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Abstract

Construction, function, and physical fundamentals of the high electron mobility transistor
(HEMT) are shortl} reviewed. It is the main feature of a semiconductor heterostructure of
this type that a 2D electron gas occurs which demands a careful consideration of quantum
size effects. For doing this with a moderate numerical expense, a very convenient method
is proposed which is basically a modification of the well-known Thomas~Fermi approxi-
mation for potentials with steps. By means of this method a quasi-2D simulation of the
standard HEMT is carried out. First the electronic properties of the HEMT without a
source-drain voltage are determined. Assuming a suitable semi-empirical mobility model,
the current—voltage characteristics are calculated, too, without using any fitting parame-
ters. The influence of geometrical and material parameters as well as of the temperature
and doping on the electronic properties of the HEMT is discussed.
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The most characteristic common property of such devices is the sig-
nificance of the heterointerface which can be prepared nearly atomically
abrupt by modern techniques as molecular beam epitaxy (MBE) and metal
organic chemical vapour deposition (MOCVD). So Kroemer (KROEMER,
1983) made the striking statement that preparation of high performance
semiconductor devices means minimizing the non-active part of the device
volume ‘to the point that the device turns from a collection of semicon-
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ductor regions separated by interfaces to a collection of interfaces with a
minimum of semiconductor between them’.

Because of the different band gaps of two materials, discontinuities
(‘band offsets’) occur in both the conduction and valence bands at the het-
erointerface. They influence the electronic structure of such heterosystems
drastically and give possibility to use quite new effects and principles for
device operation. The most interesting of this type are the compositional
superlattices. Here we deal with a more easy example which is on the mar-
ket and technically used for realiziug very short delay times down to some
ps: the high electron mobility ¢ransistor (HEMT), sometimes also called
MODFET, TEGFET, or SDHT (MIMURA ET AL., 1980; MORKOC and
SOLOMON, 1984.)

Construction and function of the standard HEMT

In Fig. 1. a cross-sectional view of the standard HEMT is shown.
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Fig. 1. Structure of the standard HEMT {cross-section, schematically).

On a semi-insulating chromium-compensated GaAs substrate an undoped
highly pure GaAs layeris grown (thickness is about 1 pm) in the upper part
of which (the ‘channel’) the electron transport between source and drain
occurs. Then a very thin intrinsic Al; Ga;_;As layer, the spacer (thickness
dg = 2...20nm), and thicker highly Si-doped n™-Al,Ga;_;As layer (thick-
ness d — dp = 20...60nm) with an Al content of about 0.3 follow. On the
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top of the structure is the gate contact consisting of a layer sequence tita-
nium/platinum/gold where the closing gold layer determines the Schottky
barrier height AEp. The ohmic source and drain contacts are realized by
a gold/germanium/nickel alloy giving a very good ohmic contact to the
channel because of the deep diffusion of the Ge atoms.

The heterointerface Al,Ga;_;As/GaAs is fundamental for the func-
tion of the HEMT. Because of the larger band gap of Al;Gaj_,As (de-
pending on z), a band offset AE¢: of about 225 meV (for z = 0.3) occurs.
Due to the difference of the work functions electrons are transferred from
nt-Al,Gaj_;As to GaAs causing a typical band bending. The conduc-
tion band edge F¢(z) versus distance z from the heterointerface is given in
Fig. 2. The spacer serves only for a better separation of the ionized donors,
remaining in the Al;Gaj—;As, from the electrons collected in the channel
where Ec(z) decrease below the Fermi level Ep.

From Fig. 2. it is easy to recognize to main advantages of the HEMT:
(i) The electron transport occurs in the GaAs using the large electron
mobility of about 8500 cmz/Vs already at room temperature.

EM

T T Regionl

AEs

Fig. 2. Typical conduction band diagram of the standard HEMT (1: n-doped
AlzGaj—zAs; 1 undoped Al;Gaj-.rAs; 2: undoped GaAs)

(ii) Due to the geometry the channel electrons are separated from
the ionized donors acting as scattering centres. This spatial separation
can be improved by introducing a spacer which is, however, not essential
for device operation. (iii) By additional cooling down to the temperature
of liquid nitrogen, the electron mobility in the channel can be increased
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up to 10° cm2/Vs. This is possible due to the strongly reduced phonon
scattering.

