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We present an ALD approach to metastable In;_,Ga,N with 0.1 <
x < 0.5 based on solid In- and Ga-precursors that were
co-sublimed into the deposition chamber in one pulse. A near
IngsGagsN film with a bandgap value of 1.94 eV was achieved on
a Si(100) substrate. Epitaxial In;_,Ga,N(0002) was successfully
grown directly on the 4H-SiC(0001) substrate.

Alloying group 13-nitrides to ternary phases allows tuning of the
bandgap from 6.2 eV for pure AIN* down to 0.7 eV for pure InN.?
The bandgap of In, ,Ga,N can theoretically span from UV to IR
(3.4-0.7 eV), including the whole visible light range by varying x,
making it promising material for optoelectronic applications.>*
However, the ability to vary the composition of In; ,Ga,N is
limited by the theoretically predicted metastability of In, ,Ga,N
for 0.05 < x < 0.95, which leads to phase separation into their
binary materials.” The deposition of In;_,Ga,N is also hindered by
the low thermal stability of InN, which decomposes into In metal
and N, at around 500 °C.° Experimental results lined up with the
predicted metastability, albeit x = 0.8 (20 at% In) has been shown
in thin films deposited by chemical vapor deposition (CVD).»”~*
CVD is not ideal for In; ,Ga,N due to the high temperatures
(>500 °C) required to reach sufficient decomposition of NH;"
and typically results in low In content, phase separation, and In
droplets.>'® A low temperature deposition technique is strongly
preferred for In, ,Ga,N with x close to 0.5. Atomic layer deposition
(ALD) is a low temperature alternative to CVD, in which the
precursors are pulsed sequentially into the reactor. We have
recently shown that ALD is a promising technique to deposit
InN thin films with excellent structural quality.*

The sequential pulsing of the precursors in ALD presents a
challenge to depositing a homogeneous ternary material as
only one precursor can be pulsed into the reactor at a time.
Ternary materials are therefore deposited by ALD as stacks of
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two binary materials. In; ,Ga,N could therefore be deposited
as layers of InN and GaN in an ABAB---CBCB... super-cycle
approach where 4 and C are In- and Ga-precursors, respectively,
and B is the N-reactant. By varying the number of cycles for
each binary material, the overall composition of the ternary
material can be tuned. This approach relies on diffusion of the
two binary materials to form a homogeneous ternary phase.
Otherwise, a multilayer of InN/GaN is obtained. This ALD
approach has been used to obtain In; ,Ga,N with x ranging
from 0.15-0.85 using trimethylindium and trimethylgallium.*?
Herein, we present an alternative method to depositing ternary
materials by introducing both metal precursors with a single
pulse. This renders mixing of the metals in both the growth
direction and in the growth plane. This was achieved by mixing
and co-subliming two solid metal precursors into the ALD
chamber. Somewhat similar ALD processes have been reported
for ternary materials, albeit with two different precursor
sources co-injected from two gas lines."*™°

We have previously investigated ALD of InN and GaN using
tris(1,3-diisopropyltriazenide)indium(m)*> (1) and gallium(m)"”
(2) (Fig. S1, ESIt). Rendering stable ALD behavior with self-
limiting deposition, wide temperature ranges where the growth
per cycle is not affected by the temperature and a high growth per
cycle, combined with good structural and electronic properties
of the materials. In both studies, we found a sublimation
temperature of 120-130 °C to be optimal for each precursor
and epitaxial films were obtained at 350 °C for both InN and
GaN on 4H-SiC(0001). In this study, we mixed both precursors
in the sublimator and co-sublimed them into the reaction
chamber in a single pulse. ALD of In; ,Ga,N was then under-
taken using the same previously optimized parameters as for
the binary nitrides with NH; plasma as the nitrogen source (see
ESIT for experimental details). Initial trials were conducted on
Si(001) and it was found that x in In, ,Ga,N can be controlled
(0.1 < x < 0.5) by the sublimation- and deposition tempera-
tures, and by the mixing ratio of 1 and 2 (see ESI} for details).
Growth of epitaxial In,_,Ga,N was attempted on 4H-SiC(0001)
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Fig. 1 (a) The —260 XRD and (b) Pole figure of the (1011) plane of ~ 60 nm
In;_xGayN on 4H-SiC deposited at 350 °C.

