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Penetration of electronic perturbations of dilute nitrogen impurities deep into the conduction
band of GaP;_,N,
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The electronic structure consequences of the perturbations caused by dilute nitrogen impurities in GaP are
studied by means of supercell calculations using a fully atomistic empirical pseudopotential method. We find
that numerous localized states are introduced by a single N atom and N clusters, not only close to the band
edge but also throughout the GaP conduction band, up t@eV above the conduction band edge. These
localized states suggest an alternative interpretation for a previously puzzling observation of splitting of
photoluminescence excitation intensity at the GgPenergy into two features, one blueshifting and the other
staying pinned in energy with increasing N concentration.
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Significant efforts have recently been made to understandluster states, which control the emission spectra and
the nature of the perturbations induced by nitrogen alloyingransport:—356Finally, neither BAC nor IB can explain the
of GaP, as observed by photoluminescéntgPL), its  recently observed splitting of PLE intensity By, energy
excitatio’® (PLE), ballistic electron emissiotf, resonant into two spectral featurest? with one of them being blue-
Raman scatterind, and ellipsometrd?3 spectra. While ini-  shifted and the other being pinned as N concentration in-
tial efforts have focused on the spectral region near the indiereases. It is becoming evident that simple motfeté do
rect, X, absorption/emission thresho(@.35 eV}, more re- not account for the main spectroscopic features of this
cent studie§%12 have revealed significant spectral changessystem.
not only at such low energig&E) but also at high energies We have taken a different approat#?°-?linstead of pos-
(HE), up to and exceeding the direct gap threshbid at  tulating a priori an energy-level modél*1* we first solve
2.85 eV. For example, a splitting of PLE intensity at the GaPquantum mechanically for the detailed electronic structure,
I';; energy into two features, one being blueshitfeahd the  using a fully atomistic approach and permitting isolated ni-
other beingpinned’ has been observed with increasing N trogen as well as various nitrogen clusters to interact and
concentration. The existence of both LE and HE nitrogenjperturb all host states over a broad energy range. We then
induced perturbations already at very low concentratians, distill a posteriorifrom the numerical results a simple energy
=0.5%, raises the question of the nature of thelevel model. We find multiple spectral changes not only at
coupling#*141%petween nitrogen impurity states and the hostthe LE region, but also at the HE region. Many of these
crystal states: Viewing the effect of nitrogen as an “impurity ensuing states have no counterpart in any of the previous 1B
band®14 (IB) formed by N impurity levels initially located or BAC models. We find new localized states introduced by
below the host conduction band minimug€BM), and single N and N clusters throughout the GaP conduction band.
gradually broadening with increased nitrogen concentratiolThese states suggest a new interpretation for a previously
until this band touches the host CBM addresses, by construguzzling observatioht? of the splitl’;.. We also point at the
tion, only the LE spectral region. Yet, profound spectralexistence oiL character just below the valence band maxi-
changes were seen at high energies even for low Nnum, and the coexistence of dominant cluster states at the
concentratiorf;®12 which remain unexplained by such a conduction band edge.
model. The clear evidence that application of presdire, We model the substitutional GaBN, alloy systems
which raises the conduction band minimum, expos@esow  within a supercell approach, using a large cubig &X 6
impurity levels, rules out the IB model. Furthermore, the(1728 atom supercell. To simulatésolated N we place a
observatioh’-18 of anincreaseof the electron effective mass single N atom in it(x=0.12%9, whereas to simulate isolated
with N concentration for GaAs,N,, even after the alleged pairs we add one more N atom at different neighbor posi-
merging with the conduction band, also contrasts withtions with respect to the first N atom, creating first-neighbor
expectation® of the IB model. The “band anticrossing” pairs (NN1), second-neighbor paif\N2), etc., up to the
(BAC) modef views the effect of nitrogen as a coupling fourth-neighbortNN4) position. Finally, to study dilutedl-
between a single impurity stat(N), initially in the gap, loyswe take 6, 11, and 30 nitrogen atoms and distribute them
with the host conduction band states. The model assume@andomly over the anion sites of the same 1728 atom cell,
that there ionly oneN state(the one in the GaP gapand it considering 12 different randomly generated atomic realiza-
predicts that both the N state and the host conduction staté®ns for each N concentration This simulates random al-
shift with composition. Yet, spectroscopic evidence showdoys with x equal to 0.69%, 1.27%, and 3.51%. In all cases
multiple N-related peaks both at LE and HE, some of whichthe electronic structures of these GgR, alloy models are
beingpinned in energyas the composition changes. Further-calculated fully atomistically by means of the empirical
more, the BAC model does not account for the observegseudopotential methdd:?%2*using the same computational
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parameters as in Ref. 15. The atomic site positions are fully Xie L X, Ty

