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Ballistic Transport of Quasi-Two-Dimensional Electron Gas at AlGaAs/GaAs Interface

K. Yokoyama, M. Tomizawa and A. Yoshii

NTT Electrical Commmunications Laboratories

3-1 Morinosato Wakamiya
Atsugi, Kanagawa 243-01, Japan

Ballistic transport of quasi-two-dimensional electron gas (Q2DEG) at an
AlGaAs/GaAs heterointerface is confirmed using a Monte Carlo method. The
model includes accurate physical descriptions, such as electronic states of the
Q2DEG and corresponding two-dimensional scatterings for each subband. Ballis-
tic transport is expected under low lattice temperatures, because the electrons
are accelerated without undergoing polar optical phonon emission. It is con-
cluded that this effect is advantageous for realizing ultra-high speed devices.

1. INTRODUCTION

For application to ultra-high speed transistors,
such as HEMTs (High Electron Mobility Transis-
tors)[1], much attention has been focused on
AlGaAs/GaAs modulation doped heterostructures.
In the AlGaAs/GaAs system, the free electrons are
transferred to the high-purity GaAs layer where
they populate a narrow potential well and form a
quasi-two-dimensional electron gas (QRDEG). Since
the electrons are spatially separated from the ion-
ized donors, they exhibit a high-electron mobility,
as pointed out by Dingle et al.[R]. This is one of
the most important features of HEMTs.

Deeper theoretical understanding of Q2DEG
transport is needed to design an optimum device
structure. The dominant lattice scattering[3]-[5]
and impurity scattering[6],[7] for electrons in
heterolayers have been extensively investigated.
For simplicity, many authors have used square-
well[4],[5] or triangular-well[8] potentials to dis-
cuss the electron mobility. Only electron mobility
(steady state) values are discussed in the above
cited publications by using a relaxation time which
is closely related to the inverse of the scattering
rates. On the other hand, precise calculation of
electron properties for the QRDEG including mul-
tisubband conduction have been reported based
upon ensemble Monte Carlo[9],[10]. The outline of
the simulation is briefly reviewed in Section II.

In this paper, the application of the simulator
to modulation doped heterostructures having
different spacer thicknesses is described. In Sec-
tion III, ballistic transport for the Q2DEG is dis-
cussed through the drift velocity responses. The

discussion also includes the dominant two-
dimensional scattering rates to clarify the ballistic
transport. Finally, the advantages of the excellent
transport features in low fields, which promote
high speed operation, are described.

II. OUTLINE OF SIMULATION

One-dimensional cross section under the gate
for HEMT (perpendicular to the heterointerface;
see Fig. 1) is used in the present study. The elec-
tronic states of the AlGaAs/GaAs single quantum
well are calculated self-consistently by taking the
five lowest subbands into account. Table 1 shows
the obtained energy eigenvalues and the Fermi
energy. The calculated potential and electron den-
sity distribution along with the energy levels (£,
for the m-th subband) at lattice temperature (7})
of 77 K are indicated in Fig. 1. For the conditions
shown in Fig. 1, subband separation E;—F, is 29.2
meV, which is considerably greater than kz7;.
Therefore, the size quantization effects in the I'-
valley of the GaAs layer (region I of Fig. 1) are

Table 1 Binding Energies and Electron Population

mth 77K 300 K
Subband En (meV)  Popul. (Z)  En (meV)  Popul (%)
1 47.8 94.6 50.3 65.7
2 7.0 5.0 B86.8 19.0
3 94.5 0.4 108.9 8.3
4 108.7 125.6 4.4
6 121.1 139.5 2.8
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Fig. 1 Calculated effective potential and electron den-
sity distribution at 77 K. The numbers in the figure indi-
cate the quantized energy levels of the five lowest sub-
bands. The following parameters are assumed in this
calculation: 510" em™ electrons in channel (N,), an
acceptor doping of 1x10'® em ™ in the GaAs layer (Layer
I). a modulation doping of 5x10'7 cm™3 of AlggGag,As

Layer III) and a non-intentionally doped AlgsGageAs
spacer (Layer II),

accounted for. The electrons in the L- and X-
valleys of the GaAs layer and those in the AlGaAs
layer are treated as three-dimensional.

