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The electronic structure in nitrogen-poor GaAg\, alloys is investigated using a plane-wave pseudopo-
tential method and large supercells. Our calculations give a detailed description of the complex perturbation of
the lowest conduction band states induced by nitrogen substitution in GaAs. The two principal physical effects
are(i) a resonant impurity stat, (N) above thea,(I";;) conduction band minimurimportant at “impurity”
concentrationsx~10'7 cm™%) and(ii) the creation of (L), anda;(X;.) states due to the splitting of the
degeneraté ;. and X;. GaAs levels(important at alloy concentrations~1% or ~10°* cm %). We show
how the interaction o (N), a;(I'1c), ai(Ly), anda,(Xyc) provides a microscopic explanation for the
origin of the experimentally observed anomalous alloy phenon{&t4.63-182609)50440-2

Conventional IlI-V alloys such as Ga,In,As can be (i) The higher energy transitiof, shifts to theblue as
grown in a wide compositiox range, and their electronic the nitrogen concentration is increadedAs pressure is ap-
properties vary smoothly with composition. In contrast, plied, the intensity of this initially weak transition increaSes
mixed-anion nitride alloys such as GaAgN, can be grown and its energy shifts to the blue at a rate similarBo.
in only narrow composition range near the endpoint constituHowever, at high pressures the slope becomes farge.
ents and exhibit anomalous composition dependent elec- Recently, Sharet al.” have noted that the experimental
tronic properties:? Indeed, incorporation of even a small data on the alloysx~1%), including the splitting of the
amount of the alloying species in the host induces dramatispectra intoE_ and E, and the pressure saturation Bf
changes in the electronic properties of GaAdN,, both in  can be rationalized in terms of a two-level anticrossing
the N-rich limit? and in the As-rich limit discussed here. model. Fitting the data to this two-level model explains the
Experiments on nitrogen in GaAs include early stutlies  pressure data both naturally and successfully. However,
impurity limit (x~10" cm%) and more recent studiés®  since the data is fitted, the question is what is the micro-
on alloys (x~1% or ~10** cm™3): scopic identity of the two levels that enter such a model.

In the nitrogenimpurity limit, Hjalmarsonet all® pre-  Shanet al.” chose for these two levels the two lowest con-
dicted from a simple tight-binding model that nitrogen in- duction states predicted by Hjalmarsenal1° for the impu-
duces ans-like, nitrogen-localized resonanag (N) above rity limit: the delocalized GaA®,(I';.) CBM, and the
the delocalized conduction band minimy@BM) a;(I"1¢). nitrogen-induced defect leveal;(N) that is above the CBM.

By applying pressure or alloying with GaP, the conductionThis interpretation conflicts, however, with detailed band
band shifts rapidly upwards exposing tiaig(N) state in the structure calculation¥,™*” which clearly show that in the
band gap. “alloy limit” the lowest state E_ is not a delocalized

In the nitrogen alloy limit, luminescencé®  a;(I";.)-like state as assumed in the two-level mo®but
electroreflectanc®,and photomodulationhave shown un- rather anitrogen-localized state
usual behavior of the two lowest interband transitions: In order to clarify the identity of the low-energy excita-

