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GaAs:N vs GaAs:B alloys: Symmetry-induced effects
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Electronic structure of GaAs with a 3% addition of B and N is studie@lbynitio molecular dynamics. We
find that the influence of B on the band gap and on its pressure dependence is weaker than that of N.
Hydrostatic pressure strongly reduces the oscillator strength of the fundamental transition in GaAs:B, but not
in GaAs:N. Group-theoretical analysis shows that the differences are symmetry induced, and stem from the
different substitution sites of Bcation sublatticeand N (anion sublattice For both alloys we find an addi-
tional optical transition at about 0.5 eV above the band gap involving a state derived_fanits features
agree with these of thE , transition in GaAs:N.
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GaAs:N alloys with a small content of nitrogen are re- choice the substitution of one host atom by B or N corre-
ceiving a considerable interest due to potential applicationsponds to the alloy composition of 3.1 at. %. The experimen-
in the fabrication of infrared diode lasers and efficient mul-tal lattice constants of the end compounds were assumed,
tijunction solar cells. Experimentally, adding a few percenttogether with the alloy lattice constants chosen according to
(typically, 0.5 to 3 of N to GaAs leads to unexpectedly deep Vegard’s law. Pressure dependence of the lattice constants
modifications of the electronic structure. The most importanwas calculated based on Murnaghan equation of state. Com-
one is the reduction of the band ghy; this indicates a pared to experiment, the values of the band gaps of GaAs at
strongly nonlinear dependence of the band gap on the allol/, L, andX are underestimated by almost the same amount,
composition(bowing), since the band gap of GaN is larger 0.6 eV, which is a well-known consequence of the local den-
than that of GaAs by 2 eV. Further anomalies include nonsity approximation that we use.
linear pressure dependencies of the band"§apd high val- The obtained results are summarized in Table I. We com-
ues of the electron effective mass. pare first the effect of alloying by B and N on the fundamen-

Recently, GaAs with 1-3 at. % of borgand the lattice tal band gapE,. The calculations correctly reproduce the
constant matched to Gapbkas been examindas another experimental findings: the change of the band @afative to
candidate for infrared applications. Since B, like N, belongsthat of pure GaAsinduced by 3% of B vanishes within the
to the second row of the Periodic Table, a comparableéccuracy of the calculatiotS while the presence of 3% of N
B-induced impact on the electronic structure could be exteduces the gap by 0.47 éYFrom Table | it follows that
pected. However, the experim@fithas revealed that this is most of the difference involves effects of structural relax-
not the case: the B-induced reduction of the band gap igtions. In fact, atomic displacements around the impurity are
small, and the pressure dependence of the band gap is almastry similar in both systems, and consist in a symmetric
linear up to 6 GPa and close to that of pure GaAs. decrease of the bond lengths with nearest neighAdrby

To understand differences between the two alloys, webout 12%. However, their impact on the electronic structure
have performedab initio calculations of their electronic is the opposite: in GaAs:B the relaxation opens the gap by
structures. We have analyzed three issues investigated e®-01 eV, while in GaAs:NRefs. 17 and 18it closes the gap
perimentally in detail, namelyi) the dependence of band by 0.30 eV.
gaps on the chemical composition afid on hydrostatic In order to analyze the relaxation-induced effects, we
pressure, as well &i) the optical properties of both alloys. have projected wave functions from the bottom of the con-
We find that the different reduction of the band gap induceduction band onto atomic orbitald The analysis of the con-
by B and N is mainly due to a different impact of the lattice duction states shows that effects of electron transfer induced
relaxation. Next, the different pressure dependencies of thky the lattice relaxation act in opposite way in the two sys-
gap of GaAs:B and GaAs:N originate from symmetry-tems. In the case of GaAs:B, the lattice relaxation reduces
induced effects, and stem from the different substitution sitethe contribution ofs orbital of B from 17% to 7%.(For
of B and N. Finally, the calculated optical absorption in bothcomparison: in ideal GaAs the bottom of the conduction
GaAs:N and in GaAs:B is similar: in both cases we find anband is composed of 49% af{Ga) and 51% ofs(As).*°
additional strong transition at about 0.5 eV above the fundaConsequently, in a 64-atom unit cell, the contribution of
mental edge at zero pressure, forbidden in pure GaAs. Suchs§Ga) of one Ga atom to the bottom of the conduction band
transition has been observed in GaAgN.As we find, the is 1.5%. In contrast, in the case of GaAs:N the relaxation
transition involves a conduction state derived frdm,, increases the contribution &(N) from 9% to 12%. The
which is not localized on nitrogen. electron transfer is one of possible sources of the calculated

