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Abstract: We have argued that the nature of surface potential variation with gate voltage of AlN/GaN/AlGaN Double 

Heterojunction Field Effect Transistor (DHFET) is no different from that of the conventional GaAs/AlGaAs HEMT 

devices. Necessary simulated band diagrams have been presented to justify our claim and we have also proposed a non-

linear expression for Fermi level (EF) variation with the two-dimensional electron gas density (2DEG). We have showed 

that our proposed expression provides better agreement with the numerical solution than the previous approximations. 

Besides, expression of surface charge density (ns) variation with gate voltage (VG) obtained using our proposed model, 

shows better fit with the numerical simulation data in wide range of bias conditions. 
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1. Introduction 

With the increasing requirements for millimeter-wave 

amplifiers in wireless communication systems and radars 

has induced innovative developments in solid-state device 

structures, one emerging area of which had been gallium 

nitride (GaN)-based field-effect transistors. AlGaN/GaN 

high-electron mobility transistors (HEMTs) have been 

established as the best candidate for microwave power 

applications not only because of their wide bandgap and 

large polarization charge enabling high carrier densities but 

also excellent thermal dissipation [1]. High current density 

and high breakdown voltage are the demands of high 

frequency power switching devices which we cannot 

achieve if we intend to reduce device dimension, 

decreasing the commonly used AlGaN barrier thickness 

below 10 nm as it leads to a strong degradation of the 

2DEG carrier concentration [2]. 

However, use of AlN substituting AlGaN as barrier layer 

is getting popularity nowadays for Al-rich barrier thickness 

is an efficient way to realize normally-off [3], [4] devices 

with the benefit of circuit simplicity and safety while 

maintaining a high polarization charge density [5]. 

Achievement of high-performance enhancement mode 

AlN/GaN/AlGaN double-heterojunction field effect 

transistor (DHFET) has been demonstrated using an unique  

in situ SiN cap layer on top of ultrathin 2-nm AlN barrier 

layer [6]. In this paper, we have discussed conventional 

AlN/GaN/AlGaN DHFET structure (see Fig. 1 (a)) and 

calibrated our simulator to fit the numerically obtained 

results with the experimental data [6]. Next, we have 

argued that the surface behavior of DHFET structure is 

quite similar to the surface behavior of conventional 

AlGaAs/GaAs HEMT (see Fig. 1 (b)) structure [7]. We 

have provided necessary band diagrams and charge profiles 

at different bias conditions to justify our claim. In Model 

Description section, a simple expression of the Fermi level 

variation with the sheet carrier concentration in the two 

dimensional electron gas at the heterojunction of a DHFET 

is proposed. Necessary diagrams are presented for the 

comparative study of the fitted results with some non-linear 

approximations and our expression with the exact 

numerical results which will eventually testify that our 

expression has the optimal agreement with the exact EF 

versus ns characteristics compared with other approximate 

functions in all regions of operation of interest. Especially, 

our expression is more accurate than other approximations 

after the subthreshold region. To further confirm the 

validity of our expression, the charge control model for 

AlN/GaN/AlGaN DHFET based on our new non-linear 
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expression of EF versus ns is developed and a comparison 

between our results and numerical data is carried and good 

agreement over a wide range of bias conditions is obtained. 

2. Device Structure and Simulation 
Method 

In this paper we have simulated the device structure 

described in [6], and calibrated our simulator in such a way 

that it produces similar transfer characteristics obtained 

experimentally in that article (see Fig. 1 (c)). Necessary 

numerical data is then extracted from the simulator and 

used to check the validity of our proposed analytical charge 

control model. Years of research into device physics have 

resulted in a mathematical model that operates on any 

semiconductor device [8]. This model consists of a set of 

fundamental equations, which link together the electrostatic 

potential and the carrier densities, within some simulation 

domain. These equations, which are solved inside any 

general purpose device simulator, have been derived from 

Maxwell’s laws and consist of Poisson’s Equation (1), the 

continuity equations (2)-(3) and the transport equations (4)-

(5). 