relaxed with the valence force field meth@dFF)32 with o | rranii

VFF parameters from Ref. 20. As shown in Ref. 15, VFF '

reproduces to within 1% the first-principles local-density ap- o ;[ % o

proximation (LDA) calculated atomic positions and bond x X o |

lengths in GaP,N, alloy. The pseudopotential is made of a 0 °

superposition of screened atomic pseudopotentials of Ga, P, 10 : e

and N situated on the corresponding atomic sites. The 10° |

screened atomic potentials are empirically adjusted to closely *

reproduce the bulk band structures, effective masses, and de- o 10" | = e

formation potentials, and they include explicitly local % ) d é

environment® and local straiff dependencies. The elec- 10" Lo ekl

tronic Hamiltonian is diagonalized in a plane-wave basis set B 107 | :

via the folded spectrum methd8The calculated electronic = x .

states are analyzed by evaluating tH&iiL, andX character 5 10’ ; - s

using the “majority representation” projectioffsThose pro- j el (if=g .

jections are calculated by expanding the explicit wave func- @ 10° el ...

tion of a given electronic state in a complete set of Bloch E . ' e

wave functions and then calculating the sum over bands of g 10" ¢ @2ndWN ] .

the projections at a given bulk wave vecterg.,I’, L, or X). , o

The I' character of a conduction band state determines the 10 ¢ 3 ¢

dipole matrix element squared for optical transitions to that . ° o * o

state from thel-like GaPR_N, valence band maximum 10 I I ‘ ' ' '

(VBM), and is particularly relevant in PL/PLE data interpre- 10% [ [(e) 1stNN .

tations. *®
Single nitrogen and nitrogen pair®revious IB(Refs. 3 10’ X

and 14 and BAC (Ref. 4) models assumed that the sole . % o §e®

fingerprint of an isolated nitrogen impurity is the appearance 10° Les : S : :

20 22 24 26 28 30 32

of a N-localized electronic stai (N) below the GaP con-
duction band. To check this assumption, Fig. 1 considers, . .
over a broad energy range, the percentagd’ of, and X FIG. 1. Calculated energies and character of electronic states for
character for the electronic states of GaP witlsingle N a large(1728 ator_’r) cubic supercell containinga_) a single N atgm
atom [Fig. 1a)] or asingleN-N pair at different separation 2"d (0~€) N pairs separated by fourth to first nearest-neighbor
[Fig. 1(b)-1(e)]. The hostlike stateE‘perturbed host states” distances, respectively. The dotted lines show energy positions of
(PHS solid Iinés in Fig 1 and cluster state€S, symbols in the unperturbed GaP host states. The energies are with respect to the
Fi 1’ ‘dentified 9 the basis of thei ' ]}/ i GaP valence band maximum of unstrained GaP. The solid vertical
dilgcl:u;saerg Iak?(;]vleleangnin I?Zefasig 0 Cone:;l{ dv(\aliii:'/]e fLijrg(t: [[?lgsi:aH ines show the energy positions of the perturbed GaP host states,
induced by a single nitrogefFig. 1a)], we s%e that the ith the height of those lines being the L, X, andI” characte(in

; P perceny for the Xy, L1c, X3, andI'y¢ perturbed host states, respec-
threefold-degenerat¥y. valley of pure GaP is spfit into tively. The isolated symbols denote N localized stateister

