replaced by norm-conserving pseudopotentials of 

Troullier-Martins type [11], and the double ζ-plus-

polarization-level numerical atomic orbital basis sets were 

employed. For the Gr/defective 4L hBN/Gr heterojunctions, a 

5�5 supercell of Gr/4L hBN/Gr model was adopted. For the 

defective hBN layer, one single CN defect was introduced into 

the supercell, which corresponds to the defect density of 

7.63�1013 cm-2. 

MGF calculations: After obtaining nonequilibrium electronic 

structures, the matrix Green’s function (MGF) formalism was 

used for the post-processing step to obtain the electron 

transmissions, T��; �
 � Tr
�������� , where the ��/�  is 

the broadening matrices and �  is the retarded Green’s 

function for the channel region [12, 13]. The current was 

calculated using the Landauer-Buttiker formula [14],  

����
 � ��

��
� ���; ��

��� � ��
 � ��� � ��
� �!"

!#
,   (1) 

where ��� � �
 � 1 %1 & '()��� � �
 *+�⁄ 
-⁄  is the 
Fermi-Dirac distribution function. 

 

III. RESULTS & DISCUSSION 

   Reminding that we previously observed in Gr/3L hBN/Gr 

heterojunctions the defect-mediated symmetric QH-NDR 

features only when the CN defect is located in the central hBN 

layer [4], we now discuss whether the QH-NDR signals 

appear in  Gr/defective 4L hBN/Gr heterojunctions and if so 

the conditions for the emergence of QH-NDR. For the 4L 

hBN channel, we considered the three cases as indicated in 

Fig. 1b: ① one CN defect placed in the second hBN (/0
�) 

layer, ② two CN defects placed in the second (/0
�) and third 

hBN (/0
2) layers, and ③ two CN defects placed in the second 

(/0
�) and fourth hBN (/0

4) layers. The current density-bias 

voltage (� � ��) characteristics of the three models are shown 

in Figs. 2a, Fig. 3a, and Fig. 4a, respectively. We then find 

that, while the case ① does not exhibit an NDR signal, we 

obtain symmetric NDR signals from cases ② and ③.  To 

analyze the origins for the absence or presence of NDR 

signals, and particularly explain that the NDR signals in cases 

② and ③ results from the QH-NDR mechanism, we 

analyzed the electronic bands projected onto the left graphene 

(LG), right graphene (RG), and the hBN channel, as well as 

the real-space charge density differences between LG/RG 

and hBN 

>?�@
 � ?�A/�+0/�A�@
 � B?�A/�A�@
 & ?�+0�@
C,   (2) 

and the corresponding plane-averaged Hartree potential 

differences 

�E̅G�H
 � E̅G
�A/�+0/�A�H
 � BE̅G

�A/�A�H
 & E̅G
�+0�H
C.   (3) 

Note that while >?  and �E̅G  provide the electrostatic 

information the projected electronic bands reveal more 

detailed electronic structure information [15, 16].  

For the case ①, we find in equilibrium an electron 

accumulation at the /0
�  defect or the charge transfer from 

graphene to /0
�, which induces an initial p-doping of both the 

LG and RG electrodes (Fig. 2b, top panel). The asymmetric 

character of charge transfers along the LG and RG directions 

apparently results in the misalignment of LG and RG Dirac 

cones with a positive built-in potential of &0.07 eV between 

LG and RG even at �� �0 V. 

 
Fig. 2. (a) � � �� curves of Gr/defective 4L hBN/Gr junction with CN defects 

placed on second hBN layer (inset). (b) The �E̅G profiles (green solid line) 

and the real-space �?  (overlaid inset) of the junction at the equilibrium 
condition. The red and blue colors indicate the electron accumulation and 

depletion, respectively. Here, the isosurface level is 0.0037 eÅ-3. The 

projected band structures of LG (red circles), /0
� (purple circles), /0

4 (orange 

circles), and RG (right circles) at (c) positive ��  (&0.1 V, &0.3 V, &0.6 V) 

and (d) negative �� (�0.1 V, �0.3 V, and �0.6 V). 

    Next, we analyze the behavior of the projected bands of 

LG (red circles), RG (blue circles), and /0
�  defect states 

(purple circles) with increasing ��  (Figs. 2c and 2d). We 

observe that the /0
� state moves together with the LG states 

with �� (Figs. 2c and 2d), indicating the strong hybridization 

between the /0
� and LG states (or the pinning of /0

� states to 

LG states) across the 1L hBN separation. On the other hand, 

the /0
� /RG interface is separated by two hBN layers, 

apparently resulting in the disconnection between /0
� defect 

and RG electrode states.  

    Now, together with the initial asymmetric p-doping of the 

LG and RG electrodes, the strong pinning of /0
� to LG states 

explains the highly asymmetric � � ��  characteristic: For the 

positive ��  case, the hybridized /0
� /LG states pass through 

the RG electrode Dirac point (Fig. 2c). Accordingly, the 

amount of RG states that match the /0
�/LG states decreases 

with increasing ��, which results in the � that remains nearly 

constant as shown in Fig. 2a. On the other hand, for the 

negative ��, the overlap between /0
�/LG and RG states in the 

energy and momentum space gradually increases, allowing 

for the increased probability of electron tunneling from LG to 

RG electrode. Consequently, �  linearly increases with 

decreasing ��, as shown in the negative �� regime of Fig. 2a.  
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   In the case ② (Fig. 3a, inset), as mentioned earlier, we 

observe an NDR signal with the PVR of 6.25 (Fig. 3a). 

