
VOLUME 79, NUMBER 4 P H Y S I C A L R E V I E W L E T T E R S 28 JULY 1997

ained
red
. The
that

edge.
ctronic
Can Amorphous GaN Serve as a Useful Electronic Material?
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(Received 14 April 1997)

In this paper, we propose two structural models of amorphous GaN at different densities, obt
from approximateab initio molecular dynamics. The network models we obtain are highly disorde
but exhibit a large state-free optical gap, and have no homopolar bonds (or odd-membered rings)
radial distribution function, local bonding, and electronic density of states are described. We find
a model with many threefold atoms has weakly localized band tails, especially at the valence
This leads us to believe that amorphous GaN may have independent promise as a novel ele
material. [S0031-9007(97)03647-8]

PACS numbers: 61.43.Dq, 61.43.Bn, 63.50.+x, 71.23.–k
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The dramatic success of crystalline GaN as an el
tronic and optical material has motivated an enormous
fort to explore all aspects of the material and seek improv
means of growth. During the early stages of GaN resea
in the 1970s, researchers grew amorphous GaN (a-G
[1]. Several a-GaN films were grown by reactive sputte
ing of gallium in nitrogen ambient. Little is known abou
a-GaN, since subsequently discovered crystal growth te
niques diminished the interest in the amorphous phase
the material. Nevertheless, the well-known challenges
getting high quality crystals justifies an exploration of a
ternative wide gap materials.

Recently, experimental interest in growing a-GaN h
been renewed [2,3]. Researchers [2] obtain transpar
films with optical gaps as high as 3.9 eV. The band tailin
of the optical absorption coefficient and no detectab
x-ray diffraction lines imply the amorphous nature of the
films. Electron spin resonance and subgap absorpt
measurements suggest a low midgap defect density
states [2].

In this Letter, we propose the first atomistic models of
GaN, and characterize them as completely as possible
Our motive is partly to determine experimental signatur
of the amorphous state, which can presumably be pres
in some approaches to crystal growth. As a by-product
find that our networks show potential in their own right a
novel electronic material, since they are shown to have
large, state-free band gap,and for a lower density form,
weakly localized band tail states, suggesting that improv
mobility may be possible compared to other amorpho
semiconductors. Our calculation is exploratory, in th
sense that we have not yet tried to optimize the dens
of the model or attempted different simulated annealin
cooling rates. Thus the “details” could differ somewh
from the laboratory material. Nevertheless, this wo
provides new insight into the character of bonding, defec
and their experimental signatures.

To construct the models, we used thousands of tim
steps of local basisab initio molecular dynamics to
0031-9007y97y79(4)y677(4)$10.00
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form two 64 atom models. We used the program
Demkov, Ortega, Sankey, and Grumbach [5], “Fire
ball96,” who generalized the non-self-consistent local b
sis Harris functional local density approximation (LDA
scheme of Sankey and co-workers [6] to an approxima
self-consistent form. Sphericalchargedatom densities are
used as Harris input fragments, and these charges are
consistently determined. A minimal basis (ones and three
p’s per site) is employed. The method is very efficien
combining the advantages of charge transfer with a fix
atom-centered basis (and therefore efficient look-ups
matrix elements). The basis functions are slightly excit
pseudoatomic orbitals with confinement radii [6] of5.4aB

and4.0aB for Ga and N, respectively.
In zinc-blende (ZB) and wurtzite (WZ) GaN,FIRE-

