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We apply photoluminescence, photoluminescence excitation, and time-resolved optical spectroscopy for
studying a set of Ga_,N/GaN periodic structures, which were characterized by high-resolution x-ray
diffraction including x-ray mapping in reciprocal space. We found that the energy differences between the
absorption edge and the photoluminescence g8&tkes shift, and the photoluminescence decay time dras-
tically increase with the Ga, N layer thickness. The decay time strongly increases with the sample tem-
perature. We were able to quite accurately determine the radiative and nonradiative decay times of excitons in
these structures by measuring the temperature dependence of the decay times, the integrated photolumines-
cence intensities, and the photoluminescence intensities immediately after the picosecond excitation pulse. The
intrinsic radiative lifetimes, which are inversely proportional to the exciton oscillator strengths, were then
calculated from the temperature dependence of the radiative lifetimes. These experimental findings are ana-
lyzed using an eight-bankl- P model, which quantitatively explains both the Stokes shifts and the intrinsic
radiative lifetimes. Their strong dependence on the quantum well width is due to a(lafgeéV/cm)
lattice-mismatch strain-induced piezoelectric field along the growth axis.

[. INTRODUCTION potential fluctuations due to composition fluctuations have
been invoked in order to explain the observation of a large
Considerable progress in the heteroepitaxy of group-lllenergy difference between the band-edge absorption and
nitrides using low-temperature-deposited buffer layers emission(Stokes shift” Other researchers suggested three
have recently led to the demonstration of new devices opeidimensional carriers localization and the possible formation
ating in the UV spectral range. In most of these light-of quantum dots due to a complete phase separation within
emitting diodes and laser diodes,@g _,N quantum-well the strained IgGa N layers® In contrast, recent reports
(QW) layers embedded within GaN barrier layers are actinghave raised the importance of the quantum-confined Stark
as the active layersTherefore, the electronic and optical effecf due to the piezoelectric fields in the strained wurtzite-
properties of this material system have become a subject dfpe nitride compound quantum well@Ws).*°-*¢
intensive research efforts. Key issues in these studief)are  In this work we report or(cw) and pulsed optical spec-
the value of the optical band gap and its composition androscopy studies of a set of J@a_,N/GaN multiple-
strain dependencsji) the reason for the large difference quantum-wel(MQW) samples. We first characterize these
between the absorption and the emission spectf@tokes samples by high-resolution x-ray-diffractigdRXRD) mea-
shift), and (iii) the recombination dynamics of excitons and surements, by which their composition and layer thicknesses
free carriers in these heterostructures. The studies of the opnd the amount of strain relaxation were determined. The
tical properties of this technologically important material samples which have various,Bg_,N QW widths d,,),
system are interesting and quite complicated for interpretabut same In contentx) and same barrier widthdg), were
tion due to its unique properties. For example, the presencthen investigated optically. We applied, in a complementary
of large lattice mismatch-induced strain fields in these hetway, temperature-dependent photoluminesce(®RE), PL
erostructures is reported to lead to the presence of strondecay time measurements, PL excitati®?LE), and time-
piezoelectric fields. In addition, the presence of large densityesolved PL spectroscopy. Our experimental findings were
of dislocations, interface roughness, composition fluctuathen analyzed by an eight-bakdP modet”*8that we modi-
tions, and in some cases even regions of a complete phafied in order to take into account the hexagonal symmetry of
separation are also reporte8These are unavoidably affect- this system?® This detailed model is required, in order to
ing the optical properties of the heterostructures. Consecorrectly consider the complexity of the valence-band struc-
quently, it is not straightforward to characterize and to cor-ture in these strained quantum heterostructures. The model
rectly interpret their optical properties, since various intrinsicquantitatively explains both the cw and the pulsed measure-
and extrinsic physical phenomena must be carefully considments and their temperature and well width dependence. The
ered in the analysis of the experimental data. For examplestrong dependence on the QW width is explained in terms of
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a strong lattice-mismatch strain-induced piezoelectric fieldvhere¢ is the lattice mismatch between the components of
along the growth axis. the heterostructure. The simple mode of data collection con-

The paper is organized as follows: In Sec. Il we describssists of the measurement of diffraction profiles, i.e., one-
the samples, their growth procedure and x-ray characterizatimensional angular distributions of diffraction intensity.
tions. In Sec. Il we discuss the theoretical eight-b&n&  The structural parameters of thin films are then determined
model which we use for simulating the optical properties offrom the angular distances between the diffraction peaks
these quantum structures. In Sec. IV we present the optic@riginated in the films and in the substr&teThis procedure
measurements, and in Sec. V these measurements are apaually results in the determination of the relative change in
lyzed and discussed. The paper includes two appendixegttice parameters\d/d, to within (10" %—5x 10~5). Better
Appendix A outlines the theoretical background of reciprocalpr(_l.cisiOn (Ad/d~10"% can be achieved by two-
space mapping'applied to heterostructurgs of .hexagonal SYTimensional reciprocal-space mappitBSM),232* which
metry. Appendix B presents the effective eight-band®  tjlizes about hundred diffraction profiles. More important
Hamiltonian that we use for describing electron states iffor this study, is the fact that RSM also provides an excellent
wurtzite-type semiconductors. tool for determining the degree of strain relaxation in hetero-
structures.

These HRXRD experimental techniques are well estab-
lished for layered structures with cubic symmetry. Applica-

A. Sample growth tions of these techniques to noncubic heterostructures are in

The InGa, ,N/GaN samples were grown on basal-planePT09r€ss, dictated by the growing interest_ in hexagonal and
oriented sapphire substrates by atmospheric pressure metdiombohedral crystalgsuch as GaN, SiC, AD; and
organic chemical-vapor deposition using trimethylgallium, LINPO3) for microelectronics and optoelectronics. Applica-
ammonia, disilane, and trimethylindium as precursors. Aftefion of HRXRD n;sthe RSM mode to noncubic crystals is
annealing the substrate at 1050°C, a 19-nm-thick Ganptill in its mfz_incy, and a c_ompreher_13|_ve theoretical back-
nucleation layer was deposited at 525 °C. The temperatur@round that is ngeded for its analysis is not yet deve!oped.
was then raised to 1080 °C, and a ZBrthick buffer layer Thergfore, we briefly present the needed packground in Ap-
of GaN was deposited on top of the nucleation layer. For thi®&ndix A. For our study It was of utmost importance to es-
study five samples were prepared. In each sample a 1@blish that the control "bulk” InGa N layer is fully
periods MQW structure was grown on the GaN buffer layerStrained, and that it has the same compositigras that of
at temperature of 790°C. Each period consisted of 4he quantum layers in the periodic structures. We used RSM