Numerically obtained energy levels and
envelop functions (F,, for the m-th subband) have
been used to calculate the major two-dimensional
scattering rates in each subband. The calculated
phonon scattering rates for the first subband at T;
= 77 K corresponding to Fig. 1 and Table 1 are sum-
marized in Fig. 2. The dashed lines indicate the
three dimensional polar optical phonon scattering
rates[11]. The detailed discussion of this figure has
been described in Ref.[9].
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Fig. 2 Phonon scattering rates versus energy for the
first subband at 77 K. The numbers in the figure show
the final subband. Solid and dashed lines shows the
rates for two- and three-dimensional polar optical pho-
non scattering, respectively. EM and AB stand for emis-
sion and absorption, respectively. The dashed-dotted
line indicates the rates for acoustic phonon scattering.
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The screening effects due to the electrons in
the five lowest subbands are taken into account for
jonized impurity scattering to obtain the Fourier
transformed Coulomb potential (¢(g,2)) used to
calculate the matrix element. The calculated
screening constants for the three lowest subbands
are 1.81x10% 2.45x10°% and 1.99x10% crn~! under
the conditions shown in Fig. 1. The matrix element

for the electron-impurity interaction is obtained
by

by (@) 2 = [ M2, (20)N;(20)dz0, (1)
with
M (20) = [ e9(Q,2)Fpp(2)Fy (2)dz, (2)

where Nj(z,) represents the impurity concentra-
tion at 2 = 2. In the integration of Eq. (1), contri-
butions due to remote impurity scattering (2, < 0)
and background impurity scattering (zo> 0) are
considered.

In the Monte Carlo calculation, the trajectories
of many electrons (10,000 particles in the present
study) are monitored simultaneously under uni-
form field (F) conditions along the heterointerface
to study the transient bahavior. The transport pro-
perties are calculated as an ensemble average of
the assumed particles. For an electron in each sub-
band of the GaAs layer, 16 possible scattering
mechanisms are taken into account. These include
10 polar optical phonon scattering processes for
emission and absorption (intersubband and
intrasubband transitions), intrasubband acoustic
phonon transitions, intrasubband impurity scatter-
ing, and intervalley scattering to L- and X-valleys.

III. RESULTS AND DISCUSSION

The simulator is applied to the modulation
doped heterostructures having different spacer
thicknesses (d) (region II in Fig. 1). As shown in
Table 1, most of the electrons populate in the
lowest subband. Then, scattering rates in the
lowest subband are very important. For ionized
impurity scattering, the intersubband scattering
rates are smaller than the intrasubband’s[8]. By
increasing thickness d, the scattering rates are
suppressed, as shown in Fig. 3, due to the reduc-
tion of remote impurity scatterings. Therefore,
mobility is enhanced with increases in spacer
thickness. This effect has been proven using a
relaxation time without applying the fields at low
temperatures[12].
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Fig. 3 Intrasubband ionized impurity scattering rates

for different spacer thicknesses in the lowest subband
at 77 K.
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Fig. 4 Transient velocity characteristics for different
spacer thicknesses. Solid lines show the responses at F'
= 500 V/cm. Dashed line indicates the results at F/ =1
kV/cm.
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Fig. 5 Inversion carrier density versus gate voltage.
Schottky barrier height of 0.8 eV is assumed.
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Our calculated transient responses alsoc concur
with the above steady state results, as shown in
Fig. 4. The calculated mobility is 2.5x10* cm?/ Vsec
for ¢ = 20 nm at F = 500 V/cm. Figure 4 also
shows that a 20 nm spacer is sufficient to eliminate
the remote ionized impurity scattering.

