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Abstract. We have calculated the effects of charged defects located near a Al,Ga, ,N/GaN
heterointerface on the transport properties of the two dimensional electron gas confined at the interface -
and also determined the distribution of those defects taking into consideration the dependence of the
formation energy on the Fermi level. In addition, we have investigated the effects of hydrostatic
pressure on such modulation doped heterostructures and find that pressure can be used to make the
determination of the properties of the two dxmcnsmnal electron gas easier by eliminating parallel three
dimensional conduction paths.

Introduction.

Because of its large bandgap, tunable from 3.4 to 6.2 eV, and high saturation drift velocities for
electrons, Al,Ga, N is ideally suited for high power, high temperature electronic and opto-electronic
devices. Much recent research has confirmed the possibility of creating a two-dimensional electron
gas (2 DEG) at a AlL,Ga, N/GaN heterointerface with low temge ture mobilities greater than 7000
cm?V s and sheet carrier concentrations of roughly 5 x 10'2 cm-* {1, 2]. In addition, the fabrication
of high electron mobility transistors (HEMTs) and hetcrostmcture field effect transistors (HFETS)
with operation frequencies in the GHz range has demonstrated the potential for developmg devices for
high power microwave applications [3,4]. ‘

However, despite experimental progress in optimizing the parameters of such heterostructures, very
little is known regarding the impurities which give rise to the 2 DEG. In particular, it is far from clear
whether the 2°DEG electrons in currently grown structures originate from shallow hydrogenic
impurities or from resonant donors in the Al,Ga, ,N. In a previous paper, we have described the
characteristics of standard Al Ga, N/GaN modulation doped heterostructures (MDHs) in which
shallow donors such as Si prov1dcd the 2 DEG in the GaN well [5]. Here, we will discuss
heterostructures in which the source of 2D conduction electrons are resonant donors which are
responsible for n-type conductivity in nominally undoped AlGaN. It has been shown recently that
resonant donor defects which are formed in low

temperature grown InP can be used to fabricate

modulation  defect  doped  InGaAsinP Al Ga. N GaN
heterostructures [6,7]. x 1x

Electron transport.

The mobility and transport characteristics of defect-
doped AL Ga, N/GaN MDHs are largely the same
as those which are doped with shallow impurities
with a few important differences. In contrast to
MDHs doped with shallow impurities, the Fermi.
level of defect doped structures lies within the
~ conduction band of the Al Ga, N barrier (Fig. 1).
This increase of the: Fermi energy relative to
impurity doped MDHs allows a more efficient
transfer of electrons from the barrier into the well, : ' S -
especially at higher remote doping concentrations for  Fjgure 1. Schematic representation of a
which the iinéu erlrgrgy can ! be more ¢ than 100 mgv Al Ga, N/GaN heterostructure, showing
above the a, N conduction band in regions far

from the interface. This difference is illustrated in ;sg %Z"ng?:sg lowest electric subband,
Fig. 2, in which the 2 DEG concentration is plotted - : .
as a function of the remote doping concentration for 1




structures with and without a 200A spacer of undoped Al,Ga, N. All numbers have been calculated
assuming an Al fraction (x) of 15%. The 2 DEG concentration was calculated from the electrostatic

equilibrium equation
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Figure 2. 2D electron concentration plotted as a
funtion of remote doping concentration for heter-
ostructures with no (0) and a 200A (200) spacer.
The solid lines are for defect doped structures an
the dashed lines are for standard MDHs.: '
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where V, is the conduction band offset, N
the 2 DEG concentration, N the Al Ga, N
defect concentration, d the spacer width,
and E’ is the Fermi level in the Al Ga, N
barrier.. The kink in the graph for the
structure with a spacer occurs at the point
where the Fermi energy in the AlGaN
barrier reaches the resonant defect level and
becomes pinned there. The defect level
was estimated to be 475 meV above the
GaN conduction band edge based on
experimentally measured reductions in the
carrier concentration of Al,Ga, ,N samples

as a function of Al fraction [8,9,10,11].

