Supplementary materials

Methods

Using MOCVD, the 190 nm thick InGaAsN layer was deposited at 520°C and 100 mbar reactor pressure using an In/Ga molar flow ratio of 0.11, a N/V ratio of 0.97, and a III/V ratio of 0.0028, followed by the 2.25 μm thick GaAs layer using a III/V ratio of 0.074, also at 520°C and 100 mbar.  The precursors for In, Ga, As, and N were trimethylindium, trimethylgallium, tertiarybutylarsine, and 1,1-dimethylhydrazine, respectively.  The InGaP layer, described in the substrate reuse experiment, was deposited at 520°C and 100 mbar using an In/Ga molar flow ratio of 0.42, a III/V ratio of 0.058, using tertiarybutylphosphine as the phosphorus precursor.  For the as-grown TEM sample, the GaAs film cross-section was milled from a sample of the structure comprised of: <001>GaAs substrate/InGaAsN (190 nm)/GaAs (2.25 μm).  For the post-liftoff GaAs film TEM sample, a piece of the aforementioned heterostructure was adhered to a Si substrate along the GaAs film surface with CrystalBond™ adhesive, and was then irradiated through the GaAs substrate with a single laser pulse of fluence 1.195 J/cm2, thereby transferring the GaAs film to the Si substrate.  A cross section of this transferred GaAs film was then ion-milled from the Si substrate.  

Figure S1. Photoluminescence intensity versus photon energy for the <001>GaAs substrate/InGaAsN (190 nm)/GaAs (2.25 μm) heterostructure, as well as for a bare GaAs substrate sawn from the same ingot as the growth substrate.  The strong emission peak centered at 0.87 eV corresponds to the bandgap of the InGaAsN layer.  Measurements were performed using a continuous wave 60 mW chopped laser with a wavelength of 980 nm combined with a Newport 818IG detector lock-in setup with a 1100 nm long pass filter placed before the spectrometer.

Figure S2.  Reciprocal space map of the GaAs and InGaAsN (115) peaks.  Measurements were taken by aligning on the GaAs (115) peak, then varying 2θ and ω while keeping ϕ constant.  The diagonal streak is an artifact from the monochromator, and the small, intense peak along this streak is the GaAs (115) Cu Kα2 peak.  The intense peak above the GaAs (115) peak at [image: image2.emf]is the InGaAsN (115) peak, and the subsidiary maxima extending vertically along a line through this peak are thickness fringes from the InGaAsN layer14, 15.  Since the InGaAsN (115) peak is directly above the GaAs (115) peak, the InGaAsN layer is pseudomorphic, which means the InGaAsN layer shares the same in-plane lattice parameter as GaAs.

Figure S3.  Schematic of the grazing incidence scattering geometry used for reciprocal space mapping the GaAs (113) peak.  In this geometry, ϕ is fixed while 2θ and ω are varied.  The attenuation length of Cu Kα radiation in GaAs is 27 μm, calculated from values presented in Cullity14, 15.  The incident angle to probe the GaAs (113) peak is 1.64°, and since the GaAs layer thickness is 2.25 μm, this corresponds to a path length of 78.6 μm until the InGaAsN layer is reached.  Therefore, with this geometry, only 5.4% of the X-ray beam reaches the InGaAsN layer, and even less reaches the GaAs substrate.  Therefore, the vast majority of diffracted intensity comes from the GaAs film, and a negligible amount of diffracted intensity comes from the InGaAsN layer and GaAs substrate.

Figure S4.  (a) Grazing incidence reciprocal space map of the GaAs film (113) peak from a sample comprised of <001> GaAs substrate/InGaAsN (190 nm)/GaAs (2.25 μm).  The narrow, intense peak is the GaAs film (113) peak, and the lower intensity peak above the GaAs film (113) peak is due to a small amount of diffracted intensity from the InGaAsN layer (InGaAsN (113) peak).  (b) Grazing incidence reciprocal space map of the GaAs (113) peak of a bare <001> GaAs substrate sawn from the same ingot as the growth substrate used in (a). The narrow, intense peak is the GaAs substrate (113) peak.  In both reciprocal space maps, the diagonal streak running through the GaAs (113) peak is an artifact from the monochromator, and the lower intensity peak to the right of, and slightly above, the GaAs (113) peak is the GaAs (113) Cu Kα2 peak.  The vertical streaks in each figure are surface effects caused by crystal truncation rods17. Both reciprocal space maps were taken by aligning the diffractometer on the GaAs (113) peak, and then varying 2θ and ω while keeping ϕ fixed.
Figure S5.  Grazing incidence rocking curves of the GaAs film (113) peak and of a bare GaAs substrate (113) peak.  The GaAs film sample is comprised of <001> GaAs substrate/ InGaAsN (190 nm)/GaAs (2.25 μm), and the bare substrate sample is a <001>GaAs substrate sawn from the same ingot as the growth substrate used in the aforementioned heterostructure.  Both rocking curves have a FWHM of 0.003° in ω, which indicates that the GaAs film is comparable in structural quality to the bare GaAs substrate14, 15.  Both rocking curves were extracted from the reciprocal space maps shown in Figure S4 that were produced using the grazing incidence scattering geometry shown in Figure S3. 

Figure S6.  Fluence profile of the Q-switched Nd: YAG laser (Quanta-Ray model GCR-170) beam used for laser liftoff.  The graphs on the horizontal and vertical axes show fluence (linear scale) at locations within the beam along the horizontal and vertical dotted lines.  From this image, we see that the laser beam is highly inhomogeneous, with fluences varying by a factor of ~4 between the lowest fluence regions and the highest fluence regions.
