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Abgtract : AlGaN/ GaN HEM Ts are investigated by numerical simulation from the self-consistent solution of
Schrédi nger- Poisson- hydrodynamic (HD) systems. The influences of polarization charge and quantum effects are
considered in this model. Then the two-dimensional conduction band and electron distribution,electron tempera-
ture characteristics, lq versus V4 and lq versus Vg ,transfer characteristics and transconductance curves are ob-
tained. Corresponding analysis and discussion based on the simulation results are subsequently given.

Key words: AlGaN/ GaN HEM T; 2D modeling and simulation; polarization charges; quantum effects

EEACC: 2560S

CLC number : TN313". 2 Document code: A

1 Introduction

In recent years, AlxGai- x N/ GaN high elec-
tron mobility transistors (HEM Ts) have received
considerable attention due to their advantages and
potential in materials and devices. With the rapid
progress of material growth and the maturing of
lithography and other related device fabrication
technologies, many exciting experimental results
have been reported™ *'. An obvious trend is that
gate length and device dimensions are becoming
shorter ,which is necessary for higher frequency
operation. On the other hand,as an effective tool
for device design,computer aided design technol o-
gy faces severe challenges for heterostructures.
These have caused modeling and simulation to lag
behind"“*.

AlxGai- xN/ GaN HEM T modeling has many
new features,such as spontaneous and piezoelec-
tric polarization, quantization effects, and hot-e-
lectron and non-local transport. Therefore,a sim-
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ulator with more complex physical models and a
higher level of numerical robustness is required.
Although the commercial simulators have made
progress in solving these difficulties, newly intro-
duced material characteristics, device structures,
and physical effects are still open issues that limit
their usage'® ®. In this paper,a new two-dimen-
sional (2D) small AlxGa:i- xN/ GaN HEM T model
is proposed, and corresponding simulation results
are shown.

2 2D AlGaN GaN HEMT model

The structure and simulation mesh informa-
tion are shownin Fig. 1.

2.1 Basic equations

The finite-difference method (FDM) is a
conventional numerical way to solve the
Schrodinger- Poisson-transport equations. Since the
size quantum effect is only in the direction of the
hetero-interf ace ,Schrodinger’ s equation is given by
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Fig.1 Device and simulation mesh structure

A, d, 1 _d
-5 Xdy(m*(y) xdy)wk(y) +

V(Wi (y) = EP«(y) (1)
where Ex is the eigenenergy Y« is the correspond-
ing envelope function for subband k,V is the po-
tential energy, his Planck’ s constant divided by
at ,and m’ is the effective mass.

The 2D Poisson equation has the form:
VB VRG] == TNe () - n(x,y)]
(2)

where€s is the position dependent dielectric con-
stant ,®is the electrostatic potential , Np is the ion-
ized donor concentration, and n is the electron
density distribution.

In a quantum well with an arbitrary potential
energy profile,the potential energy V isrelated to
the electrostatic potential ®as follows:

Vi(y) =- gb(y) +A E(y)
wherel E: is the conductance band of fset.

The drift-drain (DD) and hydrodynamic
(HD) models are derived from Boltzmann’ s
transport equation (BTE) . They are extremely im-
portant in the classical transport field. It has been
shown that the HD model describes the carriers’
movement more accurately ,especially for non-lo-
cal effects, electron velocity overshoot,and high
field effects'®*” . Because of the compact confine-
ment of the 2D EG in the y direction,only the e-
lectron transport in the x direction is considered.
The HD model is then

1

(3)

Vedo=-U (4)

V'&:E'Jn' (5)

The auxiliary equations for current density flux

Uwn - n

Lss =500nm, Ly =100nm

and electron energy flux are

Jo=- dan(x) V(HX - —kB—TaLXl) + gDa Va(X) (6)

(7)

Equation (4) is the electron continuity equation,
where U denotes the generation-recombination
rate. Equation (5) is the energy balance equation
(EBE) ,inwhich the last term represents the ener-
gy loss rates of the electrons by scattering in the
relaxation time approximation. Here w,, wo are
the average electron energy and equilibrium ener-
gy ,respectively. Here we neglect the kinetic ener-
gy in view of numerical iteration convergence,so

W=_3_
"2

S = ke VTu(x) - (Wn + Ke Tn(x))iqﬂ

ke Tn (the convention in commercial simu-

lators) . We use the constant relaxation time
0. 4ps. The current density is given by Eq. (6) ,
wherel, and Dn are the electron mobility and the
diffusion coefficient. Dn and M satisfy the Ein-
stein relation. The mobility model adopts the high
field correlated model'"! with Mo = 800cm?/ (V -

S) , Vs =1 X 10'cm/s. Equation (7) gives the elec-
tron energy flux ,where knisthe thermal diffusion
coefficient. S, comprises the thermal conductive
term and the energy convective term.