Figures 3a and 3b show the dependence of
the low temperature 2 DEG mobilities on
the concentration of defects in the ALGa,
N barrier as calculated by the method used
in [12]. As the sheet carrier concentration
is increased, ionized impurity scattering
from impurities in the GaN becomes much
less effective in reducing the carrier
mobility due to the decreased scattering
cross section of screened Coulomb
potentials at high electron energies. On the
other hand, scattering due to interactions
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Figure 3a/3b. 2D electron mobilities plotted as a function of remote doping concentration.
Also shown are the component mobilities due to alloy disorder scattering, deformation po-
tential scattering, and scattering from remote and residual (background) donors.



with the remote donors increases because of the increasing concentration of these Coulomb centers.
In addition, alloy disorder scattering becomes much more effective at limiting the mobility at high
electron densities due to increased penetration of the electronic wavefunctions mto the Al Ga, N.
Typical low temperature mobilities from several thousand up to a couple million cm%Vs in structures
with a spacer are predicted by our calculations. Obtaining the highest mobilities, however, requlres

that the concentration of ionized impurities and defects in the GaN be kept very low (< 10" cm™).

Defect distribution.

In calculating the mobilities shown in Figs. 3a and 3b, it was assumed that the dcfect concentration
was uniform throughout the Al,Ga, N barrier. This would be the case if the Al Ga, N layer were
grown first. However, in all heterostructures grown so far, the GaN well is: grown first and a doped
ALGa, N layer is grown on top of it. In such a case, one must take into consideration the fact that as
the Al Ga, N barrier is grown, the electrons from these donors defects are transferred into the GaN
well. Thls “transfer of electrons to lower energy levcls results in a decrease of the formation energy of
the defects.

The concentration of singly charged resonant defects is given by [13]

-E | | |
Np =N, exp( . ;.) | . @
B

where N is the concentration of possible defect sites in the crystal lattice and E, is the defect
formation energy. For positively charged (ionized) donor defects,.

E, =E; +Eg 3

where E; is the formation energy for neutml defects and E; is the Fermi energy in the GaN well
relative to the E,(0/+) charge transition state. In pure GaN,

E,(0/+)=E. +0.475 eV . N C)
However, for the heterostructures that we consider here,

E,(0/+) = E.+0475- AE - | 5

where AE is the conduction band offset between the Aleal_xNv and GaN.

To calculate the concentration of defects from Eq. (2), one must know E° The value of this
parameter-can be estimated from the experimentally measured carrier concentrahon in nominally
- undoped, isolated AL, Ga, N layers, in which the electrons are assumed to ongmatc from these
.resonant defects. The formation energy given in Eq. (3) can then be written as :

E =E)+E.+E.-E, | ‘ ()

where E. is the energy of the conduction band edgé,. Substituting (6) in_to Eq. (2), we find

, -EY+E, | , o SR :
N,=N, —-C-exp(——f—-.—c) : )
| D tes n kBT ) ' .. R

where N, is the conduction band density of states and n is the electron concentratlon If these
resonant dcfects are the dominant donors, then n = N, . and we obtain Lo

'E}’+Ec=k,,T1n(N—*;;£2N—) S , ®)
| z |



The concentration of the donor defects depends on the growth conditions and the Al content. We
have performed model calculations assuming that for Al ;Ga, N grown at a temperature of 1373 K,
the defect concentration is roughly 10" cm™[2]. Equation (8) then gives E + E. = 2.18 eV for the
formation energy of the charged defects when the Fermi energy is at the conduction band edge.

To see how the formation energy and defect LEN M B S B N M a R e T
concentrations vary in a real heterostructure,

we consider the case when Al ;Gay N is 15
grown on a pure GaN layer. Because the

formation energy of thes¢ native defects

depends on the Fermi energy a greater S
concentration of defects is expected to be &

found close to the interface. When the first g
few atomic layers of Al Ga, N are grown g
on top of the GaN layer, the Fermi energy £
in the structure is well below the conduction
band of the GaN due to the high growth
temperature. The formation of defects in the 13
Al Ga, N at this point is aided by the fact '
that these donor centers can transfer their
electrons to the GaN, gaining an amount of
energy equal to the difference between the
Fermi levels in the Al Ga, N and the GaN.
This results in a substantial lowering of the
formation energy for charged defects. As
more layers of Al Ga, N are grown, more
electrons continue to be transferred to the
~GaN well and the Fermi energy increases,
decreasing the amount of energy gained by
the transfer process and causing the defect
formation energy to increase. Thus, the
concentration of defects incorporated into
the Al Ga, N also decreases.
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Based on the above considerations, the 107 L il S
variation of the charged defect formation L
energy and the concentration of incorporated 0 2 4 6 8 10 12 14 16
defects is shown as a function of the Distance from interface (nm)

distance from the Al Ga, ,N/GaN interface
in Fig. 4. As can be seen, the concentration

of defects at the interface is enhanced by Figure 4. Formation energy (top) and concentra-

more than an order of magnitude. While tion of defects i tedin the Al Ga_ N
this concentration of defects near the on of detects icorporated 1 e Aly 553y gs.

