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A quasi-two-dimensional physics-based model of HEMT transistor without using any smoothing functions for joining the linear
and saturation regions of current-voltage (I-V) characteristics was developed. Considering the intervalley transitions of electrons
and the presence of holes in the channel of transistor, we calculated the nonuniform spatial distributions of the electrical field,
electron temperature, and electron mobility within the channel. The model is in a good agreement with experimental data over the
linear and saturation regions of operation.Themodel provides precise simulating of HEMT transistors and can be utilized as a tool
for analysis and prediction of influence of the material parameters on device and circuit characteristics.

1. Introduction

High-electron-mobility transistor (HEMT) has appeared as
a promising candidate for high-speed microwave and RF
applications [1, 2]. High interest in the HEMT transistor
and its modelling may be associated with its high-electron
mobility, along with high-electron sheet concentration and
excellent performance at very high frequency [3, 4]. To
employ the full potential of these devices, accurate and fast
simulation of the circuit based on HEMT is required, which
needs compact models simulating their output character-
istics. The output characteristics of HEMT transistors can
be simulated using several modelling techniques: electrical
(semiempirical, empirical) models or physics-based models.
Despite the high accuracy of two- and three-dimensional
physics-based numerical models with the rigorous field-
dependent relation of carrier mobility within the channel,
they are not convenient for utilization in the circuit design
programs due to their high complexity [5–8].

Recently reported semiempirical models show a good
agreement with experimental data; nevertheless, they include
many fitting parameters, which have nonphysical meaning

[9–12]. This leads to remarkable limitations in their practical
usage. With these difficulties, for example, complexity and
time-consuming computations, high-speed optimized mod-
els based on device physics become preferable. A measure of
proposed physics-based models of HEMTs has encountered
severe limitations [13–15]. This is because they are usually
developed using regional approximations that they are joined
together by proper smoothing functions over the moderate
region of the I-V characteristic of HEMT transistor.

Attempts to overcome these considerable difficulties
using surface potential-basedmodels have beenmade by [16–
20]. Although this approach is interesting, it fails to take into
account two critical factors: (1) the dependence of carrier
mobility on field spatial distribution and (2) the electronic
temperature of 2-DEG within the channel. Moreover, to the
best of the authors’ knowledge, the presence of holes in the
channel was not incorporated into the charge conservation
law by currently available physics-based models. Thus, this
article aimed to introduce a novel quasi-two-dimensional
physics-based approach for modelling HEMT transistors
without using any smoothing functions for joining the linear
and saturation regions of I-V characteristics. Furthermore,
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2 Active and Passive Electronic Components

the field dependence of electron mobility will be considered
as well as the intervalley transitions of electrons, the change
of electron temperature, and the presence of holes within the
channel.

2. Model Description

Theproposedmodel has been developed forHEMT structure
whose cross-section is illustrated in Figure 1. It consists of
a semi-insulating GaAs substrate on which an undoped i-
GaAs layer of thickness 𝐻 is grown, followed by a spacer
layer of undoped i-Al1-xGaxAs of thickness 𝑊𝑠 and a barrier
layer of doped n-Al1-xGaxAs of thickness 𝑊𝐵 with donor
concentration 𝑁𝐷. The highly doped ohmic contact regions
in this structure are self-aligned with the gate.

2.1. Drain Current Calculation. Calculation of I-V character-
istics of HEMT transistors is considered as one of the most
significant objectives ofmodelling semiconductor devices. To
simulate their I-V characteristics, the axes x and y would be
pointed perpendicular and along the direction of current flow
within channel correspondingly. Thus, drain current may be
obtained by integration of electronic current density 𝐽𝑛(𝑥, 𝑦)
over the cross-section of the channel:

𝐼𝑑 = ∬
𝑆
𝐽𝑛 (𝑥, 𝑦) 𝑑𝑆 = 𝑊∫𝐻

0
𝐽𝑛 (𝑥, 𝑦) 𝑑𝑥, (1)

where𝐻 is a thickness of the channel and𝑊 is the gate width.
In our case, only the longitudinal drift component of elec-

tron current densitywill be taken into account. Consequently,
(1) can be rewritten as

𝐼𝑑 = 𝑊𝐸 (𝑦) 𝜇 (𝑦) 𝑞∫𝐻

0
𝑛 (𝑥, 𝑦) 𝑑𝑥

= −𝑊𝐸 (𝑦) 𝜇 (𝑦)𝑄𝑛 (𝑦) ,
(2)

where 𝐸(𝑦) is the distribution of electric field within the
channel, 𝜇(𝑦) is the electron mobility, 𝑛(𝑥, 𝑦) is the electron
concentration, and 𝑄𝑛(𝑦) is the surface charge density of
electrons within the channel.

