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ANALYTICAL MODEL OF ELECTRIC FIELD IN HETEROJUNCTION
REGION OF HFET STRUCTURE
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A new andyticd model of electric field in heterojunction region of heterostructure field
effect transistor (HFET), is presented. Electric field dependences on surface density of two-
dimensional eectron gas and surface density of ionized acceptors in buffer layer are
included in devel oped modd. The expression of the electric field intensity is given by using
the new correction coefficient. The new coefficient emphasizes more precisely extremely
asymmetric spreading of the eectric field in the vicinity of a heterojunction. Proposed model
issimple and it can be straightforwardly implemented. It can be applied to quite different
types of HFETS. The results derived from simulations based on the exposed model are in
very good agreement with the already known ones, available in literature,
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1. Introduction

Heterostructure dectron devices, redized with thin crystaline layers of different
semiconductor materials, are spearheading the drive toward faster, smaler and lower-power
eectronics [1]. The mentioned layers can be as thin as a several lattice parameters, thus quantum
effects become dominant. In the Heterostructure Fidd Effect Transistor (HFET), guantum effects are

responsible for confinement of carriers [1-6]. Block diagram of HFET sructure is presented in
Fig. 1
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Fig. 1. Block diagram of HFET structure.
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Heavily doped donor layer is made of a semiconductor material with larger band gap, while
unintentional ly doped buffer layer is made of a semiconductor material with smaller band gap. Asa
consequence, aquantum well is formed at the buffer side of the heterojunction. Electrons confined in
a quantum well form a Two-Dimensional Electron Gas (2DEG). Due to the spacer layer, which is
between the donor layer and the buffer layer, dectrons mobility, or in fact the speed of HFET, is
increased because scattering on donor impurities is decreased [1-6].

In the process of HFET dectric fiedld modd developing, it is started from the theory of usual
silicon dectron devices modeing, taking into account al specifics which are referred to
heterostructure devices. Bearing in mind significant unisotropic nature of HFET structure, it is
usefull to consider separatdy vertikd E, and laterd E; component of the efective dectric field

(Fig. 1).

2. Model

Electrons in a HFET observe real dectric fied as wel as band structure of the device. To
describe this, quasi—€ectric fidd concept is introduced. Effective vertical quasi-éectric fidd E,,
which corresponds to the effective vertical quasi—potentia g is:

_ 1 defx)
E\,(x)—q—e vt 1

In equation (1), g=>0 is the dectron charge and x is the normal distance from the
heterojunction (Fig. 1).

If the quasi—potential is mode ed in the following form:

A= xeo
w(x)_{dx) 2

=@ i-ep(-ax)); x=0'

with a and ¢ being adjustable parameters, the modd for the vertical effective quasi—eectric fidd
will be:

E,(x)=al @xp(-ax); x=0. ©)

From Mc Laurent's expansion of equation (3), by neglecting al but the first two series terms, it is
obta ned:

Ev(x):aﬁpo [ﬂl—a&); x=0. 4

Thefirst termin equation (4) is constant, or better to say it does not depend on distance from
the heterojunction x. It means that in the area d ose to the hetergjunction (when x - 0) vertical quasi—
eectric fidd becomes constant.

E,=algy; x-0. 5)

Bearing in mind that HFET layers are very thin, it can be assumed that vertical component
of the effective quasi—dectric fidd is congant in the transistor channel. This coresponds to the
assymetric triangular aproximation for the quantum well: g{x)=+c for x<0 (in the donor, or in fact
spacer layer) and ¢X)=q.Kx for x=0 (in the buffer layer), instead of red potential ¢(x). That is the
crudest approximation in this model, but it turns out to be sufficient in CAD (computer aided
design).
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The expression for the vertical dectric field can be determined starting from the Gauss L ow,
bearing in mind that the carriers are confined in a very thin region, practically flat, located very close
to the heterojunction [3-6]. Gauss Law suggests the following expression E,(ng)=gens£p (assuming
that the fidd exists only on one side of the heterojunction), or E,(ns)=0en/2€, (assuming that the
fied exists on the both sides of the heterojunction), where ng is the 2DEG surface density of the
carriers that are confined in the potential well and &, is the permittivity of the buffer semiconductor.
With the correction for surface density of ionized acceptors in the buffer layer n,=x,N,, where N, is
ionised acceptors cocentration in the buffer layer, following modd can be used for the vertica
dectric fidd:

[ne +n,
EV:qu'

)

(6)

The correction for surface density of ionized acceptors in the buffer is important if this
density isto high or if 2DEG surface density is to low.