interface aids in the transfer of charge from “barrier layer (bottom) as a function of distance .
the AL Ga,_N barrier to the GaN well, it~ rom the interface.

also has the effect of degrading the overall 2 ' «

DEG mobility. As can be seen from Figs.

3a and 3b, ionized impurity scattering from remote donors is often the dominant mechanism limiting .
the two-dimensional mobility, especially in structures with no spacer. By putting the majority of the
ionized remote donors closer to the interface, the Coulomb interactions between the donors and the
carriers is enhanced, causing a greater amount of carrier scattering. Although a similar effect may be-
‘expected in heterostructures doped with hydrogenic impurities, the result is much less dramatic as the
formation energy of such extrinsic defects is affected much less by the location of the Fermi level.

Hydrostatic pressure.

One significant disadvantage of defect doped structures relative to those doped with hydrogenic

impurities is that they are themselves highly conductive, even at low temperatures, since the carriers
do not freeze out. As a consequence, if the barrier layer is grown too thick, a low mobility parallel -
conduction path may be formed. This additional conduction path may lead to misleading Hall effect

concentration and mobility measurements as the conductivities of the two types of electrons will be -
mixed together. One possibility for separating the two contributions is by the application of large

4



hydrostatic pressures. When hydrostatic
pressure is applied to GaN or Al Ga,. N, 1.5
the conduction band shifts upwards in
energy. On the other hand, since the -
defects are highly localized, their energy
remains constant. This difference in
behaviors makes it possible to “freeze out”
any three-dimensional electrons in the
Al,Ga, N barrier by pushing it into the
forbidden gap. The concentration of two
dimensional electrons in the GaN well
remains relatively unchanged, as the charge
transfer is governed by the actual defect
concentration, which remains unchanged,
and more weakly on the Fermi energy,
which does not change much at low
temperatures. Figure 5 shows the change "
in electron concentration on both sides of 10
the interface as a function of pressure.
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This effect has been seen in InGaAs/InP g 107
heterostructures {7]. =
(o]
For the Al fraction for which Fig. 5 was § 10°k
calculated, a substantial amount of pressure 5
(~ 40 kbar) is required to “freeze out” the g 10®
unwanted conduction . However, in order 8
to see this effect at lower pressure, a higher 8 10"
‘Al fraction could be used to bring the E
defect energy closer to the Al Ga, N o 3
conduction band. a 10
Conclusion. 10 J INENERIN EFICEIN EFEFETE AP W R
We have performed calculations to 40 42 44 46 48 50
determine the distribution of donor defects
at the interface of Al Ga, N/GaN Pressure (kbar)

heterostructures. Due to the dependence of
the formation energy of the defects on the Figure 5. Plot of carrier concentration in the

Fermi level, we find that the defect GaN well (top) and the AlGaN barrier (bottom)
concentration near the interface may be as a function of pressure.

enhanced by more than an order of
magnitude as compared to the defect
concentration in isolated Al Ga, N layers
grown under the same conditions. Although this leads to a more efﬁment transfer of electrons to the
GaN well, the increased concentration of defects near the interface also leads to a degradation of the 2
DEG mobility due to the closer proximity of the charged defect centers. This problcm could be
eliminated by first growing the Al Ga, N barrier before the pure GaN layer.

Another feature of modulation doped heterostructures doped with resonant donor defects which is not
found in those doped with shallow hydrogenic donors is the possible presence of an alternate
‘conduction path in the barrier layer. As the wavefunctions of the carriers in the barrier are three
dimensional in nature and have much lower mobilities than the 2 DEG, the overall effect of .the
additional conduction path is to increase the concentration and decrease the mobility of the electrons as
calculated from Hall effect measurements. However, hydrostatic pressure can be applied to “freeze
out” the undesirable three dimensional conduction path.
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