������� � 	
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where �  is the electrostatic potential, '  is the local 

permittivity, and ( is the local space charge density, � and 

p are the electron and hole concentration, ������ and ������ are the 

electron and hole current densities, Gn and Gp are the 

generation rates for electrons and holes, Rn and Rp are the 

recombination rates for electrons and holes, nie is the 

effective intrinsic concentration and TL is the lattice 

temperature and q is the magnitude of the charge on an 

electron.  

 

Fig 1. Conventional structure of (a) AlN/GaN/AlGaN DHFET and (b) AlGaAs/GaAs HEMT. (c) Transfer characteristics obtained from numerical 

simulation of DHFET device which fits the experimental data obtained in [6]. 

Poisson’s equation relates variations in electrostatic 

potential to local charge densities. The continuity and the 

transport equations describe the way that the electron and 

hole densities evolve as a result of transport processes, 

generation processes, and recombination processes. 

In our simulator Poisson’s equation is solved along with 

the above mentioned current continuity equations for 

electrons and holes. The simplest Drift-Diffusion Model for 

charge transport has been used for this model has the 

attractive feature that it does not introduce any independent 

variables in addition to ψ, n and p. In case of GaN power 

device simulation another critical issue that had to be 

considered was strong polarization effect in AlN/GaN 

interface. For calculating strain and polarization in 

AlN/GaN interface the parameters as listed in [9] were used. 

Parameter values and scaling factors have been modified 

within reasonable range to obtain better fit with 

experimental results. The average electric field in the 

DHFET channel is high, and thus, electron velocity 

saturation effects are becoming important. The optical 

phonon energy in GaN is large (92 meV) due to a strong 

bond and a small Nitrogen atomic mass, as a result of 

which, the velocity-field dependence in the GaN DHFET 

channel is similar to that of conventional (GaAs) HEMTs. 

For that reason, Field-dependent mobility model [10] was 

chosen, which provides a smooth transition between low-

field and high field behavior of electron. Moreover, Fermi-

Dirac statistical model was incorporated as carrier model 

and Shockley-Read-Hall as recombination model [11]. The 

system of differential equations is solved self-consistently.  

3. Discussion on Device Physics 

According to the HFET model presented in [12], the 

AlGaN/GaN HFET structure is divided into three zones 

before saturation: They are the Source Neutral Zone (SNZ) 

which occupies the source access region, the Drain Neutral 

Zone (DNZ) which occupies the drain access region, and 

the Intrinsic FET Zone (IFZ) located beneath the entire area 

of the gate electrode. After saturation, two additional zones 

appear at the gate edge close to the drain. They are denoted 

Space-Charge-Limited (SCL) and Charge Deficit Zone 

(CDZ) because of their transport physics and are proven 

dominant in saturated operation. We ensured through our 
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simulation result (see Fig. 2), that similar zone division 

implies for the AlN/GaN/AlGaN DHFET also. For the 

purpose of developing charge control model, we are more 

interested in Intrinsic-FET-Zone behaviour. In this zone, 

the quantum well is modulated by the gate voltage togethe

with drain voltage. At the source-side gate edge, low 

voltage leads to more electrons in the quantum well. At the 

drain-side gate edge, high voltage leads to fewer electrons 

Fig. 2. Zone division illustrated over simulated electron density contour of an AlN/GaN/AlGaN DHFET working under (a) triode operatio

saturation operation. 

(a) 

(c) 

Fig. 3. Conduction band diagram and charge profile under (a) gate bias 0 V for 0% Al in AlGaN buffer (GaN buffer), (b) gate bias 0 V for 18% Al in 

AlGaN buffer, (c) gate bias 0.5 V for 0% Al in AlGaN buffer (GaN buffer), (d) gate bias 0.5 V for 18% Al in AlGaN buffer.
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zone is quite negligible as long as length of IFZ is 

concerned. 
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(d)

ofile under (a) gate bias 0 V for 0% Al in AlGaN buffer (GaN buffer), (b) gate bias 0 V for 18% Al in 

AlGaN buffer, (c) gate bias 0.5 V for 0% Al in AlGaN buffer (GaN buffer), (d) gate bias 0.5 V for 18% Al in AlGaN buffer.

