
100 

TWO-DIMENSIONAL NUMERICAL MODELS 
FOR THE HIGH ELECTRON MOBILITY TRANSISTOR 

Dany L o r e t ^ * ) , Roel B a e t s ^ * ) , Chr i s topher M. Snowden^**) , and 
W i l l i a m J . Hughes (***) 

* University of Ghent - IMEC, Laboratory of Electromagnetism 
and Acoustics (L.E.A), St.-Pietersnieuwstraat 11, 
9000 Ghent, Belgium 

** Microwave Solid State Group, Department of E l ec t r i c a l and 
Electronic Engineering, University of Leeds, Leeds, 
LS2 9JT. England. 

*** GEC Hirs t Research Centre, East Lane, Wembley, Middlesex, 
HA9 7PP. England. 

ABSTRACT 

A two-dimensional drif t-diffusion model for the high 
e l e c t r o n mobi l i ty t r ans i s to r (HEMT) i s described. Special 
a t t en t i on i s paid to the modeling of the AlGaAs/GaAs h e t e r o -
junct ion . Also, an energy transport model for the HEMT i s proposed. 
The in ternal d is t r ibut ions of electron density, voltage and 
current density are discussed. The influence of hot e l ec t ron 
effects in HEMT's i s demonstrated. The resu l t s obtained using 
these models are found to agree with those obtained from e x p e r i 
mental devices. 

1.INTRODUCTION 

In the l a s t few years, more and more a t tent ion has been 
paid to the high electron mobility t r ans i s to r , both from e x p e r i 
mental and theoret ical point of view. The f i r s t HEMT models 
p resen ted were one-dimensional analytical models, based on 
quantummechanics [1 ] - [3 ] . These models establish a r e l a t i o n s h i p 
between the to t a l number of electrons in the channel of the 
t r ans i s to r , the so-called two-dimensional electron gas, and the 
gate voltage. By se l f -consis tent integration from source to d r a in , 
the external current-voltage character is t ics are then determined. 
The performance of these models i s increased with the de t a i l ed 
implementation of device physics, such as paral le l conduction 
in the AlGaAs layer [1] , 

Two-dimensional numerical s imula t ion models for 
homojunction MESFET's are well established nowadays [ 5 ] , [ 7 3 . 
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They have been developed in order to describe more accurately 
a number of phenomena, that could not be analysed with more 
simple analytical models, especially when device geometry becomes 
smaller. More recent simulations have included hot electron 
effects [8]-[10]. These energy transport models are shown to 
give a better description of submicron device physics. Up to now, 
reports on two-dimensional models for HEMT's are rather sparse. 
Yoshida et al. [11] and Tang [12] reported a 2D drift-diffusion 
model for HEMT's. Widiger et al. [13],[14] developed a 2D energy 
transport model. A review of AlGaAs/GaAs device modeling has 
been given by Bennett [15]. 

The models described in sections 2 and 3 are a 2D 
drift-diffusion model and a 2D energy transport model for the 
HEMT. For both models, device geometry has been simulated 
accurately by placing all three contacts at the surface. In 
addition, special attention has been paid to the calculation of 
the current normal to the AlGaAs/GaAs heterojunction. Section 
3 includes a short description of the numerical approach. In 
section H modeling results are discussed and compared with some 
experimental measurements. 

2. PHYSICAL DEVICE MODELS 

A. 2D Drift-Diffusion Model 

The model of the HEMT is based on a two-dimensional 
geometry of the form shown in figure 1. The actual device geometry 
is the one shown in figure 2. In the model only three basic 
layers are considered: a highly doped AlxGa. As toplayer, an 
undoped Al Ga, As spacer layer and an undoped GaAs buffer layer. 
All three contacts are placed on top of the AlGaAs layer. A GaAs 
highly doped cap layer, as used in the practical device, is 
omitted in the model, as well as deeper buffer layers and the 
GaAs substrate. 