In case of undoped channel HEMT transistor, besides
the electrons depleted from barrier layer, there are intrinsic
carriers (electrons and holes). Their densities are determined
by the generation and recombination processes. It is nec-
essary to notice that the drain current in such devices is
only due to the electrons. Nevertheless, in place to calculate
the surface charge density of electrons within the channel
adequately, we should consider the presence of the positive
charge within depletion region at the drain end. In case of
MESFET, increasing of positive charges at depletion region
is substantially attributed to ionization of immobile donors
along with a nonsignificant increase in hole concentration,
while inHEMT transistor this increase is associated onlywith
hole concentration growing-up because of the undoped chan-
nel of HEMT. Namely, the growth in holes’ concentration
should be reflected in the charge conservation law:

𝑄𝑛 (𝑦) + 𝑄𝑝 (𝑦) + 𝑄𝐺 + 𝑄𝐵 = 0, (3)
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Figure 1: Structure of the AlGaAs/GaAs HEMT transistor.

where𝑄𝑝(𝑦) is the holes surface charge density,𝑄𝐺 is the gate
surface charge density, and𝑄𝐵 is the surface charge density in
the barrier layer.

The last two variables 𝑄𝐺 and 𝑄𝐵 in (3) can be expressed
in terms of a gate voltage 𝑈𝑔, the barrier layer width (𝑊𝐵 +𝑊𝑆), a donor concentration in the barrier layer 𝑁𝐷, and the
potential of channel 𝑈(𝑦) as follows:

𝑄𝐺 (𝑈𝑔, 𝑈 (𝑦)) = 𝜀𝜀0𝑊𝐵 +𝑊𝑆

(𝑈𝑔 − 𝑈 (𝑦)) ; (4)

𝑄𝐵 (𝑁𝐷, 𝑈𝑔) = 𝑞𝑁𝐷𝑊𝐵, (5)

where 𝜀 is the relative permittivity of the barrier layer and 𝜀0
is the permittivity of free space. The parameter’s values are
given in Table 1 [22].

Substituting (4) and (5) into (3) yields

𝑄𝑛 (𝑦) + 𝑄𝑝 (𝑦) + 𝜀𝜀0𝑊𝐵 +𝑊𝑆

(𝑈𝑔 − 𝑈 (𝑦)) + 𝑞𝑁𝐷𝑊𝐵

= 0. (6)

Considering the real HEMT transistors, their current-
voltage characteristic is significantly affected by the charge of
surface states. For that reason, the charge of the surface states𝑁𝑠 (its value varies from one device to another and must be
extracted from the results of measurement) must be included
into the charge conservation law:

𝑄𝑛 (𝑦) + 𝑄𝑝 (𝑦) + 𝜀𝜀0𝑊𝐵 +𝑊𝑆

(𝑈𝑔 − 𝑈 (𝑦))
+ 𝑞 (𝑁𝐷 + 𝑁𝑠)𝑊𝐵 = 0. (7)

With the assumption that the gate leakage current is
negligible, a quasi-equilibrium should be established along
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Table 1: List of parameters used in simulation [22].

Symbol Physical meaning Value Unit𝜀 The permittivity of the barrier layer 12.1 -𝜀0 The permittivity of free space 8.85 × 10−12 F/m𝑞 Elementary charge 1.62 × 10−19 C𝑘𝐵 The Boltzmann constant 1.38 × 10−23 J/Kℎ The Planck constant 6.62 × 10−34 J⋅s𝑇0 The room temperature 300 K𝑇𝐿 The lattice temperature 300 K𝐸𝑔,0 The parameter of band gap model 1.52 eV𝛼 The parameter of band gap model 5.58 × 10−4 eV/K𝛽 The parameter of band gap model 220 K𝜇𝑚𝑖𝑛𝑛,Γ Electron mobility of highly doped GaAs at the Γ-valley 800 cm2/(V⋅s)𝜇𝑚𝑖𝑛𝑛,𝑋 Electron mobility of highly doped GaAs at the X-valley 40 cm2/(V⋅s)𝜇𝐿𝑛,Γ,𝑇0 Lattice mobility (𝑇0 = 300 K) for GaAs at the Γ-valley 8500 cm2/(V⋅s)𝜇𝐿𝑛,𝑋,𝑇0 Lattice mobility (𝑇0 = 300 K) for GaAs at the X-valley 410 cm2/(V⋅s)𝐶𝐼 Concentration of ionized impurity in the channel 1 × 1014 cm−3

