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Quantized states in Ga_,In,N/GaN heterostructures and the model of polarized
homogeneous quantum wells
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Centers of spontaneous and stimulated light emission in. &@&N/GaN active layers as analyzed in
luminescence and photoreflection spectroscopy are modeled under the assumption of polarized laterally ho-
mogenous quantum wells. In perturbation to the band structure of wurtzite GaN including experimental polar-
ization fields and band-gap bowing the spectrum of interband transitions is calculatee<ior@2. We
predict the first transition between quantized electron and hole states to lie close to a maximum in photore-
flection and close to the energy of stimulated emission. The level of the main luminescence under low
excitation cannot be described in this single-particle picture. These results allow a quantitative treatment of that
level, e.g. in models of lower dimensionality.

Performance of group-III nitride light emitters is poised to from 2.6x 10" cm 2 in experiment* to 8.6x 10'3 cm™? in
take the next big leap as soon as the electronic band structumzeoryle when extrapolating to InN on GaN. Polarization is

in quantum wells will be q_eetlcefrmin_ed and respective interqih 5 function of the constituent alloy and its state of strain.
band transitions are identified. A lingering puzzle is the v pase our model on the directly determined electric-field

\éery nlatuNrcleGo flilhe Ilghtt—em|tt||rllg cI:enter's n trleozlzl_ctweflayﬁr olfvalues in the quantum welland the alloy band-gap energy
- xINJWalN gquantum Wetls. In various studies ot oplical o ¢ yajyed from thin-film materidf

spectroscopy, evidence was found for a continuum of states Sets of pseudomorphic GaJln,N/GaN multiple quan-

or levels with varying energy.’ This has led to models of o . .
transient photocarrier localization into potential minima of UM wells (QW's) with variable InN fractionx have been

reduced dimensionality. It, therefore, was proposed thattudied in PL and PR spectroscopy as reported
zero-dimensional centers were formed within the tWO_e!seyvherén A 325 nm laser was used for either photoex-
dimensional quantum wells by means of large potentiafitation at a power density of 1-100 W{Ergr photomodu-
fluctuation~’ as the result of strong alloy fluctuatfoand a  lation (=0.1 W/cnf). Pulsed high excitation density5
tendency towards phase separafioft.Such effects are well mJ/cnt was achieved at 337 nm. Nominally undoped layers
understood in other In-containing alloys and also forhave been grown by metal organic vapor phase epitaxy and
Ga,_In,N alloys they are known to occur under certain consist ofL,,=30 A Ga_,In,N wells embedded in 60 A
growth or annealing conditions especially at high temperaGaN barriers atop a 2zm GaN epilayer on sapphire using
tures’® low-temperature deposited buffer layers of AR Films
Alternative models, however, have been develdped have been optimized for homogeneity in terms of specular
that deny the necessity of such quantum dots to describe theflectance, x-ray diffraction, and luminescence peak energy.
observations in high-quality Ga,In,N/GaN material opti- The possible advantages of material with lateral inhomoge-
mized for laser diode performance with emission wave-neities have been discussed in the literaf&or the sake
lengths below 450 nm. In this study we investigate in howof a simplified spectroscopic analysis, however, we limit this
far results of photoluminescend®L) and photoreflection study to material with high lateral homogeneitpll experi-
(PR) spectroscopy in Ga,In,N/GaN quantum welf§ can  mental and calculated data refer to room-temperature values.
be described within the model of polarized laterally homog- PL and PR of three samples with identified composition
enous quasi-two-dimensional quantum wells. These resultg the relevant composition range=0.12, 0.15, and 0.18 are
shall also provide an important developmental step towardpresented in Fig. 1Y The spectra of stimulated emission un-
accurate models of zero-dimensional quantum dots. der pulsed UV excitation are includéAs reported lumi-
Devices of high performance make use of the uniaxialnescence closely corresponds to the lowest maximum in the
wurtzite form of group-IIl nitrides, which due to the lack of PR spectrunt® This supports the theory that in this homog-
inversion symmetry along the uniqeeaxis and partly ionic  enous material luminescence originates in discrete levels that
bonding conditions exhibits strong electric polarizationalso form critical points in the joint density of statéBOS)
properties'® In typical epitaxial growth, i.e., Ga face, this as detected by the absorption-type PR. A number of inter-
axis coincides in direction and polarity with the growth di- band transitions can be labeled at PR extrema as indicated by
rectionz. At heterointerfaces the discontinuity of the polar- ticks below the spectra. Narrow oscillationshy mark the
ization induces huge fixed polarization charges that rang&aN barrier band-gap energy. The oscillations with extrema
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FIG. 2. Collected peak positions of photoreflection and photolu-
minescence in 11 Ga,In,N/GaN quantum-well samples with
variable composition from Ref. 15 together with theory results. The
well composition has been determined through an x-ray analysis for
do three samples. Values for the remaining samples have been inferred
from scaling of the polarization dipole. Despite the limitations of
the model we find good agreement for the higher and excited states

