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Electrons drift velocity overshot in heterostructures with double-sided
donor-acceptor doping and digital barriers
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The nonlocal dynamics of electrons in pseudomorphic AlGaAs/GaAs/InGaAs heterostructures with double-sided
donor-acceptor doping of AlGaAs barriers and additional digital potential barriers of short-period AlAs/GaAs
superlattices around the doped regions has been theoretically studied. For the studied heterostructures, the
introduction of digital barriers significantly, by 30—40%, increases the electrons drift velocity overshot when they
enter the region of a strong field. The effect of localization of hot electrons on the states in AIAs/GaAs superlattices
along the edges of the InGaAs quantum well is revealed. It is shown that taking this effect into account significantly
increases the electrons drift velocity overshot, bringing it closer to the maximum theoretical limit for the model
used — the drift velocity overshot in the undoped InGaAs bulk material.
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1. Introduction

High-power field-effect transistors based on gallium ni-
tride heterostructures have confidently advanced into the
millimeter wavelength range in the recent years [1-4].
However, both theoretical studies [5,6] and analysis of the
features of the obtained record results [4] show that it will be
difficult to move up the frequency range for devices based
on gallium nitride without fundamentally new technical so-
lutions. The situation is exactly opposite for heterostructures
based on gallium arsenide: gallium arsenide pseudomorphic
heterostructures have great potential to improve parameters,
especially in terms of operating frequencies. One of the
main directions — increasing the effective depth of the
quantum well (QW) of the channel. It can be achieved
in different ways: both by directly increasing the gap of
zones at the boundary of the heterojunction [7], and by
using various narrow-band inserts into the quantum well [8].
Another way to improve the characteristics is to use a spacer
in the form of an AlAs/GaAs [9] superlattice, which leads
to an increase in the mobility of a two-dimensional electron
gas (2DEG) either due to a decrease in the spreading width
of the §-layer [10], or due to screening of the scattering
potential of impurities by electrons in the X-valleys of the
AlAs layers of the spacer [11] or a decrease in the degree
of hybridization of electron wave functions in the QWs
and in the donor region [12]. At the same time, 2DEG
concentration can decrease both due to the difficulty of
tunneling from donors to QWs through a higher barrier,
and the capture of part of the electrons to the states of
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the X-valley of AlAs layers. This, in turn, can result in a
decrease of the conductivity of the heterostructure.

In addition, the effective depth of the quantum well can
be increased by using sharp donor-acceptor doping along
the edges of the channel [13]. This method turned out to
be very effective and allowed for obtaining a number of
record results for transistors of the centimeter wavelength
range [14]. Undoubtedly, an effective combination of
these methods is possible [15]. In addition, with donor-
acceptor doping, another way to increase the effective
depth of the quantum well is possible — using a set
of thin (several atomic monolayers) AlAs barriers with
gaps of several GaAs monoatomic layers not only in the
spacer, but also in the interval between n—§ by layer
and acceptors. Barriers made of short-period AlAs/GaAs
superlattices allow for obtaining smoother QW boundaries
and reduce the concentration of impurities in QWs by
catching them at heterogrammes. The arrangement of
é-silicon layers in GaAs layers allows for achieving a greater
doping efficiency and reducing the number of deep traps in
structures [16]. In addition, the capture of cold electrons to
the states of the X-valley of AlAs/GaAs superlattices, where
their mobility is low, is unlikely due to high energy even
of the first level of a superlattice with thin layers of AlAs.
Due to these effects, superlattice barriers are widely used to
create quantum wells with a highly mobile two-dimensional
electron gas [17]. Such barriers are often called digital
by analogy with the binary digital code. Heterostructures
with such barriers allowed for obtaining transistors with very
high gain [18].



Electrons drift velocity overshot in heterostructures with double-sided donor-acceptor doping... 21

Effective QW

QW channel
Schottky contact

Figure 1. Schematic representation of the energy band diagram
DA-DpHEMT of the heterostructure. The positions of the layers
with doping donors and acceptors are shown.

2. Structural features of heterostructures
with digital barriers

Fig. 1 shows an AlGaAs/GaAs/InGaAs energy band
diagram of a pseudomorphic heterostructure with bi-
lateral channel doping and additional potential barriers
(DA-DpHEMT).