b𝑟𝑒𝑓
𝑛 Temperature dependent fitting parameter 1 × 1017 cm−3

𝛼𝑛 Temperature dependent fitting parameter 0.5 -𝛾0 Fitting parameter -2.2 -𝛽𝑛 Fitting parameter 2 -
V𝑠𝑎𝑡,𝑛,Γ The electrons saturating velocity in the Γ-valley 2.5 × 107 cm/c
V𝑠𝑎𝑡,𝑛,𝑋 The electrons saturating velocity in the X-valley 0.9 × 107 cm/cΔ The electronic gap between Γ and X valleys 0.31 eV𝜏𝑤,0 Energy relaxation model parameter for GaAs 0.48 ps𝜏𝑤,1 Energy relaxation model parameter for GaAs 0.025 ps𝐶𝜏,1 Energy relaxation model parameter for GaAs -0.053 -𝐶𝜏,2 Energy relaxation model parameter for GaAs 0.853 -𝐶𝜏,3 Energy relaxation model parameter for GaAs 0.5 -𝑚∗

𝑛,Γ The effective mass of electrons in Γ-valley 5.92 × 10−32 kg𝑚∗
𝑛,𝑋 The effective mass of electrons in X-valley 4.29 × 10−31 kg𝑚∗
𝑝 The effective mass of holes 4.19 × 10−31 kg

the perpendicular direction to the channel plane so that we
have

𝑛𝑝 = 𝑛2𝑖 ; (8a)

𝑛𝑖 = √𝑁𝑐𝑁V ⋅ exp(− 𝐸𝑔2𝑘𝐵𝑇𝐿) ; (8b)

𝑁𝐶 = 2(2𝜋𝑚∗
𝑛,Γ𝑘𝐵𝑇𝐿ℎ2 )3/2 ; (8c)

𝑁V = 2(2𝜋𝑚∗
𝑝𝑘𝐵𝑇𝐿ℎ2 )3/2 ; (8d)

𝐸𝑔 = 𝐸𝑔,0 − 𝛼 ∙ 𝑇2𝐿𝛽 + 𝑇𝐿 , (8e)

where 𝑛𝑖 is the intrinsic concentration, 𝑝 is the hole con-
centration, 𝑁𝑐 and 𝑁V are the effective density of states
in the conduction and valance bands, respectively, 𝑘𝐵 is
the Boltzmann constant, 𝑇𝐿 is the lattice temperature, ℎ is

the Planck constant, 𝑇0 is the room temperature, 𝐸𝑔 is the
temperature-dependent band gap of channel semiconductor
material 𝐸𝑔,0, 𝛼 and 𝛽 are the parameters of band gap model,𝑚∗
𝑛,Γ is the effectivemass of electrons in Γ valley, and𝑚∗

𝑝 is the
effective mass of holes [22].

The corresponding values of mentioned parameters used
in simulation are listed in Table 1 [22].

The holes 𝑄𝑝(𝑦) and electron 𝑄𝑛(𝑦) surface charge
densities can be expressed in terms of hole 𝑝(𝑥, 𝑦) and
electron 𝑛(𝑥, 𝑦) concentrations using the following equations:

𝑄𝑝 (𝑦) = 𝑞∫𝐻

0
𝑛 (𝑥, 𝑦) 𝑑𝑥 ≈ 𝑞𝐻𝑝 (𝑦) ; (9)

𝑄𝑛 (𝑦) = −𝑞∫𝐻

0
𝑛 (𝑥, 𝑦) 𝑑𝑥 ≈ −𝑞𝐻𝑛 (𝑦) , (10)

where 𝑝(𝑦) and 𝑛(𝑦) are hole and electron concentrations
averaged over the channel thickness, respectively.
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Having assumed that replacement of 𝑛 and 𝑝 in (8a) by𝑝(𝑦) and 𝑛(𝑦) does not change the validity of (8a), it can be
rewritten as

𝑛 (𝑦) 𝑝 (𝑦) = 𝑛2𝑖 . (11)

Using expressions (9) and (10), (11) may be rewritten as
follows:

𝑄𝑝 (𝑦)𝑄𝑛 (𝑦) = −𝑞2𝐻2𝑛2𝑖 . (12)

Extracting𝑄𝑝(𝑦) from (12) followedby substituting it into
(7) leads to the following quadratic equation:

𝑄2
𝑛 (𝑦) + 𝑄𝑛 (𝑦)
⋅ [𝑞 (𝑁𝐷 + 𝑁𝑠)𝑊𝐵 + 𝜀𝜀0𝑊𝐵 +𝑊𝑆

(𝑈𝑔 − 𝑈 (𝑦))]
− 𝑞2𝐻2𝑛2𝑖 = 0.

