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Band structure of In,Ga; _,As; _yN, alloys and effects of pressure
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In,Ga _,As; _yN, is a semiconductor alloy system with the remarkable property that the inclusion of only
2% nitrogen reduces the band gap by more than 30%. In order to help understand the physical origin of this
extreme deviation from the typically observed nearly linear dependence of alloy properties on concentration,
we have investigated the pressure dependence of the excited state energies using both experimental and
theoretical methods. We report measurements of the low-temperature photoluminescence of the material for
pressures between ambient and 110 kbar. We also describe a density-functional-theory-based approach to
calculating the pressure dependence of low lying excitation energies for low-concentration alloys. The theo-
retically predicted pressure dependence of the band gap is in excellent agreement with the experimental data.
Based on the results of our calculations, we suggest an explanation for the strongly nonlinear pressure depen-
dence of the band gap that, surprisingly, does not involve a nitrogen impurity [01563-1829)03731-5

A semiconductor alloy system, J8a& ,As; (N, has perature than ammonia and has a vapor pressure of approxi-
been identified as a key candidate material for high-mately 110 torr at 18°C. Unintentionally doped
efficiency multijunction solar cefls and also for long wave- In,Ga, _,As; (N, wasp type. InGa _,As; N, films for
length laser systenis The introduction of small amounts of Hall and optical measurements were grown on semi-
nitrogen (~2%) in GaAs greatly reduce8 the band-gap insulating GaAs orientated 2° offl00) towards(110). Lat-
energy, with reductions approaching 0.5 eV. With the approtice matched §a/a<8x 10" *) films were grown at 600 °C
priate ratio of indium to nitrogen concentrations, and 60 torr using a V/ll ratio of 97, a DMHy/V ratio of 0.97
In,Ga _xAs; N, can be lattice matched to GaAs. Lattice and a TMIn/lll ratio of 0.12. The growth rate was 10 Als.
matching allows the design of multijunction solar cells with- These conditions resulted in films with an indium mole frac-
out the inherent problems found in strained cells. Of primetion of 0.07+0.005 and a nitrogen mole fraction of 0.022
importance is the role of the nitrogen isoelectronic at¢th: ~ +0.003. The composition was determined by calibration
What is the origin of the large band-gap reductig@?Are  growths of GaAs; (N and InGa, _,As along with double
the states extendgthandlike or localized(impuritylike)? In  crystal x-ray diffraction measurements. The nitrogen compo-
order to answer these questions, a better understanding of tis#ion of bulk films was also confirmed from elastic recoil
electronic properties of this type of alloy system is required detection measurements. A significant increase in photolumi-

In the past, both first-principlésand empiricdl theoreti-  nescence intensity was observed from these films following a
cal treatments for this material system have concentrated apost-growth anneal. Ex-situ, post-growth anneals were car-
understanding the dependence of the band-gap energy @ied out in a rapid thermal anneal system under nitrogen
nitrogen composition. In this paper, we present pressure detsing a sacrificial GaAs wafer in close proximity to the
pendent photoluminescen¢BL) data together with a first- In,Ga _,As; N, sample. The photoluminescence intensity
principles local density approximatidhDA) calculation for ~ was a maximum for samples annealed either at 700 °C for 2
the band structure and its pressure dependence. It will bmin or at 650 °C for 30 min. Similar results have been re-
shown that, while it is well known that band-gap energiesported by Raoet all® Transmission electron microscopy
calculated by the LDA method are not accurate, the predictetheasurements indicate that the samples are random and no
pressure dependence of the band-gap energy is in excelleevidence for clustering or phase separation was obsetved.
agreement with experiment. Similar observations have been The pressure was generated using a small BeCu piston-
reported for silicor’. Because of this good agreement, thecylinder diamond anvil cell, 8.75-mm diameter and 12.5-mm
character of the states is accurately described and we al$wight'? Methanol, ethanol, and water in a ratio of 16:3:1
have confidence that this technique could be useful for unwas used for the pressure meditiihe shift in the fluores-
derstanding the properties of other low-concentration alloycence of a small chip of ruby placed in the pressurized vol-
systems. ume was used to calibrate the pressuré & with an accu-