2.2 Polarization &fectsand interface model

There are both linear and nonlinear models
for the computation of polarization charge,and it
is still not certain which is more suitable™** . In
this paper the linear model is chosen for its physi-
cally conceptual simplicity.

The strain-induced piezoelectric polarization
is expressed by
a0 - a(x)

PPE(Aleal-xN) = 2 a X)
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Cia(x)
Csz (x) ] (8)

where aisthe crystal lattice constant, Ciz and Cas
are the elastic constants, es: and es; are the piezo-
electric constants.

Spontaneous polarization is also a function of
the Al mole fraction x,given by

Po(x) = (- 0.052x - 0.029) C/m*  (9)

Finally ,the sheet charge density at the interface

induced by the polarization can be calculated by

|O(x) | = ‘z%ﬂﬁ{eﬂ(x) .

Ciz (x)
Cas (X

For the Al GaN/ GaN hetero-structure,consid-
eration of the discontinuity of € and the polariza-
tion sheet charge at the interface is necessary, as
shown below :

Eaiga€ alcan - Eca€ can = - O (11)

[en(X) - es(x)

ess (X) + Pp(x) - Ps(0) (10)

3 Numerical method and sf-consist-
ent solution

Equations listed in the section above show
that the Poisson equation is 2D, but the effective
mass equation and the carrier transport equation
are both one-dimensional (1D) ,parallel and nor-
mal to the channel direction respectively. Figure 2
shows schematically the conversion of the 2D
problem into two 1D ones. It is necessary to con-
vert the 2D electron surface density to a 3D body
distribution. The flow chart in Fig. 3 illustrates

the 2D solution procedure.
Gate

Fig.2 Sketch of converting 2D problem into two 1D
ones
For an arbitrary node [ i,]] ,thelinearized fi-
nite difference form of Poisson’s equation is

g—iqﬁi_“- + ﬁqﬁi,j,l + -gi¢i,j+1 + g_)x/qbiﬂvi -
dx  dy,, _ dxdy oM
2(gy g # = g a(No - mdx (12)

For the nodes at the interface,it is trans
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Fig.3 Flow chart illustrating the solution procedure

formed into:

-d_éAIGaN -1, >

dy 2dX€A|GaN +E€en) D1 +
Edc??(gAlGaN +E€can) B i1 +g_§GaN vl -

(g‘i + -géx() €ncan *€Ecan) B =

- dxdyq(No - n)ij -0, ;dx (13)
where dx and dy are mesh spacingsin the x and y
directions. Typically, dy is chosen to be smaller
than dx in order to obtain a finer grid in the de-
vice channel for accurate simulations.

Here the current flux equation is discretized
in the same way as in the existing discretization
scheme for the HD model where the conventional
S G scheme is adopted™ . The discretized form of
the HD model is

Jo = anA#T_ x[B@) T - B@) ]
Axlg(__'l_—fl) ' '

(14)



2 Xue Lijun et al. :

Two-Dimensional Static Numerical M odeling and Simulation of AlGaN/ GaN HEM T 301

wherel =

'—gﬂAﬂT’—m[wa A T]and B(-)
B

is the Bernoulli function.
The discretized form of the energy flux equa-
tion for electrons is

S =- (24 oc) —"AE%N[B@) T - B(- ®) T]

2
(15)
where
N = AT x Ni+1 X-B_(A)_ (16)
lg( T.I;J_r]) Tiva B (D)
Tisa
lg( T_) 4 Nt
O =—"T"T—(AP-A - *
27 D-lem, 49
S
b = _Z_CD

4 Resultsand discussion

Figures 4 and 5 show the simulated electron
distribution and conduction band obtained from
the 2D Schrodinger- Poisson-transport solver. The
spontaneous and piezoelectric polarization charges
are included ,which are implemented in the direc-
tion normal to the AlGaN/ GaN HEM T interf ace.
The intentional doping density in the AlGaN bar-
rier layer is 1. 5 x 10*cm™® , and the background
carrier concentration at room temperature is a-
bout 1 x 10" cm™®. The density of the 2DEG is
1.58x10%cm ?at Vg= - 1V.