The model is based on Poisson's equation together with 
the macroscopic transport equations commonly used [6]: 

Poisson's equation: 

V.(ee0)VV = q(n-ND) (1) 

Continuity equation: 

f - *»•» <» 
Current density equation: 

J » -qnuvV + kTyvVi (3) 

In these equations V stands for voltage, EG- the d i e l ec t r i c 
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F i g . 2 : E x p e r i m e n t a l d e v i c e geometry 

permi t t iv i ty of the mate r ia l , q electronic charge magnitude, n 
electron densi ty , ND doping density, t time, J current densi ty , 
u mobil i ty, k Boltzmann constant and T l a t t i c e temperature. All 
variables are considered to be functions of the two independent 
position coordinates . Time dependence has been retained, so that 
both s teady-s ta te operation and transients can be simulated. To 
make al lowance for the uncertainty on the f ie ld -ve loc i ty 
dependence of GaAs, especia l ly near the heterojunction, simu
l a t i ons have been done with two different curves (figure 3 ) . The 
m o b i l i t y in the AlGaAs layer i s low, due to the high doping 
dens i ty . The dependency on the Al mole faction of device parameters 
was taken from [16] . 

Equation (3) i s valid in the whole semiconductor region 
considered, except for current calculation normal to the abrupt 
he te ro junc t ion . In addi t ion, a thermionic emission expression 
i s used in the form of Schuelke and Lundstrom [17]: 
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Fig.3 : Drift velocity versus field 

kV/cm 

-AV 
J n ° -qSn[n(xJ-)-n(xj)exp(-1?^)].Yn (1) 

where J denotes the current density normal to the heterojunction, 
Sn the interface velocity, n(x7) and n(xt) the electron density 
near the junction at the AlGaAs sideJand at the GaAs side 
respectively. AV is the discontinuity in the electron band 
parameter: 

N (x*) F 1 / 2 ( V 
AV = AX + kTlog[-2-4- ] + kTlog[ , J 

n N (x.) exp^ c J 
c j 

(5) 

where x stands for electron affinity and N for effective density 
of states. The discontinuity in the conduction band Ax is taken 
to be 62? of the band gap discontinuity, after recent experimental 
data. The third term in the right member denotes a correction 
term to take Fermi-Dirac statistics into account [17]. Tunneling 
has been taken into account through the inclusion of a factor 
Y , using an approach found in [18] -for a triangular barrier. 

Subband splitting in the two-dimensional electron gas, 
as predicted by models based on quantummechanics, has not been 
taken into account. It has been shown [11], [19] that the classical 
approach with Boltzmann statistics predicts a sheet electron 
concentration which is in the order of 20? higher than the 
concentration predicted by an exact quantummechanical calcula
tion. The use of Fermi-Dirac statistics reduces this error to 
within a few percent. 
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B. 2D Energy Transport model 

The device geometry for th i s model is the same as for 
the dr i f t -d i f fus ion model. The transport equations (2) and (3) 
are replaced by four equations in the form of Widiger [ U ] : 

3t " q ^ 3 <6) 

5 = -qnjjvV + v^ykT n) (7) 

w-w 

S - uWW - lv(pkT n) (9) 
q e 

In these equations, W stands for the electron energy dens i ty , 
WQ the equilibrium value, T energy relaxation constant, and S 
the energy f lux . Tg i s the electron temperature, re la ted to the 
e lec t ron energy dens i ty : 

In t h i s model, mobil i ty p and relaxation constant T are functions 
of the electron temperature. The approach of Snowden [10] has 
been used. 

In add i t ion to the dr i f t and diffusion cu r r en t s , a 
contr ibut ion to the t o t a l current density comes from elec t ron 
temperature gradients in (7) . The energy balance equation (8) 
states that the energy density changes are due to heating by the 
e l e c t r i c f i e l d , energy loss due to coll isions and t ranspor t of 
energy through the system. This transport i s described by (9) . 
Only heating due to longitudinal fields i s taken into account. 
Equation (1) s t i l l holds to describe the current normal to the 
junc t ion , if the l a t t i c e temperature T is replaced by the e lec t ron 
temperature T . 