Like in normal MIS transistor the charge in the channel is controlled
by the gate voltage. In the case of Fig. 2. channel occurs already in the un-
biassed transistor; sc we have a normally-on HEMT which can be switched
off by a negative gate voltage. The condition for such a behaviour is a suf-
ficient amount of donors, which means, first of all, a sufficient thickness of
the n*-Al,Gaj_ As layer. From this a further important advantage of the
HEMT becomes obvious:, by decreasing the value of d — dg a second type
of transistor can be produced by the same technology, which does not have
a conducting channel in the unbiassed state. This so-called normally-off
HEMT can be switched on by a positive gate voltage.

We want to note that the standard HEMT has deficiencies, too, which
can be avoided, to a great extent, by other HEMT modifications. One of
the most favourable modifications is the insulated-gate inverted-structure
or 2. HEMT (KINOSHITA et al.,, 1986.) with a layer sequence i-Al;Gai_,As
/i-GaAs/n+—AlzGa1_zAs.

The new physical situation: cccurrence of
a two—dimensional (2D) electron gas

Due to the nearly triangular potential well in the GaAs layer near to the
heterojunction, the electron motion, being free in a plane parallel to the
interface, is strongly restricted in the z-direction. So in semiconductor
heterostructures like the HEMT =2 new physical situation arises: the elec-
trons in the channel form a 2D electron gas. As a conseguence, a new
type of band structure occurs: the so-called 2D subband structure, shown

schematically in Fig. 3.
By separating the Schrodinger equation, the wave funciions can be
written in the form

YU(z,y,2) = (LoLy)~ 1/2e:><p[ (ke + kyy)]x, (2) (1)

with a normalization area L;Ly in the (z,y)-plane. From this an energy
spectrum

RE(k2 + k2) R2k2 .
Tome T T gy T @

En(kz, ky) =

is derived consisting of parabolic subbands E, with discrete subband levels,
and e, is the ‘bottom’ of these bands. The corresponding local density of
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V(z)=E C.(Z) _

Fig. 8. Typical subband levels and corresponding energy spectrum for electrons near a
heterointerface at z =

states D(z, E) is a stepped function with respect to the energy E:
: . ,
D(z B) = 2 S, (P H(E — <) (3)
i

(H: Heaviside function).

Such kind of quantum size effects are essential for the electronic prop-
erties of the HEMT and are much more important than for traditional MIS
transistors based on silicon. The reason for this is the small effective mass

m" = 0.068 - mg (4)

{my: free electron mass) of GaAs producing a large spacing of the subband
levels and so very distinct effects of the subband structure. As & couse-
guence, in GaAs the channel electrons are concentrated in the $wo lowest
subbands only, even at room temperature.

So the problem arises how to simulate the HEMT or a similar hetero-
structure considering the properties of the 2D electron gas. For this si-
multaneous and self-consistent solution of the Schrédinger and the Poisson
equations is necessary (Horz, 1988). Though this is not a problem today, a
large expense of computing time is necessary, and such a complicated pro-
cedure is very inappropriate for device simulation. Therefore we propose
a suitable approximation method which works very exactly and allows a
simulation nearly as easy as that without considering quantum size effects.
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The modified Thomas—Fermi approximation

For the electron density n in a semiconductor with the Fermi level Ep,
temperature 7', and effective density of states N¢ in the conduction band
the well-known formula

_ 2N¢ Er - Ec
n = ﬁFl/Z( ke T ) (5)

holds (Fyjy: Fermi integral of the order 1/2). Originally (5) was derived
for a homogeneous semiconductor with a space independent value of Ec.

In the case of an inhomogeneous semniconductor with a macroscopic
electric potential ¢(z) the model of bent bands with

Eo(z) = BS —ep(x) = V() ®)

(e > 0: elementary charge) is used. The common Thomas—Fermi approx-
imation says that for relatively smooth potentials ¢(z) a local electron
density n(z) can be calculated by inserting (6) into (5).

For a heterostructure the condition of a smooth potential is extremely
violated at the interface. Our basic idea is to extend the Thomas—Fermi
approximation to potentials with steps due to band offsets. First of all this
has been done for an infinite potential step by means of an appropriate
modification of the completeness relation according to the right-side bound-
ary conditions (PAASCH, 1981; PAASCH and UBENSEE, 1982). Recently a
more general method has been developed (TROTT and SCHNITTLER, 1989)
including, in a systematic manner, also finite steps.