{-1 when experimental band-gap bowing and polarization dipole are
ot PL low high’ considered and lateral homogeneity is assumed.
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Fig. 1. The marked levelsl, andN; appear to replicate the

FIG. 1. Photoreflection and photoluminesceritabel low) of  polarization controlled splitting dfl, andN; into a Starklike
Ga, _,In,N/GaN active layers in comparison with model results for |gddert®
homogeneous polarized QW's. There are no adjustable parameters. The electronic band structure in wurtzite group-lIl ni-
Considered transitiongupper tick3 are in good agreement with triges has been derived in theory by full potential linearized
experimental peak positiori@ower ticky except the lowest one in - ffin-tin orbital€2 and first-principles calculations in the
N3. A PR maximum inN, closely marks the first electrof®) 10 |iteratyre22® Binary bulk components GaN and AIN have so
first-hole .(hh’ Ih) transitions in the p0|anze(.j well. .A|39 at th'S. been described to great detail while the problem of an inac-
energy stimulated emission occurs under high excitation density, | - 1yand gap energy has hampered progress for InN. Rela-
(label high). The causal connection for this is not obvious at . L . .

- . tive band offsets have been studied in experirffeand in
present. A PR minimum appears near the low-lying bound_to_free{heory%ze The subaspect of valence subbands in QW's in
transitione;ub™. The electric field is derived from Franz-Keldysh ) . - .
oscillations with extrema abowd,. Its dipole across the well de- abs_“,ence of any polarlza_tlon has been considered In Ref. 23
fines transitionchvb~ in Ny Ny is the barrier band gap. while mode_ls for quantized valence_ a_nd condu<_:t|(_)n-band

state$®>2728in the presence of electric fields are limited to
the lowest interband transitions.

in C; aboveN; as labeled in Ref. 15 and Fig. 2 have been The dispersion of band-edge states in; Gén,N as a
identified as Franz-Keldysh oscillations in the presence ofunction of composition and biaxial strain has not been es-
the polarization field across the w€lland allow for an ac- tablished. We therefore base our model primarily on param-
curate determination of the field strength=0.55 MV/cm  eters of GaN and use linear interpolations to values of InN
(x=0.12), 0.60 MV/cm(0.15, and 0.82 MV/cm(0.18), re-  where available as described in the following: We use GaN
spectively. The composition has been derived in a dynamicalalues for the theoretical effective mass parameters for the
x-ray rocking analysis using high-order satellite diffraction electron €), heavy-hole(hh), light-hole (Ih), and crystal-
maximaZ® These value pairs serve as input parameters in théeld split-off hole (ch).?? We include the strong asymmetry
band structure model described below. of mass values along and perpendicular tozlzis as pro-

The field increases linearly with the InN fraction as avided in that data. Linear interpolations of GaN and InN
result of the piezoelectric properties of the strained systemvalues are used for the lattice constants in strain-free dfloys
The splitting of N, and N; reflects the asymmetric barrier for the ratio of the elastic constaftsand the theoretical
heights of the polarized QW or the multi-interface band off-deformation potentiaf§ of the valence and conduction
set across the well and scales with the field according tdbands. The relative InN/GaN band offset is taken from
AE=Fel, (electron charge).!” Field or splitting, there- theory?® Values are summarized in Table I. The DOS band-
fore, serve as a good scale for further samples with unknowgap energ¥ and the strength of the piezoelectric field are
composition. Figure 2 recollects the results of a total of 11taken from experiment. This is in contrast to some models in
samples with variable composition versus the so determinethe literature where the field strength was a varidbfé:?®
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TABLE |. Values of model parameters as cited in the text. A
Gay_,In,N/GaN
Effective mass m*/mg kilz kLz x=0.12
e 0.23 0.23 cb™ Ly=30A
hh 2.00 0.34 [ - T=300K
Ih 1.19 0.35 YN T —
ch 0.17 1.27
. eq —--< --------- v
GaN InN ?93.2 |
Absolute volume 9E/d In Q z 1
deformation d —42eV  -30eV §
potential a, 2.0eV 1.7 eV Ll i
ag ~80eV —50eV S04l CGaN CagynN  GaN
Ratio of elastic constants  (23/Cj3 0.5 10 0.821 "g
i
0.2
Schralinger and Poisson equations were solved self-
consistently for electron states and hole states. Electron-
electron as well as electron-hole many-particle interactions 0 : ; N
are not considered. Fixed polarization charges were assumed 0 30 o
at the respective interfaces to the well. Barriers are assumed Growth Direction (A)