AlN/GaN/AlGaN Double  

in the quantum well. Gradual Channel approximation is 

n and when the device operates in 

saturation region IFZ under gate splits and SCL zone and 

CDZ zone emerges. Because of the geometry and gate 

length of our device under discussion, expansion of SCL 

is quite negligible as long as length of IFZ is 

 

Zone division illustrated over simulated electron density contour of an AlN/GaN/AlGaN DHFET working under (a) triode operation and (b) 

 

(b) 

 

(d) 

ofile under (a) gate bias 0 V for 0% Al in AlGaN buffer (GaN buffer), (b) gate bias 0 V for 18% Al in 

AlGaN buffer, (c) gate bias 0.5 V for 0% Al in AlGaN buffer (GaN buffer), (d) gate bias 0.5 V for 18% Al in AlGaN buffer. 
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As for now we have ensured that the region beneath the 

gate shows the behaviour similar to an intrinsic FET which 

consists of epitaxial layers of AlN, GaN and AlGaN, we 

intend to bring the fact in light that there is a great 

similarity in between the charge control mechanism of this 

IFZ and traditional HEMT. The basic structure for a high 

electron mobility transistor (HEMT) consists of two layers 

in which the material with the wider bandgap energy (in 

this case AlN) is doped and that with the narrow bandgap 

energy (in this case GaN) is undoped. Owing to the 

difference in the electron affinity of the two layers, the 

electrons of the ionized donors will transfer into the GaN to 

form a conducting layer. The potential well formed at the 

interface is usually narrow enough to have well defined 

quantized energy levels in the direction perpendicular to the 

heterointerface, and in many cases the electronic system 

can be treated as a two-dimensional electron gas (2DEG) as 

mentioned in [13]. But in reality, the source of 2DEG in 

heterointerface is polarization which reduce impurity 

scattering, increase carrier mobility and enhance other 

characters of the device [14]. In the DHFET structure thick 

Al0.18Ga0.82N buffer layer favors the electron channel 

confinement and enables enhancing the device breakdown 

voltage as compared to the commonly used GaN buffer 

[15]. 

Fig. 3, shows the conduction band diagrams and charge 

profile of the DHFET structure and of the conventional 

AlN/GaN HEMT in gate biased condition. As we have 

checked both of the devices in different bias conditions, no 

significant difference was observed in the nature of 

variation of 2DEG with gate bias. In case of conventional 

AlN/GaN HEMT, sheet charge density was a little fraction 

of a decade higher than that of the DHFET device. To 

maintain charge neutrality due to polarization in AlN, 

charge is accumulated in the AlN/GaN interface which 

comes from the GaN buffer. In the DHFET structure 

AlGaN is used as a buffer as a result, bulk GaN expansion 

is reduced causing reduction of 2DEG. But this reduction of 

2DEG can easily be ignored for the GaN channel in 

DHFET device, because width of GaN in this device is 

good enough to supply charge required for polarization in 

AlN. DHFET structure is a promising concept for high-

voltage device application due to their superior channel 

confinement enabling higher vertical breakdown voltage 

and reducing leakage current [16]. Finally, from this 

discussion we can assume that charge control mechanism 

for AlN/GaN/AlGaN DHFET will not be significantly 

different from that of the conventional HEMT charge 

control mechanism. 

4. Model Description 

Double heterojunction devices are becoming very 

promising candidates for high-speed and high-power 

applications. These devices offer advantages such as high 

breakdown voltage, high charge density, and good electron 

mobility [16]. The formation of the 2-D electron gas 

(2DEG) in these devices is the heart of the device operation 

and has been studied in great detail in the literature. For 

accurate and fast simulation of circuits based on these 

devices, an analytical expression for 2DEG density ns is 

greatly important. To the best of our knowledge, none of 

the currently available literature on analytical models has 

specifically mentioned DHFET devices and most of the 

models for ns are primarily based on numerical calculations, 

semi-empirical model expressions, or simplifying 

approximations [17]–[23]. In this article we have argued 

and showed the similarity between DHFET and 

conventional HEMT surface charge control mechanism. 

