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ABSTRACT

We report on the effect of strain induced polarization fields in AlGaN/GaN
heterostructures due to the incorporation of Si dopant ions in the lattice. By Si-doping
(Al)GaN, acontraction of the wurtzite unit cell can occur leading to strain in doped
AlGaN/GaN heterostructures such as high electron mobility transistors (HEMTS). Ina
typical modulation doped AlGaN/GaN HEMT structure, the Si-doped AlGaN supply
layer is separated from the two-dimensional electron gas channel by an undoped AlGaN
spacer layer. This dopant-induced strain, which istensile, can create an additional source
of charge at the AIGaN:Si/AlGaN interface. The magnitude of this strain increases as the
Si doping concentration increases and the AIN mole fraction in the AlGaN decreases.
Consideration of this strain should be given in AIGaN/GaN HEMT structure design.

INTRODUCTION

Strain induced piezoelectric polarization is a critical factor in the creation of the two-
dimensional electron gas (2DEG) at the strained AlGaN / relaxed GaN interface in a high
electron mobility transistor (HEMT) structure™?. This strain is aresult of the lattice
mismatch between Al,Ga; ,N and GaN (x is typically between 0.15 and 0.30). To further
enhance the sheet carrier concentration of the 2DEG, a Si-doped AlGaN layer may be
grown that is typically separated from the channel by an undoped AlGaN spacer layer.
An additional 1E13cm sheet density of carriers can be obtained by doping the AlGaN at
0.5-5E19cm™ Si. Thisis about a factor of two increase over an undoped AlGaN/GaN
HEMT structure.

By doping with Si, a perturbation of the lattice occurs due to the substitution of the
smaller Si ion on the column I11 lattice site. This creates an additional contraction of the
AlGaN waurtzite unit cell thus creating strain at the AlGaN:Si donor layer / AIGaN spacer
layer interface. A similar effect in bulk GaN:Si epilayers grown on sapphire has been
observed.®> However, in this case, the effect of the strain from the Si-dopant was a source
for stress relaxation due to the inherent compressive strain associated with GaN-on-
sapphire caused by the differences in lattice constant, as well as, thermal coefficients of
expansion between GaN and a-sapphire. A determination of the strain associated with
incorporating Si as a substitutional dopant and the effects on the HEMT structure design
are discussed.
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EXPERIMENTAL

For an Al,Ga, 4N:Si layer pseudomorphically strained on arelaxed Al,Ga, 4N layer, the
strain, €p, isgiven by,

£ = 2x | AN —1@ @

[A(A)GaN:S

where gacan iS the a-axis lattice constant for AIN content in the range of 0 — 100%.
Vegard's Law of linear interpolation is assumed. &ajcan:si iS the corresponding a-axis
lattice constant at a given Si doping concentration. Table 1 summarizes the lattice
constants as a function of Si-doping for GaN:Si and AIN:Si determined by substituting
the atomic percent Si associated with the doping level for Ga and/or Al on the column 111
lattice site of the wurtzite unit cell. 100% activation of the Si dopant was assumed. The
undoped GaN and AIN a-axis lattice constants were taken to be 3.1892 and 3.112A,
respectively.

Additional calculations were performed to determine the strain associated with AlGaN on
arelaxed GaN layer. The equation for strain, in this case, would be,

& = 2% 2™ —1H10.0495%a,
(Jaan 0 2

where agan and aa are the a-axis lattice constants that were defined earlier and x isthe
AIN mole fraction which ranges from 0 — 1. No relaxation of the AIGaN or AlGaN:Si
was assumed. Thiswould be the case for AlGaN layers below the critical thickness for
relaxation.

RESULTS

Figure 1 illustrates the strain associated with doping Al,Ga; xN with Si for doping
concentrations of 5E18, 1E19, and 5E19cm® and as a function of the Al content (O<x<1).
Aswould be expected, the strain is a strong function of the Si-doping concentration and
increases with increasing doping. It should be noted that this strain is tensile since the Si-
dopant creates asmaller unit cell compared to the equivalent Al mole fraction Al,Ga; xN

Table 1. Lattice constants (a-axis) determined for GaN and AIN at Si-doping
concentrations of 5E18, 1E19, and 5E19cm™.

