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1. Computational Details of Electronic and Optical Gaps
2. Additional TEM images of planar GaN monolayers

3. XRD of Al ¢5Gag 35N barrier
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1. Computational Details:

We investigated the electronic and excitonic properties of a monolayer GaN quantum
well embedded in Al(Ga)N barriers using first-principles calculations based on density
functional theory (DFT) and many-body perturbation theory. First, we obtained the lattice
parameters of AIN and GaN from DFT structural relaxation calculations, using local density
approximation (LDA) for the exchange-correlation functional within the Quantum ESPRESSO
code [S1-S3]. For structural relaxations we used norm-conserving pseudopotentials including 4s,
4p, and 3d electrons of Ga in the valence, as the 3d electrons are needed to obtain accurate lattice
constants in the group-III nitrides [S4]. Using the relaxed lattice parameters, we built a supercell
consisting of a monolayer GaN separated by Al(Ga)N layers. We enforced the in-plane lattice
parameters to be constant and only allowed ions to move along the c-axis for the supercell

structural relaxation.

Band-structure DFT calculations were performed on 4x4x1 Monkhorst-Pack mesh for
(Aly67Gag33N)o-(GaN); structure and 8x8x1 Monkhorst-Pack mesh for (AIN)y-(GaN), structure.
We used norm-conserving valence pseudopotentials which consider 4s and 4p electrons as
valence electrons. A plane-wave cutoff energy of 70 Ry converged the total energy to within 1
mRy/atom. Compared to GW calculations with the semicore Ga pseudopotentials, which treat
the 3s, 3p, and 3d electrons of Ga as valence electrons, the valence Ga pseudopotential
overestimates the bandgap of the investigated structures by an amount in the range of 0.22-0.27
eV while reducing the computational cost of the large-size super-cell simulation. In the following
quasiparticle calculations for the monolayer GaN/Al(Ga)N heterostructures we employ the

valence Ga pseudopotential and reduce our calculated gaps by the corresponding amount that
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corrects the discrepancy between the band gaps of the valence pseudopotential and the more

accurate semicore pseudopotential calculations.

The quasi-particle band structure is calculated by the GoW, method, as implemented in
the BerkeleyGW package [S5]. We employed the generalized plasmon-pole model for the
calculation of frequency-dependent dielectric effects [S6] and the static-remainder approach to
accelerate the convergence over unoccupied states [S7]. The screening cutoff energy of 20 Ry
and the number of bands up to 50 % of the screening cutoff converged the quasi-particle band
gap to 0.05 eV. Finally, to obtain exciton-binding energy, the Bethe-Salpeter equation (BSE)
method was employed within BerkeleyGW. The top two degenerate valence states and the
lowest conduction state were included in the exciton calculations. For the (Al s7Gag33N)o-
(GaN); structure, a 20x20x5 Brillouin-zone-sampling grid is sufficient to converge the exciton
binding energy to within 10 %, while for the (AIN)y-(GaN), structure similar convergence is

achieved with a 48x48x6 sampling grid.

Next, to explore the effects of carrier localization by barrier alloy disorder and to check
the validity of the results obtained from the supercell structure with ordered alloy barriers, we
compared three models (ordered alloy structure, special quasi-random structure (SQS) [S8-S9],
and five different random alloy structures) for the Alj ¢;Gag 33N barrier. We expanded a (\B X
\E)R60° unit cell into a 2x2x2 supercell to build (Aly ¢,Gag33N);(GaN); structures with three
different alloy models. Then we performed DFT structural relaxation for each structure using the
norm-conserving pseudopotential of Ga, which includes 4s, 4p, and 3d electrons as its valence.

We used a plane-wave cutoff energy of 90 Ry and included only the I' point.
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After structural relaxations, we performed DFT calculations using the norm-conserving
pseudopotential of Ga that includes valence 4s and 4p electrons. We adopted a plane-wave cutoff
energy of 70 Ry and 2x2x2 Monkhorst-Pack mesh. Figure S1 shows the electron and hole wave
functions of the SQS, while Table S1 summarizes the conduction band minimum, valence band
maximum, and the bandgap of (Alj ¢;Gag33N);3(GaN); structures with different alloy

configuration.

Figure S1: 3D isosurface plot of (a) electron wave function and (b) hole wave function of the special
quasi-random Al ¢;Gag 33N barrier structure. The isovalue is chosen to be 15% of the maximum.
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Table S1: Summary of the DFT electron and hole energies of (Alys;Gag 33N)3(GaN),; supercell structure
based on different models for AlGaN barriers.

Type of Aly;Gag 33N barrier Conduction band Valence band Band gap
structure minimum maximum
Ordered alloy structure 9.935 6.734 3.201
Special quasirandom structure 9.929 6.744 3.185
Random alloy structure 1 9.924 6.744 3.181
Random alloy structure 2 9.926 6.739 3.187
Random alloy structure 3 9.931 6.744 3.187
Random alloy structure 4 9.924 6.745 3.179
Random alloy structure 5 9.924 6.744 3.180

Statistics for 5 random alloy
structures 9.928 + 0.003 6.740 £ 0.002 3.188 £ 0.004

2. TEM Images of planar GaN monolayers

Figure S2: ADF-TEM image of a 2-period planar GaN/AlGaN monolayer structure under similar
growth conditions as the single period.
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Figure S3: HAADF-TEM image of the single GaN monolayer. Arrows indicate interface roughness,
which is expected for these planar layers with large lateral extent, as opposed to nanowires, which
may vary 1-2 ML.

Figure S4: HAADF-TEM image of a heterostructure with multiple GaN/Aly 6sGag 35N periods.
Growth conditions and substrate are identical to that of the single period sample in this study.
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Figure S5: TEM image of a single nanowire with 3 GaN monolayer periods used in this study.
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3. XRD of Al ¢5Gag3sN barrier of planar structure
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Figure S6: XRD rocking curve of Alj¢Gag3sN epitaxially-grown on AIN/sapphire substrate under
identical growth conditions as the planar sample in this study.
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