In 1982, Delagebeaudeuf first suggested that if we want 

to model the electron gas charge density at the interface, the 

simultaneous solution of the electrostatics equation in the 

wide band-gap semiconductor and the Schrodinger equation 

for the quantum well at the interface are needed. Through a 

triangular well approximation, and assuming two subbands 

in the GaAs, it can be shown that the carrier density ns is 

given by [24], 

�* � �� ln +,1 � exp �12314
56 �7 ,1 � exp �12318

56 �79    (6) 

where, D is the interface density of states, T is the 

temperature, EF is the Fermi level, :; �  <;�*= >⁄
and 

:� �  <��*= >⁄
 are the positions of the first two allowed 

energy levels in the triangular well. An important limiting 

feature of this model was that the accuracy of the model is 

not so good because of Fermi-level variation with electron 

density in the quantum well was neglected in order to get 

an analytical style. From then on, a series of 

approximations for Fermi level EF with sheet carrier density 

ns were made and a number of expressions were proposed, 

and these expressions were helpful in the development of 

an improved analytical model for the HEMT. What is more, 

in the present papers, we can also find that the charge 

control model is also playing a very important role in the 

research of HEMTs. So, we will pay more attention to the 

research of charge control model. In this paper, we have 

proposed a new expression of ns versus EF, which is shown 

to be more accurate than others that proposed before from 

voltage ranging after subthreshold to high conduction. And 

we get a analytical charge control model for 

AlN/GaN/AlGaN DHFET based on our new expression on 

ns versus EF. For an AlN/GaN/AlGaN DHFET system, the 

solutions of our expression on ns versus VG are compared 

with that numerical data and shown to be in good 

agreement over a wide range of bias conditions. 

4.1. Relation between Fermi Level and Surface Charge 

Density 

In this section, a new non-linear expression of Fermi 

level variation with two-dimensional electron gas (2DEG) 

density in a DHFET is proposed. Basing on this expression, 

an analytical expression for surface charge ns versus gate 



118 Md Shofiqul Islam Khan:  Analytical Surface Charge Control Model for AlN/GaN/AlGaN Double  

Heterojunction Field-Effect Transistor 

voltage VG is developed. Necessary figures will be 

presented to illustrate the superiority of our model. 

Since the early 1980s, various linear analytical models as 

well as non-linear expressions for Fermi level variation 

with 2DEG sheet charge density have been proposed in the 

area of device modeling. In 1982, Drummond et al. [25], 

proposed a linear approximation to model the EF versus ns 

relation. In the year 1988, Kola [26] putted forward a non-

linear approximation which can be expressed as 

:@ � A� �  A= ��*  �  A>�� =B                         (7) 

For best fit with our data set, K1 = -0.0938, K2= 2.5348 × 

10-8, and K3 = -0.25136. In the year 1988, Shey [27] and 

Ku [28] made another approximation and proposed the non-

linear expression as 

:@ � :@; �   <�= >B                                 (8) 

Where EF0 = -0.0125 eV and < = 5.735 × 10
-11

 eVm
4/3

. 

Unless the device is operated in the deep subthreshold 

region, this approximation is appropriate because in the 

subthreshold region quantization effect is not important as 

the potential well broadens notably and the subbands are 

closely spaced. 

Particularly, in 1993, DasGupta [29] proposed a good 

non-linear approximation which can be expressed by: 

:@ � A� �   A=�*� =B � A>�*                     (9) 

For better result we used values for K1= 0.1635, K2= -

4.017×10
-9

 and K3= 4.722×10
-6

. 

In 2002, Rashmi [30] deduced some approximate 

expression from equation (6) appropriating for different 

region of operation which obviously, is not convenient for 

application. Although the approximation has improved a lot, 

but all of above analytical expressions for EF versus ns 

have been proposed so far have disadvantages more or less, 

such as can not appropriate for a large range of values of ns, 

the results are not accurate enough for modeling and so on. 

In our model, a new approximation for EF versus ns has 

been formulated and it can be expressed by the polynomial: 

:@ � �A� �  A=�*=�� =B � A>�*                  (10) 

where K1, K2 and K3 are undetermined parameters. It is 

evident that EF has to be computed for three different 

values on ns to get the values of K1, K2 and K3. Through 

solving equation (6), we can have the following:  

�* � � ln C �DEF�
= GH1 � IJK�L3��

�JEK�M N� =B � 1OP       (11) 

where 

Q � exp R:;� S , U � exp R:�� S , V � exp H �*�� N 

In our formulation, EF was calculated for ns= 7.84×10
13

, 

8.43×10
14

 and 1.95×10
15

 cm
-2

, these particular values of ns 

were chosen in order to cover the operation of the device 

after the subthreshold to high conduction. Here, we must 

notice that the interpolation point of our model can be 

chosen more freely but if we consider DasGupta’s model 

we need to choose selective points for better output. For 

these values of ns, we can get corresponding values of EF 

from eq. (6). 