The main problem of traditional heterostructures for high-
power transistors — strong real space transfer transfer
of electrons from the InGaAs channel to the AlGaAs
barriers when a strong electric field is applied along the
channel [15]. This leads to strong delocalization and a drop
in electron mobility in a strong field due to intense scattering
in AlGaAs barriers. With donor-acceptor doping of AlGaAs
barriers, sharp p—i—n potential barriers are formed on
both sides of the InGaAs channel of the heterostructure.
This significantly increases the degree of localization of
electrons in the channel, and thus, due to the suppression
of real space transfer, it noticeably increases both the drift
velocity of electrons [19] and its overshot when electrons
enter the region of a strong field (under the gate of the
transistor) [15,20].

All these effects strongly depend both on the gap
of zones at the boundary of the heterostructure, and
on the effectiveness (sharpness and height) of additional
barriers [15]. At the same time, the size of the zone
gap is determined by the choice of a heteroparticle, and
the potential profile of additional barriers is determined by
technological limitations with respect to the surface density
of donors in the n—d-layer. In addition, with an increase in
the surface density of donors in the §-layer, the scattering
of electrons in the channel increases and their mobility
decreases. However, as noted above, in the heterostructure,
short-period AlAs/GaAs superlattices consisting of thin (two
to six monolayers) layers of [16-18] can be used instead
of homogeneous materials. The gap in the conduction
band at the heterogeneous boundaries between the InGaAs
channel and the AlAs/GaAs superlattice will obviously be
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larger than the gap at the heterogeneous boundary of the
InGaAs channel and a homogeneous AlGaAs solid solution
with a composition close to the averaged composition of
the superlattice. This can increase the localization of hot
electrons in the channel.

3. Description of the calculation model

The transport characteristics of the DA-DpHEMT het-
erostructure in a strong electric field were calculated on
the basis of a phenomenological model designed to analyze
the nonlocal heating of electrons in transistor heterostruc-
tures with an idealized (infinitely long) gate with strong
dimensional quantization in the direction perpendicular to
the surface of the structures [15]. Within the framework of
this model, the potential relief and the levels of dimensional
quantization for this direction are determined on the basis of
a numerical self-consistent solution of the Schrodinger and
Poisson equations:

m d 1 d\IJi(X)
_7&<m*(x) dx )
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Hereinafter W; (X) and E; —eigenfunctions and eigenvalues
of the Hamilton operator, Eco(X) — a function that defines
the profile of potential energy differences corresponding to
the electric the potential of the bottom of the conduction

band in the absence of free charges, q — the absolute
value of the electron charge, p(x), ¢(Xx) — the density
and potential of the spatial charge, x(X), ko — dielectric
constant of a semiconductor and vacuum, m* — effective

mass of an electron in the conduction band, 7 — Planck’s
constant.

A significant difference in the structure under consid-
eration is the addition of a large number of thin, high
AlAs barriers near the InGaAs channel, whereas only
heterojunctions at the channel boundaries were considered
in [15]. In regions of coordinate space where the bottom
of the conduction band is above the last found level, the
energy spectrum is considered continuous, and the volume
charge density is calculated using the formulas:

p(x) = d(No(X) — Na(x)) + pc(x),

pc(X) = —dne(x)
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where N¢(X) = 2(%) — effective density of

states in the conduction band, Np(X) and Na(x) —
concentrations of ionized donors and acceptors, Ex —
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electron energy in the conduction band, Er — Fermi energy,
k —Boltzmann constant, T — absolute temperature.

In the region of space where the wave functions of
the discrete energy spectrum are localized E; (quantum
domain):

p(¥) = a(No(x) = Na(X)) +pe(x) —a Y mwi(x)P,

n = (%ﬁ)zk'l') 1n{1—|—exp [EFk;_Ei]}. (3)

In the direction parallel to the surface of the structure,
electron transport is described on the basis of a phenomeno-
logical system of momentum and energy conservation
equations [15] with relaxation times for bulk materials [21].
This system assumes that the electron scattering frequency
is given in the form

vV =viP; +vapy, (4)

where p;, P2, Vi, v2 — probabilities of occurrence of
electrons and their the scattering frequencies in the narrow-
band channel layer and in the wide-band layers framing the
channel, respectively, are noted as

m*(e) = my(e)p1 + M (¢) P2, (5)
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5 = A(EV —Vs(e) (Bai(e)pr + E(e)p2) ). (8)
Here g, V, m*, ¢ = 3kT /2 — charge, velocity, averaged ef-
fective mass and electron energy, respectively, E — electric
field strength, Vi(e), Esi(e) — static values of the electron
drift velocity and electric field strength corresponding to the
specified energy ¢ obtained from Monte Carlo calculations
of the static characteristics of materials [22].

