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A B S T R A C T   

Hexagonal Boron Nitride (h-BN) is a promising material for a wide range of applications. Since its discovery, it 
has been used in nanoelectronic and optoelectronic devices as an optimal substrate for various two-dimensional 
materials. In addition, h-BN is a natural hyperbolic material in the mid-infrared region, where there are few 
options for photonic materials. To understand the relationships between structure and properties, it is essential to 
assess the number of layers in h-BN at the nanoscale. Here, using a combination of simulation and experiment, we 
systematically studied on the Fowler-Nordheim tunneling effect in few-layer h-BN, and basic physical parameters 
such as the layer-dependent effective mass are accurately obtained and verified. This work proceeds with a 
systematic investigation on the design of GaN-based metal/insulator/semiconductor (MIS) blocks with few- 
layered h-BN as insulating layers. It is found that the structural and material properties such as the number of 
h-BN layers, the GaN doping concentration, and the work function of contact metals exert dominant influence on 
the electrical characteristics of these MIS blocks, while the ideal heterogeneous interfaces of the 2D h-BN films 
mitigate the suffering by non-ideal factors such as interfacial traps and SRH recombination. By comprehensively 
balancing the mutual constraints of the key factors, this work achieves GaN-based MIS blocks capable of oper
ating under higher voltages, currents, or power conditions compared to their counterparts. This paper aims to 
provide the fundamental physics of h-BN devices and help develop related h-BN-based infrared optoelectronics.   

1. Introduction 

Wide bandgap two-dimensional materials have many excellent 
properties including high breakdown voltage, low dielectric constant, 
low defect density, excellent thermal conductivity, high thermal and 
chemical stability, etc [1–3]. The flat surface is devoid of any dangling 
bonds and charged impurities, making it an ideal material for functional 
and innovative nanoelectronic and infrared optoelectronic devices. On 
the one hand, wide bandgap materials could be used as the blocked 
barrier layer. Intriguing van der Waals-based unilateral depletion and 
unipolar barrier detectors proposed by Hu et al. demonstrate a low dark 
current and exceptional room-temperature detectivity in the visible and 
mid-wavelength infrared regions [4,5]. Furthermore, this “localized” 

unipolar barrier was design with novel groove aperture, which was first 
realized the ultralow spectral crosstalk for 128 × 128 mid-wavelength/ 
long-wavelength two-color infrared detections [6]. This localized field 
was further verified by the novel broadband photocurrent mapping 
spectrometer with the focused illuminations from ultraviolet to infrared 
with the high resolutions up to 0.6 μm, and the minority carrier-sensitive 
nanoprobe-enhanced mapping system with the illuminated minority 
carrier spatial resolution up to 30 nm and the dark electrical spatial 
resolution of 2–10 nm, respectively [5]. On the other hand, wide 
bandgap materials act as the dielectric or tunneling layers in which 
Fowler-Nordheim (F-N) tunneling is dominated at high electric fields 
[7–10]. For instance, Boron Nitride (h-BN) has a crystal structure similar 
to graphene. Gao et al. investigated the vertical structure of graphene/h- 

* Corresponding authors at: Jiangsu Key Laboratory of ASIC Design, School of Information Science and Technology, Nantong University, Nantong 226019, China 
(M. Luo). 

E-mail addresses: luoman@ntu.edu.cn (M. Luo), jzzhang@ee.ecnu.edu.cn (J. Zhang), johnnyho@cityu.edu.hk (J.C. Ho), ychyu@ntu.edu.cn (C. Yu).   
1 Authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Infrared Physics and Technology 

journal homepage: www.elsevier.com/locate/infrared 

https://doi.org/10.1016/j.infrared.2023.105105 
Received 15 December 2023; Received in revised form 20 December 2023; Accepted 23 December 2023   

mailto:luoman@ntu.edu.cn
mailto:jzzhang@ee.ecnu.edu.cn
mailto:johnnyho@cityu.edu.hk
mailto:ychyu@ntu.edu.cn
www.sciencedirect.com/science/journal/13504495
https://www.elsevier.com/locate/infrared
https://doi.org/10.1016/j.infrared.2023.105105
https://doi.org/10.1016/j.infrared.2023.105105
https://doi.org/10.1016/j.infrared.2023.105105


Infrared Physics and Technology 137 (2024) 105105

2

BN/2D layered semiconductors (2DLSs) and fabricated high- 
performance photodetectors by utilizing the F-N tunneling effect, 
whose photoresponses can be tuned from visible to mid-infrared wave
lengths, along with advantages such as high detection rate and response 
rate [11]. 