BALL96 produces a band structure in satisfactory agre
ment with the more accurate calculations of Lambrec
and Segall [7], even in the structure of the lower condu
tion states (which isa priori unexpected with a minimal
basis, and is an empirical indication thatd hybridization
is not too important to these levels). All of the essenti
features of the band structure near the gap are reprodu
Our band structure has been published in Ref. [8]. Fro
studies of crystalline phases of GaN we have found th
we closely reproduce the essentially exact (within LDA
work of Neugebauer and Van de Walle [9] and Bogu
lawski et al. [10,11] for intrinsic defect relaxations, when
the Ga3d states are taken to be part of the core. The G
3d states have a significant effect on the lattice consta
in plane wave self-consistent LDA calculations [9]. Fo
the Hamiltonian we employ [5], retention of Ga3d states
in the core leads to a lattice constant6% too small (com-
pared to3.1% with a plane wave basis [9]). The presen
method has been studied extensively for crystalline Ga
its intrinsic defects, and the electronic band structure f
both WZ and ZB forms. Several detailed tests of intrins
defect relaxations have been reported [8]. In particula
we find relaxations similar to the plane wave calculation
for all cases, except for a very minor difference in th
© 1997 The American Physical Society 677
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N vacancy in ZB GaN, for which the plane wave resu
[9] is a very small inward relaxation (0.01 Å) and ours
a small (0.05 Å) outward relaxation. In further agreeme
with the work of Refs. [9–11], we find that the N vacanc
is a single donor, unlike tight binding [12] which predic
that the N vacancy is a triple donor. We note too, that
method has been used with success on GaN surface
Fritsch and co-workers [13].

For the work presented here, we have empirically
paired the error in the lattice constant (due mostly to ke
ing the Ga3d states in the core) by rescaling the usu
LDA repulsive pair interaction, such that the minimu
energy occurs at the experimental lattice constant. T
band structure is little affected, except for improving t
gap [15% (20%) too large [14] for WZ (ZB) compared t
experiment] and the bulk modulus of WZ-GaN, which
reproduced to within 9% of experiment (the bulk modul
of ZB-GaN is within 0.3%). Both the ZB and WZ form
of the crystal are well described, and the crystalline co
formations are effectively degenerate (ZB is favored ov
WZ by 0.01 eVyatom). The uniformly satisfactory de
scription of the properties of the crystalline forms of Ga
provides a justification for our admittedly empirical fix t
correctly reproduce crystalline bond lengths.

Since the density of a-GaN is unknown, but is pro
ably similar to or less dense than crystalline GaN,
performed two calculations at the (wurtzite) crystallin
experimental density (model A) and at82% of the exper-
imental density (model B). These choices clearly requ
further investigation in future modeling work; a first ste
should involve a study of energy vs density for thorough
annealed cells at a range of densities.

The two structural models of this paper were form
by simulated quenching of liquid GaN. We began with
64 atom (zincblende) cubic supercell of crystalline Ga
and randomized the atomic positions by performing
400 fs molecular dynamics (MD) run starting at104 K.
Inspection of the network showed that it was substantia
disordered, and a typical interatomic force was 5 eVyÅ,
implying that the structure was far from equilibrium
Then, Harris functional-LDA MD [6] was used to slowl
cool the network over 7 ps to 300 K (a Berendsen [1
thermostat was used). The resulting network (mo
A) was then fully relaxed to equilibrium with the self
consistent method of Ref. [5]. A second, less den
sample (model B) was constructed by increasing
supercell lattice constant and atomic coordinates in
supercell by 6% and repeating the annealing process.
found that the self-consistent relaxation was essentia
obtain reasonable network structure, an unsurprising re
for such an ionic material.

As expected, the lower density model (B) contai
more threefold coordinated atoms (42) than the den
model A (24). Possibly, there is a continuum of a-Ga
possible with varying densities, as in a-C, for examp
The first important property of both networks is th
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absence of wrong (homopolar) bonds (or odd-membe
rings), which is likely to hold up in a wide range o
densities for this stoichiometry. The lack of homopola
bonds (or odd-membered rings) is an indication of stro
ionicity, and it is appealing that our short time scale
can produce this result. It also implies that atom
segregation is unlikely, except for stoichiometries ve
different than1:1. In the somewhat more ionic case o
silica, Sarntheinet al. also obtained no homopolar bond
[16]. We discuss the structural and electronic propert
of our models in three figures. Figure 1 provides th
number density functionnsrd  4pr2rgsrd, for gsrd
the pair-correlation function, andr the number density.
The average bond length of fourfold coordinated atoms
slightly higher (0.04 Å) for model B. Both materials show
a well-defined nearest neighbor peak and a rapid lo
of interatomic correlations typical of a highly disordere
amorphous structure. The splitting in the nearest neigh
peak of model B is due to the slight bond lengt
differences for three and four coordinated atoms. B
taking (either) crystalline phase as reference, we find t
the lower (higher) density model has a relative energy
0.40 eVyatom (0.44 eVyatom) above the crystal. While
one cannot directly connect these numbers to a giv
mode of growth, they show at a minimum that a-GaN
plausible from a theoretical perspective.