The structures were grown in a vertical flow, high-speedracy of + 0.5 kbar'* A single 600xm diameter optical fiber,
rotating disk, EMCORE GS/3200 metalorganic chemical va-butted up against one of the diamonds, brought the 1 mW of
por deposition reactor. The J8a _,As; (N, films were  5145-nm wavelength laser power to the sample and also col-
grown using trimethylindium, trimethylgallium, 100% ars- lected the PL signal from the sample. A beam splitter system
ine, and dimethylhydrazine. Dimethylhydrazine was used awas used to direct the PL signal to an optical monochro-
the nitrogen source since it has a lower disassociation tenmator. Depending on the band-gap energy, two liquid-
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FIG. 1. Experimentaldoty and theoreticalsolid line) depen- FIG. 2. First-principles local density approximation calculation

dence of the band-gap energy shift versus pressure at 4 K for 2¢er the band structure for 3.3% nitrogen,@g _,As; _ N, alloy.
nitrogen in InGa _,As; _ N, . The dotted lines are the calculated The solid lines, top to bottom, are respectively the conduction and
pressure dependencies for the G&A4., andX points. The vertical ~ valence-band states.

axes are offset by the respectivg®s _,As; _,N, and GaAs band-
gap energies. The inset shows the 4-K ambient pressure photolu
nescence spectrum.

msimulate the effects of pressure, and for each cell, the ionic
positions were relaxed using first-principles forces until the
residual forces were less than 20 meV per A . In all cases, we
nitrogen-cooled detectors were used to detect the PL signdlound that the nitrogen atom remained in the symmetric po-
For low pressure regimes, where the band-gap energies wesgtion during relaxation. In order to compare to experimental
near or below 1 eV, a NORTH-COAST EO-817L Ge- data, which is taken as a function of pressure alninitio
detector was employed, while at higher pressures, a standacdlculation of the system pressure was performed. We have
charge coupled devid€CD) array was used. A typical low- investigated supercells with the following stoichiometries:
temperaturé4 K) PL spectrum near 1.15 eV is shown in the Gag,As3iN, GasAsgN, GaggAsioN, and GaygAsioN.
inset of Fig. 1. The pressure dependence of the band-gaphese cells correspond to nitrogen concentrations of 3.13,
energy shift data, as measured by the peak of the PL spe¢-56, 0.93, and 0.78 %, with the nitrogen atoms ordered in
trum, is shown in Fig. 1 as solid circles. The pressure dataimple cubic, fcc, bce, and simple cubic lattices, respec-
ranged between ambient and 110 kbar. The solid curvévely. In contrast, the nitrogen atoms in the experimental
drawn through the data is discussed below. For comparisogystem are believed to be nearly randomly distribdted.
between the fGa, ,As, N, data and bulk GaAs, the cal- However, we found that calculated band structures of our
culated pressure dependencies for the G&AsL, and X  supercells were qualitatively similar despite their differing
bands are shown as dotted lines. The calculated pressure cmmetries, indicating that that the N atoms interact weakly
efficients for these GaAs bands are in good agreement witlvith each other at these low concentrations. Therefore, we
experiment® As can be seen in Fig. 1, the pressure dpenbelieve that our artificially ordered supercells provide an ad-
dence of the IgGa, _,As; N, band-gap energy is radically equate model of the near-band-gap electronic structure of the
altered with the addition of a smdalk%) amount of nitrogen. disordered experimental system. Likewise, we have ignored
In order to model the Ga ,As; N, system, we used the presence of In in the experimental systéswcept for
the Viennaab initio simulation packadé (VASP) to per- indirect effects due to the change in lattice constant, as will
form first-principles electronic structure calculations basede discussed below This is justified since experimental
on the Kohn-Sham density-functional theory with plane-studies of InGa, _,As alloys indicate that the low concen-
wave basis sets, ultrasoft pseudopotentialand the local tration of indium found in the experimental
density approximation for the exchange-correlation funcdn,Ga,_,As;_,N, system has a small effect on the electronic
tional. In construction of the pseudopotentials, the Ga 3 propert|es°’
electrons were treated as valence electrons in order to accu- Figure 2 shows a representative band structure for the
rately represent any effects of a near resonance with the N 23.13% system. It should be noted that the band structure is
level that has been observed in GENWe modeled the plotted with respect to the Brillouin zone of a 64-atom cell.
In,Ga _,As; N, system in the experimentally relevant Since the nitrogen substitution breaks the symmetry of the
concentration range using a series of supercells of thenderlying zincblende structure, there is no uniquely defined
zinchlende GaAs structure each with a single As replaced bway to “unfold” the band structure into the Brillouin zone
a N. The lattice constants of the supercells were varied tof the primitive 2-atom zincblende unit cell. The high-
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symmetry points of the primitive GaAs cell fold into the