After rearranging equation (10), we can get that: 

�:@  �  A>���=  � A� �  A=��=                (12) 

�:@  �  A>�=�=  � A� � A=�==                (13) 

�:@  �  A>�>�=  � A� � A=��=                (14) 

Then, to solve the simultaneous equations (12)-(14), we 

can get that: 

A> �  �
�                                    (15) 

where 

& �  �:>= � :�=� � ��>= �  ��=�
��== �  ��=�  W   �:== � :�=� 

� � 2�:>�> � :���� �  2�:=�= �  :����  W  ��>= � ��=�
��== � ��=�   

when the value K3 is obtained, substituting the value of K3 

in eqn. (12) and (13) we can easily solve them for K1 and 

K2. Finally, we can use eqs (7), (8), (9), (10) to figure the 

curves ns versus EF of all the models have been introduced 

above. 

4.2. Analysis of Surface Charge Control 

The DHFET device consists of a metal, AlN polarizer 

and barrier layer, undoped GaN channel, undoped AlGaN 

buffer layer grown on a silicon substrate. A two-

dimensional electron gas is formed at the AlN/GaN 

interface due to spontaneous and piezoelectric polarization 

[31]. To fulfill the requirement of charge neutrality, 

negative charge carrier electron gas is induced in the 

interface of GaN channel which is equal to the positive 

polarization charge induced in AlN.  

To obtain an exact charge control formulation of the 

2DEG channel in DHFET structures, 1D Poisson’s equation 

and Schrodinger’s equation would need to be self-

consistently solved in the low longitudinal field region with 

the applied gate-to-source bias VGS [21]. Expression for 

surface charge density: 

�* � 

�Y  �Z[ � Z\]] � :@�               (16) 

where ' is the permittivity, d is the total thickness of the 

AlN layer and Voff is the threshold voltage of the DHFET, 

given by: 

Z\]] �  ^_ �  �:` � Y

 a�                 (17) 
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in which ^_ is the barrier of the Schottky gate, �:`  is the 

conduction band discontinuity at the heterojunction, and a� 

is the polarization sheet charge density of heterojunction 

AlN/GaN/AlGaN. In our structures, we use a Ni Schottky 

barrier contact at the surface; for the physical properties of 

AlN and GaN in our calculations we used [32]. According 

to [9], polarization in AlN (wurtzite materials) is 

characterized by two components, spontaneous polarization, 

Psp, and piezoelectric polarization, Ppi. Therefore, the total 

polarization a� is given by: 

a� �  b*� � b�$                              (18) 

where 

b�$ � 2 c* �  c;c;  Rd>� � e�>e>> d>>S  
where e31 and e33 are piezoelectric constants, and c13 and c33 

are elastic constants all specified in [9]. The a0 parameter is 

the lattice constant of the material layer in question and the 

as parameter is the average value of the lattice constants of 

the layers directly above and below the layer in question. 

From equation (10) and (16), we can have: 

,�Y

 � A>7 �* �  Z[ � Z\]] � �A� � A=�*=�� =B       (19) 

Taking square for equation (19) on both sides, we can get: 

+,�Y

 � A>7 �* �  �Z[ � Z\]]�9= �  A� �  A=�*=      (20) 

which can be expanded as: 

,�Y

 � A>7= �*= �  Z= �  2 H�Y


 � A>N Z�* �  A� � A=�*= (21) 

and equation (21) can be written as 

fQ= � A=g�*= �  2Q�*Z � �Z= � A�� �  0            (22) 

where 

Z � Z[ � Z\]] 

and 

Q �  ��
' � A> 

Equation (22) is a standard quadratic equation, solving 

which we can have: 

�* �  DiE jDMiM3�DM3kM��iM3k8�
�DM3kM�                  (23) 

which can be simplified to 

�* �  DiE jDMk8EkMiM3k8kM
�DM3kM�                   (24) 

Equation (24) provides an analytical expression for the 

variation of the sheet carrier concentration in the 2DEG as a 

function of the applied gate voltage. Under the Model 

Description section, subsection 1 presented that Gupta’s 

model for 2DEG versus Fermi level is the best except our 

model. Hence, we will make a comparison between our 

charge control model and DasGupta’s [29]. Both of them 

are based the expression of Fermi level versus 2DEG 

themselves. And, the discussion will be made in next 

section. 