as it is a suitable substrate for both epitaxial InN and GaN."*"”
When depositing directly on 4H-SiC, without a nucleation layer,
using a 1:1 (In:Ga) precursor mix, sublimation temperature
130 °C and deposition temperature 350 °C, In,_,Ga,N was
obtained. In the 6-20 XRD measurement (Fig. 1a), the peak
ascribed to In; ,Ga,N(0002) is a wide, unsymmetrical triplet,
indicating a compositional difference in the film. The peak at
32.0° is closer to InN(31.3°) indicating In-rich In, ,Ga,N while
the peak at 33.9° is closer to GaN(34.5°) indicating Ga-rich
In,_,Ga,N. The a-lattice constants for 4H-SiC, GaN and InN
are 3.079 A,"® 3.189 A® and 3.548 A, respectively, while the
lattice constant for In; ,Ga,N will vary between the InN and
GaN values depending on x. This compositional difference
could possibly be explained by stress relaxation in the film.
Ga-rich In;_,Ga,N was obtained closer to the interface due to
the better lattice match with the substrate while further away
higher In content can be incorporated without inducing an
increasing stress. The compositional difference obtained in the
film could also be related to the behavior of the precursors on
the surface. We have previously observed that ALD of GaN with 2
has a lower nucleation delay (~ 16 ALD cycles) compared to InN
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with 1 (~50 ALD cycles). This indicates that GaN with 2 grows
easier directly on the surface, which would lead to initial Ga-rich
In, ,Ga,N. However, 1 has a higher surface reactivity, which is
displayed by its higher growth per cycle (1.2 A per cycle) for InN
in comparison to that of 2 for GaN (0.3 A per cycle). This would
allow 1 to dominate after some initial growth and could be the
reason for In-rich In; ,Ga,N further away from the interface.
The compositional difference could be affected by all these
factors and each could be dominant at different growth stages.
Pole figure measurement was conducted to determine the
in-plane orientation of the In; ,Ga,N film. The XRD pole figure
for the (1011) plane was constructed showing two sets of six
poles at different @ values (Fig. 1b). The outer six poles with a
higher @ value correspond to the 4H-SiC substrate while the
inner six poles correspond to the In;_,Ga,N film, confirming
the epitaxial relation. It should be noted that the substrate
poles have a higher intensity than the In, ,Ga,N poles. This
could be due to the compositional difference in the film, which
was also observed in the 0-20 measurement. The similar, but
not identical, @ values of InN (1011) and GaN (1011) would broaden
the In; ,Ga,N pole if the film composition is not uniform. The
epitaxial relationship was found to be In; ,Ga,N[0002]||4H-
SiC[0001] and In; ,Ga,N [1011]||4H-SiC [1011] meaning that
the In, ,Ga,N hexagonal crystals grow exactly on top of the
substrate crystals. There is no misalignment between the sub-
strate and film poles as they line up precisely, indicating no
twisting of the InGaN crystals with respect to the substrate.
The structural and crystalline properties of the In; ,Ga,N
film were further analyzed using scanning transmission elec-
tron microscopy (STEM) with high angle annular dark field
(HAADF) imaging and selected area electron diffraction (SAED).
Fig. 2a shows a cross-section of the In; ,Ga,N film, demon-
strating a relatively smooth 60 nm thick film. Higher magnifi-
cation images show that the basal planes of the In; ,Ga,N film
are evenly stacked throughout with very little lattice curvature
(Fig. 2b and c). In addition, Fig. 2c shows a sharp interface
between the substrate and film with no signs of an amorphous
interface. The even stacking of the In; ,Ga,N basal continues
along the growth direction with some sign of lattice curvature
towards the top of the film. The heteroepitaxial nature of InGaN
was further confirmed by the SAED pattern (Fig. 2d), showing
sharp and distinct diffraction spots for the crystal planes of the
SiC substrate and more smeared spots for the In; _,Ga,N crystal
planes. The latter indicates two closely positioned diffraction
spots, further supporting the compositional difference along
the growth direction seen from the XRD analysis. The energy-
dispersive X-ray spectroscopy (EDX) line profile along the growth
direction (Fig. S5, ESIt) and elemental mapping (Fig. 2e-i) show
that the In, ,Ga,N film was Ga rich (higher x) near the film/
substrate interface, while further away from the interface the
value of x decreases and In rich In,_,Ga,N was observed. EDX
shows that the first few atomic layers at the interface were In rich
(Fig. 2f and Fig. S5, ESIt), which is attributed to the higher
reactivity of 1 with oxygen-containing surface species. The higer
reactivity of 1 over 2 is displayed by its lower M-N bond
dissociation energy'>'” while the oxygen surface species originate
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from exposing the substrate to the atmosphere prior to deposition.
STEM images and EDX mapping show no signs of forming InN or
GaN islands or clusters. By comparing the bulk plasmon peak
positions from Ga- and In-rich sections of the In; ,Ga,N film,
Ing 1sGagg,N was observed closer to the substrate interface and
In, g,Gay 1N towards the top of the film (further details are found
in the ESIt).