(13)

In order to determine 𝑄𝑛(𝑦), the roots of the quadratic
equation (13) must be extracted so that we have

𝑄𝑛 (𝑦)
= − 𝜀𝜀02𝑊𝐵

(𝑈𝑠𝑎𝑡 − 𝑈 (𝑦) ± √(𝑈𝑠𝑎𝑡 − 𝑈 (𝑦))2 + 𝑏2) . (14)

In (14), we have assumed that𝑊𝐵+𝑊𝑆 ≈ 𝑊𝐵 and𝑈𝑠𝑎𝑡 and𝑏 can be calculated using the following expressions:

𝑈𝑠𝑎𝑡 = 𝑊𝐵𝜀𝜀0 𝑞 (𝑁𝐷 + 𝑁𝑠)𝑊𝐵 + 𝑈𝑔;
𝑏 = 2𝑞𝐻𝑛𝑖𝑊𝐵𝜀𝜀0 . (15)

By omitting the root of the quadratic equation with a
negative sign, as it has no physical meaning, followed by
substituting 𝑄𝑛(𝑦) into (2), one can derive

𝐼𝑑 = 𝑊𝜀𝜀02𝑊𝐵

𝐸 (𝑦) 𝜇 (𝑦)
⋅ (𝑈𝑠𝑎𝑡 − 𝑈 (𝑦) + √(𝑈𝑠𝑎𝑡 − 𝑈 (𝑦))2 + 𝑏2) .

(16)

In (16), the spatial distributions 𝐸(𝑦), 𝑈(𝑦), and 𝜇(𝑦)
are interrelated functions of 𝑦, especially when one cannot
ignore the facts that (1) the electron mobility depends on the
field distribution and the electronic temperature within the
channel and (2) the channel potential is distributed nonuni-
formly. To clarify these interrelationships, an adequate model
of electronmobility and accurate calculation of nonuniformly
distributed channel potential are required.

2.2. Electron Mobility. Theoretically, the electron mobility in
semiconductors depends on the band structure of material
concerned and on several scattering mechanisms. An accu-
rate calculation of the band structure and distinct scattering
mechanisms is extremely difficult and time-consuming. To

circumvent this difficulty, the number of approximations
was reported [23–25]. The electron mobility dependence
on impurity concentration and lattice temperature may be
expressed using formula proposed by Caughey and Thomas
[22]:

𝜇𝐿𝐼𝑛,V = 𝜇𝑚𝑖𝑛𝑛,V + 𝜇𝐿𝑛,V − 𝜇𝑚𝑖𝑛𝑛,V1 + (𝐶𝐼/b𝑟𝑒𝑓
𝑛 )𝛼𝑛 , V = Γ,𝑋, 𝐿, (17)

where 𝐶𝐼 is the concentration of ionized impurity, 𝜇𝐿𝑛,V is a
latticemobility,𝜇𝑚𝑖𝑛𝑛,V ,b

𝑟𝑒𝑓
𝑛 , and𝛼𝑛 are temperature-dependent

fitting parameters, and V denotes considered valley (see
Table 1).

The lattice mobility 𝜇𝐿𝑛,V in (17) is a function of the lattice
temperature and can be modelled by power law as follows:

𝜇𝐿𝑛,V = 𝜇𝐿𝑛,V,𝑇0 (𝑇𝐿𝑇0 )
𝛾0 , (18)

where 𝑇𝐿 is the lattice temperature, which in current study
was considered as coordinate-independent and takes value
equal to the room temperature, 𝜇𝐿𝑛,V,𝑇0 is the electronmobility
at room temperature (i.e., at 𝑇0 = 300 K), and 𝛾0 is a fitting
parameter (see Table 1).

With increasing electric field within the channel, it is
necessary to allow for the impact of electrical field on the
electron mobility. A measure of model options considering
the reduction in the electron mobility caused by increasing
electric field is available. The commonly used model is given
by [22]:

𝜇𝐿𝐼𝐹𝑛,] (𝐹𝑛 (𝑦)) = 𝜇𝐿𝐼𝑛,V
(1 + ((𝜇𝐿𝐼𝑛,V ∙ 𝐹𝑛 (𝑦)) /V𝑠𝑎𝑡,𝑛,V)𝛽𝑛)1/𝛽𝑛

, (19)

where𝛽𝑛 is a fitting parameter, V𝑠𝑎𝑡,𝑛,V is the saturating velocity
of electrons (see Table 1), and 𝜇𝐿𝐼𝑛,V is the electronic mobility
given by Caughey andThomas.