5. Results and Discussion 

Fig. 4(a) and 4(b) show the variation of ns with EF 

obtained from all the approximations proposed previously 

by equations (7)–(10) and compare the results with the 

exact curve of numerically simulated data at 300K. We can 

find that Gupta’s approximation (9) is the best compared 

with other non-linear approximations in Fig. 4(a) and the 

error figure in Fig. 5(a) also gave this result. The variation 

of ns with EF of our expression is demonstrated by Fig. 4(b) 

where the curves of approximations of DasGupta [9] are 

compared with the exact curve of numerical simulation at 

300K. It can be observed that the curve of our expression 

has the best agreement with the exact curve, after 

subthreshold region to high conduct region. This result also 

can be certificated by the error figure of Fig. 5(b). So, 

considering Fig. 4(a) and 4(b) simultaneously, we can find 

that our formulation get the optimal agreement over a wider 

range of device operation compared with the others at 300K. 

 

Fig 4. Variation of the Fermi potential with sheet carrier concentration according to the different model approximation proposed by different authors. 
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The calculated ns versus VG from our model in equation 

(24), is compared with those from the numerical data, as 

illustrated in Fig. 6. It can be seen that, our curve almost 

covers the exact curve and our results are very accurate 

from low voltage bias to very high bias except for in the 

subthreshold region. To get better fit of Eqn. (24) in the 

subthreshold region the values of K1, K

modified. This is because the surface Fermi level variation 

in the subthreshold region is different from that of the 

region we have considered. In that case the region

operation has to be divided into two different regions, one 

with the subthreshold region and the other with voltage 

range above subthreshold region with two different sets of 

K1, K2 and K3 coefficients for proper modelling of surface 

charge concentration using Eqn. (24). 

(a) 

(b) 

Fig 5. Error for different space charge density model approximation 

proposed by different authors. 

The comparison of our results with numerical data 

certifies the validity of our model and the usefulness of 

equation (24) strongly, which provides an analytical 

expression for the variation of the surface charge density in 

the 2DEG as a function of the applied gate voltage. 

are numerous example of analytical model implementation 

in modeling high frequency response a

application [33], device simulation [34]

behavior [35] and in many other aspects. 

analytical expression is not complicated, it

useful for improving the analytical models and be also 

helpful for studying of other characteristics of 

AlN/GaN/AlGaN DHFETs. 
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modelling of surface 

 

 

 

Error for different space charge density model approximation 

The comparison of our results with numerical data 

certifies the validity of our model and the usefulness of 

24) strongly, which provides an analytical 

expression for the variation of the surface charge density in 

the 2DEG as a function of the applied gate voltage. There 

are numerous example of analytical model implementation 

in modeling high frequency response and switching 

device simulation [34], predicting device 

aspects. As our formulated 

xpression is not complicated, it will be very 

useful for improving the analytical models and be also 

studying of other characteristics of 

Fig 6. Surface charge density versus the gate bias for both simulated 

numerical data and our proposed model.

6. Conclusion 

In conclusion, a new non-linear expression for the Fermi

level variation with sheet carrier concentration of the

dimensional electron gas has been presented. The

expression gives a very good fit to the exact numerical

solution at 300K and is much better than all the 

conventional approximations. Based on our expression, an

analytical expression for the variation of the sheet carrier 

concentration with the applied gate voltage has been 

developed. It is found that our expression is more accurate 

than others proposed previously for analytical modeling of 

DHFETs. Besides, further certification is made by the 

comparison of our results 

expression of Fermi level versus

analytical charge control model, will

modeling other characteristics of DHFETs

degree of accuracy. 
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