In equation (6) adjusting coefficient aJ[1/2; 1]. Obvioudy, for a=1/2 the value of the
dectric fidd would be underestimated, and for a=1 the vaue of the dectric fidd would be
overestimated. The actual vaue falls between these two limits. The vertical dectric fidd is
dominantly spread in the buffer layer, and can be expressed as.

E, = 0o 9.88[nS Ny

&p

()

The expression of the dectric fidd intensity in the potentid well is given by a new
correction coefficient a=0.88. The new coeffident emphasizes more precisey extreme y asymmetric
spreading of the eectric fidd in the vicinity of a heterojunction, or in fact in the channd. As a
consequence, this mode appears to be more accurate than the other existing ones.

Table 1. Different models of the HFET vertica effective eectric field obtained for the case
of trangular quantum well approxi mation.

HFET vertica effective

dectric fidd modd

Comment

Reference

E\,:qedq—S

€p

Electric field spreads
only in the buffer

Stern, Sarma 1984. [7]
Sen et a. 2000. [8]

E, =g s

)

Electric field spreads
only in the buffer and
buffer dopants are
taken into account

Stern, Sarma 1984. [7]

Electric fied spreads
equay on the both

Byun et d. 1990. [9]

solution

E = 5ing +n, | sides of the | Sagi¢, 1996. [10]
v=0e & heterojunction, and | Karm., Ramesh 2000.
buffer dopants are | [17]
taken into account
E = .75[ng +ny, Luki¢, 2003. [3]
v=0e & Average solution Ramovi¢, Luki¢ 2004. [4]
3 .88[ng +n, | This paper,
Ev=0e & improoved  average
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In Table 1 different HFET vertical dectric fidd modds are presented. All solutions are
based on the Gauss Law, but with different corrections which are taken into account for 2DEG
distribution and concentration of impurities in the buffer layer. The vertical dectric fidd model
given by the equation (7), as wdl as the other modelsin Table 1 are taken as a constant values in the
channd (they are not distance dependent), because the shape of the potential-well is assumed to be
triangular (parameters can be obtai ned by using self-consistent procedure).

For the nitride based HFETS, polarisation should be i ntroduced:

.88[ng + Ny,
&h ’

Ev ~Epol *0e ©)

Latera HFET effective dectric fidd E; is aproximatdy constant except in the drain region,
but anyway that regionis depleted. Following modd is proposed:

V,
= :%. )

In equation (9), Vps is drain to source voltage and L is the channd length. Using equations
(7) and (9), genera mode for the HFET dectric field can be written:

. A + -
E=q, 9088[;%% [ortx +V% orty . (10)

The lateral component of HFET eectric fidd is much smaler than the verticad component,
and is usualy neglected. The exception isin the drain region.

3. Results

In Table 2 typica vaues of donor concentration in the donor layer Ny, 2DEG surface density

ns, unintentionally introduced acceptors concentration in the buffer layer Ny, and surface density of
ionized aceptors in the buffer layer n,, for the GaAs based HFET, are shown.

Table 2. Typical values of impurity concentrations and carriers concentrationsin GaAs HFET.

Concentrati on of Surface density of
Donor concentration Surface density of unintentionally ionized acceptorsin
in the donor layer 2DEG introduced acceptors the buffer layer
Ng [m?] ns[m? in the buffer layer Ny [M?]
Np [m™]
10% 10" 107 1.2 x 10%
10 10'° 107 1.3x 10"

By using the proposed modd (7), simulations were performed. Obtained results for the
dectric fidd dependence on 2DEG surface density E,(ns) and for the dectric fidd dependence on
surface density of ionized acceptors in the buffer layer E,(n,) are presented in Fig. 2 and Fig. 3.

In the simulation presented in Fig. 2, 2DEG surface density ns is varied in the range 10*°m
— 2 x 10"m. For the surface density of ionized acceptors in the buffer layer n, is accepted 10™°m2.
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Fig. 2. HFET vertical eectric field E, versus 2DEG surface density ns.

In the simulation presented in Fig. 3, surface density of ionized acceptors in the buffer layer

No ies v2aried in the range 12 x 10®m? — 13 x 10*m™. For the 2DEG surface density n; is taken
10"°m2.
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Fig. 3. HFET verticd eectric fidd E, versus surface density of impurities in the buffer layer np.