The driving force 𝐹𝑛 in (19) can be written as

𝐹𝑛 = 󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨grad𝑈 (𝑦) − 1𝑛 grad(𝑘𝐵 ⋅ 𝑇𝐿𝑞 ⋅ 𝑛)󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 . (20)

Assuming that the contribution of second term in the
right-hand side of (20) is negligible compared to the first one,
that is, (1/𝑛) grad((𝑘𝐵 ⋅𝑇𝐿)/𝑞 ⋅𝑛) ≪ grad𝑈(𝑦), we can rewrite
(20) to take a form:

𝐹𝑛 ≈ 󵄨󵄨󵄨󵄨grad𝑈 (𝑦)󵄨󵄨󵄨󵄨 . (21)

Equation (19) describes the field dependence of electron
mobility; however, along with a decline in the electron
mobility, increasing electric field within channel results in
electron’s heating-up, especially near to the drain. When
the electron temperature growth 𝑇𝑛(𝑦) becomes comparable
with the electronic gap between valleys Δ, the intervalley
transitions should be taken into consideration [26].
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Thedecrease inmobility, in this case, depends on the ratio
of Γ- and X-valley populations, which can be found by [26]:

𝑛𝑋𝑛Γ = 4(𝑚∗
n,𝑋𝑚∗
𝑛,Γ

)3/2

exp(− Δ𝑘𝐵𝑇𝑛 (𝑦)) , (22)

where 𝑛𝑋 is the concentration of electrons in X-valley,𝑛Γ is the concentration of electrons in Γ-valley, 𝑘𝐵 is the
Boltzmann constant, and𝑚∗

n,𝑋 and𝑚∗
𝑛,Γ are the effectivemass

of electrons in X- and Γ-valleys, respectively (see Table 1).
The concentration of electrons within the channel of

HEMT transistor can be expressed as a sum of electron
concentrations in the lower and upper valleys (𝑛 = 𝑛Γ + 𝑛𝑋).
Consequently, the overall electronmobility may be expressed
as

𝜇 (𝑦) = 𝑛Γ𝜇𝐿𝐼𝐹𝑛,Γ + 𝑛𝑋𝜇𝐿𝐼𝐹𝑛,𝑋𝑛Γ + 𝑛𝑋 , (23)

where 𝜇𝐿𝐼𝐹𝑛,𝑋 , 𝜇𝐿𝐼𝐹𝑛,Γ are the high-field electron mobility in X-
and Γ-valleys correspondingly.

Dividing the denominator and numerator on the right-
hand side of (23) by 𝑛Γ, followed by applying (22), one can
obtain the following expression for electron mobility with
allowance for the intervalley transition:

𝜇 (𝑦) = 𝜇𝐿𝐼𝐹𝑛,𝑋𝑅 exp (−Δ/𝑘𝐵𝑇𝑛 (𝑦)) + 𝜇𝐿𝐼𝐹𝑛,Γ1 + 𝑅 exp (−Δ/𝑘𝐵𝑇𝑛 (𝑦)) , (24)

where 𝑅 is the state concentration ratio between X-valley andΓ-valley determined by the following equation:

𝑅 = 4(𝑚∗
n,𝑋𝑚∗
𝑛,Γ

)3/2 . (25)

The spatial distribution of electronic temperature𝑇𝑛(𝑦) in
(22) and (24) can be calculated in terms of energy relaxation
time 𝜏𝑤, driving force 𝐹𝑛, and mobility 𝜇(𝑦) as follows [22]:
𝑇𝑛 (𝑦) = 𝑇𝐿 + 2𝑞3𝑘𝐵 𝜏𝑤𝜇 (𝑦) 𝐹2𝑛 ; (26)

𝜏𝑤 = 𝜏𝑤,0 + 𝜏𝑤,1
∙ exp[𝐶𝜏,1 ∙ (𝑇𝑛 (𝑦)𝑇0 )2 + 𝐶𝜏,2

𝑇𝑛 (𝑦)𝑇0 + 𝐶𝜏,3

𝑇𝐿𝑇0 ] , (27)

where 𝜏𝑤,0, 𝜏𝑤,1, 𝐶𝜏,1, 𝐶𝜏,2, and 𝐶𝜏,3 are the parameters of the
energy relaxation time model (see Table 1).

2.3. Channel Potential Calculation. In contrast to earlier
existing traditional methods, we will consider the nonuni-
form distribution of potential within the channel 𝑈(𝑦). For
that end, we start calculating the channel potential with the
assumption that the gate and substrate currents are extremely
negligible. This results in unaltered current flow through the
channel, which means that the derivative of the drain current
with respect to 𝑦 must be equal to zero. Applying this in

(16), one can derive a second-order differential equation with
conditions 𝑈(0) = 0 and 𝑈(𝐿𝑔) = 𝑈𝑑 at the boundaries as
follows:

𝑑𝑑𝑦 {(𝑈𝑠𝑎𝑡 − 𝑈 (𝑦) + √(𝑈𝑠𝑎𝑡 − 𝑈 (𝑦))2 + 𝑏2)
⋅ 𝜇 (𝑦) 𝑑𝑈 (𝑦)𝑑𝑦 } = 0.