Both systems are solved in a self-consistent manner to
describe the dynamics of electrons. The response of the
drift velocity and the probability of occurrence of electrons
in a wide-band material to an electric field pulse with an
amplitude approximately equal to the average value of the
field under the gate of a millimeter-wavelength transistor is
sought. The relationship of the magnitude of the electric
field strength and time was set as follows: during 0.2 ps,
electrons move in a field with a strength of 1kV/cm, then
a pulse with an amplitude of 20kV/cm with a duration of
1 ps is applied, after which the electron drift continues in an
electric field with a strength of 1kV/cm.

During the movement in a strong inhomogeneous elec-
tric field, the temperature of the electron gas changes
noticeably, which significantly affects the occupancy le-
vels in the QW — channel of the transistor. At first
glance, the occupation of the levels in the QW depends
only on the temperature of the electron gas, as in
the state of thermodynamic equilibrium, however, this
approximation is valid only if the overlap integrals of
the wave functions at the QW levels are large enough
and electrons can quickly move between them. This
condition is met for the structures of the first and second
types considered in [15], while structures with digital
barriers can have situations when such an approxima-
tion is unfair, which leads to very interesting conse-
quences.

Naturally, such a simple model does not allow for
taking into account a number of subtle moments, for
example, the change in the scattering intensity associated
with the quantization of electrons in a wide range of
energies, and the difference between wave functions in a
narrow quantum well from wave functions in the volume,
scattering at heterogrammes, etc., etc. Of course, for
a more accurate description, it is desirable to solve the
kinetic equation, which correctly takes into account all
the changes in the scattering mechanisms associated with
the quantization of levels and the shape of the potential
well. However, so far only the first steps are taken in this
direction [23].

4. Calculation results

Let’s consider three types of heterostructures used for
the production of high-power field-effect transistors with
a Schottky barrier, shown in Fig. 2. The first — is a
traditional, widely used worldwide heterostructure of the
type AlyGa;_xAs/InyGa;_yAs/Al,Ga;_xAs with two-sided
§—n-doping (DpHEMT), in which due to technological
restrictions the molar fraction of aluminum usually does
not exceed 30% (X < 0.3), and the molar fraction of
indium y < 0.2 (Fig. 2,a). The second — is a similar
structure with additional potential barriers at the edges
of the quantum well based on sharp p—i—n transitions
(Fig. 2,b). It is exactly such structures, due to the
suppression of real space electron transfer, which have
made it possible to almost double the gain coefficient
and the specific power of transistors based on them [14].
The third — is a structure with AlAs/GaAs superlattices
around &-layers, used in [18] for the manufacturing of
millimeter-wave transistors (Fig. 2,¢). Taking into account
further calculation results, such a structure can be called
Q-DpHEMT (quantum DpHEMT).

It can be seen that in all three cases, the degree
of localization of electrons in the quantum well differs
significantly. As noted earlier [15], the weakest electrons are
localized in the channel region in the traditional DpHEMT
structure (Fig. 2,a). Their localization in the DA-DpHEMT
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Figure 2. AlGaAs/InGaAs/GaAs energy band diagrams of
heterostructures and electron concentration distribution at different
electron gas temperatures: a — traditional DpHEMT, b —
structure with donor-acceptor doping (DA-DpHEMT), ¢ — a
structure with donor-acceptor doping and additional potential
barriers from AlAs/GaAs superlattices (Q-DpHEMT). (A color
version of the figure is provided in the online version of the paper).
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Figure 3. The dependencies of the electron drift veloci-
ty on time when electrons fly into the region of a strong
field (t < 0.2ps, E = 1kV/em; 02ps< t < 1.2ps, E = 20kV/cm;
t > 1.2ps, E = 1kV/cm) with a different given probability of their
being in the wide-band Al 3Gag 7As-barrier outside the channel —
p(Al()gGa()jAS).

structure (Fig. 2,b) is noticeably stronger. Hot electrons
are localized even more strongly in a heterostructure with
digital barriers (Fig. 1,¢).

To demonstrate the relevance of these differences more
clearly, Fig. 3 shows the dependencies of the electron drift
velocity on time when they fly into the strong field region
for various probabilities of occurrence of electrons in the
wide-band Aly 3Gag 7As-barrier. In this case, when solving
a system of hydrodynamic equations, the probability of
occurrence of electrons outside the channel was simply
set, and not determined from solving the self-consistent
Schrodinger and Poisson equations. It can be seen
that the magnitude of the electron drift velocity overshot
when flying into the strong field region strongly depends
on the number of electrons in the wide-band material.
So, the overshot of the drift velocity drops by 1.5times
with only 10% probability of occurrence in a wide-band
material.