2 10'8-cm ™2 Si-doped 4.3-nm-thick GaN barrier layer and Méasurements for this purpose. o .
either a d,=1.2-, 2.5-, 3.6-, 50- or 6.2-nm-thick HRXRD megsurements ofd|ffra_1ct|on profiles in the vicin-
In N QW layer in each different sample, respectively. Y of symmetric(006) GaN reflections were carried out by
ngfgﬁhgg tth MQ)\/N growth a 12-nm-thick ghGeb ngIayer y means ofa .Philips materials research diffractom@#RD),
was deposited at low pressure. The temperature was th&fluiPPed with a Cu sealed tube and a four-cry&2al) Ge

raised to 1060°C, and a cap layer of a 1Oo_nm_thickmonochromator. The MRD was used in the receiving slit
Alg1Gay, N completed the growth. In addition to these five Mde Of Operation. A setup consisting of an 18-kW Rigaku

samples, a reference sample was grown in which an 80-n otating Cu anode generator com_blned with a Bededif-
thick layer of I, ,Ga, g\ was deposited in place of the peri- ractometer was used for triple-axis scans. These scans were

odic MQW structure. The layer sequence in the sample idYPically in the vicinity of the(006) and (002 GaN reflec-
schematically described in the inset to Figb)l We note tions. This setup was also used for diffraction profiles and

here that the layer thickness and their composition reporte SM measurements in the_ vicinity of the as_ymm(_a(mGS)
in this section are nominal as estimated from the growth aN refllectlons{the inclination angle pf the diffraction vec-
parameter&® They vary from the actual values that were ©F relative to the sample surface is=20.6°. In these

deduced from the HRXRD measurements as reported belo ases, highly monochromatic and quasiparallel primary x-ray
eams were produced using two-channel{@2&0) Si crys-

tals. In the triple-axis mode the diffracted x rays were passed
B. X-ray characterization of strained hexagonal structures through a(220 Si channel-cut crystal analyzer, which pro-

The precise knowledge of atomic concentrations and/ided high angular resolution. In order to enhance the count-
strain fields is crucially important for the design and fabrica-IN9 rate in the RSM measurements, a 22@-wide receiving
tion of photonic devices. In nearly perfect thin-film struc- Slit replaced the crystal analyzer in front of the x-ray detec-

tures this information is hidden in the spatial distribution of ©'-
lattice parameters, and it can be extracted by the aid of Results of RSM from the reference sample and that from

HRXRD. This technique provides structural characteristicdn€ dw= 3.6 nm MQW structure are shown in Figsaland
with an unsurpassed precision. In the specific case of a hef{P), respectively. In Fig. @8 the central condensation point
erostructure composed of layers containing isomorphousl{Hs) corresponds to the maximum diffraction intensity from
substituting compounds, the precision of strain determinathe GaN substrate. The condensation point from the left side

tion, 8, and that of the compositiodx, aré' (H,) originates from the IgGa N layer, which has a
larger spacing between it405 crystal planes. The conden-

sation point H¢) to the right originates from the 4Ga N
Se~ ﬂ Sx Ad 1) cap layer, which has smaller spacing between its planes. The
slope of the straight line drawn through the poiktg and

Il. GROWTH AND STRUCTURAL CHARACTERIZATIONS
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expected for a fully strained layer. The In content in the
In,Ga 4N layer was found to be 0.184x<<0.110, and the

Al content in the A|JGa,_ N layer was found to be 0.058
<y<0.065. The uncertainties are due to the uncertainties in
the reported values of the elastic constants of the binary ni-
tride compounds.

The RSM from the MQW sample in Fig(l) contains the
central intensity condensation pointks and H from the
GaN substrate and cap layer, respectively. In addition, the
map contains equidistantly located condensation pdintg,

014 012 -01 008 -006 -004 002 0 002 004 and 3 with a periodicity determined by the combined thick-

(b) ay &Y ness,d,,+d,. We note that these “superlattice” points are

asymmetrically situated abouig, in accordance with the

FIG. 1. Reciprocal space x-ray-diffraction mapping of the refer-detailed analysis of Ref. 26. Here, as in the bulk sample, all
ence sampl¢a) and of thed,,=3 nm MQW samplgb). Each con-  the condensation points are aligned along the “fully strained
tour presents a 10% variation in the diffraction intensity. The direcine” ( @=¢). This indicates that the MQW is in a fully
tions of the vectoAH for the fully strained and fully relaxed cases strained state, as well.
are schematically de_scrib_ed in the insetdb The layer sequence is We proceed by assuming that the In content in all the
schematically described in the inset(t. periodic samples is exactly that of the reference sample.

With this assumption, which is based on the fact that the
H_, corresponds exactly to a fully strained state of thegrowth parameters of all these samples were identical, we
In,Ga,_«N film [see Eqs(A13) and(Al14)]. were able to simultaneouslyitthe (006) diffraction profiles

Once the strain state of a film is defined, its compositionof all the studied samples. The measured and fitted profiles
(x) can be straightforwardly determined from the R$8¢e are shown in Fig. 2. As a result of these fittings, the MQW
Egs. (A17) and (A10)]. However, since for the RSM mea- well and barrier thicknesses were determined to within a
surements we used a narrow slit in front of the detector, morenonolayer (without the same composition assumption the
precise data on th& values are obtained from the one- experimental error is two monolayerg he fitted values are
dimensional triple-axis scans, in which a crystal analyzeisummarized in Table |. The assumption of same In content is
was used instead. The best precision is achieved when mefanther validated this way, since deviations by more than
suring symmetric reflectiorfS. The data are then analyzed in 1% from the accurately measured In content of the bulk
terms of Eqgs.(A2) and (A10) by settingAa/a to zero, as sample, resulted in unacceptable fitted profiles.

-0.06 1
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TABLE I. Nominal and HRXRD measured layer thickness and compositibne experimental uncer-
tainties do not include the contribution from uncertainty in the bulk elastic stiffness t€sor

Measured Nominal Nominal

AIN AIN Measured InN

mole mole INN mole mole  Measured Nominal Measured Nominal
No. fraction fraction fraction fraction d, (nm Dy (nm) d, (nm D, (nm)
1 0.06£0.001 0.1 0.1050.01 0.20 4.90.3 4.3 1.:0.3 1.2
2 0.06-0.001 0.1 0.1050.01 0.20 4.80.3 4.3 2.220.3 2.5
3 0.06:0.001 0.1 0.1050.01 0.20 4.7#0.3 4.3 3.6:0.3 3.6
4 0.06:0.001 0.1 0.1050.01 0.20 4.80.3 4.3 52:0.3 5.0
5 0.06-0.001 0.1 0.1050.01 0.20 4.20.3 4.3 6.2-0.3 6.2
6 0.06-0.001 0.1 0.10%0.001 0.20 80.0

