RAPID COMMUNICATIONS

Experimental evidence for N-induced strong coupling of host conduction band states
in GaN,P;_,: Insight into the dominant mechanism for giant band-gap bowing
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Direct evidence for N-induced strong coupling of host conduction W&&] states in Gal\P; _, is provided
by photoluminescence excitation. It is manifested(ds:a drastic change in the ratio of oscillator strengths
between the optical transitions involving the CB minim(@BM) and the high-lyind" CB state;(2) a strong
blueshift of thel” CB state with increasing accompanying a redshift of the CBNB) pinning of the localized
N states and a newly emergirig (L or X3) CB state. These findings shed new light on the issue of the
dominant mechanism responsible for the giant band-gap bowing of dilute nitrides.
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Dilute nitrides such as anion-mixed GglnyN,As; ing x.%1° This should give rise to a significant change of the
and GaNP; _, alloys represent a new class of highly mis- character of the CBM state, which can be more easily de-
matched semiconductor alloys, which have recently attractetected experimentally. Second, even when the N-related im-
great attentioriRefs. 1 and 2 and references thejelDue to  purity state$' gradually one by one become resonant with
strong disparity in electronegativity and atomic size betweerthe CB due to the downshift of CBM with increasing*?

N and the replaced anion atom, dilute nitrides exhibit manythey can still be visible in the PLE experiments thanks to a
unusual and fascinating physical properties. Among them theelatively weak oscillator strength of the overlapping band-
most prominent fingerprint is the giant bowing in the band-to-band optical transition at small N compositions. PLE has
gap energy. Though it has long been accepted that this giant the past been shown to be a powerful technique to simul-
band-gap bowing is predominantly due to the downshift oftaneously study optical transitions across both direct and in-
the conduction band minimurfCBM), the exact physical direct band gaps involving various critical points of the fun-
mechanism for the CBM downshift remains controversialdamental band structure of semiconductors as well as
and has been a subject of intense debate for the last fedetailed electronic structure of impuriti€Reliable optical
years. Many proposals have been put forward, which can babsorption measurements of thin GaNP epilay@sually
summarized into the following three main modéls; impu-  less than lum thick) are challenging because they require
rity band formatior®* (2) band anticrossingBAC);>~’ (3) a  removal of the GaP substrate, and the resulting free-standing
polymorphous alloy modét® The subtle distinction between GaNP film is mechanically weak. Photoreflectance was
the three models lies in the evolution of the localized Nfound to be insensitive to the localized N states and unable to
states and the host CB states in the alloys. The impurity banfbllow simultaneously the evolution of both CBM and highly
model argues that the CBM evolves from interactinglying CB state€. Though spectroscopic ellipsometry was
N-related impurity statesisolated N centers, N pairs and found to be useful in revealing high-energy critical points in
clusterg and requires no participation of high lying host CB GaNP, it completely failed to detect the CBM state and lo-
states'* The BAC model includes a mutual repulsion be- calized N state&*

tween the N level and th& CB state>~’ N-induced per- By employing PLE spectroscopy, we are able to directly
turbed host statePHS in the third modef° on the con- and simultaneously monitor the evolution of both localized
trary, in principle covers all host CB states that are affectedN states and the host CB states in GaNP. Our new findings
by the perturbation induced by N. The N cluster sta@Ss), provide direct experimental evidence for N-induced strong
on the other hand, are pinned in energy. Therefore convinceoupling between thE andX host CB states and for pinning
ing experimental evidence that can reveal the evolution obf energies of the, (L or X3) CB state and localized N
both N-related localized states and the host CB states witbtates. They shed new light on the dominant mechanism for
increasingx are required in order to determine the exactthe giant band-gap bowing of the alloy, and also provide a
physical mechanism responsible for the giant band-gap boweritical test of the validity of various physical models pro-
ing in dilute nitrides. posed.