With the rapid development of three-dimensional (3D) III-nitrides 
grown on h-BN substrates by van der Waals epitaxy, new avenues are 
being opened for the advancement and application of novel nitrides 
devices in optoelectronics and electronics [12–14]. Moreover, the 
mixed-dimensional integration of 3D and 2D materials provides inno
vative electronic and optical attributes [15–17]. Lu et al. fabricated 
graphene/h-BN/GaN heterostructure detectors with extremely high 
responsivity and detectivity where the h-BN layer increases the barrier 
height at the graphene/GaN heterojunction and thus reduces the dark 
current and enhances the on/off current ratio of the devices [18]. David 
Arto Laleyan et al. exploited the p-type characteristics of boron va
cancies in h-BN and firstly demonstrated the Mg-free Al(Ga)N/h-BN 
nanowire LEDs featuring high output power and electrical efficiency 
[19]. Matthew Whiteside et al. incorporated h-BN as gate insulator in 
MIS-HEMTs to significantly reduce gate leakage current compared to 
traditional Schottky gate electrodes. The high-quality heterojunction 
interfaces adjacent to h-BN also effectively improve device performance 
[20]. Obviously, the MIS architecture serves widely as crucial basic 
blocks in the research of both advanced optoelectronic and power de
vices. As an insulating layer of MIS block, h-BN affects significantly the 
electrical characteristics of the devices due to the F-N tunneling effect in 
itself. Considering the development trends in h-BN/III-nitride-based 
devices and the fact that GaN is a representative wide-band semi
conductor with high thermal conductivity and stability required in 
emerging semiconductor research, it is of great importance to investi
gate the design of high-performance metal/h-BN/GaN blocks leveraging 
the F-N tunneling effect [21,22]. However, there is currently insufficient 
in-depth understanding on the layer-dependent physical properties of h- 
BN and their impact on device performance. These characteristics can 
noticeably alter both the threshold voltage (Vth) and the on-state current 
(Ion) of devices, and therefore must be comprehensively considered if 
high-performance GaN-based MIS blocks are desired [23]. 

In this work, several crucial basic physical parameters associated 
with the number of h-BN layers are calibrated through a combination of 
simulation and experiment, such as the effective mass. The accuracy of 
these extracted parameters is further verified by comparing the simu
lation process parameters with corresponding experimental reports. On 
this basis, systematical investigations on the design and electrical 
characteristics of GaN-based MIS blocks employing few-layered h-BN as 
insulating layers are performed. It is found that the current–voltage (I-V) 
characteristics of the MIS blocks are mainly affected by the number of h- 
BN layers (thicknesses), the GaN doping concentration, and the work 
function of contact metals, while the impact of non-ideal factors such as 
defects at the heterojunction interfaces or the SRH recombination is 
dramatically reduced due to the excellent interfacial properties of the 2D 
layered h-BN. The designed GaN-based MIS blocks achieve a maximum 
Vth of 4.28 V, a maximum Ion of 2.12 × 10− 2 A, and a maximum 
equivalent operating power of 25.8 mW, placing them in a favorable 
competitive position among similar MIS architectures. This work is 
meaningful in promoting the application of 2D layered h-BN as dielectric 
and tunneling layers for novel devices in the fields including infrared 
physics and technology. 

2. Simulation models and methods 

The electrical characteristics of the MIS blocks in this work are 
simulated by solving the Poisson equation, the continuity equation for 
charge carriers, and the drift–diffusion equation. The simulation is 
performed utilizing the SDevice module of the Sentaurus TCAD soft
ware. In the simulation, all the metal/h-BN/n-GaN structures are con
structed by a GaN thickness of 1.2 μm and a metal thickness of 8 nm. The 

width of each layer of the device is fixed to 1.5 μm, while the thickness of 
the h-BN layer varies according to the number of layers, as illustrated in 
Fig. 2a. Numerous experimental researches have reported that the pre
dominant transport mechanism in few-layered 2D h-BN films is F-N 
tunneling [24]. Based on this theory, our investigation centers on 
examining the impact of layer-dependent F-N tunneling properties on 
the electrical characteristics of MIS blocks with thin-layer h-BN. The 
mathematical formula for the F-N tunneling model is as [25]: 

JF− N = AFins
2exp(−

B
Fins

) (1)  

where JF-N is the tunneling current density, Fins is the magnitude of the 

electric field in an insulator, A =
q3m

8πhφBm*, and B =
8π
̅̅̅̅̅̅̅
2m*

√
φ

3
2
B

3hq . A and B are 
the physical parameters of the model, primarily related to the effective 
mass of h-BN and the height of the potential barrier across the interface. 
Calibration based on experimental data are required for the parameter 
file used during simulations. 