[ll. BAND-STRUCTURE CALCULATION crystals reduce the number of the independent components

of their piezoelectric tensor to only three. These are com-
only referred to asl,3, d33, andd,s, where the index 3
orresponds to the crystallographicaxis. The heterostruc-
Mures in our study were grown along this crystallographic
axis. The lattice mismatch strain in this simple case gives
rise to a piezoelectric field parallel to the growth direction.
Sts magnitude Ej3) is given by

Theoretical models using multibarkd P approximations
for calculating the band structure and optical properties o
heterostructures of semiconductor compounds of cubic sy
metry are very well establishéd.It is commonly accepted
now that the simpler and much more intuitive one-ban
envelope-function models cannot correctly yield quantitativ
description of the experimental d&aThis is mainly due to
the complex nature of their valence bands, which are noniso-
tropic, nonparabolic, and almost degenerate. In the presence E.— 2d13
of strain and electric fields the physical picture is even more 3 eoe,
complicated, and the use of one-band models should be
avoided even for a qualitative descriptighSince these con- Wwheresy ande, are the vacuum permittivity and the material
siderations hold even more strongly for wurtzite-type com-static dielectric constant, respectively.
pounds, it is unreasonable to expect that one-band models The piezoelectric constadt 3, which actually determines
can be used for a quantitative description of the optical propthe absolute magnitude of the piezoelectric field, was used in
erties of their heterostructures. Multiband models are therethis work as an adjustable parameter to best fit the experi-
fore required for any meaningful quantitative analysis ofmental observations. The magnitude that we obtained for it is
measured dat¥. smaller than that which is reported in the literatérahis is

Our model calculations proceed along the lines describegossibly due to the presence of polarization figldsnd/or
by Baraff and Gershorli’ We use an eight-bankl- P Kane-  due to electric field screening by charge carriers due to the
Luttinger Hamiltonian with bulk parameters for each mate-modulation doping of the GaN barriers. Indeed, Si modula-
rial region. The effect of the strain is introduced to thetion doping was reported to reduce the Stokes shifts and the
Hamiltonian by the use of a phenomenological deformatiorPL decay time$®* These are strong indications for the re-
potential theory with bulk deformation potentials. Electric duction of the piezoelectric field, as we show below. Cur-
fields are introduced into the Hamiltonian in a procedurerently, our model does not take these effects into account.
described by Pistol and GershdiiThe discontinuity in the In Fig. 3@ we schematically describe a typical periodic
material parameters and in the strain tensor elements is takén,Ga _N/GaN quantum structure grown on the GaN buffer
care of by a procedure discussed in Ref. 17, which is equivaayer. In Fig. 3b) the resultant potential structure for elec-
lent to the condition that the normal component of the probiron and hole in the lowest conduction band and highest
ability current is continuous across internal interfaces. Thevalence band, respectively, are described. In Fig) &he
method is applied to an arbitrary crystallographic directioncalculated probability distribution of zone-center lowest-
by a simple rotation of the differential operators. We use eenergy-state electrons and highest-energy-state holes are pre-
Fourier expansion method to convert the eight coupled difsented by solid and dashed lines, respectively. In Fig. 4 we
ferential equations into a matrix eigenvalues problem, whictpresent the calculated dispersion curves for the potential
is then solved numerically. The method is described in detaistructure of Fig. &).
in Refs. 17, 18, and 29 for heterostructures with bulk zinc-
blende structure. In Appendix B we therefore present only
the changes introduced to the eight-band effective Hamil-
tonian in order to take into account the reduced symmetry of For the optical measurements the samples were mounted
the wurtzite-type compounds. The material parameters thah a closed circuit helium flow optical cryostat. We used a
we used for our calculations were compiled from the avail-xenon lamp’s light dispersed by 0.34-m monochromator as
able literature. They are listed in Table Il. In addition, we an excitation source for the PLE measurements. For time-
used Ref. 30 to relate between the strain fields and the presolved spectroscopy the samples were excited by a fre-
ezoelectric fields. The symmetry properties of wurtzite-typequency -doubled picosecond-pulsed radiation from a Ti:sap-

2C3,
Cp1t+Copt T ) Exx (2

IV. OPTICAL STUDIES
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TABLE Il. Material constants used in model calculations. ;\-o\

1Ny 1Gay oN InN GaN E
c(A) 3.2265 3.543 3.1892
a(A) 5.241 5.718 5.18%
A, —6.56 —6.56°
A, -0.91 —-0.91°
As 5.65 5.65
A, -2.83 -2.8%
As -3.13 -3.1% =
Ag ~4.86 —4.86 2
Epy (6V) 15.368 15.363 %
Ep. (V) 13.056 13.058 E
Eqy (eV) 3.004 1.9 3.504'
Me; (Mp) 0.191 0.115 0.2
Mg, (Mo) 0.174 0.124 0.18
A; (meV) 18.62 49 16°
A, (MeV) 3.61 0.39 4p
Ag (meV) 3.61 0.39 4p — : i
ag, (€V) —4.08 —4.08 g 05 Ve 11
a1 (eV) ~4.08 ~4.08 = s
D, 0.7 0.7 AN I D Gl
D, 2.1 2.p ' 5 10 15 20 25
D, 14 1.4 z (nm)
D4 07 o7 FIG. 3. Heterostructure growth sequer(eg potential structure
— 10 i i . 0.

A3y (10" em/V) ~0.768 -1 _1'71- (b), and the probability of glectro(socllid line) F;md hole(dashed
& 10.55 15'3 10'0- line) distributions(c)
Cy; (10 dyn/cnt) 38.3 271 39.8 '
C1, (10 dyn/cnt) 14.2 12.4 14.4 sample are presented in Fig. 5. For sample excitation, a
C13 (10" dyn/cn?) 9.94 9.4 10.0 —3.26 eV light beam was used. The excitation density was
Cg3 (10" dyn/cnt) 372 20.0 39.2 estimated to be 500 W/dThis selective excitation energy,
Val. band 0.345 1.08 0 which is lower than the GaN barrier bandgap, allows us to
offset (eV) neglect the role of carrier diffusion from the GaN layers into

8Reference 45.

bReference 19. Note th&s andDg are not used in this work due
to the (0001 growth direction.

‘Reference 44.

dreference 3.

®We use a bowing parameter of 3.6 ¢Refs. 11 and 48
'Reference 46.

9Reference 47.

" This work.

iReference 31.

IReference 49.

phire laser. The same lens, which was used for focusing the
exciting beam at normal incidence on the sample surface,
was also used for collecting the emitted PL. The collected
light was then dispersed by a 0.22-m monochromator fol-
lowed by a detector. We used either a UV-enhanced liquid-
nitrogen-cooled charge-coupled device array in the cw detec-
tion mode, or a multichannel plate-cooled photomultiplier

and a conventional time-correlated single-photon-counting
electronics for the time-resolved spectroscopy.