A Tauc-plot was constructed from an absorption measure-
ment for an In, ,Ga,N film deposited on Si(100) at 350 °C with
the metal precursors mixed in a 1:1 ratio and sublimed at
150 °C. The linear part of the plot was extrapolated down to the
x-axis and a bandgap of approximately 1.94 eV was obtained for
the In, ,Ga,N film (Fig. 3). The XPS measurements showed the
film composition was Ings5Gag4sN (Table S1, ESIT), which
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Fig. 3 Tauc-plot from absorption measurement of 60 nm thick
InssGaysN analyzed with XPS deposited at 350 °C on a Si(100) substrate.
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should result in a band gap value of 1.92 eV from Vegard’s
law (eqn (1)).

Ey(In,Ga; ,N) = X*E,(InN) + (1 — X)E,(GaN) (1)

This value correlates well with the experimental bandgap
obtained from the absorption measurements. Top-view scanning
electron microscope (SEM) images showed a smooth film with
evenly distributed grain size (Fig. S7, ESIt). No signs of in metal
droplets were observed, suggesting that the deposited In; ,Ga,N
is in a single ternary phase. The presence of In metal droplets on
the surface is otherwise a clear indication of decomposition of
the ternary In,_,Ga,N phase.®

Conclusions

In summary, we have developed a new ALD approach for ternary
materials based on co-sublimation of the metal precursors as an
alternative to the super-cycle approach. This method was
employed to deposit In; ,Ga,N by mixing Ga(m) and In(u)
triazenides, co-subliming them and using NH; plasma as the
N-reactant. In; ,Ga,N was successfully deposited on Si(100) and
4H-SiC(0001) without the need of a seed layer. It was found the
composition of the In; ,Ga,N could be tuned by changing the
sublimation- and deposition temperatures, and the ratio of the
two metal precursors. An In; ,Ga,N film with a near 1:1 ratio
between the metals was confirmed using XPS, RBS, ToF-ERDA
and absorption measurement of the bandgap. The In, ,Ga,N
film grew epitaxially on 4H-SiC(0001) without phase segregation
or decomposition of the In; ,Ga,N into the binary materials or
In droplets. A composition gradient was revealed with a more
Ga-rich composition near the substrate/film interface and
more In-rich composition near the top of the film. This was
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presumably due to stress minimization as the lattice mismatch
is smaller for Ga-rich InGaN compared to In-rich InGaN or the
deposition behavior of the metal precursors on the surface. We
believe that this co-sublimation method could be applied
to various material systems where the metal precursors have
overlapping sublimation- and ALD temperatures. We foresee
that it could also be utilized for doping.
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