The result of such a modified Thomas~Fermi approximation is a mod-
ified local density of states containing the effects of the 2D electron gas.
As an example, in the most easy case of an infinite potential step at z = 0,
the density of states is

D(z,E) = Db(z,E){l - W} (7)

with the bulk value

m*k(z m*/2m*(E - V(z
k) _ ' (E V) ©

Dy(2, E) =

The correction factor in the braces in (7) becomes zero for z = 0 and tends
to 1 in the bulk describing the attenuation of the wave functions towards
the heterointerface.
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Now, with an expression of the type (7), it is sufficient to solve the
Poisson equation one time only. Then from V/(z), the electron density n(z)
can be calculated as

o9}

n(z) = /dE D(z,E) - f(E — Ep) (9)
V(z

~—

(f Fermi-Dirac distribution) without solving the Schrédinger equation.
This procedure is very easy, it is of high accuracy, and therefore very con-
venient for device simulation.

Thomas—Fermi approximation and parameters
for the standard HEMT

Simulating the standard HEMT in this way, the Poisson equation with
consideration of (6)

d*V (2) 2

= o (VB () = n(2)] (10)

has to be solved throughout the whole structure. In region 2 of Fig. 2.
(z > 0, GaAs) the Thomas—Fermi expression for the electron density is

o dE\/E{l _sinl2(z 4 zo)@/f’l}

2Ngo 2(z+z0)VE/L
no(z) = (11)
VT 0 1+ exp{ E- [Ekl;% V(z)]}

The characteristic length

L =h/\/2m3ksT = (4Ngy) /3. #7112 (12)

is essentially the de Broglie wave length of the electrons in GaAs. A further
characteristic length

zo = h/y/2mitm - AEC (13)

is introduced for considering the finite height AEs of the potential step,
and the parameter

tm = m3/m] (14)
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is due to the different effective masses in GaAs and in Al,Gaj.,As.
In region 1 of Fig. 2. (z < 0, Al;Gaj;_.As) the electron density is
approximately

e o 2Ne1 g <EF - V(Z)>
1(z) — \/;n: 1/2 kT
4ANcokpT Er -V
3y/mtm - AEG 3/2< kpT )

exp| 2 /omi - (V(z) = 1) (15)

with Vg = V(+0) as the ‘bottom’ of the triangular potential well. The first
part of (15) is the usual bulk electron density in Al;Ga;j—;As; the second
term is due to the tunnelling of electrons from the GaAs into the barrier.
Fy/y is the Fermi integral of the order 3/2. Additionally, the correct Fermi—
Dirac expression for the density of ionized donors

Np

N (z) = Y emp{ [EF — Ep — V(z))]/kBT}

(16)

is to be used.

Solving the Poisson equation (10) with (11)-(16), a considerable num-
ber of parameters have to be specified. These are first the geometrical pa-
rameters d and dg. As energy parameters, the Fermi level Ep (relative to
E¢ in the bulk), the donor level Ep (relative to E¢), the band offset AEq,
and the Schottky barrier height A E'g are relevant. An exact determination
of these quantities is not quite easy. The real value of AEq, for instance,
has been in discussion for a long time (SCHNITTLER, 1988). AE: as well as
AFp are also dependent on technological conditions. A further important
parameter is the donor concentration Np, whereas the temperature T is of
minor influence on the equilibrium properties of the HEMT. The dielectric
constants €; of the materials are well known.

Electronic properties of the unbiassed HEMT

Under equilibrium conditions, the electron sheet concentration

/ (z) — nrB(z )]dz (17)
0
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d,nm

Fig. 4. Sheet concentration ng versus thickness d of the Al:Ga;;As layer for dg=¢ and
different values of the donor concentration Np; 7 300 K (—) and 77 K (- - -)

is the most interesting quantity. nrp(z) is the electron concentration which
occurs in the Galhs layer in the case of flat bands; in the channel is always

In Fig. 4., ns is given as a function of the total thickness d of the
Al,Gai_zAs layer for different values of the donor concentration Np.
In a relatively small range, ng is strongly increasing with d; there the
lectronic pro the HEMT are essentially determined by the predi-
device manufacturing. Above a certain value of d, the influence of
the Schottky barrier vanishes and ng reaches a saturation value determined
T . e

.0

The donor concentration Np is of great influence on ng. With in-
creasing Ny the saturation begins at a lower value of d and the saturation
value of ng becomes higher. The influence of the temperature T, on the
other hand, is relatively small. Only the saturation behaviour becomes
more distinct if T decreases considerably below room temperature.