point of the 64-atom cell, and therefore in the presence of : LR T -3
real symmetry breaking terigsuch as produced by nitrogen 16 -
substitution, we can expect interaction between the resulting 14 _
levels. The valence band and the conduction band are ind ) ,
cated with a heavy solid line. The conduction band is well 1.2 _:
separated from the other bands throughout most of the Bril < ]
louin zone, and it is quite dispersive with more than 1 eV of 2 1.0 -
bandwidth. Likewise, the bands above the conduction ban (>5 ]
show a substantial amount of dispersion, and there is n g 08 ]
evidence of a flat impuritylike band anywhere above the con %—' b
duction band. The absence of a nitrogen derived impuritylike ;3 06 [~ .
state is supported by a decomposition of the wavefunction C ]
in terms of atomiclike orbitals, which shows that the conduc- 0.4 - 7
tion band has about 5% of its weight on the nitrogen atom C ]
which is by far the highest fraction of any of the bands above 02~ -
the gap. The calculated band gap is only 0.12 eV, while the C ]
experimental band gap is of order 1 eV for this concentratior OOl L 1w I
0 50 100 150 200

of N. This large error in the band gap is a well-known prob-

lem of the LDA. A central result of this paper is that despite PRESSURE (kbar)

this large error in the absolute magnitude of the band gaf

the changein band gap with lattice constant is in excellent ) .

agreement with experimefsee Fig. 1 FIG. 3. Theoretical pressure dependence_ of the conduction
Figure 1 compares experimental data to results of our the2"ds near the band-gap minimum for 2% nitrogenASa. NN

oretical model. The agreement between theory and experfé'(')‘i’riggedgﬁ:ﬂigsnc;iﬂ?;zgn%ng tt:;reet ;zg;Zﬁ tsr :zg:;?;
ment is excellent. In order to make a meaningful comparlsonThe figure shows the avoided crossing betweenXhand L-like

some nontrivial qnaly's,ls'of the thgoretlcal palpulatlons 'S "€hands as well as the repulsion between lfheand X-like bands.
quired. The basic principle of this analysis is to treat the
lattice constant and N concentration as independent vari-
ables, while the band gap and pressure are treated as dep&@ns of the electronic statése., conduction-bandlike states
dent variables. The dependent variables are then shifted @re occupied, while valence-bandlike states are unoccupied
remove known LDA errors. In order to obtain results appli- producing a significant error in the electronic charge density.
cable to the 2.0% experimental nitrogen concentration, thén this regime of strongly negative LDA band gaps, we are
band gap and the pressure are linearly interpolated betwearot confident that our simple LDA-based approach to com-
the results of 128-atomil.56% N and 64-atom(3.13% N  puting the pressure dependence of excited state energies
supercells for each lattice constant. Then, results obtained abuld be applied fruitfully.
the experimental lattice constant of GaAs are taken as the A remarkable feature of Fig. 1 is the strongly nonlinear
referencgassumed to correspond to the experimental zero oflependence of the gap on the pressure. This is in marked
pressurg and we plot the change in band gap against theontrast to the parent GaAs material and provides additional
change in pressure. This procedure compensates for two wedlidence, beyond the large reduction in the band gap, that a
known errors of the LDA{1) The band gap is severely un- few percent of nitrogen is producing remarkable changes in
derestimated, as discussed abd®.The lattice constant is the material. In order to understand this nonlinearity, it is
underestimated by about 1%. The second error may seem tecessary to study additional bands above the conduction
be insignificant compared to the errors in LDA results forband. Figure 3 shows the theoretical pressure dependence of
some other quantities, but it corresponds to about a 20-kbdhe I'-point energies of several additional bands treated with
error in pressure, which is significant on an experimentathe same analysis that was used for the conduction band in
scale. Since the experimental GaAs lattice constant is useéfjg. 1. Eight energy bands of the system are shown, but these
this procedure also helps to implicitly compensate for nefall into five degenerate groups. The figure shows three sin-
glecting the In, which is added to the experimental system taglet states(filled circles, a doublet(open squargs and a
match the lattice constant to that of GaAs. triplet state(open triangles

