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Band gap engineering in amorphous Al ,Ga;_,N: Experiment
and ab initio calculations
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Amorphous alloys of aluminum nitride and gallium nitride deposited at 100 K at compositions
ranging from pure AIN to pure GaN with optical band gaps which vary linearly with composition
from 3.27 eV(a-GaN) to 5.95 eV(a-AIN) have been synthesizedb initio molecular dynamics
calculations for these alloys reproduce the band gap versus composition data and give specific
information on the electronic localization of the band tail states. There are no midgap states in
amorphous AlGa _,N alloys. The calculated models have mixed four-fold and three-fold
coordination and have no wrorfgomopolar nuclearbonds, demonstrating the strong ionicity in
amorphous AlGa N alloys. It has been found that the valence band tail states are mostly
localized on the three-fold coordinated N sites while the conduction band tail states are mostly
localized on the three-fold coordinated Ga or Al sites. 2800 American Institute of Physics.
[S0003-695(100)02434-1

The crystalline nitride semiconductors are used for manysition is determined from the equivalent thicknesses of each
photonic applications, most notably light emitting diodes innitride component as determined from the thickness monitor.
the green to blue visible spectral ranfeThe crystalline The absolute composition of these alloy fims has been
AlGaN alloys also are used for light emitters at intermediatechecked by rutherford backscattering spectroscopy, as re-
colors. The crystalline AlGaN alloys, grown by metalorganicported in Refs. 5 and 6. The optical band gap is measured
chemical vapor deposition, for example, are known to have aith a spectrophotometer. This procedure has been used for
nearly linear relationship in composition versus band gapthe pure amorphous films and reported in Refs. 5 and 6.
with values ranging between 3.42 eV for GaN and 6.2 eV forTypical parameters for film growth are as follows: For the
AIN.3* Amorphous AIN and GaN have been grown usingAl, Ga targets: gas ratio 80:20, nitrogen to argon, Al direct
reactive sputtering at 100 ¥ Both of these materials are current(dc) power 80—150 W, Ga radio frequen@y) power
easily grown in standard, scalable, commercial sputteringl0—100 W. Films have been deposited or(08i) and
system. The most critical aspect of deposition is the coolingyuartz. For the Al and GaN targets: gas ratio 50:50, nitrogen
of the substrate. The properties of amorphous GaN have bees argon, Al dc power 100—200 W, GaN rf power 50—120
calculated usingb initio methods in Refs. 7 and 8. Surpris- W. Eilms have been deposited on glass, quartz, af@D$i
ingly, amorphous AlGaN materials, like their crystalline |n the GaN target series, some films were codoped with Er
counterparts, are transparefite., there is no midband gap for luminescence purposes, see Refs. 5 and 6.
statg, and are therefore useful as hosts for optically active  \we applied an approximate self-consistahtinitio mo-
dopants and possibly for electronic purposes. In this letter Weacular dynamics approach based on the density functional
will show experimentally that alloys of amorphous theory with local density and pseudopotential
AlxGa 4N also exhibit a nearly linear relationship between approximations:*° The basis functions are slightly excited
band gap and metal compositioAb initio calculations for  pseudoatomic orbitals. In our calculations, the minimal basis
the band gap engineering that support the experimental daigith ones and threep orbitals was employed per site. This
and provide insight to tail states are also presented. approach has been extensively applied in the calculation of

The amorphous films are grown with a reactive sputteramorphous alloy$~*% and reproduces all the essential fea-
ing technique described in Ref. 5. The films are depositedyres of band structures of wurzite and zinc blende of GaN
onto a liquid nitrogen cooled substrate which reaches 100 gng AIN' in the near band gap in agreement with more
during deposition. The pure films have been grown by reacaccurate local density approximation calculatiéhs.
tive sputtering of a liquid gallium target, a pure aluminum  \ye constructed five initially random 216-atom models
target, and by argon ion sputtering from a pressed-powdegr Al Ga, N alloys, with the Al fractionx being 0%, 25%,
GaN target. The alloys are grown by simultaneous sputteringno, 759 and 100%. For each cell, the first 4.4 ps molecular
of the Al and Ga sources, or the Al and GaN sources. Thgynamics simulations were performed for the initial random
relative composition is determined by regulating the poweronfiguration at the temperature of“K0. The network was
to each sputtering source, and the composition is monitoregha, equilibrated at 8 10°K and then 6<10°K, each for
during growth by individual quartz crystal thickness moni- 5 5 ps, respectively. Slow dynamical quenching was per-
tors facing each of the targets. In practice, the alloy compogmed to fully relax the system to zero temperature. The
simulation was done at constant volume. Charge transfer was
dElectronic mail: kordesch@helios.phy.ohiou.edu calculated self-consistently in the simulations, which is es-
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7.0 culated band gap for end point pure amorphous GaN and
._Eif.f:f:ﬁeﬁfcl"m" AIN is 4.62 and 7.24 eV, respectively, while the experimen-
Aexperiment 2 tal results are 3.27 and 5.95 eV. The calculated results are
~ 60 1.4 eV larger than the experiment. Thus we are able to reli-
% ably calculate the variation of the electronic bandgap energy
250 oo U 4 as a function of Al composition. Figure 1 shows the theoret-
oy AA ical calculated bandgap shifted downwards by 1.4 eV.
5 O Figure Za) shows the electronic density of stafeEDOS
4.0 A for a specifically chosen composition of amorphous AlGaN
alloys, the ALGagN. The EDOS exhibits a large, state-free
gap. No midband gap state appears. Therefore, no deep car-
3'00,0 02 0.4 0.6 0.8 1.0 rier traps exist, which is consistent with the experimental