The influence of spacer thickness dg on ng is shown in Fig. 5. for a
fixed value of d and different values of Np, again. With increasing dg the
sheet concentration, of course, decreases monotonously; so the advantage
of the lowered Coulomb scattering of the channel electrons is compensated
more and more. Actually, the influence of the spacer is more involved
because of the complicated scattering behaviour. Therefore, to choose a
proper spacer thickness is a difficult optimization problem.
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Fig. 5. Sheet concentration ng versus thickness dg of the spacer for d=60 nm and dif-
ferent values of the donor concentration Np; T: 300 K(—) and 77K (- - -)

Moreover, the function ns(dg) strongly depends on d, too (HoOLZ,
1988). The temperature, again, has relatively small influence down to the
liquid nitrogen temperature.

For the dependence of ng on d the real value of A E¢ is essential. This
is shown in Fig. 6. for two limiting cases described in the literature.For
a given donor concentration, the upper curves are for AFc = 0.85 - AEg
which has been accepted as Dingle’s rule for nearly ten years (DINGLE et
al., 1975). Today the lower value, AFc = 0.6 - AFEGg, reported first by
Miller from measurements on specially prepared superlattices (MILLER et
al., 1984), is known to be more realistic. It results in considerably lower
saturation values of ng.

Charge control by the gate voltage

For all types of the HEMT channel charge is controlled by the gate—source
voltage Ugs. In calculating the electronic properties for Ugs = 0 we have
to consider the changed boundary condition at the Schottky contact only:

Ec(=d)=V(—=d) = AFEg — eUgs (18)

Here an additional difficulty arises: Al,Ga;_,As is not so well insulating
as, e.g. Si02 in a common MIS transistor. Therefore a gate leakage current
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Fig. 6. Sheet concentration ng versus thickness d of the AlzGaj—,As layer for AEg =
0.6-AEg (—) and AEc =0.85- AEg (- - -) and for two different values of the

donor concentration Np

may be possible, the value of which is spatially constant and is determined
by the gradient of a quasi-Fermi level Ef as the ‘driving force’:

Jn=e- un(z) -n(z)- dEE‘/dz (19)

where pn is the electron mobility in Al,Gaj_zAs.

The variation of the conducting band edge E¢ and the quasi-Fermi
level Ef with the distance z from the interface is given in Fig. 7.

For a negative gate-source voltage, no measurable leakage current can
flow. E% is practically constant through all semiconductor layers and rises
to its value in the gate immediately in front of the metal-semiconductor
interface. For positive values of Ugs, however, the condaction band edge
in Al;GA;1_.As is moved down. Then we may have a remarkable electron
concentration and a strongly variable quasi-Fermi level in Al;Ga;_zAs. A
more detailed analysis shows that a gate leakage current has to be consid-
ered if Ugg is near to about +1 V (HoLz, 1988).

The sheet concentration versus Ugs function is shown in Fig. 8. for
different values of d. For larger values of d a saturation behaviour is visible
which is more distinct in the case of lower temperatures. Only in the region
of the steep increase on ng with Ugg, depending strongly on d, is an effective
charge control possible. In this region the charge control is supported by

5 Periodica Polytechnica Ser. El. Eng. 34/1
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-d 0 -4

Fig. 7. Conduction band edge Ec and quasi-Fermi level Ef versus z for a negative (a)
and a positive (b) gate-source voltage, Ugs

low temperatures. For a gate voltage Ugs > 0.8 V a variable quasi-Fermi
level has to be considered giving practically a breakdown of the Schottky
contact.

A semi-empirical model for the electron mobility in GaAs

For simulating the current-voltage characteristics of a HEMT, a model for
the electron mobility in GaAs is necessary. This is a very complicated
problem because of the considerable number of (at least 8) different scat-
tering mechanisms, the involved nature of each single mechanism, and the
existence of two ‘ways’ for scattering, intra- and intersubband scatterings
(WALUKIEWICZ et al., 1984; STORMER, 1984). But for device simulation
we need a mobility model of limited complexity. For this asually three
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Ugs, V

Fig. 8. Sheet concentration ng versus gate-source voltage Ugg for Np = 2 10*8 cm
and different values of d; T: 300 K (—) and 77 K(- - -)

-3

approximations are introduced:
(i) Only the most important scattering mechanisms are considered, that is,
scattering on polar—optical phonons and on remote impurities in
Al Ga;_,As.
(ii) The intersubband scattering is neglected.
(iii) Only the two lowest subbands are considerably occupied by electrons
and are responsible for the impurity scattering.