The aim of this work is to gain access to the host CB  The GaNP epilayeréwith a thickness of 0.25—-0.7am)
states as well as the localized N states of (FN, by em-  studied in this work were grown by gas-source molecular
ploying photoluminescence excitatidiPLE) spectroscopy. beam epitaxy or{100 GaP substrates. PLE was performed
The GaNP; _, alloy was chosen in this study for the follow- at 2 K. The tunable light sources used were a xenon lamp
ing reasons. First of all, this alloy undergoes a band crossfitted with a grating monochromator for a wide spectral
over from an indirect band gap to a direct one with increasrange and a dye laser for high-resolution studies over a nar-
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FIG. 1. PL(solid curves and PLE(dashed curvesspectra mea- FIG. 2. (a) The experimentally determined energy positions of

sured at 2 K from GaNP with the specified N compositions. Thethe N-related PL emissions and the band-to-band transitions be-

dominant excitonic transitions at the N-related defects are denotegyeen the VBM and the perturbed host CB states, as a function of N

as Ny, NN, NN; and NC.Ej indicates the excitonic transition composition in GaNP. The crosses and solid line represent the band-

arising from the direct band gdpis-I'; . The arrows indicate the  gap energy deduced from the optical absorption measurements. The

alloy band-gap energy determined from independent optical absorgiotted lines are obtained from the best fit of Etj. following the

tion measurements given in Ref. 17. The PL spectra are normalizedAC model, with the fitting parameters given in the tefd) The

to their peak intensity, whereas the PLE spectra are normalized tgpen diamonds denote the ratio of the PLE intensitemeasure of

the maximum intensity for photon energy lower than 2.4 eV. Theosgillator strengthsbetweenEy and that related to the CBM state.

PLE spectra were obtained by monitoring photon energies at 2.102, and|, were measured with the excitation photon energies at 2.6

eV for 0.05%<x=<0.81%, at 1.908 eV for 0.9%x=<2.0%, and at eV (within the continuum derived from the CBM statnd at reso-

1.851 eV forx>2%. Both PL and PLE spectra are vertically nance with Eg [i.e., the a,(T') statd, respectively. The closed

shifted with each composition for clarity. circles are measured PL lifetimes of the N-related centers in GaNP,
after Ref. 10.

row spectral range near tHg.—I'{ excitonic transitionde-

noted below a€y).”® The resulting PL was detected by a

GaAs photomultiplier after passing through a double gratingt€n9ths between the optical transition nely; and that
monochromator. within the continuum derived from the CBM state.g., at

The solid and dashed curves in Fig. 1 display typical low-2-6 €V where contributions from localized N states are neg-
temperature PL and PLE spectfarespectively, from the ligible) displays a drastic decrease with increastnghown

GaN,P, _, alloys with the specified N compositions. A num- in Figs. 1 and Ebz)]’ in particular over the N composition
ber of well-known excitonic transitions at the N-related im- Fange around 0.5% where the band crossover from an indi-

purity centers such asgN NN3, NN, and NC can clearly be ect to direct band gap takes plefe¥. This is a direct con-
seen in the PL or/and PLE specfrs. The PL emissions Sequence of N-induced strong coupling between the two CB
disappear one by one starting from the highest energy side £ates involved, such that the CBM state gains significantly
the band gap of the alloy moves down with increasing the I character(thus leading to a qu.asll—dlrect band gab
leading to an overall redshift of the PL emissions. The CBMthe cost of the formal” CB state. This is further supported
undergoes a significant downshift, apparent from the redshiffy the observed shortening of the lifetime of the excitons
of the onset of the PLE spectra. More accurate values of thgound at the N-related centeisith energy levels still within
alloy band-gap energy were determined from independeri® band gapover the same composition ranfféig. 2b,
optical absorption measuremehtsindicated by the arrows S it IS a sensitive function of the character of the nearest
in Fig. 1 and the crosses in Fig(&. The PLE features CBM state. o _ _ _
appeared at energies lower than the band gap arise from the Inrorder to obtain reliable information on a possible shift
localized N states, which can efficiently excite the deeper N°f Eg , & tunable dye laser was employed in PLE. The result-
states via the well-known excitation transfer process betweetld PLE spectra are shown in Fig(t3. In the GaNP;