Similar to the case ①, the CN defects induce initial p-doping 

in the LG and RG electrodes due to the extraction of electrons 

from Gr electrodes. However, as shown in the bottom panel 

of Fig. 3b, we observe that the symmetric distribution of CN 

defects within the four hBN layers results in zero built-in 

potential across the junction model in equilibrium and the 

symmetric � � ��  characteristics observed in Fig. 3a. 

 
Fig. 3. (a) � � �� curves of Gr/defective 4L hBN/Gr junction with CN defects 

placed on second and third hBN layers (inset). (b) The �E̅G profiles (green 

solid line) and the real-space �ρ  (overlaid inset) of the junction at the 
equilibrium condition. (c) The projected band structures of LG (red circles), 

/0
�  (purple circles), /0

4  (orange circles), and RG (right circles) at 
�� � &0.05 V, &0.3 V, and &0.6 V. 

    In Fig. 3c, we also provide the projected bands at finite ��. 

As presented in the left-second panel of Fig. 3c, the two 

defect states overlap with each other or the initial 

hybridization between /0
�  (purple circles) and /0

2  (orange 

circles) is maintained at �� � &0.05 V. This defect-mediated 

strong hybridization across the entire Gr/4L hBN/Gr interface 

initially results in significant increase in � (Fig. 3a). However, 

as �� increases further, the hybridization between /0
� and /0

2 

eventually breaks down, resulting in the QH-NDR behavior. 

After the disruption of /0
�//0

2 hybridization, each defect level 

follows the adjacent Gr electrode with �� , resulting in the 

independent upshift/downshift of the /0
� //0

2   defect levels 

with increasing �� (Fig. 3c, middle and right panels). More 

specifically, as ��  increases, the /0
� //0

2  states are gradually 

occupied/depleted with the electrons being transferred 

from/to the LG/RG electrode. 

   We emphasize that once the defect levels are split, each 

defect level qualitatively behaves similarly to the case ① 

(Fig. 2), or each /0  defect level becomes pinned to the 

adjacent Gr electrode across the 1L hBN (Fig. 3c, middle and 

right panels). This pinning of CN defect levels to adjacent Gr 

electrode levels impedes the coupling between LG and RG 

electrodes mediated by the two CN defect states, resulting in 

the reduction of the electron transport from LG to RG and 

leading to the valley regimes in the QH-NDR signal in Fig. 

3a. 

    In the final case ③, we introduced two CN defects into the 

second (/0
�) and fourth hBN (/0

4) layers as shown in the inset 

of Fig. 4a. In this configuration, we again observe the NDR 

signal in both positive and negative �� regimes with the PVR 

of 7 at positive ��  and the � peak (valley) at �� � &0.2 V 

(&0.5 V).  

    From the analysis of the >? profiles in equilibrium (Fig. 

4b, top panel), we also find that electrons are accumulated at 

both the /0
� and /0

4 defects, leading to the initial p-doping of 

both LG and RG electrodes. Due to its proximity to the RG 

electrode, the /0
4 defect exhibits larger electron accumulation 

at than the /0
� defect. The asymmetric electron accumulation 

at /0
�  and /0

4  defects then results in a minimal >E̅G  step of 

~&0.02 eV (+ 0.03 eV) between the /0
� and /0

4 defects (LG 

and RG electrodes) (Fig. 4b, bottom panel). This minute  E̅G 

steps indicate that the /0
�  and /0

4  defects (defects-mediated 

LG and RG states) are hybridized in spite of the separation 

by 1L hBN between /0
� and /0

4 (LG and /0
�).  

 
Fig. 4. (a) � � �� curves of Gr/defective 4L hBN/Gr junction with CN defects 
placed on second and fourth hBN layers (inset). (b) The �E̅G profiles (green 
solid line) and the real-space �?  (overlaid inset) of the junction at the 
equilibrium condition. The projected band structures of LG (red circles), /0

� 
(purple circles), /0

4  (orange circles), and RG (right circles) at (c) positive 
��  (&0.1 V, &0.2 V, &0.3 V) and (d) negative �� (�0.1 V, �0.5 V, and �0.6 
V). 

    Analyzing the projected band structures shown in Fig. 4c 

(Fig. 4c), we find that the initial strong hybridization between 

the /0
� and /0

4 defect states is maintained up to �� � &0.2 V 

( �� � � 0.5 V) in the positive (negative) ��  regime. In 

addition, the direct contact between /0
4  and RG electrode 

results in the /0
4/RG layers acting as a single entity and the 

pinning of /0
�  defect states to the combined /0

4 /RG 

“electrode” (Figs. 4c and 4d, left and middle panels). 

However, as the ��  further increases or decreases, the 

coupling between /0
�  and /0

4  states is abruptly broken, 

leading to the splitting of the two defect levels (Figs. 4c and 

4d right-second panels). The changes in the hybridization 

between /0
�  defect and /0

4 /RG electrode states then lead to 

the decreases in the magnitude of � values and the observed 

QH-NDR signals in Fig. 4a.  
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IV. CONCLUSION 

    In summary, performing MS-DFT calculations, we 
systematically investigated the generality and preconditions 
for the activation of the QH-NDR mechanism in vertically 
stacked Gr/few-layer hBN/Gr 2D vdW heterojunctions. We 
established that the presence of a pristine 1L hBN separation 
facilitates the quantum hybridizations between Gr and 
defective hBN layer as well as between two defective hBN 
layers, generating QH-NDR features. However, once 2L hBN 
separate them, the NDR signal disappeared or Gr and 
defective hBN became electronically decoupled. Our findings 
provide valuable insights into the QH-NDR mechanism and 
more generally offer a guidance for the design of quantum-
mechanical 2D devices. 
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