A. Steady-state photoluminescence

The low-temperature PL spectra of the five MQW
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FIG. 4. Calculated electron and hole in-plane dispersion curves

samples together with the PL spectrum of the reference bulfor the quantum structure of Fig. 3.
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the near-band-gap PL spectral lines, which are relevant fdreratures:

the current study, are shown in Fig. 5. In addition to the main

PL lines, we observed in all the samples lower energy emisthe samples. The PL spectra of the 2.5-nm MQW sample for
various ambient temperatures are plotted in Fig. 6. As the
which are commonly referred to as “yellow” bands, are duetemperature rises, the PL line shifts slightly toward lower
to carrier recombination at low-energy crystalline defécts. energies, its spectral width increases, and its integrated in-
Their intensity was sample, temperature, and excitation dertensity decreases. Similar trends were also observed in all the
sity dependent, but typically few times weaker than the mairpther samples, as shown in Fig. 7, where the spectrally inte-

spectral line shown in Fig. 5. This is indicative of the quality grated PL intensity as a function of the samples’ temperature
is presented. For each sample, the intensity is normalized at

sion bands, which peak at 2.2 dkot shown. These bands,

of the samples under study.

8

29 3.0
Energy (eV)

3.

10999

1

FIG. 6. PL spectra of the 2.2-nm MQW sample at various tem-

The main spectral PL line shapes were independent of théhe lowest measured temperat(t® K). The decrease in the

excitation density, within more than two orders of magnitudePL intensity with temperature clearly indicates that the rela-
around this excitation level. The spectrally integrated PL in-tive importance of the nonradiative recombination processes
tensity was found to be linear with the excitation densityincreases with the temperature. The rate, in which the PL

over this dynamic range. As expected, the wider the QW'’s
are, the lower their PL emission energy is. This dependence
can only be partially accounted for by the quantum size
effect’®13-15 A strong, strain-induced piezoelectric field,
caused by the lattice mismatch between thgm N and
GaN layers, significantly contributes to this dependence, a<=
we demonstrate below. It can be seen in Fig. 5 that the PLE
lines are rather wide; their full spectral width at half the line
maximum amount to 60—80 meV. In addition, periodic un-
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dulations in the PL intensity due to interference effectsé 05

within the 2.5um-thick GaN buffer layers are clearly ob-
served in all PL spectra. These broad linewidths are due tc
inhomogeneous broadening as a result of spatial potentia
variations within the optically excited area. The variations
are due to composition fluctuations, strain fluctuations, inter-
face roughness, crystal dislocations, and other defects. Wi
noted some variations in the PL spectral shape and integrated

intensity as a function of the beam position on the sample FIG. 7. Integrated PL intensity vs sample temperature for the six
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surface. This is indicative of a significant non-uniformity in studied InGaN, _,/GaN structures.
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I Ga NGN  n ' culations, the presented PLE spectra were normalized to
Toisg j:/ unity at their maximum, right below the band gap of the GaN
.". cap layer. It can be seen in Fig. 8 that the absorption edge, as
_____________________ S determined by the PLE spectra, follows the PL peak, and it
also shifts to lower energies as the QW width increases. In
addition, it is seen that the energy difference between the
¢ absorption edge and the PL peak increases with the well
o - width. The oscillator strength for optical transition, as deter-
S mined from the strength of the absorption edge, significantly
N decreases with the QW width. These features of the mea-
e - sured PLE spectra are quite nicely mimicked by our model
K calculations. As we discuss below, they result from the pres-
ence of a large piezoelectric field-(L MV/cm) perpendicu-
lar to the layer planes.

An excitonic resonance at the absorption edge is clearly
observed in the PLE spectrum of the reference sample. Only
a small exciton resonance is revealed in the PLE spectrum of
thed,,=1.2 nm MQW sample, and it is completely absent in
the PLE spectra of MQW samples with a wider QW layer.
Our model calculations do not include the excitonic effect,

: N — however, its absence from the PLE spectra of wider layer
24 26 28 3.0 3.2 3.4 MQW samples can be readily understood in terms of the
Photon Energy (V) decrease in the overlap integral between the electron and
FIG. 8. PL(dashed lingand PLE(solid line) spectra of the six hole wave functi(_)ns_. This is yet _another consequence of the
In,GaN, ,/GaN structures. large piezoelectric f|eld,. as we dlscuss_below. Consequently,
the presence of the exciton resonance in the PLE spectrum of
intensity decreases with temperature, increases with the QWi bulk layer is indicative of a much smaller field there.
width. We show quantitatively below that this is due to size This is probably due to a large-scale spatial redistribution of
dependence of the radiative lifetime and its temperature dehe extrinsic charges, which screens the piezoelectric field.
pendence, which increases with the QW width due to thdlere we note that the maximum possible built-in field in an
presence of the piezoe'ectric f|e|d intrinSiC, 80-nm—thiCk |616&)9N |ayer cannot exceed 300

The PLE spectra of the MQW samples, together with thakV/cm, a factor of 3 smaller than the estimated piezoelectric
of the reference bulk sample, are shown in Fig. 8. For comfield in the MQW layers.
parison in Fig. 9 we present the results of the absorption
calculation based on out-P model. In order to facilitate ) )
quantitative comparison between the measurements and cal-  B- Time-resolved photoluminescence spectroscopy

Low-temperature, time-resolved PL spectra from one of
the MQW samples are shown in Fig. 10. The spectra were
measured during a time window of 200 ps at various delay
1% times after the excitation pulse. It should be noted that the
| d,~80nm PL spectrum spectrally diffuses with time toward lower en-

I ergies. This spectral diffusion is quite small in magnitude.
The PL peak shifts toward lower energies by less than 7

L 1o l{J{/d meV, roughly 10% of the PL spectral linewidth. The lack of

T
'
i
'
'
'
'
'
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'
'
]
'
1
|
'
1
'
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1

PL Intensity (arb. units)

T T T
Carrier Density=10"cm”

significant spectral diffusion indicates that transfer of excita-
tion during the PL lifetime is absent. Quickly after their pho-
togeneration the excitons reach their recombination sites,
with no ability to reach further toward lower-energy sites. At
temperatures higher than 130 K, no spectral diffusion was

2.2

observed at all. We thus estimated the activation energy for
excitons to leave these recombination sites as roughly 10—-15

L 30
meV. These rather small localization potentials are not di-
- / rectly related to the much larger PL spectral linewidth, which

Spontaneous Emission (arb. units)
(v4) pouad sod uonqlosqy

results from the spatial inhomogeneous distribution of re-

combination sites within the whole area of the exciting
oo beam. In Fig. 11 we present the peak PL transients from the
— T T T T 2.5-nm sample for various ambient temperatures between 15
2426 2‘inerg 3('2\,) 23 and 300 K. Though, in general, a single exponent decay
Y model cannot describe the transients, we have found the tran-

FIG. 9. Calculated emissiofilashed lingand absorptiorisolid ~ sients to be almost excitation density independent through
line) spectra of the six kGaN, _,/GaN structures. the dynamic range that we investigated. This can only be
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' 7 ' emission could always be described by the initial single ex-

-3.0 X ) L :
g‘” =3nzrzev - ponent fit. An important conclusion is readily made from the
-IEXC=0.éSmw ] decay times thus obtained: In spite of the increasing impor-

EXC

At=0.2 (nsec) tance of the nonradiative channels as the temperature rises
I / ] (see Fig. 7, the transient characteristic decay timesq| are

not becoming shorter. The overall recombination rater{/

is a sum of the radiative decay rate £d) and the nonradi-
ative one (1lfyg). Since the later can only increase with
temperature, this means that the nonradiative rate is signifi-
cantly smaller than the radiative rate. We can thus safely
conclude that at low temperatures the nonradiative decay
rates are slower than the radiative ones for the four narrower
MQW samples.