The insertion of the traditional dielectric layer in the MIS blocks 
could introduce numerous additional energy levels on the GaN surface, 
causing noteworthy Shockley-Read-Hall (SRH) recombination in GaN 
films, which may impact device performance. In a considerable number 
of traditional studies related to MIS blocks, the SRH recombination ef
fect often cannot be ignored. Therefore, in order to verify the impact of 
h-BN insertion, we also try to assess the extent to which the SRH 
recombination works. The SRH model involves carrier recombination 
through deep-level defects in the energy bandgap, and the equation for 
the SRH recombination rate is expressed as [26]: 

RSRH
net =

np − n2
i

τp

(

n + niexp
(

Etrap
kT

))

+ τn

(

p + niexp
(

− Etrap
kT

)) (2)  

where τp and τn represent the lifetime parameters for bulk holes and 
electrons, respectively, Etrap is the difference between the intrinsic Fermi 
level and the defect energy level. In the SRH model, it is conventionally 
set as 0, representing an ideal defect energy level situated at the middle 
of the bandgap, maximizing the probability of carrier recombination. 

In addition, the high doping of a semiconductor will introduce 
numerous impurity energy levels. These energy levels are located in the 
energy gap of the semiconductor, and are closely connected to the 
bottom of the conduction band or the top of the valence band, causing 
the gap size of the semiconductor to become smaller. Therefore, the 
Jain-Roulston model is taken into account for this bandgap narrowing 
effect. As the scattering of ionic impurities influences carrier migration 
in doped semiconductors, we also incorporate the Arora Model, a 
mobility model related to doping. The basic parameters of GaN 
employed in the simulation are outlined in Table 1, primarily derived 
from experimental or theoretical reports. 

3. Results and discussion 

Intrinsic physical properties such as thermal conductivity, dielectric 
constant, band gap, etc. exhibit significant changes if the thicknesses of 
h-BN vary [28]. As an important variable in the parameters of the F-N 
tunneling model, the layer-dependent effective mass has important 
research significance [29]. Through the curve fitting simulation of the 
electrical characteristics of the metal/h-BN/metal structure using the F- 
N tunneling model, we have firstly extracted the trend of effective mass 
variation with h-BN thickness (dh-BN). The detailed steps of this method 
have been elaborated in our previous work [30]. Fig. 1 presents the 
pertinent findings, indicating that the effective mass decreases with the 
number increase of h-BN layers which represents the thickness within 
the range of 4 to 22 layers. Similar trends are also observed in other 2D 
layered materials, as illustrated in the inset of Fig. 1 [31]. For thinner 
layers (e.g., 4 layers), the extracted effective mass exhibits a slight 
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deviation from the trends reported. Part of the reason may be that the 
measurement error is larger when the layers are thinner in the experi
ment. Additionally, when the h-BN thickness is extremely thin, local 
regions of the film might undergo direct tunneling instead of complete F- 
N tunneling, resulting in this discrepancy. 

To verify the accuracy of the extracted effective mass, we conduct 
simulations on the experimentally reported few-layered graphene 
(FLG)/h-BN/FLG structure [32], and have a comparison with its original 
experimental data. In this structure, the thickness of h-BN is 10 layers, 
equivalent to 3.56 nm, and the corresponding extracted value for the 
ratio of effective mass to free electron mass (m*/m) is 0.312. As the 
reported work function of FLG is about 5.51 eV [33], and the affinity 
energy of h-BN is 2 eV [24], the height of the potential barrier generated 
by the contact of FLG with h-BN is determined to be about 3.51 eV, 

enabling our simulation to obtain the results as the blue curve shown in 
Fig. 1b, which are generally consistent with the experimental mea
surement. In contrast, if the reported effective mass of 0.26 for con
ventional h-BN material is adopted, the simulated red I-V curve in Fig. 1b 
will deviate heavily from the experiment. The comparison shows that 
the extracted parameters related to the few layers are consistent with 
experiments and are deemed essential. The relevant parameters such as 
effective mass and values of F-N model parameters A and B obtained 
through the above simulation are listed in Table 2. 