Si-doping conc. GaN:Si AIN:Si
(cm®)
5E18 3.1891 3.1119
1E19 3.1890 3.1117
5E19 3.1882 31111
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Figure 1. Si-doping induced strain as a function of mole fraction AIN in
AlGaN. Sidoping levels are as noted on the graph.

undoped unit cell. (Thisstrain issimilar in nature to adding additional Al to an undoped
AlGaN in, for instance, an AIGaN/GaN HEMT structure.)

Figure 1 also indicates a slight decrease in the strain as the AIN mole fraction increases.
Thisisaresult of the AIN unit cell being smaller than the GaN unit cell and, thus, the Si
substitutional impurity has less of an effect on the AIN lattice compared to the GaN
lattice. The Si-doping strain increases with: 1. Increasing Si concentration and 2.
Reducing AIN content of the AIGaN. The strain associated with doping GaN with
5E19cm™ Si is 0.066% and istensile.

DISCUSSION

Of greater interest to HEMT structure design is how this effect manifestsitself in a
strained AlGaN / relaxed GaN system. Figure 2 is agraph of the strain associated with
pseudomorphically strained AlGaN on relaxed GaN. If the AlGaN is doped with Si, the
effect of the pseudomorphic and doping-induced strain is cumulative and increases the
overall strain as shown by the dashed line of figure 2. The strain from incorporating
5E19cm™ Si into the lattice is equivalent to increasing the AIN content in AlGaN by
~1.4%. Asthe Si-doping level decreases, the dashed line would move closer to the solid
line and the doping-induced strain would decrease as shown in figure 1.

In a modulation doped AlGaN/GaN HEMT, it is common practice to incorporate athin
undoped AlGaN spacer layer between the GaN and AIGaN:Si to spatially remove the
ionized donors from the channel. The resulting structure is schematically shown in figure
3. A Gafaced crystal structure is assumed which is the common polarity in metalorganic
chemical vapor phase epitaxially grown GaN.®> However, asimilar argument could be
made for a N-faced crystal.
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Figure 2. Calculated strain for undoped AlGaN (solid line) and AIGaN:Si at a
doping concentration of 5E19cm™ (dashed line).

Figure 3 indicates the formation of the 2DEG at the AlGaN spacer layer / relaxed GaN
layer interface. The sheet carrier concentration of the 2DEG depends on both the
spontaneous and piezoelectric polarization associated with the AlGaN/GaN
heterostructure. The additional lattice mismatch associated with the Si-doping will result
in asecond source of strain localized at the AlGaN:Si donor layer / AIGaN spacer layer
interface. This strain manifestsitself by the creation of an additional piezoelectric
polarization in the AlGaN:Si donor layer. Dueto the tensile nature of this strain, the
resulting sheet charge will be positive. This additional sheet charge may accumulate at
the AlGaN:Si/AlGaN interface resulting in a second 2DEG channel. The piezoelectric
polarization associated with 5E19cm™ Si is ~0.35E12cm? which is an additional 1 — 4%
of the polarization induce sheet charge generated by the Al,Ga; ,\N/GaN heterostructure
(x isin the range of 0.15-0.35).
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Figure 3. (@) modulation doped AlGaN/GaN HEMT structure and (b) the
corresponding polarization fields. (Ga-faced crystal is assumed.)
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CONCLUSIONS

Si-doping (Al)GaN causes a contraction of the wurtzite unit cell and can be a source of
strain in doped AlGaN / GaN heterostructures. In a modulation doped AlGaN/GaN
HEMT gructure, in which the Si-doped AlGaN supply layer is separated from the 2DEG
channel by an undoped AlGaN spacer layer, dopant-induced strain can create an
additional source of charge at the AIGaN:Si/AlGaN interface. The magnitude of this
strain increases as the Si doping concentration increases and the AIN mole fraction in the
AlGaN decreases. The effect on the strain due to adding additional Si has a much greater
effect than reducing the Al content in the AIGaN. Consideration of this strain should be
given in AlIGaN/GaN HEMT structure design.
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