(i) The lowest-energy transitioB _ shifts rapidly to the tions in GaAs_.N,, we have performed pseudopotential su-
red as the nitrogen concentration is increa5@ds pressure  percell calculations that are able to characterize the states
is applied’® this E_ transition shifts to the blue at a much that control the observed pressure and composition behavior.
slower rate than expected from the linear, concentrationTo model the experimental situation where nitrogen concen-
weighted average of the pressure coefficients of the endpoinitation is very small X<0.05-2%) one needs very large
constituents GaAs and GaN. This pressure behavior is ursupercells ¢ 10° atoms per cellwhich is beyond the capa-
usual, since in ordinary alloysthe pressure coefficient of bility of currently available first-principles calculations. Be-
the band gap is close to the average of the constituents. Asause of this, and because of the well-known local density
pressure is further increased, the energyEof tends to  approximation(LDA) band gap errot® we adopt a different
saturated. Magnetoluminescence measuremé&ntsave fur-  strategy: we fit an empirical pseudopotential to theasured
ther shown that the electron effective-masskof is about  band properties of GaAs and GaN, and to th2A calcu-
twice the value for CBM in GaAs, and that application of lated GaAs/GaN valence band offset. To fit the band-edge
pressure can even further double this value. This contrasgressure coefficients, we use a strain-dependent functional
sharply with ordinary 11I-V systems where the electron ef-form of the pseudopotentidl. The atomic positions in the
fective mass is pressure insensitive. Another striking pecusupercell are determined by valence force fi&léF) model.
liarity of the lowest-energ¥ _ transition is that thd";.-X;. ~ The interatomic positions obtained by VFF and LDA in
crossover, seen in pure GaAs at a pressure of 4.3'&Ba, smaller supercells differ by less than 0.4%. In Table | we see
not seen in GaAs N, alloys (x~1%) even up to the high- that this pseudopotential indeed reproduces well the ob-
est pressure applied(10 GPa)’ served significant reduction of pressure coeffi&érin the
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TABLE I. The pressure derivatives of band-edge states in meV/GPa. The values calculated using the
empirical pseudopotential methd&8PM) are compared with the experimental values and with the values
obtained using the first-principles linear augmented plane-wave method within local density approximation

(LDA).
dE(";c)/dp dELc)/dp dE(Xyc)/dp dET'y5,)/dp dEgap/dp
GaAs
EPM 126 54 -19 14 112
LDA 114 52 -8 16 98
Expt. 106—122
GaN
EPM 29 -4 33
LDA 28 -3 31
Expt. 40°
GaAs; _«N,, x=6.25% (32 atom supercall
EPM 72 18 54
LDA 78 14 64
GaAs; «N,, x=1.6% (512 atom supercsgll
EPM 66 19 46
Expt. 51°¢

aReference 20.
bReference 24.