The fitted single-exponent characteristic decay times for
the MQW samples are displayed in Fig. 12 as a function of
temperature. Three curves are given for each sample. Solid
circles represent lifetimes deduced from the transients of the
PL peaks, and solid (V) represent lifetimes measured from
transients at the lowerfhighery energy half-maximum-

intensity side of the PL peaks. Two clear trends are readily

2f9 ' 5 observed in Fig. 12: first, we note that the broader the QWSs
Energy (V) are the longer are their PL decay timés®® second, it is

clearly seen that the measured lifetimes at temperatures

FIG. 10. Time-resolved low-temperature PL spectra ofdge  which are lower than 130 K are longer for lower-energy PL
=3.0 nm MQW sample. transients. This is more significant for MQW samples with
broader QWs. While the lifetime of the PL from the 1.2-nm

understood in terms of different lifetimes for different local- S2MPIe at a certain temperature varies#5% depending

ized exciton populations, which we probe while exciting at®n the PL energy, these from the wider QWs vary by
one spot. +100%, significantly larger than our experimental error.

The solid lines overlaid on the transients at their initial Above 130 K the entire PL line has one characteristic decay

decay times are single-exponent decay models which best fie: We attributed this behavior to the typical activation
nergy of roughly 12 meV which is required for carriers to

the data. We use these fitted curves for extracting one chal- ) i X
acteristic decay time for each measurement. By comparingaVe their lateral potential fluctuation traps. We note, how-
ver, that the energy range of these traps is quite large. This

single-exponent fits with two exponent fits, we safely de- . _ : o= :
duced that more than 90% of the temporally integrated prange determines the PL linewidth, which is typically around
60 meV. In addition, we note that the PL effective lifetime

increases with temperature up to 210, 240, 250, and 50 K for

PL intensity (counts/sec)

TN T Cgesmes 0 . the 1.2-, 2.5-, 3.6-, and 5.0-nm MQW'’s, respectively. At
L1518 E. =326eV higher temperatures, the effective PL lifetime decreases with

g 2 S a—T the sample temperature. For the 6.2-nm MQW and 80-nm
10°f SOK 7,732 nsec H —— bulk reference samples, the decay times decrease with the

temperature at 15 K. By comparison with similar studies
performed on GaAs/Gal;_,As MQW samples® we de-
duce that for the narrow MQW this behavior is due to ther-
mionic emission of excitons from the QWs, which increases
the nonradiative decay rate and thus effectively shortens
Terr 220 In the wider InGa, N layers another process con-
trols the nonradiative decay rates, as discussed below.

As already mentioned, the observation that the PL life-
time increases with temperature led us to conclude that at
low temperatures the nonradiative decay rates are slower
than the radiative ones. Keeping this information in mind,
one can safely deduce that the radiative recombination life-
time (7g) is inversely proportional to the PL intensity at a
given excitonic density. Thus, from the temperature depen-
dence of the measured PL intensity during a short temporal
window (which is significantly shorter than the effective life-
time) around the excitation time, one can directly measure
the temperature dependence of the radiative lifetime. In Fig.

FIG. 11. The 2.2-nm sample peak PL intensity vs time after anl3 we thus display the reciprocal of the measured PL peak
excitation pulse for various ambient temperatures. intensity during a time window of 200 ps immediately after

PL intensity (counts/sec)
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0 2 4 6 8 12
Decay Time (nsec)
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the pulse excitation, as a function of the sample temperaturéaster with the temperature, as expected for a 3D system. The
In Fig. 13 we note that below 50 K, the radiative lifetime is effective PL lifetimes of the bulk sample are much shorter
roughly temperature independent, while between 50 to 220 Khan the lifetimes of the MQW samples. They also decrease
it increases linearly with the temperature. more rapidly with increasing sample temperature.

We checked our assumptions self-consistently by calcu- We fitted the bulk measured data with an activation model
lating, for each temperaturg; and g, from the measured similar to the one used in Ref. 36. According to this model,
T and the PL intensity shortly after the excitation. Fromat low temperatures the carriers are confined within potential
these times the integrated PL intensity is straightforwardlyfluctuations, from which they recombine radiatively. The de-
calculated and compared with the measured data as given arease in the effective lifetime and in the integrated PL in-
Fig. 7. tensity, as the temperature increases, is due to thermal acti-

The deduced radiative and nonradiative lifetimes as aation of carriers out of their traps where nonradiative
function of temperature for the MQW samples are shown inprocesses dominate the recombination. The fit, which is rep-
Fig. 14. We note that both the nonradiative and radiativeresented by the solid line in Fig. 14, results in an activation
times are temperature dependent. While the first rapidly deenergy of 13 meV, a radiative lifetime of subnanosecond
creases with the temperature, the later, as already deducwdth temperature dependence deduced from Fig. 13, and an
from Fig. 13, increases linearly with temperature. Both timesactivated nonradiative lifetime of 20 ps.
rapidly increase with the QW width. The radiative times are
temperature independent at lower temperatures. This is ex- V. DISCUSSION
pected for fully localized excitor€:® Above 50—70 K, the _ _ _ _
radiative times increase linearly with the temperature up to 1ne main experimental results of our studies of the optical
about 250 K. This behavior is an unambiguous signature oproperties of InGa, _N/GaN MQW structures with various
the two-dimensional2D) excitonic system. In contrast, the QW thicknesses can be summarized as follows. .
radiative decay times of the reference bulk sample increase (1) The PL peak positions are spectrally redshifted with

d,=1.0nm L 5.2nm R ey : 2000
d =1.0nm 5.2nm 12h: 326y . . o
. pxc™ 3 S e : 4 1000
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FIG. 13. The inverse of the maximum of the transient PL inten-  FIG. 14. The measuretl; (A) and the deducedy (®) and 7yg
sity vs sample temperature. Data from four representative heterdtl) vs sample temperature. Solid lines represent the fitted linear
structures are presented. temperature dependence of.
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increasing QW width. These redshifts are much larger than T — .
anticipated by considering the quantum confinement effect in N
symmetric QW structures. 3.2

(2) There are large Stokes-like shifts between the band-
edge PL peaks and the absorption edge as measured by PLE.
These shifts increase with an increase of the QW width.