to be field-free. Figure 3 shows the band structure diagram

for x=0.12. Combining the results of quantization energies FIG. 3. Calculated level scheme of quantized states in a homog-
Eeis Ennis Eini» andEg,; we obtain sets of theoretical inter- enous polarized 30 A Gadno 1 AN/GaN quantum well of wurtzite
band transition energies as indicated by ticks in Figadove  in the presence of a piezoelectric field of 0.55 MV/cm with low
spectra. For an enhanced clarity of the result we limit our- index levels of electrond), heavy-hole kh), and light-hole (h).
selves to transitiondi =0, wherei is the ordinal number of Crystal-field split-off hole ¢h) states are found to be in resonance
the hole or electron envelope subband wave functions. Wwith the barrier valence band. The wave functions are superim-
also account for transitions into the continuum of valencarosed. The polarization dipole across the well offsets the continuum
bandvb and conduction-bandb. Due to the strong asym- band edges. In this case an emission energy as low as 3.050 eV
metry in polarized QW’s we distinguish the edges of thosd407 nm must be expected from a transition between first quantized
bands in positive ¢b*, cb*) and in negativez direction ~ €lectron and heavy-hole stateshhl.

(vb™, cb™). Transition energies in dependence ofare

given by solid lines in Fig. 2.

Within the scope of the present single-particle model PLof consistency we refrain from such minor corrections in this
maxima at low excitation density appear below the expectedeneral picture. The edge for transitions between resonant
level of the fundamental interband transitiehhhl of the states of conduction-bandb™ and valence banab~ by
guantum well between the first quantized electron state default coincides witiN;. ExtremaC; are part of the Franz-
and the first quantized heavy-hole sthtel. The latter, how- Keldysh oscillations. The agreement of PL and PR maxima
ever, is marked near a further distinct PR maximuniNin in N3 reveals a discrete level in the joint density of states
This energy also closely coincides with the energetic level obelowelhhl that is not described within the single-particle
the stimulated emission in all three casesxef0.12, 0.15, picture for any reasonable set of parameters. The splitting of
and 0.18. Considering possible effects of spectral shifts unN, and N3 parallels that ofNy and N, giving rise to the
der high photoexcitation density near the threshold to stimuassumption of higher order interactidnin the presence of
lated emission, the present coincidence cannot be taken adle polarization charges. Models proposing inclusions of re-
positive identification of the level of stimulated emission. gions of high In content cannot be supported in our homo-
Within the wide spectral range covered h&hhl, how- geneous materials. The present result reveals that in contrast
ever, is the best approximation. At higher energies a strontp N, the discrete level ifN; deserves further special atten-
minimum in PR ina falls close to the levet;vb™ expected tion. A competition between both recombination processes
for the lowest bound-to-free transition of the first electroncould be a key to explain the high threshold densities for
level to the valence band-edge or weakly bound higher ordestimulated emissionl;;=0.072 mJ/crh (x=0.12, 0.47
hole states. md/cnt (x=0.15, and 4.7 mJ/cth(x=0.18.%

It is due to the large polarization dipole that these levels Our model finds that the DOS as expressed in optical
appear at such low energy. The splitting of heavy and lighabsorption as low as 3.850 €¥35 nm) can be described by
hole states cannot be observed in our experimental data. Twlarized homogenous two-dimensional qguantum wells when
test the reliability of the calculation we varied the input pa-InN fractions up tox=0.18 are considered. Within this
rameters. The experimental strain dependence of th&amework stimulated emission energies as low as 2.761 eV
band-gap® can be reproduced by a scaling of the deforma{449 nn) lie close to the predicted levels of the fundamental
tion potentials by a factor of 0.7. This will lower the pre- elhhl interband transition in the presence of large piezo-
dictedelhhl level by some 40 meV. However, for the sake electric polarization. We find distinct and well-defined inter-
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band transition energies in theory that correspond in energwells based on established experimental and theoretical ma-
to characteristic absorption edges and luminescence bantkrial parameter can well describe both emission and absorp-
except for the lowest one. We so assign the luminescence ition data except its lowest level in material optimized for
the limit of high excitation density and stimulated emissionhomogeneity.
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