Determining the effective mass of few-layered h-BN accurately is 
crucial through a combination of simulation and experiment, attributed 
to the fact that the size of effective mass encompasses the impact of 
various factors on the energy bands and its related parameters, such as 
material dimensions, crystal structures, non-ideal interfacial factors, van 

Fig. 1. (a) Variation of effective mass with layer number of h-BN, with an inset shown in [31] illustrating the same trend for 2D h-AlN. (b) I-V curves of simulation 
and experiment in FLG/h-BN/FLG structure where the number of h-BN layers is 10. 

Fig. 2. (a) Schematic structure of the GaN-based MIS blocks with few-layered h-BN. (b) Comparison of the I-V curves and threshold voltage between the Gold/n-GaN 
and the Gold/h-BN/n-GaN blocks. The energy bands for (c) the Gold/n-GaN blocks and (d) the Gold/h-BN/n-GaN blocks under a larger positive bias. 
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der Waals forces between layered materials, and in-plane stresses [34]. 
However, both in experimental and theoretical aspects, obtaining ac
curate computational and quantitative results influenced by these fac
tors is difficult at present [35]. 

Firstly, we investigate the changes in electrical characteristics before 
and after the insertion of h-BN insulating layers between metals and 
semiconductors, as illustrated in Fig. 2a. The I-V curves of the Gold/n- 
GaN and the Gold/h-BN/n-GaN MIS blocks are compared in Fig. 2b. 
The Vth (at which the current reaches 1 × 10− 11 A) in the MIS blocks is 
obviously larger than that in Gold/n-GaN blocks, due to a higher barrier 
introduced by the h-BN insulating layer. The energy bands at higher 
positive bias in the Gold/n-GaN and the MIS blocks are given in Fig. 2c 
and 2d, respectively. The electrons for MIS blocks have to tunnel 
through a triangular barrier of considerable thickness in the h-BN, 
caused by the downward movement of the energy bands under a positive 
bias. However, the height of the potential barrier of the Gold/n-GaN, 
which is already very thin in thickness, still drops in response to the 
applied positive voltage, allowing easier electron transport and thus 
lowering the threshold voltage. 

The electrical properties of the MIS blocks are then investigated after 
introducing h-BN with various thicknesses. The Ion under a positive bias 
of 7 V is used as a criterion to facilitate the comparison of the operating 
current, as reported in literatures [36]. The I-V curves show that Vth 
increases with h-BN thicknesses, while Ion changes in the opposite di
rection as shown in Fig. 3a. This result can be explained by the F-N 
theory illustrated in Eq. (1), where the components of the equation 
exhibit an inverse proportionality to the thickness of h-BN. In this work, 
the on-state resistance (Ron) [37] is determined by the slope of the region 
showing better linearity in the I-V curves when the MIS blocks are turned 
on, which responds to the Ion growth rate. The current changes in the 
opposite trend of resistance when the voltage is fixed so that Ron 

increases with h-BN thicknesses, as shown in Fig. 3b. The magnitudes of 
the electric field in h-BN (Fins) under different positive bias caused by the 
thicknesses of the insulating layer are exhibited in Fig. 3c, which is the 
multiplication of the potential difference between the two sides of the h- 
BN and the reciprocal of its thicknesses. In the case of high electric field, 
the analysis of h-BN breakdown process needs to consider the spatial 
distribution of charge carriers and fields. Hu and Xie et al. first proposed 
the finest model of impact ionization currently available based on Fermi 
golden rule impact ionization model in 2021, which considers the in
fluence of real-time spatial coordinates of charged particles and is one of 
the most important analytical models for studying the microscopic 
mechanism of impact [38]. The breakdown strength with different 
thicknesses of h-BN is extracted, defined as the electric field of h-BN with 
the device turned on, exhibiting a monotonic increase with the thick
nesses of h-BN, which is basically consistent with the trend and value 
reported in literatures [39–43] as shown in Fig. 3d. The consistency 
affirms the accuracy of our simulation parameters and reflects the pre
cision of the basic physical parameters employed. 