The calculations have been performed using quantum mdand-gap changes. For example, since the energyN is
lecular dynamics®'* We have employed the standard lower than that o(Ga), the increasing contribution efN)
pseudopotentials. The cutoff energy of 30 Ry for the plane to the bottom of the conduction band decreases its energy,
wave basis set was sufficient to obtain convergent results. Wend reduces the band gap. The opposite effect occurs in
have also used large unit cells with 64 atoms; with thisGaAs:B. Furthermore, the analysis has revealed that the only
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TABLE |. Effects of atomic relaxations around substitutional B and N in GemE{:)e' is the band-gap change induced
by the change of the bond lengt between the impurity and its neighbors. Q is the contribution o&timapurity) orbital
before —rel) and after el) the lattice relaxatione is the contribution of the.,. to a;(I';.).

AEy (eV)  AEF'(eV) Al (%®) Q%) Q%)  a" (Li) (B)  a™(Ly) (%)

GaAs:B —-0.11 0.01 10 17 7 1 20
GaAs:N —0.52 —0.30 14 9 12 38 31

conduction state with an appreciable localization on the niof the origin from anion to cation interchanges the symmetry
trogen atom is the bottom of the conduction band. In particuof these two states: the first one is n&ty, and the second
lar, there is no resonance localized at N at about 0.5 e\bne X,.22 The shift does not change the symmetry of the
above the bottom of the conduction band. In the case of B wetates froml” andL.

f|nd a state at about 1.2 eV abOVe the bOttom Of the CondUC' Introduction of an |mpur|ty leads to three effects. First’

tion band, which contains 9% of B orbitals. after the substitution of a host atom by an impurity the sym-
We have also investigated the bowing of the band 9aps ghetry of the system is stilly, provided that the origin is
wave vectors other than the point. Interestingly, we find  fiyed at the impurity and the lattice relaxation is symmetric
that the bowing strongly depends on theector. In particu- (which is the case for both B and)NConsequently, the site
lar, contrary to the fundamental band gap, bothEqeand  f supstitution determines the origin of the coordinate sys-
Elzlg.aps that give rise to strong opucal transitions in thetem, and therefore the symmetry of states at ¥hgoint.
vicinity of the L andX points, respectively, are not changed second, some of degenerate states split. Finally, the impurity
by the presence of N to W|th|_n 0.05 eV. This result is in potential may couple states from various points of the Bril-
agreement with the rgcent optical measurem@&htsin the louin zone, e.g., the conduction-band minimd"aiX, andL.
case of GaAs:B, we find a small decreasecgfby 0.05 €V.  The coupling is allowed or forbidden depending on the ac-
This nonsensitivity of the minima atandX to the chemical 5] symmetry of the two states in question. The relevant
perturbation stems from the very small contributions of thegg|ection rules will be discussed below.
impurity orbitals to these states. _ Considering the band splitting effects, one has that there
Before analyzing the effects of hydrostatic pressure, Weyre threex minima, and the band states are threefold degen-
provide a group-theoretical d|sgu53|on of electronic states iR ate. The impurity potential splits thg -derived triplet into
the considered alloys. We begin by the case of pure GaAs, 5, (x,) singlet and @,(X,) doublet(we use the molecular
and observe that its point symmetry Tg, independently  tation appropriate for diluted alloysThe X5- derived trip-
whether the origin of the coordinate system is fixed on thgt is not split, and its symmetry i5(Xs). The L,-derived
anion or on the qatlon. _The sjandard co_nventlon assumes ﬂ?ﬁjadruplet is split into a,(L,) singlet and a,(L,) doublet.
origin on the anion. Wl'_[h t_hls assumption, the lowest CON-TheT, state becomes, (I',) singlet. The energies of tHe.,
duction state at th& point in GaAs has th&; symmetry, | anqx-derived conduction states as a function of hydro-
and is composed of thgorbitals of anionssapion, and thep static pressure are shown in Fig. 1 for GaAs:B. We see that at
orb|ta_ls qf cationspcation- (To simplify the discussion, the q,q pressure tha,(L,)-t,(L,) spliting is 0.05 eV, and the
c_ontrlbutlon ofd states is n_eglecte)dThe second state ¥, a,(X,)-e,(X,) splitting of the second conduction bandt
situated 0.3 eV above the first one, hasXaesymmetry, and  j5'0 1 eV, Similar values are obtained for GaAs:N. In this
it is a combination 0b¢ation @NdPanion- However, the shift  recinrocal-space picture, the impurity-induced coupling of
states from various points of the Brillouin zone is monitored