The energy density of states around the band gap
shown in Fig. 2 for both models. The size of the highe
occupied and lowest unoccupied molecular orbital gap
roughly constant at 2.8 eV for both models and therefo
independent of the material density. For the particu
set of approximations we use (LDAand a minimal local
basis set), it is probable that our estimate for the gap
somewhatoverestimated[14]. The valence tail is barely
broadened relative to the crystalline state density, wh

FIG. 1. Number density functionnsrd for both 64 atom
models of a-GaN [solid line: model A (higher density); dotte
line: model B (lower density)]. The broadening used wa
0.03 Å.
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FIG. 2. Electronic density of states. The vertical dashed li
is the Fermi level. We can roughly predict an experimen
gap of 2.8 eV for both models, surprisingly independent of t
threefold content. The broadening used was 0.1 eV.

the conduction tail states are significantly broadened
the topological disorder. Some measure of the ionic
of the models follows from our Mulliken populations
which show a typical net transfer of a 0.50 electron fro
Ga to N (with a fluctuation due to disorder of abou
0.1 electronyatom).

It is quite promising that there areno midgap states, as
one would certainly find in models of (unhydrogenate
amorphous Si or a-Ge. By analysis of the electron
eigenvectors, we find that the band tail states (on eith
side of the Fermi level) are significantly localized (a
characterized by inverse participation ratio), with the v
lence tail states mostly localized on threefold N sites a
the conduction tail states largely localized on threefold G
sites.

Comparison of the localization of the band tail stat
for both models shows that tail states are more wea
localized in the lower density material (and more dense
spaced) (see Fig. 3). In contrast, the higher density mo
has fewer but more localized states. This change towa
less localization of the band tail states for the low
density model is expected, since the tail states are due
threefold coordinated atoms. As the number of threefo
atoms increases, their associated localized eigenstates
to overlap and form an impurity band,perhapseventually
even exhibiting a local-to-extended [17] transition for
sufficient density of threefold sites. The remarkable dr
in localization of the valence tail states in the lowe
density model is due to a large density of threefold
atoms with electronic energies nearly resonant, there
producing considerable mixing and thus delocalizati
[18]. In contrast to a-C, for a-GaN we find that a
increase in the threefold fraction in model B does n
result in a smaller band gap, but instead, the density
the band tail states increases.It is therefore probable
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FIG. 3. Localization (inverse participation ratio) of the ban
gap states for model A (top) and model B (lower densit
(bottom). The localization of the band tail states is decreas
by up to50% for the lower density model.

that a-GaN could find use as an electronic material in i
own right, since highly defective models possess no d
gap states and therefore no deep carrier traps—witho
defect passivating H, and exhibit much reduced band t
localization for the less dense model.

We have used approximateab initio self-consistent
density functional methods to model the microstructu
and electronic properties of two models of amorpho
GaN. There are no wrong bonds or odd-membered rin
present in either model, and both models show a lar
state-free band gap, despite the much larger threef
content of the lower density material. The localizatio
of the band tail states is significantly decreased in the l
density model, which should result in a higher mobility
The “simple physics” of this effect is that the creation of
sufficient number of similar defectsin adequate proximity
enables enough mixing or “banding” to yield tail state
which may conduct, at least with some phonon assista
at finite temperature. Additional work on this material
needed: Larger models are desirable, and more accu
(albeit more costly) methods are also worth investigatin
679
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Finally, simulations of doping and transport (using th
Kubo formula and including finite-temperature effects) ar
needed to fully gauge the promise of this material. Th
work argues that any form of a-GaN may have utilit
as an electronic material and, particularly, low densi
phases (compared to the crystal) show special promise
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