Different GaN doping concentration result in varying carrier con
centrations, which inevitably has an impact on the F-N tunneling effect 
and related properties in h-BN. The lower limit of GaN doping concen
tration is taken as 1014 cm− 3, considering that unintentionally doped 
GaN demonstrates n-type behavior, and the carrier concentration aligns 
approximately with this value. The upper limit is taken in consideration 
of the experimentally achievable doping concentration of 1018 cm− 3. 
Furthermore, if the doping concentration exceeds 1019 cm− 3, the GaN 
transitions into a degenerate semiconductor state, leading to a sub
stantial simulation error. As a result, the electrical properties of the 
Gold/h-BN/n-GaN blocks are analyzed with the GaN doping concen
tration ranging from 1014 ~ 1018 cm− 3. The Vth remains consistently 
around 2.7 V with slight variation when the thickness of h-BN is 3.56 
nm, as shown in Fig. 4a. This phenomenon exists for all the MIS blocks of 
the above range of GaN doping concentration as the mapping in Fig. 4b, 
attributing to the fact that the height of contact barrier between GaN and 
h-BN essentially remains constant and is unaffected by doping concen
tration as in Fig. 4c. However, the Ron of the device significantly reduces 
with the rising GaN doping concentration as shown in Fig. 4a, since 
more electrons are involved in the F-N tunneling process under higher 
GaN doping concentration, resulting in consistent increase current of the 
devices under the same positive bias. High GaN doping concentration 
leads to a more distinct slope of the conduction band barrier in h-BN 
before the devices are turned on explained from the perspective of en
ergy bands in Fig. 4c. The actual thickness of the potential barrier for 

Table 1 
Physical models and physical parameters for GaN material used in this simulation [27].  

Physical phenomenon Models Parameters Values 

BandGap Temperature dependent bandgap model 

Eg(T) = Eg(0) −
αT2

T + β  

Reference Bandgap(Eg0) 3.53 (eV)  
Reference Electron Affinity(Chi0) 4.1 (eV)  

Alpha 9.09 × 10− 4 (eV/K)  
Beta 830 (K) 

Bandgap Narrowing JainRoulston Model 
ΔE0

g = A⋅N1/3
tot + B⋅N1/4

tot + C⋅N1/2
tot + D⋅N1/2

tot  

Coefficient A 1.15 × 10− 8 (eVcm)  
Coefficient B,C,D 0 

Mobility Arora Model 

μdop = μmin +
μd

1 + ((NA,0 + ND,0)/N0)
A* with 

μmin = Amin⋅(
T

300K
)

αm , μd = Ad⋅(
T

300K
)

αd 

N0 = AN⋅(
T

300K
)

αN , A* = Aa⋅(
T

300K
)

αa  

Amin(n); Amin(p) 115 (cm2/Vs); 12 (cm2/Vs)  
αm(n); αm(p) − 1.5 (1); 2 (1)  
Ad(n); Ad(p) 1685 (cm2/Vs); 152 (cm2/Vs)  
αd(n); αd(p) − 1.5 (1); − 2.34 (1)  

AN(n); AN(p) 7 × 1016 (cm− 3); 3 × 1017 (cm− 3)  
αn(n); αn(p) 3.02 (1); 0.869 (1)  
Aa(n); Aa(p) 0.8 (1); 2 (1)  
αa(n); αa(p) 0.81 (1); − 2.311 (1) 

Recombination SRH Recombination  Electron Lifetime (τn); Hole Lifetime(τp) 0.7 × 10− 9 s; 2 × 10− 9 s 
Other basic Parameters of GaN Dielectric Constant  8.9 

Electron Affinity  4.1 (eV) 
Effective Electron mass  0.20 (m0) 
Effective Conduction Band Density of states Nc  2.3 × 1018 (cm− 3) 
Effective Hole mass  1.25 (m0) 
Effective Valence Band Density of states Nv  3.5 × 1019(cm− 3)  

Table 2 
Values of F-N model parameters A and B related to few-layered h-BN in GaN MIS 
block simulation.  

dh-BN layers m*/m A (A/V2) B (V/cm) 

7.54 nm 22  0.184216 3.980× 10− 6 8.947× 107 

5.88 nm 17  0.281889 2.601× 10− 6 1.107× 108 

3.56 nm 10  0.311893 2.351× 10− 6 1.164× 108 

2.89 nm 8  0.364484 2.011× 10− 6 1.259× 108 

2.29 nm 6  0.36478 2.010× 10− 6 1.259× 108 

1.38 nm 4  0.366063 2.003× 10− 6 1.261× 108  
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Fig. 3. (a) I-V curves of the GaN-based MIS blocks with different thicknesses of h-BN. (b) Variations of the threshold voltage and the on-state resistance with different 
thicknesses of h-BN. (c) Variations of electric field with different thicknesses of h-BN. (d) Comparison of the breakdown strength of h-BN between this work and 
corresponding experimental reports under the GaN doping concentration of 1 × 1016 cm− 3. 

Fig. 4. (a) Threshold voltage and on-state resistance with different GaN doping concentration. (b) The mapping of I-V curves for different GaN doping concentration 
in the GaN-based MIS blocks. (c) Partial conduction band structures with different GaN doping concentration under no positive bias, where depth represents the 
distance from the point to the cathode along the direction from cathode to anode. 
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electron tunneling of the Gold/h-BN/n-GaN becomes thinner when the 
devices are applied to positive bias, making the devices more prone to 
tunneling phenomena and achieve higher current. 