(3) Only a very small excitonic resonance occurs in the
absorption edge of very narrowgiGa, )N QWSs. The exci-
tonic resonance is not observed at all in the absorption edge
of widerQws. el odel E=0 _

(4) The spectral position of the PL peaks from MQW model E-900 kV/em
structures with wide QW layersd(,>3 nm) are lower in -, EEEedge E
energy than that of fully strained bulkdiGa, N layers.

(5) The PL decay times rapidly increase with the QW 26
width. This effect is much larger than is expected for a sym-
metric QW structure.

(6) The radiative lifetimes of carriers within these struc-
tures linearly increase with the sample temperature for tem?! X ) o
peratures above 50 K. This temperature dependence strongf{iii (Without a piezoelectric field.
increases with the QW width.

Two models have been recently proposed in the relevaring ;Gay N strained QWs°-1® Using this estimated piezo-
literature in an attempt to explain the optical properties ofelectric field of 900 kV/cm we recalculate the MQW band
In,Ga _,N/GaN quantum structuresa) carrier localization gap, as shown by the solid line in Fig. 15. We note that the
within low-energy potential fluctuations due to the formationobtained agreement is quite good. In particular, the observa-
of indium-rich areas or islanfs® and (b) the presence of tion that the PL energies of the widest QWs are below the
large piezoelectric field due to lattice mismatch strain, whichcalculated bulk 1p;Ga N band gap(the dotted line in Fig.
leads to the quantum-confined Stark effct® Using the  15) is thus explained? >
experimental data presented above, we were able to set an From the temperature range in which the radiative life-
upper limit on the magnitude of the potential fluctuations.time is linearly dependent on the temperature, we extracted
We clearly show, by temperature-dependent time-resolvethe proportionality constant for each QW sample. The
spectroscopy of MQW and bulk 4aGa, gN/GaN structures, ~polariton-exciton theory applied to 2D systethsorrelates
that these potential fluctuations amount to 10—15 meV onlybetween this constant and the intrinsic radiative lifetime of
while the PL spectral linewidth and Stokes shifts are an ordean exciton with zero crystal momentum within such a sys-
of magnitude larger. We also show that the presence of thtem. It has been shown that this correlation is quite roffust,
piezoelectric field largely determines the optical properties ofind it holds at elevated temperatures even for systems where
these structures. This piezoelectric field is due to the biaxiafjuite large localizing potentials exist. In these cases this cor-
compressive stress that thg @y, _,N layers are subjected relation is given by
to. The stress in these wurtzite layers induces a strong piezo-
electric field along thd001] growth direction. The piezo- P Mk

. . . . TR xKB
electric field shifts the lowest quantum-confined levels ——=— 7 70,
downward in energy. This energy shift linearly increases JT %Ko
with the QW width. In addition, the electric field spatially
separates between the electron and hole wave functions. ThighereMy is the 2D exciton effective maskg is the wave
separation which strongly depends on the QW width, signifivector of the photon at the excitonic resonance, anis the
cantly reduces the overlap integral between the electron aridtrinsic radiative lifetime of the 2D systef*! In Fig. 16
hole wave functions. The overlap influences the oscillatowe present the intrinsic radiative lifetimes that we deduced
strength for optical absorption by these states. Thus th&om our measurements as a function of the QW width. We
piezoelectric field determines to a large extent the opticahote that these times depend very strongly on the QW width.
properties of these strained MQW structures. Its presencha fact, only such a weak dependence is expected in systems
quantitatively explains the unusual dependencies of the Pwhere these widths are comparable to the bulk exciton ra-
peak energy, decay time, and spectral Stokes shift on thdius, sincer is proportional to the reciprocal of the exci-
QW width. tonic oscillator strength for optical transitiGh.*! Indeed, in

The measured PL energies as a function of the MQWGaAl;_,As/GaAs MQWs with 4d,<18nm, where the
width are presented in Fig. 15. By the dashed line we displaypulk exciton radius is 10 nm, an increase in the intrinsic
the calculated band gap for these quantum systems, withouadiative lifetime of roughly a factor of 2 is predict€dand
piezoelectric field, using our eight-bakdP model and the measured?® In Fig. 16 we show that in the y&a,_,N/GaN
material constants that are listed in Table Il. We note that theystem, where the bulk exciton radius is estimated to be 3.4
difference between the calculated values and the measureun, the increase in the intrinsic lifetimes with increasing
ones linearly increases with the QW width. From this depenQW width is orders of magnitude larger. Here the built in
dence, we quite accurately estimate the piezoelectric fielgiezoelectric field, which separates the electron-hole pair,
which must be present along the growth direction of thedramatically reduces their overlap integral. Consequently,

g
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g
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FIG. 15. PL energy®) and PLE absorption edgé&l) vs QW
idth. The solid(dashedl line represents the calculated band gap
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that of other IlI-V systems of narrower band g&ps®
310000 Our experimental findings were analyzed using an eight-

1000 5’ bandk- P model” 8 that we modified in order to take into
2 account the hexagonal symmetry of this systé@ur model
o 31000 2 quantitatively explains both the Stokes shifts and the intrin-
A_ 100 §ﬁ sic radiative lifetimes that we measured. Their strong depen-
=, g dencies on the QW width are also explained in terms of a
7 1100 § large strain-induced piezoelectric field along the growth di-
10k & rection.
el
(]
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FIG. 16. Intrinsic radiative lifetimes vs QW width. The solid
line represents the reciprocal of the calculated electron-hole wa
function overlap integral.

the oscillator strength for their optical recombination de-
creases, and their radiative lifetimes increase.