3. NUMERICAL SOLUTION 

The t ime dependent device equations were solved 
numerically in two dimensions using a f in i t e difference scheme. 
A var iable mesh spacing i s used to optimize speed and accuracy 
of the so lu t ion . Space stepwidths vary from 0.08 jim to 0.02 ym 
in the longi tudinal d i rec t ion , and in the transverse d i rec t ion 
from 0.03 pm to 2 nm near the heterojunction- (figure H). Time 
s teps are kept l e s s than 10 fs for the drif t-diffusion model, 
and even less than 1 f s for the energy transport model, in order 
to preserve numerical s t a b i l i t y . Poisson's equation was solved 
using LU-factorisat ion. A modified Scharfetter-Gummel algoritm 
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[6],[20] was used to transform the current and energy continuity 
equations. Both equatios have the same coefficients, but have 
different right members. With the unknown variables n and W 
respectively, they are solved with a simple under-relaxation 
iterative scheme. By integration over the contacts, the external 
currents can be determined. The models have been developed on 
a VAX II 750 computer. 

t. RESULTS AND DISCUSSION 

The results discussed below are based on simulations 
with the velocity - field curve 1 (figure 3) • Additional simulation 
results with the use of curve 2 will be given in the presentation. 

Boltzmann statistics 
drift-diffusion 
Fermi-Dirac 
measured 

300 

200 

100 

FIR.5 : Cal culated and measured I versus V 

Figure 5 shows the I versus V Q S curve at Vnq - »J.V, 
as a result from drift-diffusion model simulations. These results 
are compared with the corresponding experimental data. Currents 
predicted by the model turn out to be too high, which, as seen 
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from the f igu re , I s due to a threshold voltage being 0.5V more 
negative in the model. This could be due to the use of Boltzmann 
s t a t i s t i c s in the model. Therefore an additional s imulat ion has 
been done including Fermi-Dirac s t a t i s t i c s , for V GS -0.6V and 
V o H.V. This simulation resulted in an 8% drain current 
decrease, which corresponds to the findings of Yoshida [19]. 
Clearly, there still is a discrepancy between the calculated and 
measured result. This is most probably due to some uncertainty 
on the device parameters, especially the velocity - field rela
tionship. The transconductance gm is defined as the slope of the 
Ip versus VQS curve: 

3V 
GS D 

const (11) 

There is a good agreement between theoretical and experimental 
results (figure 6). A maximum value of 200 mS/mm respectively 
180 mS/mm has been found in both cases. This maximum occurs at 
slightly different gate voltages, reflecting again the threshold 
voltage mismatch. Since both AlGaAs and GaAs layers were taken 
into account in the simulations, it was possible to determine 
the total gate capacity CQ, and hence unity gain frequency fT: 

const (12) 

//qndxdy (13) 

1 fm 
2ir C„ 

(14) 

These quantities are shown in figure 6. 
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The unity gain frequency reaches a maximum value of 28 GHz for 
VGS " ~°«6V. For higher gate voltages a decrease in fT is caused 
by a decrease in transconductance. Again a good agreement is 
found with experimental S^. measurements, which showed a unity 
gain frequency of 25 GHz. 

Figure 7 shows the conduction band profile at VD„ = 4.V 
and V-, = O.V. Most of the voltage drop between source and drain 
occurs at the drain end side of the channel, smoothed out towards 
the substrate. Due to the small spacing between source and drain, 
the longitudinal component of the electric field is higher than 
the critical field from the v(E) relationship in the whole channel, 
so that electrons move with saturation velocity. One can observe 
the conduction band discontinuity at the heterojunction which 
is 0.22V. 

Figures 8 and -9 show the electron density for VDS = 
'••V, Vgg B o.V and VQS • -1.8V respectively, representing on and 
off states of the transistor. In figure 10, this information is 
presented in contour plot form. Near the heterojunction a 
depletion layer exists at the AlGaAs side and an accumulation 
layer at the GaAs side of the junction. In our model all the 
carriers, including those in the 2-D electron gas, are numerically 
treated as bulk carriers, obeying Fermi-Dirac statistics. This 
contrasts with the approach of Widiger [1H] where a sheet of 
carriers is used to describe the 2-D electron gas, interacting 
with the bulk carriers. It can be seen from our figures that in 
the source and drain regions more than 90 % of the electrons are 
in a 20 nm wide accumulation region. In addition, one can see 
from figure 10 that electrons are injected into the substrate 
at the drain end side of the channel, as was reported by Yoshida. 
Widiger has also found that towards the drain end side of the 
channel current is mainly established by bulk GaAs electrons. 
However, this effect is rather weak, and most of the current is 
still flowing immeadiately near the junction. Further towards 
the drain, the electrons are confined in the well again, and 
cross the junction to the drain. 