The dependencies of the drift velocity of electrons and
their probability of occurrence in a wide-band material on
the time when the electrons enter the region of a strong field
are shown on Fig. 4 for the structures considered above.

As expected, the smallest overshot in drift velocity
is observed in the traditional DpHEMT structure. The
probability of occurrence of electrons outside the QW
in a strong field is maximal for this structure. In
the DpHEMT structure, the probability of occurrence of
electrons outside the QW in a weak field is less than
in the DA-DpHEMT structure due to a ~ 1.5times lower
surface electron density. For the same reason, the drift
velocity overshot in these structures differs less than in
the structures considered earlier in [15]. It can also be
seen that the introduction of digital barriers, even quite
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randomly, greatly reduces the probability of transitions to
wide-band material, which leads to a significant (by ~ 40%)
increase of the drift velocity. In fact, this difference explains
the unusually high gain coefficients of the transistors
provided in [18].

Obviously, the design of the Q-DpHEMT structure can be
improved by inserting additional digital barriers. Figure 5
shows a variant of the structure in which thick layers
of AlxGaj;_yxAs between the channel and the gate are
replaced by digital superlattices of three AIAs monolayers
and six GaAs monolayers. On average, the molar fraction
of aluminum in superlattices is approximately X = 0.3.
Figure 5 shows an energy band diagram of such a structure
and quantum levels in it at the temperature of an electron
gas T = 1500K (the wave functions of electrons at the third
and fifth quantum levels are localized in the channel and are
not given so as not to clutter the figure, the Fermi level and
the first quantum level in the scale of the figure practically
coincide).

a
6L Inj ,Ga, gAs
—— Q-DpHEMT
—.—. DA-DpHEMT
é’ === DpHEMT
lTo sl e %Y v . A10_3Ga0.7AS
S
N
2_ ———————
0
0 02 04 06 08 10 12 14
l, ps
b
0.4} DpHEMT
D S \
/ \
03f 4 \\
: i DA-DpHEMT "
,, I e i \\
°~02 i l s Q-DpHEMT N
' 1/ P il q\ )
e 7 N
/ N
01fc._d 7 =
_——=! 7
——-‘/
O 1 1 1 1 1 1 1
0 02 04 06 08 10 12 14

t, ps

Figure 4. The dependencies of the drift velocity of electrons (a)
and the probability (b) of their occurrence in a wide-band material
on the time when electrons fly into the region of a strong
field (t < 0.2ps, E = 1kV/em; 02ps< t < 1.2ps, E = 20kV/em;
t > 1.2ps, E = 1kV/cm).
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Figure 5. Energy band diagram, squares of electron wave
functions at corresponding quantum levels, electron concentration
distribution.

This structure has one interesting feature. A suffi-
ciently high concentration of donors is needed to make
DA-DpHEMT structures in §-layers, and for this, the GaAs
matrix layers around the d&-layer should be thick enough
(at least 4 monolayers), otherwise the mobility of electrons
decreases, which was observed experimentally. In addition,
the local minima of the Coulomb potential occur exactly on
the é-layers. This leads to the fact that energy ,,gaps® with
localized electronic states are produced in an almost ideal
superlattice, probably due to an increase in the distance
between the barriers and the local minimum of the Coulomb
potential. The fourth and sixth quantum levels are such
localized states for this structure. The electrons are rigidly
localized on them outside the channel in the area of digital
barriers (see Fig. 5), and their wave function in the channel
region is almost zero.

Localization of electrons outside the channel should
lead to another extremely interesting and useful effect
for microwave transistors. Since these quantum levels
are quite high, when electrons move in a weak electric
field in a state close to thermodynamic equilibrium with
a low temperature of the electron gas, these levels are
not occupied. Electrons move almost ballistically [24] in
the region of a strong electric field under the short gate
of a millimeter-wavelength transistor. The electrons do
not manage to pass to these levels within a short time
of the flight of electrons under the gate of the transistor
since the matrix element of the transition, and therefore
the probability of transition is small. Which in turn should
dramatically reduce the probability of scattering in a wide-
band material. The results of the calculation of the drift
velocity overshot, both taking into account the population
of all levels and taking into account the effect described
above, are shown in Fig. 6. In this calculation the levels
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Figure 6. The dependencies of the electron drift velocity
when electrons fly into the region of a strong field (t < 0.2ps,
E=1kV/iecm; 02ps<t<1.2ps, E=20kV/cm; t> 1.2ps,
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with localized states simply were not taken into account in
calculation. Here Q-DpHEMT — structure corresponding
to Fig. 2,¢; Q-DpHEMT-1, a: structure corresponding to
Fig. 5, Q-DpHEMT-1, b: the same structure — calculation
taking into account the localization of electrons in the barrier
lattice.