In both cases, expected values for HFET dectric field are obtained. Minimal value for E,(ns)
is about 50 kV/cm for dl three HFET types. Maximal vaue for E,(ns) is about 180kV/cm for InAs
based HFET, about 220 kV/cm for GaAs based HFET and about 300 kV/cm for GaN based HFET.
It should be noticed that for GaN HFET model (7) has to be expanded by introducing polarization
term like in (8). Obtained va ues for E(n,) are from about 100 kV/cm to about 110 kV/cm for InAs
based HFET, from approximatdy 120 kV/cm to approximately 135 kV/cm for GaAs based HFET
and from approximatey 155 kV/cm to approximatdy 170 kV/cm for GaN based HFET.
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It is clear that the concentration of unintentionally introduced impuritiesis for several orders
of magnitude smaller than donor concentration. Thus, surface density of ionized acceptors in the
buffer layer is for the order of magnitude smaller than surface density of carriers which are confined
in a quantum wdl. It can be concluded that the correction n, in the modd is important only for
threshol d voltage operating regime, because ns is than approxi mately of the same order of magnitude
like ny.

By using the proposed mode for the dectric field, HFET carrier mobility dependence on
2DEG surface density was obtai ned, instead of standard carrier mobility dependence on e cetric fidd
which can be find in literature. The GaAs based HFET carrier mobility ¢ dependence on surface
carrier density ns, at room temperature, is shown in Fig. 4. For low surface carrier densities, the
carrier mobility is constant. For higher surface carrier densities, this mobility decreases, because the
frequency and intensity of collisions between carriers increase. In this case (GaAs HFET at
T=300 K) mobility decrease starts for the surface density concentrations ne=5 x 10"1/n?.
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Fig. 4. HFET carrier mobility 1 dependence on 2DEG surface density n.

For a given temperature, the value of mobility is found to be a function of an average
vertical dectricfidd only [5].

Mobility is strongly influenced by scattering on ionized impurities. Surface stete density and
the quantity of ionized impurities can not be easily exactly determined. This affects the accuracy of
simulations results.

4. Discussion

Thereis no specia physical explanation why this particular correction coefficient should be
a=0.88, but it is sure that with this coefficient dectric fidd is mode ed more accurate in comparison
with the other similar models (givenin Table 1).

We found out that the best fit for the value of the critical dectric fiedld in HFET is much
higher than expected. The value accepted in literature is about 4 kV/cm, and the best fit for this
value is found to be 200 kV/ecm. Our investigations led to the conclusion that this value
corresponded to the normal dectric fid d and should expressits influence on carriers’ mobility in the
channd. The point is that its value (Eo = 200 kV/cm) far exceeds the value accepted in literature
(Eo= 4 kV/cm) which corresponds only to the lateral eectric fied.

The way in wich dectric fidd in HFET quantum well is described is very important for
solving Schrédinger’s and Poisson’'s equations. By using mode (7) Schrodinger’s equation could be
analytically solved. Eigen energies and Fermi energy dependences on dectric field could be
obtained explicitly. For accepted dectric field dependence on 2DEG surface density, eigen energies
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and Fermi energy dependences on 2DEG surface density could be determined. The value of the
dectric fidd at the spacer layer — buffer layer interface is due to boundary condition used for solving
Poisson' s equation, and holds for donor layer.

5. Conclusions

By using Gauss Law, HFET dectric fiedld model is developed. In this model dectric fiddis
supposed to be uniform. Thus, the mode proposed in this paper holds for the case of dectric fiddin
the very thin area located close to the heterojunction, or better to say in the channd. The modd is
extremely usefull and applicable bearing in mind that the channd is the most important region of
HFET.

Vertical dectric fidd is significantly higher then latera, thus latera component can be
neglected. Thisisnot valid only in the drain region, but anyway this region is depleted.

The modd is more accurate than the other existing, thanks to the new correction coefficient
which emphasizes more precisdy asymmetric eectric fidd spreading in the HFET heterojunction
region.

Proposed modd is applicable for different HFET types: for the GaAs based devices which
have been used for a long time and which are the best studied, as well as for the devices with
strained | attices wich are less known. The mode is aso applicable to the newest GaN based HFETS.

The point is that the proposed modd is very simple, and a the same time it describes
complex HFET physics very good. This can be concluded because the results obtained by using this
model arein very good agreement with the expected and the known published ones.
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