20 B Go As | T ' by projecting the states of the alloy onto the states of pure
oo GaAs. We find that the bottom of the conduction band
1,8 . a,(I'y;) contains a strong admixture of the. states, which
2% is 20% and 31% for B and N, respectively. The contribution
1,6 . of X;., about 2%, is an order of magnitude smaller, indicat-
e(X,) ing a weaklI';.-X;. interaction in both alloys at zero pres-
2 14l l sure.
5 |u%0 We now turn to pressure-induced effects. For GaAs, the
2 O] | calculated pressure coefficients of the direct and indirect
’ ol band gaps, along with the_ crossover pressure at which the
v band gap changes from direct to indirect, are in very good
104 1 agreement with experiment. For both GaAs:B and GaAs:N,
o the pressure de_pendence of the band gap is weaker than in
084 "™ - GaAs, and nonlinear.
¢ 3 & 9 The calculated pressure dependence of the band gap of
Pressure (GPa) GaAs:N is shown in Fig. 2. We find that the deformation
FIG. 1. Calculated pressure-induced changes of conduction bartls at potential of the band gap at low pressures is smaller than that
of GaAs:B. The lines are only guides for the eye. of GaAs by a factor of 2, confirming the results of two recent
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FIG. 2. Calculated pressure dependence of two dominant optical transi- FIG. 3. Calculated pressure dependence of the dominant optical transi-
tions in GaAs:N. Numbers give the normalized square of the interbandions in GaAs:B. Numbers give the normalized square of the interband ma-
matrix elements. The lines are only guides for the eye. trix elements. The lines are only guides for the eye.

works*?*These results have been correctly interpreted basefindings?* First, we find that in addition t&, there is a
on the pressure-induced changes of the GaAs band structusecond transition, which we interpret Bs . Intensities of
perturbed by the N potenti&?® In particular, the nonlinear other transitions, not shown in the figure, are at least five
pressure dependence Bf stems from the increasing cou- times smaller. Second, the relative intensitysaf compared
pling of I'; . with L4, (dominant at low pressurgsand with  to Eq increases with pressure, in agreement with the obser-
X, (dominant at pressures higher that 6 GRaportantly, vation by Perkins et al® Both effects stem from the
there is no direct-to-indirect band-gap transition for pressurebl-induced modifications of the conduction states. In particu-
up to 9 GPa. lar, optical transitions from the top of the valence band to

The calculated energies of the conduction bands o#fy(L..) anda;(X,.), forbidden in pure GaAs, become al-
GaAs:B as a function of hydrostatic pressure are shown itowed. At zero pressure, the, feature is due to the transi-
Fig. 1. By fitting the pressure dependencie€gfby second tion to a;(L4.), while the transition toa;(X;.) is a few
order polynomials we find that at low pressures the deformatimes weaker. With the increasing pressure, the oscillator
tion potential of GaAs:B6.8 eV) is close to that of GaAs strength ofE, increases, since the corresponding state be-
(8.5 eV) and larger than that of GaAs:.6 eV), in agree- comes progressively mofé,.-like. (The nonmonotonic de-
ment with experiment.Moreover, in contrast to GaAs:N, the pendence of the oscillator strength®f is due to fact that
calculations predict a direct-to-indirect crossover of the bandve have added contributions of the transitions which ener-
gap at about 6 GPa, see Fig. 1. gies differ by less than 0.1 eV.

The qualitative differences between GaAs:B and GaAs:N The calculated values ¢P,|? for GaAs:B are shown in
are symmetry induced. In the case of anion-substituting N Fig. 3. By comparing Figs. 2 and 3 we see, in particular, that,
the origin is on anion, and this is the first stateXag (X)), like in GaAs:N, there is a second absorption p&ak from
which is coupled with the bottom of the conduction band.the top of the valence band &g (L ,.) situated about 0.3 eV
The interaction with the higheX-derived statef,(Xs.), is  above the absorption edge at zero pressure, which intensity
forbidden by symmetry. In contrast, in the case of the cationincreases with pressure. We note, however, a significant dif-
substituting B,,, the interaction ofa;(I";;) with the first ference between the influence of pressure on the strength of
X-derived state, which now i5(X5.), is forbidden, and does the E, transition in the two alloys. Namely, in GaAs:N the
not affect the bottom of the conduction band. For this reasowalue of|P,.|? increases from 100 at zero pressure to 120 at
these two levels may cross at 6 GPa changing the gap ch&®-GPa, while in GaAs:B it decreases five times in this pres-
acter from direct to indirect. The interaction with the secondsure range at the expense of e transition. Moreover, at
X-derived statea;(X;.), is allowed. However, because of pressures close to 9 GPa the fundamental transition in
the greater energy separation, the coupling is weaker than iBaAs:N is to thea;(X;.) state, and it is much stronger than
GaAs:N and does not reduce the deformation potential ofhe fundamental transition to the(X5.) state in GaAs:B. An
GaAs:B at low pressures. analogous symmetry-induced effect has been investigated by