Al composition observation. In addition, the CB edge displays more tailing

FIG. 1. The band gap engineering of,8lg _,N alloys vs Al composition than the VB edge. For |ncr§as!ng Al 9°m,em’ it is found that_
x. Thed, A, andO are experiment results, in which are grown from Ga  the band gap opens up as indicated in Fig. 1. The electronic
metal and Al targets, and. are grown from GaN and Al targets. The solid |ocalization of band tail states is estimated by the inverse
circles@ are fromab initio calculations. participation ratio ofg,(e;) :2[:1: 1Q(n,€i)2, wheren ande;

o ) o o ) denote the number of atom and the eigenvalue, respectively.
sential in modeling these significantly ionic materials. A completely localized state is described gy=1, and a

Figure 1 shows the band gap engineering of two sets ofgmpletely delocalized state = 1/N. The electronic lo-
Al,Ga,_N alloy film data versus, the Al composition by cajization of amorphous AjGaN is illustrated in Fig. 2b).

tbhot? tixp%rlmdental angbtlnltlg czlcglattlr?ns. Itt_ ce}n b? sle(;-[,\'n It is also observed that the location of the VB edge is weakly
at the band gaps determined by theoretical calculalionzg qitive to the Al composition fraction. An analysis of the

show a small downward bowing behavior. The average SIOpgtructural models demonstrates that no wrong bonds, i.e.

of band gap versus by theoretical calculations is around homopolar nuclear bonds, are present. It also implies that
0.026 eV/% Al composition. While the slope of the band gap P ' b L P
amorphous AlGa, _,N alloys are strongly ionic. Further-

versusx measured by experiment is around 0.027 eV/% Al . , )
ore, we did not observe any five-fold sites: only three-

composition. The calculated results are in good agreeme .
with preriment g g coordinated defects are present. We found that the number of
) three-fold defects in ouab initio calculations decreases with

For our amorphous AGa _,N alloys, we define the 8 . ) :
band gap as the difference between the mobility edge locatdgCcr€asing Al composition for the five models. The VB tail

at both conduction bantCB) and valence bantVB) edges states are mostly localized on the three-fold coordinated N
(see Fig. 2 By this definition, we find that the calculated Sites, and the CB tail states on the three-fold Al or Ga sites.
amount of 1.4 eV for both amorphous GaN and AIN. This isgest that the coordination of both cation and anion sites is
consistent with a recerdb initio calculation of crystalline remarkably variable, and implies that the amorphous IlI-N
wurzite and random GaN and AIN.We found that the cal- alloys are quite different structurally and electronically from
their crystalline counterparts. Despite these significant differ-

60.0 : : ences, the amorphous nets never exhibit deep traps and have
(a) large gaps with moderate bandtailing. These materials have
400 proven utility as a host for rare-earth photonic devices and
2 the robust lack of midgap states suggests their possible ex-
/R 200 ploitation as an electronic material. Clearly the latter goal is
) far from certain, but these amorphous wide gap materials
[/\/\_/\r/ have special advantageé4) a natural tendency to a state free
00,00 50 0.0 5.0 gap without hydrogenation, a situation quite different than
that for Si or diamond and?) these materials might be able
0.4 to accommodate growth on a variety of substrates. As a final
(b) note, our work offers another hint about the surprising effec-
03 tiveness of crystalline 1lI-N materials in the presence of de-
& 02 fects. In a crude sense our amorphous nitrides are exceed-
= ingly defective (from the perspective of the crystalline
0.1 phasey yet even here there is a wide state-free gap. It leads
00 \“ﬂm‘ us to speculate that even in the crystalline systems there may
210.0 -5.0 0.0 5.0 be remnants of the amorphous phases we report here and
Energy (eV) these would not be easily differentiated from the crystal, at

FIG. 2. (a) The electronic density of state of #Ga N alloy. The Fermi least optically.

level is —1.2534 eV. The broadening factor is 0.05 &%) The electronic . .
localization (inverse participation ratjoof amorphous AjGaN alloy of This work was funded by the Office of Naval Research

the band gap state. through Grant No. N00014-99-1-0975.
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