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The direct conversion of sunlight into hydrogen by photoelectrochemical (PEC) water-splitting is a 
direct method to transfer solar energy into a storable fuel and is a highly attractive proposition. In 
order to achieve high efficiency PEC, photoelectrode material must fulfill three criteria: (1) 
corrosion stability, (2) a band gap of 1.8 to 2 eV to produce sufficient over-potential to drive the 
water-splitting reactions while still absorbing a significant fraction of the solar spectrum, and (3) the 
conduction and valence band edges must “straddle” the H+/H2 and O2/H2O redox potentials so that 
spontaneous water splitting can occur. To date no material meets all these criteria. One good 
candidate for this application is GaN since it has a proper band alignment with the redox potential 
and high mechanical hardness and high chemical stability.  However, the 3.4 eV band gap of GaN is 
too large to absorb much of the solar irradiation. Previously, we have demonstrated that the band 
edges and the band gap of GaN can be manipulated by alloying with anions very different from N 
[1]. Specifically, alloying small amount of As with GaN can reduce the band gap to close to 2eV 
mainly by the upward movement of the valence band. Thus the GaN1-xAsx material system is one of 
the most promising materials for the photoanodes.  
 
Due to the large miscibility gap between GaN and GaAs growth of GaNAs alloys is very challenging 
especially for large As concentration. Consequently, growth of GaNAs alloys using conventional 
epitaxial techniques typically results in phase separation. Recently, we have succeeded in 
overcoming this miscibility gap and grown GaN1-xAsx alloys over the whole compositional range 
using the non-equilibrium method of molecular beam epitaxy at low temperature [2].  In this paper 
we present a detail analysis of the structure of these alloys using transmission electron microscopy 
techniques.  
For the small As content (up to 8%) the growth temperature was kept at ~550°C, this is typically 
much lower than normal MBE growth of high quality GaN (~800°C). For the alloy composition with 
x=2% cross-section TEM studies show abrupt interface with sapphire substrate and columnar growth 
with a column size in a range of 30 to 50 nm.  Within one column many planar defects can be seen 
(Fig.1a) with some misorientation between columns. Selective area diffraction (SED) pattern shows 
crystalline pattern from hexagonal material with some arcing confirming this misorientation (Fig. 
1b). When the growth temperature dropped to ~440°C the As content was found to increase to 
(x=17%). In this composition much smaller and randomly distributed grain size (Fig. 1c) can be 
observed. SAD shows pattern typical for polycrystalline wurtrzite material representing a single 
phase material (Fig. 1d). Analysis of the SAD pattern suggests that the lattice parameter of this film 
is larger than that of GaN, consistent with the incorporation of As in the N sublattice. 
Further reduction in the growth temperature below 400°C results in increases in As concentration 
(x>17%). SAD pattern reveals amorphous material (Fig. 1e) with decreasing diameter size of an 
amorphous ring for higher As content confirming the incorporation of As into N sublattice. High-
resolution studies of this material confirm uniform distribution of an amorphous material from the 
interface up to the surface without secondary phases (Fig. 1f). However annealing of the amorphous 



films at 800°C, 850°C or 900°C leads to a clear phase separation confirmed by Z-contrast 
microscopy. SAD pattern shows polycrystalline diffraction rings from wutrzite and cubic materials 
(Fig. 1g).  
Finally, when the compositions of this alloy is pushed into the As-rich regime (x>76%) we observe 
crystalline layers with a columnar structure again. SAD pattern shows the formation of cubic 
material with interplanar distances approaching GaAs. Diameter of these columns is larger (up to 
300 nm), than for the material with a small As content, leading to a larger surface corrugation. 
   
TEM investigation of the GaN1-xAsx material in a full composition range shows a transition from a 
wurtzite crystalline to amorphous and back to cubic crystalline material as the As composition 
increases. No phase segregation was detected in the as grown materials, although phase segregation 
in the nanometer scale was observed with thermal annealing. The optical band gap of this single-
phase material shows a monotonic decrease in the band gap from 3.4 eV to below 1 eV with an 
increase of As content (up to x~80%) [3]. This material opens the possibility to achieve a desirable 
photoelectrode material for PEC water splitting as well as materials for multi-junction solar cells. 
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Fig. 1. High resolution micrographs and SAD patterns from the GaN1-xAsx material with a different 
As content: (a-b) x=2%, (c-d) x=17%, (e-f) x=45%, (d), and (g) x=36% after annealing at 850°C. 
Note the most inside ring is from GaAs, followed by the GaN (As).  
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