(28)

Apparently, from (28), the electron mobility and the
channel potential interrelate and depend on 𝑦 in such
intricateway, whichmust be consideredwhen one solves (28).
Under this circumstance, searching for an analytical solution
will be tricky. For this reason, we have chosen to solve (28)
numerically using finite difference method. Finite difference
approximation of the second-order differential equation (28)
for one-dimensional grid 𝐺 = {𝑦𝑗 | 𝑗 = 1, 2, . . . , 𝐽} has the
following form:

[(𝑈𝑗 − 𝑈𝑠𝑎𝑡 − √(𝑈𝑗 − 𝑈𝑠𝑎𝑡)2 + 𝑏2)𝜇𝑗𝑈𝑗+1 − 𝑈𝑗𝑦𝑗+1 − 𝑦𝑗 ]−
− [(𝑈𝑗−1 − 𝑈𝑠𝑎𝑡 − √(𝑈𝑗−1 − 𝑈𝑠𝑎𝑡)2 + 𝑏2)𝜇𝑗−1
⋅ 𝑈𝑗 − 𝑈𝑗−1𝑦𝑗 − 𝑦𝑗−1 ] = 0,

(29)

where 𝑗 is the index of grid points.
It is worth noting that the discretization scheme used was

chosen to achieve fast convergence and accurate simulation
result.

The numerical procedure involves the following steps:
first, we applied along the 𝑦-axis 1D uniform mesh 𝐺 with
step equal to 𝐿/(𝐽 − 1), where 𝐿 is the channel length and𝐽 is mesh node which in our case was taken equal to 200.
In order to calculate the spatial potential distribution by
(28) and its discretized form (29), one should determine the
initial values for the potential along with electron mobility,
energy relaxation time, and carrier temperature. To do so, we
arbitrarily assumed that the electrostatic potential distributed
linearly throughout the channel, so the initial value of
potential in each grid point may be calculated by

𝑈(0)
𝑗 = 𝑈(0)

1 + (𝑈(0)
𝐽 − 𝑈(0)

1 ) (𝑦𝑗 − 𝑦1)(𝑦𝐽 − 𝑦1) , (30)

where𝑈(0)
𝑗 is the initial value of potential at the 𝑗𝑡ℎ-node,𝑈(0)

1

and 𝑈(0)
𝐽 are the potential values at the boundary, and 𝑦1 and𝑦𝐽 are the first and last grid points, respectively.

As soon the initial distribution of the potential was
determined, we used it correspondingly to calculate the
initial values of electronmobility, energy relaxation time, and
carrier temperature at each node of the grid. It is clearly
seen from (22)–(27) that these quantities are interrelated
which pose some calculation difficulties. For that reason, we
decided to solve them self-consistently using nested loop: first
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we calculated the field-dependent electron mobility by (19)
substituting (17), (18), and (21); then with the initial value of
electron temperature equal to 300 K, we iteratively calculated
the electron mobility, energy relaxation time, and carrier
temperature using

𝜇(𝑘)𝑗 = 𝜇𝐿𝐼𝐹𝑛,𝑋

(𝑘)

𝑗
𝑅 exp (−Δ/𝑘𝐵𝑇(𝑘)𝑛𝑗

) + 𝜇𝐿𝐼𝐹𝑛,Γ

(𝑘)

𝑗1 + 𝑅 exp (−Δ/𝑘𝐵𝑇(𝑘)𝑛𝑗 ) ; (31)

𝜏𝑤(𝑘)𝑗
= 𝜏𝑤,0 + 𝜏𝑤,1

∙ exp[[𝐶𝜏,1 ∙ (𝑇(𝑘)𝑛𝑗𝑇0 )
2

+ 𝐶𝜏,2

𝑇(𝑘)𝑛𝑗𝑇0 + 𝐶𝜏,3

𝑇𝐿𝑇0]] ;
(32)

𝑇(𝑘+1)𝑛𝑗
= 𝑇𝐿 + 2𝑞3𝑘𝐵 𝜏𝑤(𝑘)𝑗 𝜇(𝑘)𝑗 ∙ (𝐹(𝑘)𝑛 )2 , (33)

where 𝑘 is the iteration number.
Initial values calculated by (30)–(33) have been utilized

into (29) which in turns has been solved iteratively. In
each iteration, the electron mobility, energy relaxation time,
and electron temperature have been modified using recently
calculated potential distribution.The result of this procedure
was the spatial distributions of channel potential, electronic
temperature, and electronmobility along the channel for each
fixed gate and drain voltages.

