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Positron annihilation spectroscopy

Figure S1 shows the (S, W) parameters as a function of positron implantation energy and cor-
responding mean implantation depth measured in the Si-doped AlGaN samples H6—H13 at room
temperature. The dashed line marks the characteristic (S,W) parameters of the Mg-doped GaN
reference, where positrons annihilate in the free state in the GaN lattice.! The S parameter de-
creases from its elevated surface values at energies 0 — 5 keV, until it reaches the characteristic
values of the Si-doped AlGaN layer of interest in the range 5 — 15 keV, corresponding to the thick-
ness of the layers. The S parameter further gradually approaches the characteristic values of the
substrate at energies above 15 keV. As is typical, the W parameter behaves in a similar but mirror-
like manner to S parameter. The relative (S, W) parameters characterizing the layers and shown
in Figure 2 of the main paper are obtained as averages in the implantation energy range that best
describes the layer, and normalized to that obtained in the GaN reference.

Table SI shows the resistivity data, Si concentrations and cation vacancy concentrations esti-
mated from the positron annihilation data for all the studied samples. The carbon concentrations

are also shown even if they are the same for all samples within the series for easy comparison with
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the cation vacancy concentrations. The data for the samples L1-L5 and H1-HS5 are taken from
Ref. 2. It was shown with temperature-dependence positron experiments in Ref. 2 that carbon acts
as a negative acceptor ion the positron data, corresponding to its concentration. Similarly as in
AIN, the negative ions in Al-rich AlGaN are efficient traps even at roomt temperature,® and need
to be taken into account when estimating vacancy concentrations. The vacancy concentrations

shown in Table SI are obtained in this way, following the same reasoning as in Ref. 2.

TABLE 1. The measured resistivity and concentrations of Si and C impurities together with the estimated
concentrations of the Vy vacancies in the MOVPE AlGaN:Si samples.

Sample Resistivity [Si] [C] [Vl
Q-cm x108¥ ecm3 x10" cm™ %108 ¢cm3

L1 0.7 0.9 >5
L2 0.54 2.4 >5
L3 0.69 5.0 0.2 >5
L4 1.35 8.5 (>5)
L5 10.82 12 >5)
H1 >13.4 1.1 <0.01
H2 6.63 2.1 0.2
H3 1.9 3.5 0.6
H4 0.99 54 1
H5 0.61 7.0
H6 4.5 1.1 0.2
H7 4 2.1 2.0 0.6
HS8 1 5.1 1
H9 0.79 7.0 3
H10 0.77 8.8 2
H11 0.8 10 5
H12 0.79 13 (5)
H13 1.82 17 (5)

The analysis of the temperature-dependent data (see Ref. 2) in the case of sample L5 revealed
that a negative ion that produces (S,W) parameters of AIN is needed at concentrations > 5 x
10'® cm~3 to explain the behavior. We note that in the analysis of the L series samples, where the
C concentration is an order of magnitude lower than in the H series samples, the effect of C of the
positron data is negligible. Similarly, in the case of sample H13 where C is taken into account in
the analysis, an additional negative ion that produces (S, W) parameters of AIN at concentrations

3

close to 1 x 10'” cm™ is needed to analyse the data point in Fig. 2 in the main paper. The S

parameter (similarly for the W parameter) is in this case defined as:
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- Ap+ Kc KAIN Ky
= B+ SAIN +
Ap + Ky + K¢ + KaiN A + Ky + K¢ + KaN A + Ky + K¢ + KaN

Sy, (D

where k¢ and kN are the trapping rates to C acceptors and the AIN-like negative ions, respec-
tively, and Sy is the S parameter of the AIN lattice. After obtaining Ky from the analysis, one
can remove the effect of C on the measured (S, W) parameters to check where the data point would
theoretically be located if there was no C in the sample. This is shown as the shadow marker in
Fig. 2 in the main paper. The effect is less pronounced in the case of sample H12 (and L4), but
still visible. The high concentration of the AIN-like negative ion causes an additional uncertainty
in the concentration estimate of the cation vacancies, the values are hence given in parentheses in

the case of these samples.

XANES data treatment

All acquired spectra of incident X-rays (Ip) contained a visible Si K-edge, which was linked to
one harmonic suppression mirror on the beamline optic. While a weak Si absorption signal should
not be an issue for other experiments performed at LUCIA, such a contribution can be significant
in our data due to the low concentration of Si in our samples. To ensure comparability between
spectra we checked that all collected I signals were identical. This gave us the opportunity to rule
out Iy artefacts not to be responsible of the observed differences in the XANES spectra and to use
the deadtime corrected fluorescence yield data not divided by I,. We used the Athena software
package for normalization and data treatment.* Typically, we merged all successful individual
scans and normalized the merge by subtracting best fit lines above and below the edge, so that the
resulting edge jump is 1.0. Next, we defined Eq at the maximum of the largest peak in the first
derivative for each spectrum, and subtracted the background from the post-edge region. This way
we justify a direct comparison of spectra with fingerprinting method for discussing the change in

the XANES spectra between the samples.’