two PHS[a(X;c) +e(Xyc)], the fourfold Ly valley is split  gtates, showing theirl’, L, andX character.
into two PHS[a;(Lo) +tx(L4c)], the threefoldXs, valley re-
mains degeneratii,(Xs)], as does the onefolll;. [giving Dilute alloys Figure 1 shows that the character and the
rise toay(I';;)]. When a single N atom is introduced, theseenergy positions of the newly found cluster states are quite
PHS shift only very little relative to their positions in pure sensitive to the specific atomic configuratiofdN1 versus
GaP. NN2, etc) of the clusters. This means that in a random alloy,
The most important aspect of Fig. 1 is that in contrast towhich, for statistical reasons, contains a variety of nitrogen
the previous assumption, our calculations show that the peenvironments, many cluster states from different atomic con-
turbations caused by a single nitrogen atom or by a singléigurations are likely to be present, especially in the energy
nitrogen pair extend deep into conduction band, up-foeV  vicinity of X;. andI'y; critical points. To examine this, we
above the CBM. In particular, Fig. 1 shows that there is aanalyze thel', L, and X character distribution forandom
multitude of new states with significait L, andI’ character GaPR,_,N, alloys at finite nitrogen concentrationg=ig. 2).
(isolated symbols in Fig.)lappearing throughout the con- This allows us to see how the localized states of isolated N
duction band, including the vicinity of the high-enerfly,  or isolated N-N pairs evolve and penetrate deep into the
critical point. Such multiple new states appear even for alloy conduction band. We can also make a direct compari-
single N atom[Fig. 1(a)]. These new cluster states, exceptson with the measured PLE intensity data, assuniinb
those that are nedr,., have mostlyL and X character, so transitions from the GaP,N, VBM, which is essentially of
they may not be observed in the PL or PLE data, at least foI' charactef. We have then used the results of such detailed
transitions from d'-like VBM. These calculated CS are used supercell calculations to distill a simple energy-level model
in our basic modefFig. 3(d)] of the electronic structure of N presented in Fig. 3. It shows how tbg., L., X3;, andl'y;
in GaP. band-edge states of pure GfHg. 3@)] produce perturbed

Energy w.r.t. GaP VBM (eV)
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) FIG. 3. Schematic energy diagram showing how the N pertur-
Energy (eV) bation shifts and perturbs GaP host state energy lgagl® pro-
T duce the perturbed host stat@2HS (b), as well as introduces N
FIG. 2. Energy distribution of théa) I', (b) L, and(c) X char- . :
acter densities for the GaRN, alloy conduction states at different cluster stategCS) (d) throughout the GaP conduction band, which

N concentration: 0.69%solid line), 1.27%(dotted ling, and 3.47% combines with PHS in the resulting picture of GaPN alloy stétes

(dashed ling Each density is averaged over 12 different randomgpectroscopy is likely to come from thee(X;.) PHS. The
atomic configurations, using a 0.02 eV Gaussian smearing. Verticgd| ster states couple very weakly to t&,.), but strongly
dotted lines denote the energy positions of the critical points of thgq the a, PHS. The most clear indication of this behavior in
pure unstrained GaP. The energies are with respect to the unpey calculated results can be found in tKentensity curve
turbed GaP valence band maximum. TREL/X densities are in {5y 0.69% N concentration in Fig.(®, where there is a
units of the number of states weighted by percentage of thEibronounced peak at GaR,. energy. e\}en though the con-
/L/X character per eV per supercell atomic si@a,P,N. A~ qyction band edge has moveeD.2 eV below that energy.
rows in (g point at a pinned peak at 2.90 eV. While at higher N concentrations there is still higfhchar-

host states in Fig. (®) [viz., Fig. Xa)], and identifies the acter intensity ak,. energy, thee(X;c) PHS contribution is
main cluster states due tsolatednitrogens as well aiso- ~ not clearly distinguishable. The LE edgerist the L, state
lated nitrogen pairgviz., Figs. 1b)-1(e) and 3d)]. The lev-  that has plunged down, surpassiig, as an incorrect inter-
els of GaR_,N, are described as a mixture of PHS and CSpretation of our Ref. 15 by the authors of Ref. 14 suggests.
[Fig. 3©)]. Note further that the rapid downward shift of the conduction

We divide our discussion into three energy regim@s: band edge is caused primarily by the coupling of the CS with
low-energy states, i.e., near and below the BQsICBM; (i)  the nearby X -derived PHS, and to a lesser extent with the
intermediate-energy states, betwe¥p and I'y; and (i)  remotel’y-derived PHS, as suggested by the BAC mddel.
high-energy states, in the vicinity of the direct band efige  In contrast with the 1B model, the LE states manifestoa

(i) Low-energy stategup to X). (@) I' character Figure  existenceof pinned CS with the broad PHS.
2(a) shows that at LE we have alloy states with strdng (ii) Intermediate-energy stateetween X, and I'y.). A
character. Thid™ mixing leads to gositiveconduction band misunderstanding of our previous theoretical restited to
edge pressure coefficiehgven though in pure GaP with its the conclusiotf that due to N doping the perturbégl. point
Xic-like band edge the pressure coefficient is negative. Wshould gain some noticeablécharacter and move down to
see that these LE states red-shift, broaden,iacr@asetheir  the conduction band edge. Unlike Ref. 14, we note, however,
intensity as the nitrogen concentration increases. Furthethat the theoretical method used previously in Ref. 15 and
more, thel'-like alloy LE peak[Fig. 2(a)] exhibits clear here does not result in any noticealbld™ optical transition
spectral structure, due to amalgamation of cluster states b&itensity around thé . critical point, and there are no down-
ing overtaken by the down shifting conduction band etfge. ward moving features in thE character between the 2.4 and