Last can be applied to (16) in order to extract the I-
V characteristic. Foregoing calculation of the drain current
was made for self-aligned HEMT structures; otherwise, one
should include the influence of the resistance of the channel
regions that do not locate beneath the gate of the transistor
on the drain current. For that end, it is vital to invoke the
following boundary conditions at the source and drain side
of the channel:

𝑈𝑐ℎ (0) = 𝑈 (0) ; (34a)

𝑈𝑐ℎ (𝐿𝑔) = 𝑈𝑑 − 𝐼𝑑 (𝑅𝑑 + 𝑅𝑠) , (34b)

where 𝑅𝑑 and 𝑅𝑠 are the drain and source resistances,
respectively.

By applying these boundary conditions to (28) for each
subsequent iterative step, one can calculate the drain current
allowing for drain and source resistances.

3. Results and Discussion

Our model (16)–(34b) was applied to simulate the I-V
characteristic of HEMT transistor depicted in Figure 1 with
a gate length 𝐿𝑔 = 500 nm,𝐻 = 500 nm,𝑊𝑠 = 3 nm,𝑊𝐵 = 45
nm,𝑁𝐷 = 3 × 1017 cm−3,𝑁𝑠 = -5 × 1015 cm−3, and𝑊 = 2 𝜇m.
The core component of our model is to precisely compute the
potential distribution for each point within the channel. This
can be utilized to determine the electrical field distribution
and the electron mobility, which in turn are required for the
drain current calculation.

Figure 2 shows the numerically calculated spatial distri-
butions of the potential (a), the electron mobility (b), the
electron temperature (c), the electrical field (d), the electron
drift velocity (e), and X- and Γ-valley population ratio (f)
within the channel of HEMT transistor for different values
of the drain voltage.

By the results depicted in Figure 2, it was found that, with
the gate length 𝐿𝑔 = 500 nm and the drain voltage up to𝑈𝑑 = 0.1 V, the distributions of the electrical field are linear
within the channel.However, while the drain voltage becomes
more than 0.1 V, the electrical field gets increased within the
channel and showsmore nonuniformity.That in turn leads to
an increase in the electron temperature and correspondingly
decrease in electron mobility along with the electron drift
velocity. As illustrated in Figure 2, the electronic temperature
reaches its maximum value at the drain end as well as the
decrease in mobility of electrons, which associated with the
resistance increasing of the region around the drain. The
increase in resistance leads to an intensification of electrical
field distribution nonuniformity as clearly seen fromFigure 2.

Current-voltage characteristics of AlGaAs/GaAs HEMT
transistors with the gate length 𝐿𝑔 = 500 nm were calculated
by (16) (see Figure 3) allowing for the obtained spatial
distributions of the electrical field and electron mobility
within the channel. Examination of Figure 3 highlights that
the drain current saturates at the drain voltage 𝑈𝑑 = 0.05 –
0.2 V.

To assess the validity of the proposed model, a compara-
tive study has been accomplished, comparing simulated I-V
curves with experimental data from [21] for GaAs/AlGaAs
HEMT transistor with the gate length 𝐿𝑔 = 500 nm, the
barrier layer of thickness 𝑊𝐵 = 49 nm, the gate width 𝑊 =
200 𝜇m, the doping concentration 𝑁𝐷 = 1 × 1017 cm−3, the
charge of surface states𝑁𝑠 = -5 × 1015 cm−3, and an undoped
channel layer of thickness𝐻 = 500 nm.

The results presented in Figure 4 show that the agreement
between experimental data and simulation results is good,
which confirms the validity of proposed model to describe
HEMT structures. Disagreement with experimental curves
for small gate voltage can be attributed to the voltage
dependence value of the source and drain resistances.

Having analyzed AlGaAs/GaAs HEMT transistors and
providing a comparison with real AlGaAs/GaAs HEMT
transistor, we have estimated the validity of the proposed
model and its ability to predict I-V characteristics taking
into account the effect of intervalley transition. Incorporating
the physical device geometry in the proposed model makes
it more capable of simulating different devices beyond the
HEMT transistors.

4. Conclusions

A new quasi-two-dimensional physics-based approach for
simulating HEMT transistors has been developed. The
important identity of the proposed approach is that the
calculation of the I-V characteristics has been made by (16)
without applying any smoothing function for joining the
linear and saturation regions of I-V curves. The impact of
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Figure 2: Numerically calculated spatial distributions of the potential (a), the electronmobility (b), the electron temperature (c), the electrical
field (d), the electron drift velocity (e)𝑤 andX- and Γ-valley population ratio (f) within the channel with the different value of the drain voltage𝑈𝑑. The gate length and gate voltage are 𝐿𝑔 = 500 nm and 𝑈𝑔 = 0.5 V, respectively.
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Figure 3: Current-voltage characteristics of AlGaAs/GaAs HEMT
with 500 nm gate length.

intervalley transitions on electronmobility has been assessed.
The model has been verified by comparison with experimen-
tal I-V curves ofGaAs/AlGaAsHEMT transistorwith the gate
length 𝐿𝑔 = 500 nm. A good agreement with experimental
data was achieved.