The low field mobility uo is composed of the two contributions, pg:
(remote impurities), and ppo (optical phonons), by the Matthiessen rule

1/po = 1/pr1 + 1/upo. (20)

pri is estimated from the contribution of the two lowest subbands (Hor1 2,
1988) modifying therefore a theory of Hess (HESS, 1982) for a case of an
interface with finite potential steps. For yupp an empirical formula

ppo=A-T*+B.T° (21)

(LEE et al., 1983) is used where A and B are determined by comparison
with experiments.

Subsequently, a dependence of the mobility on the electric field F is
introduced. This can be done easily in the expression for the drift velocity

vp(F) = u(F) - F (22)

Ut
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by a further empirical formula

_ #o - F +vsat - (F/Fo)?
vp(F) = 1+ (F/Fc)* @)

(THiM, 1968). With a critical field strength
FC = 4Usat/ﬂ0 (24)

and measured values of the saturation drift velocity wsat, the initial linear
increase, the maximum, and the saturation of vp(F) can be fitted very
well. Finally, an approximation for the temperature dependence of vsat

Vsat = a- exp(—b- T'*) (25)

fitted to experimental values, is used (HoLz, 1988).

Current-voltage characteristics

The simulation of the current-voltage characteristics is a two-dimensional
problem. Denoting by = the co-ordinate along the channel, with n(z, z)
and pn(z, z) also the source-drain current density

Jn(®z,z) = e pn(z, 2) - nlz, z) Fx(z, 2) (26)

depends on z and z. But averaging p, and F: over z, the whole source-
drain current is given as

Ip = e pun(z) - Fz(z) /n(m, z)dydz (27)

and after introducing the gate width wg, the electron sheet concentration
ng(z), and the drift velocity vp(z) it takes the form:

Ip = e-wg - ns(z) - vp(z) (28)
So, from (17) and (23) Ip can be calculated in principle in a quasi-2D
manner.
Actually, Ugs drops along the Al;Gaj-;As layer along the channel.
Therefore, for the charge control at the point z in the channel a variable
amount Ug(z) is available (Fig. 9.).
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Fig. 9. Equivalent circuit for the HEMT including the resistance Hg and Rp of the
contact regions
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Fig. 10. Current-voltage characteristics of a normally-on HEMT (d:%O nm, dg=0, Lg =
lpm,wg = 200um, Np = 2-10%em ™2, T = 77 K) for different negative values
of Ugsg
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According to the drain-source voltage Upg the resistances Rg and
Rp of the contact regions should be taken into account. Therefore, the
quasi-2D simulation of the current-voltage characteristics demands really a
rather complex program for numerical calculation containing some iterative
procedures (HoLz, 1988).

As an example, in Fig. 10. the current-voltage characteristics of a
special normally-on HEMT are given for different negative values of Ugs.
The initial linear increase of Ipg, the saturation behaviour, and the charge
control behaviour is very well reproduced by our simulation program with-
out using any fitting parameters.

Now the influence of the whole set of parameters on the characteristics
can be studied systematically. For instance, Fig. 11. shows the current-
voltage characteristics without a spacer and for a spacer thickness of 4nm.
It is visible that the saturation is lower and the slope of the initial part of
the curve is larger if there is a spacer.

Ip, mA

o1 | ] ] 1 { 1 1 1 L.
0 0.2 0.4 0.6 0.8 1.0
Ups, Y

Fig. 11. Influence of a spacer on the current-voltage characteristics of a normally-on
HEMT with Ugg = —0.2 V (other data as in Fig. 10.)

Concluding remarks

The method of HEMT simulation described in this paper can be applied
also to other HEMT types and even to the other semiconductor hete-
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rostructures. So it is possible to consider the effects of the 2D electron
gas as well as more classical effects, such as the incomplete ionization of
the donors or the occurrence of a leakage current. It has been shown that
the neglection of these effects, often done in more easy and more empirical
simulation models, is not allowable. Some results of the simulation of the
more complicated I>~HEMT are given in (Hovz, 1988).
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