Electronic structure calculations

Figure S2 shows the relative formation energies of (a) Sia; and (b) Sig,. We find that Sia; forms

a DX center in AIN, with U = —0.13 eV. The (+/-) transition level occurs at 0.17 eV below the
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conduction band minimum (CBM). Which is in a good agreement with the previously reported
values of U = —0.30 eV and transition level at 0.15 eV below the CBM reported for Sia; in Ref. 6.
Silicon is a shallow donor in GaN and forms stable Siga state for all Fermi levels inside the band
gap. We are able to obtain a stable DX configuration for Sig, in GaN, but the (+/-) transition
occurs 1.68 eV above the CBM. Reference 6 reports the (+/-) transition level at 1.65 eV above the
CBM Sig, in DX configuration.

In order to study the properties of the Si DX state in AIGaN material, we calculated the partial
charge densities attributed to the bands introduced by Si at the I" point. Figure S3 shows atomic
structure and the charge density of the DX-induced occupied state in the gap with the isosurfaces
of the electron density of states (DOS) set to 5% of the maximum value. The charge is localized
in the vicinity of the broken Si-N* bond. Figure S4 shows atomic structure and partial electron
density of states of the Si atom in negative charge state. In contrast to DX, Sig, which is a global

energy minimum has a delocalized charge all around the supercell.

Random alloy composition

As long as there is no direct evidence of clustering, segregration or ordering, the assumption
of the atoms being randomly distributed in the an alloy is appropriate. It is, however, important
to note that a random distribution is not homogeneous when the scale is brought down to the
atomic level. Figure S5 shows the probabilities for numbers/fractions of Ga atoms in the vicinity
of a cation site, obtained from the binomial distribution in Al 99Gag 19N. Several observations
are evident. On the atomic scale, that is in the 12-atom second-nearest neighbor (SNN) shell,
the probabilities for having 0, 1 or 2 Ga atoms are roughly the same (and naturally the highest).
However, as seen in the inset, even the probability for 6 Ga atoms in the SNN shell, equivalent
locally to 50% Ga content, is not vanishing, being less than 3 orders of magnitude lower than that
for 0-2 Ga atoms. This means that the concentration of such cation sites is higher than 10!'° cm 3 in
the random alloy. Similarly, when analysing the scale at which electronic structure calculations are
usually performed, that is ~200 atoms in the supercell, we see that the probability of encountering
a region with less than 2% of Ga, equivalent to 0-2 Ga atoms in the supercell is not vanishing,
either. The order of magnitude is similar as in the previous case, that is, there are more than

10" cm™3 cation sites with the 200 surrounding atoms forming a AIN-like 200-atom region in

AlpgoGag.19N. The homogeneity of the atomic distributions increases rapidly with increasing the
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size of the considered region of a random alloy, as seen for the case of 2000 considered atoms,
equivalent to the number of atoms in a roughly 2 nm radius surrounding a cation site. The 10%

nominal Ga atomic fraction is in this case ~ 7 — 13% if the same limits of relevance are employed.
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FIG. 1. The S and W parameters as a function of positron implantation energy and corresponding mean
implantation depth in selected Si-doped AlGaN alloys measured at room temperature. The characteristic
S parameter of the Mg-doped GaN reference are marked with a dashed line in the upper panel, the corre-
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FIG. 2. Relative formation energy as a function of Fermi level for Si on the cation substitutional site in (a)
AIN and (b) GaN. In GaN, Fermi levels above the calculated gap of 3.58 eV are indicated by the shaded
area.



FIG. 3. Atomic and electronic structure in the stable Si DX configuration along (a) a- and (b) c-axis.
The silicon atom (red sphere) sits on the substitutional site normally occupied by aluminum (blue spheres)
inside a cluster formed by 12 gallium atoms (large green spheres); nitrogen atoms are denoted by small gray
spheres. Yellow isosurface shows electron density of state which is localized around the broken bond with
5% of the maximum.

FIG. 4. Atomic and electronic structure in the Si,, configuration along (a) a- and (b) c-axis. The silicon
atom (red sphere) sits on the substitutional site normally occupied by aluminum (blue spheres) inside a
cluster formed by 12 gallium atoms (large green spheres); nitrogen atoms are denoted by small gray spheres.
Yellow isosurface shows delocalized electron density of state with 5% of the maximum.
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FIG. 5. Probability distributions of Ga/Al atomic arrangements in Algg99Gag 19N. Note that the vertical axes
of the insets that show the zoomed-in ranges are on the logarithmic scale.