On the other hand, induced inversion carrier
density (N;) decreases with increases in the spacer
thickness in the modulation doped structure, as
shown in Fig. 5. Similar results are reported in Ref.
[18]. In addition, decrease in N; value results in
reduction of the screening effect. From the
viewpoint of transistor parameters, the thin AlGaAs
layer (sum of regions II and III) enhances the tran-
sconductance (g,,) values[14]. Then, to obtain high
gm values, the design principle for HEMT surface
AlGaAs thicknesses is the same as that for MOSFET
oxide thicknesses. After extending the present
work to discuss transistor parameters, optimum
spacer thickness can be determined by the above
tradeoffs.

Moreover, the present transient analysis offers
interesting velocity overshoot effects, as shown in
Fig. 4. As time progresses, the drift velocity
response oscillates and the amplitude decreases
for the structure having a thick spacer layer. For
d = 20 nm, the velocity responses at two fields
values, i.e., 500 V/cm (solid line) and 1 kV/cm
(dashed line), are shown in Fig. 4. It can be seen
from the figure that the time needed to reach the
velocity maximum (the time needed to charge up
each particle) decreases with increases in the
applied field.

These overshoot characteristics are under-
stood as follows. Under the condition where the
ionized impurity scattering is very small, the dom-
inant scattering mechanism is polar optical phonon
emission. When the initial thermal energy is
smaller than optical phonon energy ficg (35.4 meV),
the electrons cannot emit polar optical phonons.
This condition is easily satisfled at low lattice tem-
peratures. After their energies reach fiwg by gain-
ing energy from the field, they lose momentum and
energy, and approach the steady state. Due to
emission process threshold, ballistic transport
behaviors are observable in the thick spacer struc-
tures.

The initial thermal energy is given to each
electron using a random number while taking into
account the two-dimensional density of states. It is
considered that the average thermal energy for
Q2DEG (kpT;) is smaller than that for the bulk
mode (3/2 kgT;). Therefore, the conditions that
cause the above ballistic phenomenon are easily
realized in QRDEG under low lattice temperatures.



Figure 6 shows calculated electric field distri-
butions along the heterointerface under the gate
using a macroscopic device simulator[14]. Through
the macroscopic device modeling, we have
obtained the conclusion that high values of low
field mobility as well as large saturation velocities
are very important to realize high speed operation.
The present study concludes that high values of low
field mobility can be expected in the QRDEG due to
the remote impurity scattering reduction. More-
over, the electric field under the gate is always
very small, especially near the source, as shown in
Fig. 6. Accordingly, additional velocity overshoot
effects (corresponding to the ballistic transport
phenomenon) which are also advantageous for the
high speed operation, are expected.
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Fig. 6 FElectrical field distributions along heterointer-

face 3 nm from the interface.

IV. CONCLUSION

The drift velocity responses peculiar to Q2DEG
are discussed in detail based upon accurate phy-
sics. It is demonstrated that the remote ionized
impurity scattering rate is reduced by increasing
the thickness of the spacer layer. For the struc-
tures with a thick spacer layer, ballistic transport
characteristics are observed at a lattice tempera-
ture of 77 K. Since the ionized impurity scattering
rate is suppressed for these structures having a
thick spacer layer, the most dominant scattering
mechanism is polar optical phonon emission. How-
ever, the electrons do not have sufficient energy at
low lattice temperature to emit polar optical pho-
nons (~35.4 meV). Therefore, the electrons gain
energy from the applied fleld without undergoing
polar optical phonon emission. Accordingly, ballis-
tic transport, which is advantageous phenomenon
for realizing high speed operation, is expected. On
the contrary, the electrons suffer ionized impurity
scattering (mainly remote effect) when the spacer
is thin. Hence, electron distribution is randomized,
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and the velocity overshoot effect corresponding to
the ballistic transport phenomenon is weakened or
eliminated.
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