‘Reference 8 (Gaydno 0gASo.08dN0.019 -

low-nitrogen concentration Gaps,N, alloy relative to  (X~19%) a;(N) is too far to act as a principal source for the
GaAs. Crucial for the present application is accuracy in thdow-energy anticrossing observed by Stetral.” LDA cal-
position and pressure dependence of GaAs, L., and culations restricted to small supercéflzannot access the
X, states: Our method gives 0.3R.45 eV for the I';, impurity concentrations, and therefore have missed the
—L4 (T'1c—X;0) separation, in good agreement with ai1(N) state altogether.
experiment® Table | further shows that the LDA calculated (i) Perturbed host statesSubstitution of N on an As site
pressure coefficients for the Ga&s., L., andX,. states €xerts such a large perturbation that the host crystal states
are well reproduced by the employed pseudopotential, anH1c, L1c, andX;. mix thoroughly, forming new low-energy
that the pressure dependence of the band gap is correctpates. From the point of view of symmetry, substitution at a
divided into contributions from conduction and valence bandl ¢ Symmetry site modifies thE,. statea,(I";), splits the
edges as compared with LDA calculated values. fourfold L, valley into a;(Lc), andty(Lyi) representa-
Figure 1 shows the behavior of the lowest conductiortions, and splits the threefold, . valley into a;(X,.) and
states as a function ofin GaAs _,N, alloy. To analyze the €(Xyc). All a;-symmetric levelsa;(N), a;(I'1¢), ai(Lyc),
identity of the alloy stateg; we expand them in the Bloch anda;(X;c) can interact under the influence of the nitrogen
states{¢,,} of the underlying GaAs, and calculafethe  potential, producing the low-energy states andE. .
spectral projectiofiA,, /|2 given in Fig. 1 forl'y¢, L,¢, and (ii) E_ state Our spectral analysig=ig. 1) shows that at
X;¢ (in percentage Our analysis reveals the following: zero pressure the lowest conduction bdhd is mostly a
(i) a;(N) state In the theimpurity limit (x—0), nitrogen ~ combination ofa;(I";¢) anda;(L,c), with only little contri-
induces a resonant impurity staag(N) inside the conduc- bution from the higher energy, (X;.) state. We see that in
tion band, just as envisioned by Hjalmarsetnall° We find  the alloy regime(right-hand side of Fig. IE _ is a signifi-
that this state exhibits nitrogen localization: nearly half of thecantly perturbed’ ;. state and is thus very different from
charge of thea;(N) state is contained inside the nearest-earlier model§'®which neglected the interaction af(I'y.)
neighbor shell surrounding the nitrogen atom. This localizawith non{" states. Repulsion from these nbna, states
tion in real space is reflected in delocalization in reciprocaldepressek_ , leading to a pronounced redshift with compo-
space, evidenced by the spectral projectimmy 15 % is due  sition (“optical bowing”). For x~1%, the energy oE_
to I'). In the impurity limit (GggsAS,04 N, X~0.05%)  shifts down by~230 meV. This shows that the large band
we find this state to be 180 meV above the CBM, in goodgap bowing observéd’°at smallx is contributed mostly by
agreement with the experimentaistimate of 150—180 meV. the conduction bané: TheI';.— L, interaction is apparent
However, as seen in Fig. 1, the energy of thigN) state in our spectral projections, as seen in Fig.EL: shows a
rises rapidly as the nitrogen composition increases. Thus, ireduced (increasedl I';. (L) character asx increases.
the alloy, which is the subject of all recent studte®, Since thel . electrons have heavier mass than Fhe [for
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FIG. 1. The composition dependence of the energies of the low- a(ly) '
est conduction band states in nitrogen-poor GaAN, alloy. The 121
percentage of’', L, andX character, respectively, for each state is
shown. The thick solid lines illustrate the position of the andE .. S —
transitions. The triply degeneratg(L,.) state is depicted by open 0123 45267829
triangles, while the doubly degeneragéX,.) state is shown by Pressure (GPa)

open squares. o
FIG. 2. The pressure dependence of the band-edge energies in

Ga,Asio N (x~0.8%) alloy. The percentage bf L, andX char-
, _ I B n acter for each state is shown. The thick solid lines illustrate the
GaAs we flndme(Flc) N 0.08, me(,Llc_) =013, mg(Lyc) . position of the experimentally observéd andE, transitions. The
= 1.51], we find that nitrogen alloying increases the effectiveyipy degenerate,(L ,,) state is depicted by open triangles, while

mass of theE_ state, in agreement with experimental the doubly degenera(X,,) state is shown by open squares.
observation$? This is in contrast with conventional alloys