The approach described here could prove useful for simi- A common origin of nonlinear behavior of energy levels
lar systems. However, we believe that a reason for the su@s a function of a paramet&uch as pressurés band repul-
cess of our approach is that, with the exception of the largestion. Band repulsion results from the mixiglgybridization
N concentration at the largest lattice constant, all of ourof bands in the same representation of the crystal symmetry
model systems have a positive band gap. Previous firsgroup in such a way that level crossings are replaced with
principles calculations for the Gas;_,N systend have nonintersecting horizontal curves separated by a gaplike re-
used high nitrogen concentrations in order to obtain smallegion. In Fig. 3, the highest singlet on the left and the triplet
model systems, which are computationally less demandingn the upper right bend downward due to repulsion from
At these higher concentrations, the LDA band-gap error is sbigher energy bands that have been omitted from the figure
severe that computed band structures do not have a band gap.order to improve its clarity. Whether the upper two sin-
This artificial band-gap collapse leads to unphysical occupaglets cross or repel at about 80 kbar cannot be determined
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from the limited number of points that we have calculated,L-derived singlet rises faster than the conduction band
but if they repel, the effect is not very strong. We have cho-throughout the studied pressure range, and we do not see the
sen to show the bands as crossing in order to aid the eye upward curvature that would be expected if it was repelled
following their relationship with the doublet and the triplet. by the conduction band. Therefore, we believe that repulsion
These assignments were chosen by comparing our results fpetween the_-derived singlet and the conduction band con-
various nitrogen concentrations with results for pure GaAgriputes at most a small amount to the nonlinearity of the
with the appropriately folded Brillouin zone. This compari- conduction band. In contrast, Fig. 3 demonstrates almost
son also allows useful, but nonrigoroqs, assignments_ of thesxtbook repulsion between thé-derived singlet and the
low-energy GgAs, N bands at thé" point to special points  nquction band at pressures over 100 kbar, and it is likely
of the primitive 2-atom GaAs Brillouin zone that are folded v+ yhis repulsion continues to lower pressures, even though
into thel pomt. Fpr the bands shown in Fig. .3' WE Propos€inq effect is obscured by the additional repulsion between the
the following ass_lgnments(1) The bottom singlet corre- X-derived singlet and a higher state. Based on these obser-
sponds to thé" point of the fundamental celi2) The second vations, we propose that repulsion from tKelerived singlet

singlet on the left hand sidéhe third singlet on the right is the chief cause of the experimentally observed nonlinear
plus the triplet correﬂory loa split quartet formed from thedependence of the band gap on pressure. Based on the above,

ﬁ]lé-é)i(r)]iglt:t(i)llu]i ' t(hlel jz)’uga}eltlc):bfrggp(g r?clj)t.o@; l,-ghet rt?ig]lzitn(;on we conclude that the nonlinear dependence of the band gap
sisting of the three&X points (100), (010), and (00D). In re- on pressure does not result from localized nitrogen states.

. . inally, we note that our results are consistent with recent
gions of band repulsion, for example, the character

of . .
. . . flectance measurements, which show some of the predicted
different bands becomes mixed, and thus these assgnmerﬁ%her energy stalie?é'zz whl W predi

should not be taken too literally. However, we feel that they
provide useful labels and help in interpreting the data. This work was supported in part by the Division of Ma-
With one exception, all of the bands within a few eV of terial Science, Office of Basic Energy Science, U.S. DOE,
the gap are observed to regain the degeneracies of pure GaNe. DE-AC04-94AL85000, the National High Magnetic
to within of a few hundredths of an eV by the time our Field Laboratory, which is supported by NSF Cooperative
largest cell(0.78% N concentrationis reached. The excep- Agreement No. DMR-9016241 and by the State of Florida,
tion is theL-derived singlet, which remains split off from the and by a grant of HPC time from the DoD HPC ARL and
triplet by about 0.1 eV. This suggests that this singlet mayCEWES Major Shared Resource Centers. @heénitio total-
evolve into the impurity state observed at very low N energy and molecular-dynamics package VASRnnaAb
concentration$®?° However, as mentioned above, this stateinitio Simulation Packageand the corresponding ultrasoft
does not act like an impurity state at the technologicallypseudopotential database were developed at the Institute fu
interesting concentrations around 2%. Furthermore, th&@heoretische Physik of the Technische Univeiséen.
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