(b) nonI'-character The intensity of thd. andX charac- 2.8 eV. Regarding’-I" transitions, in fact, Fig. @) shows a
ter [Fig. 2(b) and 2c)] in this LE region is much stronger practically flat plateau of" intensity in the 2.4-2.8 eV re-
than that of thel” character there, similar to the LE cluster gion. If we consider only conduction band states as Fig. 2
states in Fig. 1. This behavior can be underst@ed. 3) by  does, there is no buildup of spectral intensity in this region,
attributing the broadening and buildumith increasing N  and the calculated intensitheighy of this plateau ofl’-I"
concentratiop of the L and X intensity in this region to the transitions is rather low. Yet the ellipsometry results of
growing number of cluster states, which dominate the LEKanaya et al'® do show significant amplitude in the
region. These cluster states hybridize with LE PHS, espeX;-I'; region, as do the PLE results’ We fincf a signifi-
cially with the a; one, which is redshifted due to repulsion cant contribution to the amplitud@lipole transition matrix
from the higher energg, PHS!® The stationary peak &,  element squarédat transition energies between 2.4 and
energy observed in the resonant Raman scattering.0 eV, which comes from thé-L like optical transitions
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from the stategust belowthe VBM. The growing intensity of nearl’;.. Based on examination of our calculated wave func-
those transitions with increasingis due to the N induced tions of alloy electronic states near 2.90 eV, we identify the
buildup of theL character near the conduction band edgepinned peak at 2.90 eV as localized cluster states of single
[Fig. 3(b)] and just below the VBM, down to 0.6 eV below pitrogen atoms. Such isolated or semi-isolated nitrogens oc-
the VBM (but still above the hostt,, energy. This feature ¢, when, for statistical reasons, one N atom appears to be
cannot be accounted for by either the BAC or IB models. ¢, o1 anart from other N atoms nearby. This also explains

We see that the main peak bfcharacter neak,. [Fig. why thi K practically di s at hiah enough N con-
2(b)] and, to a lesser extent, thepeak neatXs; [Fig. 2(c)] y this peak practically disappears at high enough N o
Jentrations, both in PLE data and in our results, since at

blueshift with increasing nitrogen concentration. The trend-: ) ] -
for the L peak is consistent with a noticeable blueshift andhigher N concentrations there is a lower probability for a N
decreasing intensity peak height of tEe (L-L) transitions ~ atom to be sufficiently far from all other N atoms.
with increasing N concentration observed in the ellipsometry In conclusion, as summarized in Fig. 3, we find that even
datal213 a single N atom introduces multiple N-localized states
(i) High-energy stategat or abovel';.). At higher ener-  throughout the GaP conduction band and we identify the
gies(>2.8 eV) , we find that the absorption edge at thg  energy shifts of different GaP perturbed host states. Unlike
critical point of GaP broadens and blueshifts due to repulsionthe existing BAC and IB models, our polymorphous model
from lower-energya, stategFig. 3). Thel intensity neal’;,  of GaR_N, system, which naturally incorporates both the
also has features that shed light on the recent puzzling olgjuster states and perturbed host states in a single picture,
servation of Buyanovet al.” of splitting of the HE PLE  aliows us to capture and interpret all the key features of the
intensity into two peaks, one blueshifting and the other staymeasured PLE and ellipsometry data, including energies
ing pinned at 2.87 eV. We indeed identify a peak that is geep in the GaP,N, conduction band. The high energy
pinned in energy at 2.90 eYin Fig. 2@)]. This calculated N |gcalized states are essential for understanding of the PLE

peak becomes less intense with increasing nitrogen concegpseryed splitting of thé,. absorption edge into two peaks,
tration, as observed experimentaliJhis new energy-pinned one pinned and the other blueshifted.

peak does not correspond to th€l ) or t,(Xs.) states, as

was thought initially, because we find tha¢ andL intensity This work is supported by the U.S. Department of Energy,
peaks are located at noticeably lower energies fhanand  SC-BES-DMS Grant No. DEAC36-98-G0O10337. We thank
there are nd. or X intensity features that would be pinned M. Capizzi and A. Polimeni for fruitful discussions.
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