The coupling of the bottom of the conduction bakhig Morgarf? for the indirect-band gap GaP. He has pointed out
with the secondary minima dt and X strongly influences that zero-phonon interband optical transitions become al-
optical properties of both alloys, which will now be dis- lowed in the presence of impurities, but they are much stron-
cussed. Optical investigations of GaAs:N have shown that ager for the anion-substituting than for the cation-substituting
energies higher than the fundamental band gap there is atonors because of the different symmetry of the conduction
additional transition denotefl, .>* To understand the origin states at the point.
of this feature, we have analyzed the optical absorption, Finally, we comment on a controversy regarding the state
which is proportional to the square of the interband momeninvolved in theE_ transition. The situation emerging from
tum matrix element,P,¢|2. The normalized matrix elements theoretical calculations is as follows. An isolated N impurity
as a function of pressure are given in Fig. 2; the value oin GaAs induces a resonance situated 0.15-0.18 eV above
|P,c|? for the E, transition at zero pressure is taken as 100the bottom of the conduction baR@iwe denote it bya;(N).

The calculations reproduce two main experimentalAccording to Hjalmarsonet al,?® the wave function of
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a;(N) is an antibonding combination &(N) with sp* or-
bitals of the nearest neighbors, and it is localized mainly on 08
the neighbors. Extensive calculatidhsonfirm this picture,
and finda,;(N) at 0.18 eV above the conduction-band bot-
tom. With the increasing concentration of N the energy of
a,(N) rises. For example, for GaAs witk=0.8% of N,
a;(N) is situated 0.93 eV above the bottom of the conduc-
tion band?® Mattila et al>® conclude therefore that;(N) is
too far to act as a principal source of the low-energy anti-
crossing observed by Sha al?” With the increasing con- e
tent & N a second state develops from the secondary mini- " Niwogencomtemtx(%
4,23 R ;
mum atL, ™ which ev_entua”y_e\_/OIVes into theey (L ,.) state FIG. 4. Composition dependence of the experimefatE, energy
discussed above. This state is induced by the presence of fierence, and of the calculatem(L,.)-a;(I'y) energy difference fox
but is notlocalized on N, ands notthe a;(N) resonance. =0.4 and 0.9Ref. 23, 2.0(Ref. 4, and 3.1%(this work. The line shows
Based on the facts théi) the calculated momentum matrix a linear fit to the theoretical values.
elements reflect the experimental feature& of, and(ii) the
theoretical composition-dependent energy separation be- | .
tweenay(L;.) anda,(T';.) agrees well with the experimen- n summary, we have calculateql 'Fhe electronic struc_ture of
tal difference betweeiE, and E,, see Fig. 4, we propose GaAs:B and G_aAs:N alloys bgb initio methods._ We fln_d
that a;(L,.) gives rise to theE, transition. TheL-related that the reduction of the GaAs band_gap and its nonlmegr
character of , is also suggested by recent experiménts. Pressure dependence induced by B is smaller than that in-
On the other hand, Shaet al? have proposed a simple duced by N. The obtained results are explained based on the
model of GaAs:N band structure, which considers two intersymmetry-induced differences between the cation-
acting energy levels: one associated with extended condusubstituting B and the anion-substituting N. For both alloys
tion states of GaAs, and the other which is a resondmce we find an additional optical transition involving a
calizedon N and identified witta;(N). Moreover, the model | | .derived state; we propose to identify it with the,
ignores the effects of seconddry, and X, minima, which 5 1sition.
are coupled witH . in the presence of nitrogen atonfgve
note that at pressures higher than about 5 GPa, the bottom of This work was supported by KBN Grant No. 2 PO3B 047
the conduction band is dominated by tg. state) The  19. The calculations have been performed at ICM, Warsaw
model provides an excellent parametrization of experimentalniversity. We are indebted to W. Walukiewicz and C.
data, but its assumptions are not confirmed by theoreticébkierbiszewski for communicating their results prior publi-
calculations. cation and stimulating discussions.
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