In addition, different Schottky barrier heights formed by different 
metals with different work functions (WF) affect the electrical properties 
of the MIS blocks when they are contacted with h-BN, as shown in 
Fig. 2d. We select platinum (WF = 5.6 eV) with a larger work function 
and tungsten (WF = 4.6 eV) with a smaller work function for comparison 
[44,45]. We simulate the electrical characteristics of the MIS blocks in 
different cases and observe a consistent trend. Fig. 5a shows the influ
ence of three commonly used electrode metals on the device when the 
thickness of h-BN is 2.89 nm and the GaN doping concentration is 1 ×
1018 cm− 3. It is found that both Vth and Ron increase as the metal work 
function increases, while the Ion decreases in the device. From Fig. 5b we 
can see that a higher barrier lifts across the interface of h-BN and GaN 
occurs when the metal work function becomes larger, leading to a larger 
applied voltage to initiate the device, and a decreased Ion to appear 
accordingly. In 2022, Wang and Hu et al. demonstrated an excellent 
uncooled mid-wave infrared blackbody response based on a vertical 
fully depleted heterosandwiched structure with optical and electrical 
combined manipulations, solving the problems of low quantum effi
ciency and large dark current of 2D photodetectors [46]. The vertical 
device configuration with atomic thin photocarrier transport distance 
could realize the fast response speed and high photocarrier collection 
efficiency. The wide effective detection spectral range was realized in 
visible and mid-infrared range respectively. 

Interface defects are one of the most critical factors limiting the 
performance and stability of conventional devices. Interface defects in 
experiments are mostly caused by structural damage, oxidation defects 
or dangling bonds. The h-BN has excellent properties of the flat atomic 
surface, no dangling bonds and charged impurities, and low interfacial 
defect states when integrated with other materials. As evident from 
Fig. 6a, the interface between conventional dielectrics and III-nitrides 
usually has a high density of trap states up to 1014 cm− 2eV− 1 [47–54]. 
In contrast, the defect states at the h-BN/GaN interface are relatively 
small, with values around 4.3 × 1011 cm− 2eV− 1 [55]. In the simulation, 
we define the defects or traps at the h-BN/GaN interface using the Fixed 
Charge model. Fig. 6b shows the I-V curves of the device under two cases 
(dh-BN = 3.56 nm & doping = 1 × 1018 cm− 3 and dh-BN = 2.89 nm & 
doping = 1 × 1016 cm− 3) with different trap densities. Hu et al. for the 
first time proposed the modified analytical model of trap assisted 
tunneling and band to band tunneling dark currents for the HgCdTe 
infrared detectors, significantly improving the modeling accurate of 
temperature-dependent dark current in infrared detectors [56]. In 2011, 
continuously Hu et al. proposed the updated modeling formula for trap 
assisted tunneling, 

Itat = − A⋅
π2q2Ntm*eM2(Vbi − Vd)

h3
(
Eg − Et

) exp

(

−

̅̅̅
3

√
E2

gF(a)
8
̅̅̅
2

√
qPE

)

(3)  

F(a) =
π
2
+ sin− 1(1 − 2a)+ 2(1 − 2a)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a(1 − a)

√
(4)  

a = Et/Eg (5)  

which has become a generally accepted model of trap assisted tunneling 
in narrow band gap materials. Based on this analytical model, we find 
that trap assisted tunneling has a significant impact on h-BN MIS system 
[57]. Compared to the ideal case (traps = 0), these curves largely overlap 
each other, reflecting the clean h-BN interface of the 2D layered material 
producing very small adverse effects when considered in device design. 

In MIS structures, the current is typically composed of tunneling 
current and generation recombination current. Both currents might 
significantly coexist, or one might predominantly prevail. Fig. 7a shows 
the energy bands of the SRH recombination process [58], where the 
electrons and holes do not recombine directly, but rather transit to a 
third-party energy state for charge neutralization. We explore the role of 
the SRH model in Gold/h-BN/n-GaN structures by comparing the I-V 
curves of devices with the SRH model or not. In Fig. 7b, it is observed 
that when the thickness of h-BN is 2.89 nm, the I-V curves overlap 
entirely and the SRH recombination current can essentially be dis
regarded, regardless of whether the doping concentration in GaN is 1 ×
1016 cm− 3 or 1 × 1018 cm− 3. Because GaN is N-type, applying a positive 
bias on the metal attracts more electrons toward the h-BN/GaN inter
face, while the hole concentration at this interface is practically zero, 
leaving no holes to accommodate the electrons. Then SRH recombina
tion current tends toward zero and the value of RSRH