We estimate this effect by utilizing ol P program(see
Appendix B to calculate the oscillator strength for optical
transitions across the band gap in the presence of a 900-
kV/cm piezoelectric field”*° The solid line in Fig. 16 rep- We denote the hexagonal lattice parameters of the sub-
resents the reciprocal of the calculated oscillator strength, vstrate(film) by a(a+Aa) andc(c+ Ac), respectively. The
the QW widthd,,. A relatively good agreement is obtained differenceA® g between the Bragg angles f@nkl) atomic
with the experimentally determined dependence of the intrinplanes in the substrat@nd film—Ogz(0g+AB®z,)—can

APPENDIX A: ANALYSIS OF X-RAY RECIPROCAL
SPACE MAPS FROM HETEROSTRUCTURES
OF HEXAGONAL SYMMETRY COMPOUNDS

sic radiative lifetimes on the QW width. be easily calculated by differentiating the Bragg equation
2d sin®g=\, where
VI. SUMMARY d_l_ \/ 4 h2+ hk+ k2 |2 172 AL
We used optical spectroscopy and high-resolution x-ray B 3 a’ * c?) (AL)

diffraction in order to characterize and study a set of
In,Ga, ,N/GaN quantum structures. The application of
these rather conventional characterization tools to this tech-

nologically important material system of hexagonal symme- ABOg=—tanBg
try are theoretically outlined and used for careful analysis of

our experimental observations. We show that the absorptiona/a<1 and Ac/c<1, wheree is the angle between the
and emission spectra of these structures and their temporappropriate vector of the reciprocal latticel=(hkl)
and temperature dependencies are fundamentally different (|H|=2#/d) and the vecto001), which in our case is
from these of comparable structures with cubic symmetryalong the growth direction. We obtain

We clearly demonstrate that these differences are due to the

andX represents the x-ray wavelength. Thus

A A
?asin2 o+ ?Cco§ (p). (A2)

presence of a strong strain-induced piezoelectric field along a l/c

sixfold symmetry axis. The strain levels in the studied struc- Cose= : (A3)
i ing i ; 4 (h?>+hk+k?) 12\1?

tures are precisely measured by x-ray mapping in reciprocal - 4

space. The magnitude of this piezoelectric field is quite ac- 3 a? c?

curately estimated from a theoretical analysis of the mea- . -
suredew and time-resolved optical spectra. For basal plane-oriented layers, the vecf@®l) coincides

We observed that the energy difference between the afith the normal to the sample surface. In general, due to

sorption edge and the PL peak drastically increases with th ifferences between lattice parameters, the atomic planes
QW width. The PL decay time drastically increases with the kl). of the substrate and those of_the film are not parallel,
QW width'>-15 and with its temperature as well. We quite but intersect at a certain angle, which we denoteAly
accurately determined the radiative and nonradiative decay sin2¢|Aa  Ac
times of excitons in these structures from the measured de- Aw= —_———
cay times, the integrated PL intensity, and the PL intensity 2 a ¢
immediately after the excitation pulse. The intrinsic radiativeDiffraction profile measurements in the vicinity of asymmet-
lifetimes, which are inversely proportional to the exciton os-ric reflections(¢#0 and ¢+ 90°) provide information on
cillator strengths, are then calculated from the temperaturbothA®z andAw. This, in turn, allows us to determine both
dependence of the determined radiative lifetimes. We findia/a andAc/c.

that the QW width dependence of the intrinsic radiative life- Elasticity considerations impose certain constraints on
time is much stronger, in these lll-nitride compounds, tharpossible modifications of lattice constants of epitaxially

(Ad)
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grown films. It is well known that the normal to the surface AHg = |AH|AB@gtan 1(0p),
stress componeni;;; (3 denotes the axis, i.e., the growth
direction in our casestrictly vanishes. Therefore, for basal AHg =|AH|Aw, (A11)

plane oriented layers one obtains
where A®g and Aw are given by Egs(A2) and (A4), re-
033=Cya(€111 €22) +C33833=0 (A5)  spectively. Thus the line connectiit] andHg is inclined to

whereC;; are the components of the elastic stiffness tensorth® gy axis with an inclination angler, which satisfies
Due to the symmetry in the basal plarg;=¢,,, and thus

Aa Ac|sin2¢
e33= —Keyy, (A6) AHg, a c| 2
tana= = (A12)
where AHg  Aa | Ac
—sir? ¢+ —co ¢
a c
K=o o2 A7
- C_33 (A7) Using Eqgs.(A9) and (A10), we obtain
Assuming that isomorphously substituted compounds are £~ E4(1-9)+ £,KS
characterized by their lattice constant mismatcfeand &, , tana= E+i1-S@fetE KStamp. (A13)
respectively, the strain tensor componeanis=e,, in the € 8 $Tca
hexagon plane are then given by Equation(A13) provides a precise method for determini@g
_ simply by drawing a straight linégthe AH vectop on the
£11= ~ SXa. (A8) two-dimensional x-ray map along which the intensity distri-

In Eq. (A8), X, is the content of the substituting compound bution is concentrated. The slope of this line is darand it

and 0= S<1 is the strain degree, which depends on the dendeterminesS according to Eq(A13). It is important to note

sity of misfit dislocations at the film/substrate interface. Athat EQ.(A13) does not contain, and therefore the determi-

fully strained film with hexagons that completely match nation of the strain stat€is composition independent. The

those of the substrate correspondsStel. A fully relaxed  possible slopes of the vectdH [see the inset in Fig.(&)]

film with hexagons sides that are independent from those ofre bound between that for a fully strained steBe=(L) and

the substrate corresponds$e- 0. that for a fully relaxed stateS=0). Using Eq.(A13), we
Using Egs.(A6) and (A8), the modifications of the film find that the fully strained case corresponds to

lattice parametera andc, relative to the corresponding sub-

strate parameters, can be written in the following forms: tanas=tane,

1o, (A9) e (AL

The same slope is obtained for a heterostructure composed of
Ac layers of cubic symmetr§? This reflects the fact that in a
— =X(&.+KSE,). (A10)  fully strained heterostructure the vectdH is parallel to the
¢ growth direction independently of the unit-cell symmetry. Its

Equations(A9) and (A10) can be used for determination of Projections parallel and perpendicular to the vedtbrare

the x and S values via the measured strain-induced changedHq =|AH|cosg andAH, =|AH|sin¢, respectively. Note

in the lattice constantda/a and Ac/c. Unfortunately, in  that slope(A14) does not depend ol{, and therefore does

many cases the precision of the obtained data is not higRot depend on the elastic stiffness constants, which are often

enough due to the overlap between the diffraction peak&0t accurately known.

from the film and those from the substrate. This overlap is The slope for the fully relaxed state is given by

more pronounced when asymmetric reflections are &5ed.

