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Section 1 Numerical modeling

Modeling was performed for the fixed doping level of the emitters and the active
region, 10'® and 10% cm, respectively.

The bandgap value, direct/indirect bandgap transition point, and work function
depending on material composition were defined using [1]. As it is reproduced from [1] in
Figure Sla, the increase of P content leads to a rise of the bandgap value for all three subbands
of the conduction band. Meanwhile, at a P content of 0.48 the minimal conduction band energy
level shifts from the I'- to X-valley, and the GaPAs material becomes indirect. The subband
shift is accompanied with a dramatic change of the effective electronic state density in the
conduction band due to the different effective electron mass value in the X-valley. Calculation
of the effective electronic state density was based on the effective masses for valence and
conduction subbands presented in Table S1. The calculated effective state density vs. P content

x in GaPxAsix material is presented in Figure S1b.
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Figure S1. (a) Band gap of the conductive subbands (reproduced from [1]), calculated (b)
effective electronic (blue line) and hole (green line) state density, and (c) electron affinity
for different P content x in the GaPxAsix compound.




Table S1. Electron and hole effective masses depending on the valley and direction.

Electron effective mass

Hole effective mass

mr mx! mxt Mnn!100] mnn111 mun!100] mun11
GaAs 0.067 1.3 0.23 0.33 0.78 0.09 0.077
GaP 0.114 6.9 0.252 0.34 0.66 0.2 0.15

The literature data study did not provide information about the dependence of the
electron affinity x for the modeled GaPxAsix compounds, so we used the data for pure GaAs
and GaP materials with y =4.05 and 3.8 eV, respectively. The valence band of both GaAs and
GaP is formed by Ga atom electronic orbitals having the base energy level in the I" point that
preserves its configuration in the GaPxAsix compound. Therefore, it can be used to
approximate the electron affinity via a linear approximation of the valence band edge position
related to the vacuum level (x + Ec) and the bandgap value dependency on the compound
content (Figure Sla). The calculated electron affinity vs GaPxAsix compound content is
presented in the Figure Slc.

The carrier mobility is inversely proportional to the carrier effective mass in the
studied subband. The electron and hole mobility was calculated using the values in the Table
S1 via an estimation of the conduction effective mass dependency on the content. Herewith,
the conductive electron effective masses were calculated independently for the I'- and X-
subbands. The calculation was carried out under an assumption that the I'-valley electron
scattering process is different to the X-valley. Another assumption was that the momentum
dissipation time in both valleys is constant for all compound contents, so the pure GaAs and
GaP mobility values can be used. Thus, the calculation of the functional dependency of the
mobility vs. content was performed by taking into account the scattering and dissipation

mechanism and the probability of electrons to be found in both valleys, i.e.,
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wherep . . . . 1is the electron mobility in the GaAs or GaP material at a given doping level,
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respectively, my,q is the effective mass in a respective conduction subband, F is the Fermi
function on AE which is the difference between the minimal energy level in I'- and X-subbands
at the given content. The values calculated by the presented formula are in a good agreement
with the experimental data [1].
Meanwhile, the hole mobility was calculated using a simple linear approximation of
the reciprocal mobilities in pure GaAs and GaP:
1 1-x x

- = + 3

n P Gaas P Gap




where p ¢ .p is the hole mobility in pure GaAs or GaP material at a given doping level,

respectively, and x is the P content in the compound. The derived mobility vs. the content

dependency is presented in Figure S2.
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Figure S2. Carrier mobility in GaPxAsix vs. P content x. Doping level is 10 cm?.

The lifetime associated with the Shockley-Read-Hall (SRH) non-radiative process was
calculated using literature data for the electron and hole lifetime of pure GaAs [2,3] and GaP
[4], and theoretical data on lifetime, the capture cross-section, and thermal velocity of charge
carriers dependency on the material parameters [5]. The minority carrier lifetime in SRH

process can be approximately formulated as

1
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where 7 is the carrier lifetime, o is the carrier capture cross-section, Vi, is the carrier thermal
velocity, and N; is the trap density. Herewith, the capture cross-section and thermal velocity

depend on material parameters (e.g., carrier effective mass, dielectric susceptibility) via
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where e is the electron charge, ¢ is the relative material dielectric susceptibility, &, is the
vacuum dielectric susceptibility, k is the Boltzmann constant, T is the carrier temperature, and

m is the carrier effective mass.



Thus, the carrier lifetime depends on material parameters, i.e., dielectric susceptibility
and effective mass. In our calculations we used a linear approximation of the dielectric
susceptibility in the approximation of independent atomic polarization in the compound and
using the formerly derived effective mass and state density vs content. Moreover, it is
expected that the carriers in different valleys have different lifetimes due to, e.g., different
capture cross-sections. In order to account these factors, we used an approach similar to the

calculation of the carrier mobility vs content, i.e.,
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The derived curves are presented in Figure S3a.
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Figure S3. (a) Carrier lifetime in GaPxAsix for SRH recombination process; (b) and the
corresponding radiative recombination rate.