Data Availability

(1) The data of model deriving used to support the findings
of this study are included within the article. (2) Previously
reported data of electron mobility models were used to
support this study and 1rA available at DOI: 10.1016/0038-
1101(93)90213-A and L. Yu. Biryukova, V. A. Nikolaeva, V. I.
Ryzhy, and B. N. Chetverushkin, “Algorithms of the quasi-
hydrodynamicmodel for calculating processes in the electron
plasma of submicron semiconductor structures,” Mathemat-
ical Modeling, vol. 1, aa. 11-22,1989. These ari]r studies
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(and datasets) 1rA cited at relevant places within the text as
references [25, 26]. (3) The data of modelling results used
to support the findings of this study 1rA included within the
article. (4) Previously reported experimental data of current-
voltage characteristics of X@Vf were used to support this
study and 1rA available at DOI: 10.1016/j.sse.2016.09.013.
These prior studies (and datasets) 1rA cited at relevant places
within the text as reference [21].

Conflicts of Interest

The authors declare that there are no conflicts of interest
regarding the publication of this paper.

Acknowledgments

This work is supported by the funds of “the Development
Program of Southern Federal University up to 2021” (Project
VnGr-07/2017-10).

References

[1] H.-C. Chiu, H.-C. Wang, C.-W. Yang, F.-H. Huang, and H.-
L. Kao, “Field-plated GaAs on Si substrate HEMT technology
for microwave and power electronics applications (invited),” in
Proceedings of the IEEE International Conference on Electron
Devices and Solid-State Circuits, EDSSC 2014, China, June 2014.

[2] I. Ando, M. Tanio, M. Ito, T. Kuwabara, T. Marumoto, and K.
Kunihiro, “Wireless D-band communication up to 60 Gbit/s
with 64QAM using GaAs HEMT technology,” in Proceedings of
the IEEE Radio andWireless Symposium, RWS 2016, pp. 193–195,
USA, January 2016.

[3] W. R. Deal, K. Leong, A. Zamora, V. Radisic, and X. B. Mei,
“Recent progress in scaling InP HEMT TMIC technology to

850 GHz,” in Proceedings of the IEEE MTT-S International
Microwave Symposium, IMS 2014, USA, June 2014.

[4] N. M. Memon, M. M. Ahmed, and F. Rehman, “A compre-
hensive four parameters I-V model for GaAs MESFET output
characteristics,” Solid-State Electronics, vol. 51, no. 3, pp. 511–516,
2007.

[5] A. Asgari, M. Kalafi, and L. Faraone, “A quasi-two-dimensional
charge transport model of AlGaN/GaN high electron mobility
transistors (HEMTs),” Physica E: Low-dimensional Systems and
Nanostructures, vol. 28, no. 4, pp. 491–499, 2005.

[6] X.-D. Wang, W.-D. Hu, X.-S. Chen, and W. Lu, “The study of
self-heating and hot-electron effects for AlGaN/GaN double-
channelHEMTs,” IEEETransactions on ElectronDevices, vol. 59,
no. 5, pp. 1393–1401, 2012.

[7] I. I. Abramov, “Problems and principles of physics and sim-
ulation of micro- and nanoelectronics devices. II. the models
of semiclassical approach,” Nano and Microsystems Techniques,
vol. 9, pp. 26–36, 2006.

[8] I. I. Abramov, Fundamentals of Modeling Elements of Micro-
and Nanoelectronics, LAP LAMBERT Academic Publishing,
Deutschland, 2016.

[9] Y. Jia, Y. Xu, X. Zhao, and C. S. Wang, “A ultra-wideband
empirical large-signal model for AlGaAs/GaAs HEMTs,” in
Proceedings of the 2016 IEEE MTT-S International Microwave
Workshop Series onAdvancedMaterials and Processes for RF and
THz Applications, IMWS-AMP 2016, China, July 2016.

[10] M. A. Alim, A. A. Rezazadeh, and C. Gaquiere, “Small signal
model parameters analysis of GaN and GaAs based HEMTs
over temperature for microwave applications,” Solid-State Elec-
tronics, vol. 119, pp. 11–18, 2016.

[11] L. Liu, J. Ma, H. Wu, G. Ng, and Q. Zhang, “Nonlinear HEMT
model direct formulated from the second-order derivative of
the I-V/ Q-V characteristics,” in Proceedings of the IEEE/MTT-S
InternationalMicrowave Symposium -MTT 2010, pp. 1676–1679,
Anaheim, CA, USA, May 2010.

[12] N. Boukortt, A. Caddemi, E. Cardillo, G. Crupi, B. Hadri,
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