The RSM measurements do not suffer from this drawback, tana. = §c—&a

and they ensure better precision in the measured data since gt Etart @

they provide a two-dimensional distribution of the diffraction . )

intensity in the scattering plane. Experimentally, the intensityNote that for hexagonal symmetey #0, i.e., differs from

scans are performed in the V|C|n|ty of the appropriate ndde the known result for cubic heterOStrUCtUreS, WI'WStrlCtly

of the reciprocal lattice along two orthogonal directions: par-vanishe$' [this can be easily verified by substituting,

allel to the vectoH (the gll axis, which connects the origin =Xc in EQ. (A15)]. For the (105 asymmetric reflection,

with the H node in the reciprocal latti¢eand perpendicular Which we wused in the RSM measurements of the

to H (the gl axis). In,Ga, _N/GaN heterostructures, a valueagf=2° is calcu-
Below, we illustrate the advantages of the RSM techniquéated. The RSM also contains information about the In con-

for the determination of the strain degrees8<1. Due to  tent. In fact, the projection of the vectd&ftH=Hs—H_ on

the differences between the lattice constants of the substratée horizontal axisq;) determines the modification of tie

and film, there is also a differencAH=H, —Hg, between Spacing:

the reciprocal vector of the layeH, and that of the sub-

strate,Hs. The projections of the difference vectaH on Ad_AHg _ Esinz ot &cosz o (A16)

theq, andq, axes are given by d |AH| a c

tane. (A15)
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[see Eq(A2)]. In the case of a fully strained heterostructure|x7), |yT), and|z1) followed by their time reversal conju-

(Aa=0), Eq.(A16) transforms into gates|s|), |x]), |yl), and|z]), respectively. Where the
axis is chosen to be the wurtzite crystaaxis. In this basis
Ad Ac 2 the effective Hamiltonian matrixl takes the form
T = TCO @. (Al?)
Equation(A17) with Eq. (A10) can be used for a determina- G(k) r
tion of the compositior(x) of the thin films. :[ } (B1)
—I'* G*(k)

APPENDIX B: EIGHT-BAND EFFECTIVE
HAMILTONIAN FOR STRAINED BULK CRYSTALS

2 . .. .
WITH WURTZITE SYMMETRY We follow Kané? in defining the matricesG(k) and

I':G(k) =Gy (k) + G5(k) + Gsot Ggyaidk), wherek is the
The rows and columns of the effective Hamiltonian areelectron crystal momentum, and the matrices that define the
labeled by zone-center Bloch waves in the otfids]),  effective Hamiltonian are given by:

E. ik ikyP  ikPy

—iksP; E,+A, 0 0
G1= —ikyP, 0 E,4A 0 | B2)
—ik,P, 0 0 E,
A(KE+KD) +AKE B1kyk, B.kyk, Bokyk,
B1k,kK, LikZ+ M (kS+K2) N;kyky Njkyk,
G,= , B3
2 B, kK, N1k, M K2+ L kZ+ M K2 NjK.K, B3)
Bokyk, NJkyk, N5kyk, M 3k + M kZ+ L 5k2
0 0 0 O
A 0 0 i O
= _ : B4
Gs==42 0 . o o (B4)
0 0 0O
0 0 0 O
. A 0 0 0 -1
_ B
%0 0 0 i (B5)
01 —-i o0
|
The Bloch matrix element®,, P/, E., E,, A, A,, and i%
A4 are defined as AZ:WSCZO('(VVX P)y),
=1 (s pdxT)= 1 - (sl[p,lx1), (86 0 I
1= =1 —(sT|p«XT)=—1—(sT|pylxT),
m m = X =— X .
o o Az amic? (Yl(VVXp)2) 4m(2)02<2|(vv P)y|X)
P—_i £<ST|D I21) Here i, my, andc are the reduced Planck’s constant, the
. mq anth electron rest mass, and the speed of light, respectiyely,
the electron momentum operator, avi¢r) is the crystallo-
p? graphic potential that the electron is subjected to. The Bloch
E.=({sT 2—mo+V(f) s/, matrix elements in Eq(B6) are regarded as bulk material
constants and they are usually found by comparison with
2 experimental data or theoretical band-structure calculations.
p ; ) , ;
Ev:<ZT —+V(r) ZT>, The constants that we used in our calculations are listed in
2mg Table I, whereP(P,) is given in terms of the conduction to

5 valence-band optical matrix elemerts, :

p
2_mo+v(r)

o] P?
XT>_<yT’2_mo+V(r) yT>, PH)=(A212mg)Ep ) -

EU+A15<XT
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nal conduction band terr;(A,) is related to the transversal

N7, N3, By, andB, in Eq.(B2) are defined in Ref. 19. They (longitudina) electron effective massi ((me,):

are related to Pikus and Bir's six-Band parameters 5
Al_A6743 A: h (&)_ 2 Eg_A1+A2
2 0 C2my mey) [EG(Eq—Ai+A,)—2A35]
. _t (B8)
= +A,+A:)+
Ly 2mO(A2 Ayt As) E,’ 2 [ mg
Aj=r—|—|—P?
72 p|2 2mp |\ Mg,
L2:2m0A1+E_g, x Eg(Eg_Al)_Ag
. 0 [Eg(Eg—A1+4,)—2A3](Eg—A1—A;)
! t .
Ni=5 2Ast £ Here E;=Ec—E, is the “bare” fundamental energy band
0 9 gap. Note that the actual bandgap is given By
2 P.P, —max(E,;), whereEv;, j=1, 2, and 3 are the valence-band
N, 5 AgV2 + E_g (B7) zone-center energies:
h2 Eul:Ev+Al+A21
Mi==—(A+A,—Ag),
1 2m0( 2 4 5) Al_Az _ Al_Az 5 T
.2 E2=E,+ — +\/( 5 ) +2A§_ , (B9)
Mézz_mO(Al‘FAs), _ _
Al_AZ Al_AZ 2 2 172
hz EU3:EU+ 2 - 2 +2A3
Ma=2m, A2 _ _
0 We note here thaf; and A, are relatively small in these
where we use the hexagonal symmetry relationwide-band-gap materials, and that they were neglected in
Li—Mj=N;.*° Ref. 19. The strain interaction couples parallel spin terms

The termsB; andB,, which strictly vanish for crystals of only, and from symmetry consideratio@s,;, has a similar
diamond symmetry, are set in this work to zero. The diagoform to G,:

, .
acdexxt 8yy)""‘?‘clszz b18y2_|,

1=XY,2

biSyZ+i_ 2 (Pjngkj) 118XX+ m18yy+ mzszz
1=Xy,z

Gstrain™
blex,+i > (Pjeyk)) N1xy
1=XY,2,
biSXy‘i‘i_ 2 (PJSZ]k]) Noey,

1=Xy,z

where P, ,=P;, P3=P;, and acycy, is the conduction
band transverséongitudina) deformation potential.

The relations between the strain coupling-constdnts
l[,, my, my, mg, ny, andn, to Pikus and Bir's six-band
strain deformation potential®;—Dg,* are similar in form
to the relations of EqYB7):

Il:D2+D4+D5, (Bll)

|2:D1,

n1:2D5,

(Pjexik;)

' : ' :
btsxz_l, (PJSkaJ) blsxy—l_ (PJSZ]k])
1=Xy,2 =X,z
Nyexy Noey,
m18xx+ | 18yy+ mye,, n28yz

n28yz m38xx+ m38yy+|2822

(B10)

n2=\/fD6,
m1: D2+ D4_D5,
m2: Dl+ D3,

m3: Dz.

In an analogous wayh; andb; are also set to zero in this
work. The deformation potentials that we used are listed in
Table II.
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