The calculation of LED function requires a precise account of the radiative
recombination probability. A simple analytical expression can be written for the radiative
recombination rate in a bulk material [6]. Based on the analytical expressions in [6], the GaAs
recombination coefficient [7], and the previously described effective mass and dielectric
susceptibility formulae, we extrapolated the radiative recombination coefficient for the I'-
valley of the given GaPxAsi«x compound:

M=1(x)-E2 (20)-(m3 L (x)—
09 = Batts o0 ) rgen D
where the reduced mass is defined by
M1 () = (el Tn) "+ o)
(Mempp)3/2+(memyp)3/?

B(x) is the SRH radiative recombination coefficient, Ej is the direct transition bandgap (in the

- F(AE),

I'-subband), m, is the relative effective electron mass in the I'-subband, my; and my, are the
effective heavy and light hole masses, respectively, M is the reduced mass of the radiative
transition. The factor F(AE) is needed, as it was in the formulae above, to account for the

electron distribution in the subbands. As the electrons move into the X-valley, the material



becomes indirect, and the radiative recombination is suppressed, so the GaP-related can be
omitted. The calculated curve is presented in Figure S3b.

The calculations were performed in a framework of 1D model; thus, we did not
account for the energy bandgap bending near the NW sidewalls caused by the presence of
surface states. However, we suggest that during MBE growth of GaP:Si upper emitters the
radial growth of NWs occurred. This should lead to passivation of NWs [8], limiting the
influence of these states on charge transport and radiative recombination. The detailed
investigation of this effect was out of scope of the current manuscript and will be the subject

matter of a following study.

Section 2 Room temperature micro-photoluminescence spectroscopic characterization

Microspectroscopy (u-PL) study from the as-grown p-i-n-heterostructured GaP/GaPAs
NW epitaxial array was performed to confirm the presence of the direct bandgap GaPAs
segments in the synthesized NWs. Measurements were carried out at 300K in the
backscattering geometry using a Horiba LabRAM HR800 spectrometer equipped with a 600
gr/mm grating, a peltier-cooled Synapse CCD Si-based detector and a x20 NA0.4 Olympus
Plan N objective. u-PL response acquired using the 532 nm laser excitation with an excitation
power density of 10° W-cm? is presented in Figure S4. The used objective provides an
excitation beam focusing to a spot of ~5 um diameter on the sample surface, thus the PL signal
was collected from the countable number of NWs.

The obtained PL spectrum represents a bright line with intensity maximum at 650 nm
and full width at half maximum (FWHM) of 30 nm. Notably, we did not observe any PL
response from pure GaP NWs (grown in the same conditions, but without GaPAs insertions).
According to Craford et al. [9], the PL emission line at 650 nm corresponds to the composition
of zinc blende GaPAs ternary alloy close to GaPossAsoss and is consistent with the expected
composition for our growth procedure described in [10].
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Figure S4. PL spectrum taken from the p-i-n-heterostructured GaP/GaPAs NW epitaxial array.

Section 3 PU synthesis

PU was obtained according to the previously reported procedure [11,12]. Namely,
1.00 g (0.0084 mol) of methyldiethanol amine, 1.41 g (0.0084 mol) of the catalyst (DBTDL) were
dissolved in 10 ml of anhydrous DMF under inert atmosphere (Figure S5). The reaction
mixture was stirred at 80°C for 24 hours and then cooled down to RT and diluted with 5 ml of
DME. Desired PU was isolated by the precipitation into Et2O excess and then was thoroughly
washed with Et2O and dried for 8 h at RT and 48 h at 70°C. Yield: 2.31 g (96%); IR: ATR mode,
v, cm™ w—weak, m—medium, s- strong): 3200 (w, VNH), 3149 (w, vCHauw), 1625 (s, vC=0),
1552 (s, vC=0), 1463 (m, vCN), 1387 (w), 1305 (w), 1258 (s), 1031 (w, vCO), 789 (w), 630 (w),
596 (w);

N-methyldiethanolamine (>99%, Aldrich), hexamethylene diisocyanate (>98%,
Aldrich), dibutyltin dilaurate (DBTDL, 95%, Aldrich), N,N-dimethylformamide (DMEF;
anhydrous, 99.8%, SeccoSolv), diethyl ether (Et20, 98%, NevaReactiv) were used without
purification. Infrared (IR) spectra were acquired on a Nicolet i510 FTIR spectrometer in the

ATR mode on germanium crystal.
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Figure S5. Scheme of PU synthesis.



One of the main advantages of polyurethanes is the ability to vary their mechanical
properties in the wide range from high-strength composites to thermoelastomers by choosing
the appropriate monomer [12,13]. In this study, we chose linear homopolymers as the
substrate owing to the necessary mechanical properties, i. e. rather high strength before break
0.1 GPa and elongation at break more than 800% [11,14]. Due to the aliphatic nature of the
selected initial monomers, the polymer had a high solubility in polar solvents such as DMF or
dimethylsulfoxide, and due to the linear, rather than cross-linked structure of the polymer
itself, the films formed by the solution (casting) method could be removed by dissolving.

However, the optimization of PU dissolution in DMF and the removal of product
materials was found to be necessary for efficient PDMS/NW membrane fabrication. The

flexible LED devices fabricated using PU cap films will be reported elsewhere.
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