net is infinitely close to 
0 as well as analyzed in Eq. (2). Fig. 7c compares the magnitude of the 
SRH recombination rates of Gold/n-GaN Schottky diodes with that of the 
MIS blocks. We observe that compared to the SRH recombination rate in 
the pure GaN film, the current recombination effect in the MIS blocks 
resulting from device turn-on is significantly reduced to essentially zero 
due to the insertion of the h-BN insulating layer. Therefore, the SRH 
recombination current in this structure can be overlooked in contrast to 
the current generated by F-N tunneling in the device. Similar findings 
are also observed in the Au/SiO2/nSi structure [59]. 

From these analyses, it is evident that Vth exhibits an increasing trend 
with the increment of h-BN thickness or work function of contact metal. 
Simultaneously, the Ion of the device experiences a concomitant 
decrease. However, achieving a higher Vth and a larger Ion is imperative 
to ensure the proper operation of the device in practical applications. To 
achieve equilibrium between the two physical quantities, we introduce 
the power figure-of-merit (FOM) from literatures. It serves as a 
comprehensive measure to evaluate the electrical performance of the 
device and is defined as [60]: 

Fig. 5. (a) I-V curves with different contact metals in GaN-based MIS blocks, with an inset showing the trend of threshold voltage and on-state resistance. (b) In
fluence of metal work function on energy band structure without applied bias voltage (dh-BN = 2.89 nm, doping = 1 × 1018 cm− 3). 
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FOM =
V2

th

Ron
(6)  

We anticipate obtaining a greater Vth and Ion to achieve a higher FOM, 
signifying the capability of the device to endure elevated electrical 
power. In Fig. 8, a summary is presented for all FOM values obtained 
under various conditions, including different contact metals, h-BN 
thicknesses, and the GaN doping concentration. These results are pre
sented through line and mapping plots for a thorough comparison. 
Examining the line graphs, we discern that the FOM of the MIS block 
consistently exhibits a monotonic increase with GaN doping 

concentration. Besides, the FOM values in this structure unfold a pattern 
of initial increase followed by a subsequent decrease with the increase of 
h-BN thickness, at higher doping concentrations. This behavior is 
attributed to the fact that Vth and Ron do not increase at the same rate 
though both of them tend to increase with the h-BN thickness, as illus
trated in Fig. 3b. This finding underscores the close correlation between 
h-BN tunneling properties and the number of layers. It indicates that an 
ideal number of layers or thickness is crucial, as only in this case can 
electrons maintain a certain number of tunneling particles while up
holding a certain size of tunneling probability [10]. Comparing Fig. 8a, 
b, and c, it becomes evident that the device achieves its maximum FOM 

Fig. 6. (a) Comparison of the defect state densities at the h-BN/GaN interface and conventional dielectric/III-nitride interfaces. (b) I-V curves of GaN-based MIS 
blocks with different trap densities at h-BN/GaN interface (dh-BN = 3.56 nm, and doping = 1 × 1018 cm− 3). The structural parameters in the inset are dh-BN = 2.89 nm, 
and doping = 1 × 1016 cm− 3. 

Fig. 7. (a) Schematic of the energy bands of the SRH recombination process. (b) I-V curves of GaN-based MIS blocks with and without the SRH model. (c) Com
parison of the SRH recombination rates magnitude in the device under a bias voltage of 7 V, which extracted from the location of the dotted line in the insertion. 
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of 25.8 mW when utilizing platinum as the metal contact, with an h-BN 
thickness of 2.89 nm and a GaN doping concentration of 1 × 1018 cm− 3. 
In the three mapping diagrams (Fig. 8d, e, f), it is evident that within the 
MIS blocks, there is a notable increase in the FOM as the WF of the metal 
rises, and a more accessible equilibrium between Vth and Ion, implying 

wider range of h-BN thickness and GaN doping concentration options. 
Fig. 9 quantitatively illustrates the impact of the WF, h-BN thickness, 

GaN doping concentration, interface traps densities, and SRH effect on 
the FOM, Vth, and Ion of the GaN-based MIS blocks through calculations 
employing the control variable method. As an example of calculating the 