An important effect is the presence of electrons in the 
AlGaAs layer under the gate, occuring at higher gate voltages. 
This results in parallel conduction in the toplayer. However, 
at a certain point under the gate, most electrons cross the 
heterojunction, so that the longitudinal current density at the 
end of the channel is entirely situated in the GaAs. The presence 
of electrons in the AlGaAs layer under the gate is the reason 
for the decrease of transconductance at higher gate voltages. 
With an increasing carrier density in the AlGaAs, the total 
concentration of electrons in the channel starts to saturate. 
At the same time the Schottky depletion layer and the hetero
junction depletion layer are increasingly decoupled from each 
other. 

From figure 9 it can be seen that the channel is 
completely depleted under the gate. As a result of equation (H)-, 
the electron density at the GaAs side is approximately propor
tional to the electron density at the AlGaAs side, since the 
normal current density is approximately zero under the gate. 
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Fig.7 : Conduction band profile, V =4.V, V r^0. 

rip.C : Electron density, V =4.V, V =0.V 

Fi;;.9 : Elcctrnr de-sit^-, "_„-4.V, V --1.GY 
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Tunneling turned out to be the most important conduction mechanism 
over the reverse biased heterojunction at the drain s i d e . But 
with our choice of t ransport parameters (veloci ty-f ield r e l a 
t ionship in the AlGaAs and barrier velocity S = 10? cm/s) , i t s 
influence on external charac ter i s t ics i s rather low in both the 
on and off s t a t e , the current normal to the junction being l imi t ed 
by d r i f t -d i f fus ion in the heteroj unction depletion l aye r . 

Figure 11 shows the electron temperature d i s t r i b u t i o n , 
as a r e s u l t of the energy transport model simulations, for VD„ 
= iJ.V and V ^ = -0.6V. At the drain end side of the channel, 
electrons gain energy from the high e lec t r i c f ie ld . The e l ec t ron 
temperature reaches a maximum of 10.000 K, which corresponds to 
an electron energy of 0.77 eV. A high electron temperature i s 
a l so found in the AlGaAs layer at the drain side of the ga te , 
which r e s u l t s in an electron density in th i s area higher than 
predicted from the dr i f t -dif fusion model (figure 12). This ef fect 
i s enhanced by the fact that electrons from the channel can 
eas i ly cross the heteroj unction as they get an energy higher than 
the conduction band discont inui ty , which was not predicted by 
the d r i f t -d i f fus ion model. 

Figure 12 shows the electron density for V„s ° -0.6V 
and Vpg « 4.V. As the t o t a l amount of electrons in the AlGaAs 
layer has increased compared to the drift-diffusion model r e s u l t 
presented in f igure 10b, the current in the toplayer increases 
as wel l . However the contribution to the tota l current i s s t i l l 
lower than 156. In the part of the channel where e lec t ron 
temperature remains low, the to ta l amount of electrons i s the 
same for both models. 

In the energy transport model, the current overthe 
reverse biased heterojunction at the drain side i s es tabl ished 
by hot e l ec t rons , having enough energy to cross the ba r r i e r 
without tunnel ing. This i s not described by the dr i f t -d i f fus ion 
model. 

Figure 13 shows a comparison of electron dr i f t ve loci ty 
in the channel, calculated with both models. The electron veloci ty 
predic ted by the energy transport model is higher than the 
sa tura t ion ve loc i ty . This velocity overshoot effect r e s u l t s in 
a lower channel r e s i s t ance , or equivalently in a 3056 higher drain 
current . 

5. CONCLUSION 

A 2D dr i f t -d i f fus ion model and energy transport model 
have been used to simulate HEMT's and to i l l u s t r a t e device physics . 
For submicron HEMT's, hot electron effects such as veloci ty 
overshoot become important, so that the energy transport model 
should be considered to provide a more accurate description and 
a be t ter understanding of the important phenomena. A comparison 
has been made with experimental r e s u l t s . Although the agreement 
i s quite adequate, a more accurate knowledge of device and mater ia l 
parameters, especia l ly d r i f t -ve loc i ty data, i s required to obtain 
a be t ter f i t . 
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