It can be seen that the introduction of additional barriers
slightly increases the drift velocity overshot of the electron,
and taking into account the occurrence of localized states
leads to a further very significant increase in the overshot of
the drift velocity.

The issue with large gaps between barriers in the § — n
area of the layer can be solved in a fairly simple way. & the
layer can be split into two, simultaneously reducing the size
of the GaAs matrix, for example, to two monolayers on each
side, and a barrier of three AlAs monolayers can be placed
between them. If we reduce the distance between the other
barriers to four GaAs monolayers, we will get an almost
ideal superlattice (see Fig. 7). Here the temperature of the
electron gas is T = 1500 K. The wave function of electrons
at the fourth quantum level is localized in the channel and
is not shown so as not to clutter the drawing,.

In such a structure, electrons are localized in the channel
even more strongly than in the previous one, and significant
delocalization begins only from the fifth level with an
energy of > 0.6eV. As a result, a drift velocity overshot
in such a structure (see Fig. 7), both taking into account
and without taking into account the states localized in
the superlattice, approaches the theoretical limit for this
model — a drift velocity overshot in the bulk material of
the channel. Fig. 8§ Q-DpHEMT-2, a: shows a structure with
a short superlattice AlAs/GaAs, Q-DpHEMT-2, b: the same
structure — calculation taking into account the localization
of states in the barrier lattice.
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Another feature of the structure under consideration
should be noted. The distances between the first
(—0.065eV) and second levels (0.062¢V) filled in the
equilibrium state, and even more so the third (0.289 ¢V) and
fourth (0.580eV) are very large, significantly more energy
of the optical phonon. This can reduce the probability
of electron scattering on optical phonons, which should
further increase in the drift velocity overshot, and therefore
significantly increase the operating frequencies of field-effect
transistors based on these heterostructures.
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Figure 7. Energy band diagram, squares of electron wave

functions at corresponding quantum levels, electron concentration
distribution.
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Figure 8. The dependencies of the electron drift velocity

when electrons enter the strong field region in a structure
with ideal short-period superlattices at the edges of the chan-
nel (t < 0.2ps, E=1kV/cm; 02ps<t < 1.2ps, E =20kV/cm;
t> 1.2ps, E = 1kV/ecm). Q-DpHEMT-2, a calculation without
taking into account localization of states in lateral superlattices,
Q-DpHEMT-2, b — calculation taking into account the localization
of states.
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5. Conclusion

The results obtained show that the use of digital barriers
in heterostructures with donor-acceptor doping is a very
effective way to improve transistor heterostructures.

It is theoretically demonstrated that when digital barriers
are introduced into AlGaAs/InGaAs/GaAs heterostructures
selectively doped with donors and acceptors with a two-
dimensional electron gas, two new quantum effects are
manifested that have a significant positive effect on the
transport characteristics of structures in a strong electric
field. Firstly, the localization of hot electrons in a quantum
well, even under conditions of thermodynamic equilibrium,
is noticeably stronger than in structures without digital
barriers. This results in a noticeable decrease of scattering
in the barriers of the quantum well, which in turn leads
to a noticeable (up to 50%) increase in the drift velocity
overshot of electrons when they enter the region of a strong
field. Secondly, the localization of electronic states at some
excited quantum levels inside the area of digital barriers near
the quantum well can lead to the fact that the time of flight
of hot electrons across this region will not be sufficient for
their transition to these levels. The probability of occurrence
of electrons outside the channel with high mobility will
decrease, which in turn leads to an additional significant
increase of the drift velocity overshot.

The optimization of heterostructures leads to a further
increase of the drift velocity overshot, bringing it closer to
the theoretical limit for the model under consideration, — a
drift velocity overshot in the bulk material of the quantum
well.

Devices with such structures can have a gain up to 2 times
higher, while maintaining other high parameters unchanged,
for example, specific power. A number of parameters of
field-effect transistors based on such structures can compete
with gallium nitride-based devices and transistors with a
channel based on InyGa;_xAs with a high molar content
of indium, especially in the millimeter and submillimeter
wavelength ranges.
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