Fig. 8. Line and mapping diagrams of figure-of-merit under different work function, including (a, d) 4.6 eV, (b, e) 5.1 eV, and (c, f) 5.6 eV.  
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impact of WF on FOM values, we observe the maximum and minimum 
FOM values under various WF conditions while parameters such as h-BN 
thickness and GaN doping concentration kept constant. Subsequently, 
the absolute difference is computed, and a comprehensive comparison of 
all data is performed to obtain the impact range of WF on FOM (ΔFOM). 
The figure illustrates that the GaN doping concentration exhibits the 
most significant impact on the FOM, while exerting essentially no in
fluence on the Vth. Meanwhile, the selection of metal and the thickness 
of h-BN in the MIS significantly affect each performance of the devices. 
Differently, the concentration of traps at the h-BN/GaN interface, as well 
as the SRH effect, essentially have no discernible effect on the electrical 
characteristics of MIS blocks due to the excellent surface properties of 
2D h-BN. 

In this research, we discern that judicious exploitation of the layer- 
dependent properties of h-BN enables the design of MIS blocks cater
ing to diverse performance requirements. The achieved maximum Vth of 
4.28 V stands at a relatively high level compared to the results reported. 
Furthermore, the maximum Ion for this block reaches up to 2.12 × 10− 2 

A, which is one of the excellent figure-of-merit. Considering the 
perspective of overall power handling capacity, the FOM of the block 
attains a peak value of 25.8 mW, surpassing those reported in recent 
literature for MIS blocks involving GaN or other traditional dielectric 
layers [9,61–68], as vividly illustrated in Fig. 10. The specific parame
ters of the structures corresponding to the optimal electrical properties 
are presented in Table 3. For GaN-based MIS blocks, the structure can be 
systematically designed to accommodate diverse scenarios, by taking 
into account factors such as the few-layered h-BN thickness, the GaN 
doping concentration, and the WF of contact metals. 

Compared with conventional insulating layers, h-BN has excellent 
properties such as easily controllable thickness and atomically flat sur
face. When employed as a dielectric layer, MIS blocks can be designed 
for various functions, encompassing ultra-thin rectifiers, memories, and 
photodetectors. Theoretically, when used as an infrared detector, the 

metal/h-BN/GaN block will experience pronounced suppression of car
rier transport due to the substantial electron barrier at the h-BN/GaN 
interface, facilitated by the introduction of h-BN. This results in the 
attainment of extremely low dark current, and improved detector per
formance in terms of detectivity and responsivity. At the same time, 
higher on/off ratios in light detection can be achieved with the h-BN 
based structure. Consequently, this configuration ensures exemplary 
low-power light detection at room temperature. 

4. Conclusions 

This work initiates the calibration and extraction of basic parameters 
such as the effective mass in the simulation model through a compara
tive analysis with relevant experimental data. Building upon this foun
dation, the design of the MIS block based on GaN with few-layered h-BN 
as the insulating layer is systematically investigated. The findings indi
cate that the number of layers of h-BN, the GaN doping concentration, 
and the WF of the contact metal have the dominant influence on the I-V 
characteristics of the MIS blocks. Additionally, owing to the exceptional 
properties of the 2D layered h-BN, the impact of non-ideal factors on the 
device performance is minimized, such as interface traps at the hetero
junction and SRH effect. In this work, GaN-based MIS blocks achieve a 
maximum Vth of 4.28 V and a maximum Ion of 2.12 × 10− 2 A, show
casing competitive performance in comparison to existing reports. It is 
also possible to design an MIS block with an impressive FOM of 25.8 
mW, by taking electric power tolerance into account, achieving a 
satisfactory equilibrium between Vth and Ion. We can design high power 
devices or high threshold voltage devices, through the rational use of 
structural and material properties, for the diversity of performance of 
the MIS block. This work provides a reference for the design and 
investigation of devices such as infrared detectors through incorporating 
novel 2D materials with traditional semiconductor heterogeneous and 

Fig. 9. Scope of the effect of each physical parameter on figure-of-merit, 
threshold voltage, and on-state current in GaN-based MIS blocks. 

Fig. 10. Comparison of figure-of-merit values of this work with reported values 
for similar MIS blocks. 

Table 3 
The GaN-based MIS block parameters corresponding to optimal performance for 
each electric property.  

performance 
(max) 

values dh-BN 

(nm) 
layers doping 

(cm− 3) 
WF 
(eV) 

Ion 2.12 × 10− 2 A  1.38 4 1 × 1018  4.6 
Vth 4.28 V  7.54 22 1 × 1014  5.6 
FOM 25.8 mW  2.89 8 1 × 1018  5.6  
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mixed-dimensional integration, contributing to the advancement in 
both optics and microelectronics. 
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