Fig.4 2D conduction band Vgy= - 1V ,Vg =1V

From Fig. 4 we can see that the conduction
band energy varies with Vg in the direction along
the channel. Normal to the channel,as electrons
are transferred from the doped AlGaN layer to
the undoped channel layer ,the potential barrier is
formed in the doped region near the interface,

n./10%cm*

0,
150

N
</ ¥

Fig.5 2D electron distribution Vg= -1V ,Va =1V

and a potential well is located in the channel lay-
er.Because of the conduction discontinuity of the
hetero-structure,the electrons are located near the
interface. But since they are affected by the size
gquantum effect ,they are not exactly at the inter-
face but penetrate into the barrier layer. The peak
of the electron concentration in the potential well
is close to the hetero-interface,as can be seen in
Fig.5.

In our simulation, the kinetic energy is not
specified,so the temperature term is the only pa-
rameter representing the electron energy. On the
basis of the meaning of electron temperature,the
following simulation results can be easily under-
stood.

Figure 6 shows the electron temperature at
every channel position with different V4. The e-
lectron temperature, namely the electron energy,
ascends with the increasing V. This suggests that
the enhancement of V4 increases the electric field
in the channel, which accelerates the electrons
and increases their energy.
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Fig.6 Hectron temperature in the channel Vg, = - 1V

Another observation from Fig.6 is that the e
lectron temperature does not change noticeably



302

27

until the channel position is under the gate (about
200nm) ,which means the electron energy at the
source side is low and increases on the drain side.
This is because between the source and gate,the e-
lectric field is weak and cannot increase the elec-
trons’ energy effectively, but when the electrons
enter the stronger electric field between the gate
and drain,they are accelerated quickly ,increasing
the energy of the electrons drastically. It can also
be seen from this figure that the location of the
maxi mum electron temperature value is closer to
the drain side because of the electron velocity o-
vershoot.

Figure 7 shows the curves of electron temper-
ature peak value versus Vg at different gate volta-
ges. From this figure we can see that the electron
temperature changes more quickly at high Vg than
at low Vg.

45
40

Fig.7 Electron temperature peak value

The typical DC output and transfer charac-
teristics of the AlGaN/ GaN HEM T are shown in
Figs.8 and 9, respectively. The maximum satura-
tion current is 1522mA/ mm when V4 =0V. Equa-
tion (6) in the HD model mentioned above shows
that the total current comprises a diffusion term
because of the carrier density gradient, a drift
term under the electric field and thermal flux
from the‘ hot’ area to the‘ cold’ area. The
threshold voltage is about - 6. 5V ,and the maxi-
mum transconductance is 262mS/ mm.

5 Conclusion and future wor k

In this paper,a 2D simulation of a AlGaN/
GaN HEMT is carried out by self-consistently sol-
ving the Poisson-Schrodinger-HD equations while

I/(mA-mm")

1
0% ] 2 3 4 5 6

Vyv

Fig. 8 DC output characteristics of AlGaN/ GaN
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Fig. 9
HEMT

DC transfer characteristics of AlGaN/ GaN

taking into account the spontaneous and piezoe-
lectric polarization eff ects necessary in GaN-based
devices,from which the conduction band and elec-
tron distribution, electron temperature character-
istics, l4 versus Va and lq4 versus Vg ,transfer char-
acteristics, and transconductance curves are ob-
tained. Corresponding analysis and discussion
based on the simulation results are subsequently
given.

The kinetic energy is not considered in the
energy term,but it plays a vital role,especially for
the velocity overshoot and non-local effects in
small devices. In addition,the lattice thermal dif-
fusion equation is also helpful for obtaining more
accurate results. As for the numerical methods, a
rectangle is rougher than a triangular mesh. Final-
ly,working out the complicated arithmetic is an-
other requisite to ensure computational efficiency
and steady convergence. Further study is theref ore
necessary.
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