the N centers® In contrast to the downshift of the CBM, the alloy with tpe sma}lesk (0.05%, two spectral features are
N-related levels are pinned in energy as observed both in Pseen, i.e.E; andEy+A. The latter originates from the op-
or/and PLE[also shown in Figs. @) and 2a)]. This is true tical transition between the spin-orbit split off valence band
even when the N-related localized levels become resonarf¥/B) state and thé' CB state, and is generally much weaker
with the CB continuum, which rules out the possibility that and broader, as seen in Gjﬁm is estimated to be about 80
the CBM is derived from these localized states. MoreovermeV, in good agreement with the value reported for GaP in
the ratio of the PLE intensitfa measure of oscillator the literature’® With increasingx, the Ey feature evolves
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ET E T+A the same reason a possible presence and shift cdtfle)
@ ®) : X
v state could not be determined.
0.05%

Our results thus clearly show that the CBM cannot be
derived from the localized N states judging from the pinning
of their energy with increasing N composition. Our new find-
ings of a strong repulsion between the CBM and th€B
states and a strong mixing of thexr and I" characters, as
well as the pinning of the,(L) or t,(X3) CB state, give
compelling evidence for the N-induced strong coupling of
selective host CB states as the dominant physical mechanism
for the giant band-gap bowing in GaNP.

Let us now discuss what insight our new findings can
0-81% provide into the controversy over the physical models pro-
M posed for the band-gap bowing in GdN _,. Let us start
with the model of impurity band formatiot* The model
1.3% S was based on the observation of the broadening of the

! ' ' ' ! ' ' N-related PL lines, e.g., NN already at=0.24%. Judging

2 21 22 23 2428 285 29 295 3 ¢ the radiusionly 6.4 A of the electron localizat ‘
rom the radius(only 6. of the electron localization a
EXCITATION PHOTON ENERGY (eV) the NN, center, a critical N doping level about 5.6% is re-

FIG. 3. Evolution of PLE spectra neéa) localized N states and _quired_ to ensure significant wave function overlap needgd for
(b) E} upon incorporation of N. The lines are guide to the eye. Theimpurity band formatiorf. Experimentally, however, a sig-
spectra are shifted vertically for clarity. nificant band-gap reduction was already observedxat

, . .<1%. To explain this, an excitonic effect was proposed in-
into two components. One of them exhibits a clear blueSh'ﬂ/olving a larger radiug16 A) of the loosely bound hole of a

and broadening with increasing as anticipated by a strong 5ynd exciton at the N centers. The critical N doping level is
repuIS|on. from the QBM that undergoes a redshift of aFS|m|-in this case estimated to be about 1.4%e can safely rule

lar magnitude as discussed above. kheependence O, oyt this model as being the origin of the band-gap bowing for
can be approximately described by a linear relationXor the following reasons. First, the maximum density of the
<1%: Ey (ay(I'))=2.876 eV 12.756 (eV). The energy photogenerated excitons under our experimental PLE condi-
position of the other line is pinned at about 2.870 eV, how-tion with a xenon lamp as the light source, assuming 100%
ever, which is nearly independent rf As theI' CB state  conversion efficiency and an exciton lifetime ofus, is es-
[i.e., a;(I')] is non-degenerate except for the spin degentimated to be three orders of magnitude lower than the re-
eracy, which is not expected to split under the circumstancesyuired critical level of 1.4% for the exciton mediated impu-
the only possible energy splitting of tl‘h‘eg transition can rity band formation. Nevertheless the band-gap bowing is
occur when the strain field introduced by the lattice mis-clearly seen under our experimental condition. Second, the
match between GaNP and the GaP substrate causes a spiitypurity band formation is not expected to affect the high
ting of the heavy-holéhh) and light-hole(lh) states at the lying host CB states. This is again in contradiction to our
VB maximum (VBM). The estimated hh-Ih splitting from experimental finding of the blueshift and splitting of the CB
the deformation-potential theory is, however, about one ordestates neaEg. It should be pointed out that inhomogeneous
of magnitude too smaft*°to account for the observed sepa- alloy broadening of the N-related levels has been commonly
ration between the two split lines. Therefore another CB statebserved in conventional AlGaAs and GaPAs all6y&