(e.g., InGaAsg where alloying does not promote significant

I'—L mixing. Thel’—L mixing (delocalization in reciprocal = statei to the VBM, is directly proportional to the percentage
spacg indicates localization in real space: Unlike conven-of thel" character of the conduction stat& herefore, in Fig.
tional CBM states that are delocalized, tle state in 1 we see that in the “alloy” regime there are three levels that
GaAs Ny alloy is localized(around the Ga atoms nearest could serve as a transition source to VBMy(I';.),
to nitrogen). The localization suggests that electron diffusiong, (L,.), anda;(N). However, our calculations show that
lengths must beintrinsically short in GaAs _,N, alloy.  the position ofa;(I';.) is not sensitive to the configuration
However, despite the short-range localization around nitropf nitrogen atoms in the supercell, while the relative position
gen sites, far away from nitrogen tlie  state has extended of a,(N) anda,(L,.) varies strongly depending on the po-
character. This long-range delocalizationf suggests a sition of nitrogen atoms in the anion sublattice. Therefore,
nonvanishing Hall mobility. we suggest that while thE_ transition originates from a
(iv) E. state The E, state starts out at the nitrogen im- single state formed by hybridization ef(I';.) anda; (L)
purity (x—0) limit as ana;(N) impurity state, but as the (shown by the thick solid line the observedE . transition
nitrogen concentration increases, it acquiigfl;c) charac-  originates from a configuration weighted average of the
ter. At the impurity limit (x~0.05%) the coupling between a,(N) anda,(L,.) levels. In Fig. 1 we estimate the position
ai(Lic) and a;(N) pushes thea;(Li;) energy above of E, (shown as upper thick solid line@s a weighted aver-
ta(L1c). However, thist,—a; splitting remains small13  age of the two levels based on th&ircharacter. Note that
meV). When the nitrogen concentration increases, the energyhen a,(N) anda,(L,.) are far apart in energy, this esti-
of the resonant state;(N) increases rapidly, and its cou- mate tends to overestimate the positiorEaf. We find that
pling with a;(L;.) leads to the lowering of the energy of with increased nitrogen content tivcreasein E., is linear
ay(Lyc). Figure 1 shows thad,(L;c) remains dominantly and nearly equal to the decreasefn, in agreement with
L-like (90%—61%) with increasingl’ character (0% experimenf
—30%) asx is increased. Whilea;(L,c) exhibits a weak (vi) Pressure effectsigure 2 shows the calculated band-
localization around nitrogen at the impurity limit, at Iarger edge energies as a function of pressure "12@35127'\‘ (X
concentrations this state becomes more delocalized as evi-0.8%). It also shows th&, L, and X character of each
denced by the highdr content. state as a function of pressure. We observe the following.
(v) Transition probabilities We find that the dlpole tran- (a) As pressure increases, the state experiences repul-

sition matrix eIementI:<z//i|ﬁ|L,/;VBM>2 from conduction sion from two sources. Initially, thé' (L) character ofE_
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state decreasegincreases due to the anticrossing with 2. This result provides a successful explanation for the ex-
a;(Lq) anday(N). At higher pressures, thE—L interac-  perimental pressure data by Wolfoed al3

tion becomes less important and is replaced by repulsion (c) As pressure is applied, the transition probabilitg-
from thea,(X,.) state, as evidenced by the rapidly increas-flected by thel' character for E_ decreases while that for

ing X character of thé=_ state. The pressure coefficient of £, increases. Thus, whilE_ is the dominating transition at
the transition betweek _ and the VBM starts from 63 meV/ low pressures, this role is shifted EJ,L at h|gh pressures, in

GPa atp=0 and declines to less than 10 meV/GPa as theygreement with the experimental observatibns.

pressure increases 5 GPa’ thus reproducing the ex- (d) T—X crossing in bulk GaAs at 4.3 GPadoes not
perimental observatiorfsSince the electron effective mass at oceur in GaAs_,N, alloy due to two reasons: First the in-
N, :

Xic IS considerabl;H/ larger than zItli [for GaAs, we find creased separation & to a;(X,.) atp=0 and second the
m?(_l“lc)=0.08, me(ch).=0.25, me(x,lc)zl,'sq]: thg reduced pressure coefficient of tRe state[repulsion from
mixing of X, character intdE_ results in a significant in- a,(Xyo) anday(Ly,) states

1 * H . C C 3
crease inm'(E_) as a function of pressure, as seen in In summary, we find that nitrogen substitution in GaAs

; 2
experiments: leads to a complex perturbation of the lowest conduction

(b) As pressure is applied, bot(N) anda(L ) shift band states. Our calculations provide a detailed explanation
nearly linearly up in energy. The pressure coefficient for

their I'-weighted averag&, has a small value of 60 meV/ for .the microscopic.origi.n of the numerous anomalous ex-
GPa at small pressurdsimilar to E_) but increases to a perimental observations in GafsN, alloys.

value ~100 meV/GPa at higher pressure. We further note

that at small nitrogen concentratiotiSmpurity limit” ) the This work was supported by the U.S. Department of En-
pressure dependenceajf(N) is similar toE ;. shown in Fig.  ergy, OER-BES-DMS Grant No. DE-AC36-98-G0O10337.
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