of different origin than thd™ CB state should be involved. which can also occur in GaNP explaining at least partially
Previous studies of the critical points of the fundamentalthe observed broadening of the N-related excitonic PL lines.
band structure of GaP have indicated thatithandX; CB ~ Other possible contributions to the line broadening can be
states lie near thE state in energy>*® Under the influence strong interactions with host CB states and lifetime effects.
of N incorporation, the fourfold-degenerate valleys can Now let us turn to the BAC model. According to this
break into thea;(L) +t,(L) states, and thX; state gives a model, the interaction of the localized N states and the ex-
t,(X3) representatiod Whereas am, state is expected to be tendedl” CB state of the GaP matrix splits the CB into two
strongly perturbed by the N state of the same symmetrgsubbands, with their energies followig

[a;(N)], at, state should be unperturbed. Therefore we sug-
gest that the new PLE feature pinned at 2.870 eV arises from 1

the optical transition between VBM ang(L) or t,(X3). E.(k)=5[(Eur(k)+En* V(Emr(K) = En)2+4xCRy .

The appearance of this line only in GaNP can be attributed to (1)
relaxation of the selection rule for this formally forbidden

optical transition as a result of N perturbation and alloy ef-HereE,,(k) is the dispersion relation at tieCB edge Ey

fect, and also to the absence of strong spectral overlap witfs the energy of the localized state derived from the substi-
the dominanEg as the latter is blueshifted. Due to the weaktutional N atomsx is the N fraction, andCyy, is the cou-
and broad nature of théngA feature, a similar study of the pling parameter depending on the semiconductor matrix. The
line splitting and shifting was unfortunately not possible. Forband-gap energy is given by the energy of the lower subband
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edge,E_(0), relative to the VBM. In the case of GaNP, servations, shown in Figs. 1 an®? The predicted increas-
E_(0) should originate from the localized N stateég. The ing I' character of the CBM with increasingalso supports
results from a best fit of Eq1) to the values oEg and CBM the increasing optical transition probability of the CBM state
obtained in this work 82 K is shown as dotted lines in Fig. observed in our experimeniBig. 2(b)]. A selective coupling
2(a), yielding Eyr(0)=2.88 eV, Ey=2.32eV, andCy,  between alla;-like host CB statedi.e., a;(X;), a;(L),
=2.7eV. The agreement is rather good, which makes ia;(I')] by a;(N) can explain the observed large blueshift of
tempting to suggest that the BAC model provides a correca;(I'), the redshift of the CBM, and the pinning BfL) [or
description. However, the experimental fact that the energy»(Xz)]. Unfortunately, quantitative theoretical predictions
positions of the N-related levels do not change witfFigs.  of evolution of CB states by empirical pseudopotential
1, 2@ and 3a)] contradicts with what is expected by the method are not available to date and it is therefore unclear if
BAC model, and thus seems to make it unfavorable. Neverthe theoretical model can provide satisfactory quantitative
theless, the BAC model seems to be able to provide a rath@greement with our experimental results.
satisfactory phenomenological description of the observed In summary, the following experimental facts have been
shifts of the CBM and” CB state. established for GaNP from this workt) a drastic change in

In the polymorphous alloy model, the multiband empirical the ratio of oscillator strengths between the optical transition
pseudopotential method and atomically relaxed large supenearEg and that near the CBM2) a strong blueshift of the
cells were used to study the evolution of the electronic struca;(I") PHS with increasing N composition accompanying a
ture of GaNP; _,.° It is the interactions between N-induced redshift of the CBM;(3) pinning of the energies of the
localized CS and many PHS of the underlying host GaP thall-related levels(4) appearance of thi(L) or t,(X3) upon
determines the electronic band structure of the GaNP alloyN incorporation, of which the energy position is insensitive
As x increases, the energy of the CS is pinned while thao N composition. Our findings provide direct experimental
energy of the lowest PHS plunges down due to the levekvidence for N-induced strong coupling of symmetry-
repulsion from the other upper lying interacting PHS, allowed host CB states and their level repulsion as the domi-
thereby overtaking the CS and forming the new CBM. Thisnant mechanism for the giant band-gap bowing in GaNP,
is qualitatively in good agreement with our experimental ob-calling for further theoretical studies.
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