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Spin-exchange splitting of excitons in GaN
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We report on polarization-dependent photoluminescence measurements in thick GaN layers. The free-
exciton emission peaks are found to appear at different energy positions in the spectra polarized perpendicular
and parallel to the axis. In the case dElic polarization, emission from the spin-triplet state of thexciton
is observed and the singlet-triplet splitting resulting from the exchange interaction is obtained. In a highly
strained layer, the splitting between the two dipole-allowed states oBtleeciton is also observed. The
experimental data are analyzed using an appropriate exciton Hamiltonian in a wurtzite crystal. The stress
dependence of the energy splitting between the exciton states is studied and the exchange interaction constant
in GaN, y=0.58+0.05 meV, is determined.

DOI: 10.1103/PhysRevB.64.115201 PACS nunider71.35-y, 71.45.Gm

I. INTRODUCTION been reported. For example, Shanal® determinedA ;
=1 meV for the A exciton in a 2.5um-thick GaN layer
The development of group-Ill nitride optoelectronic de- grown by metalorganic vapor phase epita@OVPE) on
vices operating in the visible and near-ultraviolet spectrakt-plane sapphire, while the value obtained by &ikl® in a
region demands better understanding of the fundament&imilar sample isA r=2.9meV. We should emphasize that
electronic and optical properties of GaN and its related comthe longitudinal-transverse splitting is roughly proportional
pounds. It is well known that the near bandgap optical propio the exciton oscillator strength and depends on the strain,
erties of GaN are dominated by excitdnis a wurtzite struc- ~ especially in the case @& and C excitons!” In a homoepi-
ture, the valence band is split by the combined action of théaxial GaN, the longitudinal-transverse splittingAfB, and
crystal field and spin-orbit interaction. As a consequenceC excitons has been found to be 0.9, 1.04, and 0.37 meV,
there are three free-exciton series commonly dendieB,  respectively. Rather similar valueg1.34, 1.17, and 0.273
andC. The binding energy of th exciton in GaN is 25-26 meV) have been obtained in a free-standing GaN grown by
meV (Refs. 2—4 implying a dominance of the excitonic re- the lateral epitaxial overgrowttLEO) technique'*
combination processes up to the room temperature. Almost The determination of the singlet-triplet splitting is even
the same value has been suggested for the binding energig®re difficult because a photon propagation perpendicular to
of the B and C excitons® Since the GaN layers are usually thec axis is required. Nevertheless, Ecketyal.* succeeded
grown on foreign substratesapphire, SiC, ZnO, Sithey in determining the singlet-triplet splitting of theexciton in
always experience a large built-in strain due to the differenc@ 400um-thick heteroepitaxial GaN. By a deconvolution of
in the lattice constant and thermal expansion coefficient bethe entire excitonic emission spectra they obtained a value of
tween the GaN and the substrate. This strain is found t®.120-0.1 meV. In a homoepitaxial GaN layer, the singlet-
influence strongly the exact energy positions and oscillatotriplet splitting of 0.91-0.05meV has been derived from
strengths of the excitor’sDespite a considerable amount of magnetoreflectance ddth.Recently, Reynoldset al'* re-
detailed studies, the exciton fine structure resulting from theorted a singlet-triplet splitting of 2.9 meV, which can be
electron-hole exchange interaction is still a subject of fundareasonable for more ionic II-VI compounds but seems to be
mental research and discussion. The exchange interaction figther large for the GaN.
known to lead to a splitting of the spin-singlet states from the In this paper, we present the results from polarized pho-
spin-triplet states and also to the longitudinal-transverséoluminescence(PL) measurements in thick GaN layers
splitting of the spin-singlet stat8sThe splitting is expected grown by hydride vapor phase epitaxydVPE). The PL
to be of the order of 1-2 meV in GalRefs. 1,5 but the  spectra for bottEL ¢ and Ellc polarization exhibit well re-
large exciton linewidth in the samples so far available pre-solved free-exciton peaks and reveal the internal structure of
vents the substructure to be resolved. the excitons. The observed exciton transitions are interpreted
The longitudinal-transverse splitting, 1 is usually ex-  Wwithin the framework of general group theory. The experi-
tracted from the reflectance line shape fitting. Such a procementally obtained splitting between the exciton states is
dure is not straightforward in GaN because the crystal fiel¢ompared with those resulting from the diagonalization of
and spin-orbit splitting parameters are rather small and théhe exciton Hamiltonian in a strained wurtzite crystal.
different excitons cannot be treated separately as in the case
of 1I-VI compounds. Instead, the simultaneous coupling of
the electromagnetic wave with tiie B, andC excitons must
be taken into accourdtMoreover, the fitting is very sensitive The two GaN samples used in this study were grown in a
to the thickness of the dead layer and to the exciton effectivé@orizontal HVPE system at atmospheric pressure and at a
masses which are not exactly known. As a result, differengrowth temperature of 1080 °E. The first sample was
values for the longitudinal-transverse splitting in GaN havegrown directly onc-plane oriented sapphire, and has a thick-
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FIG. 1. Unpolarized photoluminescence spectrum of quB6-

) ! - FIG. 2. Normalized photoluminescence spectra of au@t-
thick GaN layer for theklic configuration.

thick GaN layer foro polarization(solid line) and 7 polarization

(dotted ling. The inset shows the spectra in a logarithmic scale.
ness of about 8Qum. The second sample was a 130+

Lhr:ﬁke,fresuftacvi'r?g ;iyezr:fjg;:dalsﬁgg’\‘/’vg Og;a,\?e buiter With those in homoepitaxial GaN layérimplying that the
Afterwards, the sapphire substrate was removed by a |as§|aomple is under biaxial compressive stresg < 7yy). Using
lift-off techniquel® The PL spectra were measured at 4 K, Ea=3-4771eV(Ref. 4 as a reference energy for teex-

with excitation by the fourth harmonic of a continuous waveciton in a strain-free GaN and assuming a linear dependence
Nd:vanadate laser\q,=266 nm). The excitation intensity O the in-plane stress, i.&ea=Ep+ B7,, We estimater,,

was kept below 1 W/ch The luminescence signal was dis- = 2.9+ 0.3 kbar. For the calibration coefficie8t an average
persed by a Czerny-Turner type monochromator and detectéplue between 2.2 meV/kb&Refs. 3 and 2Dand 2.7 meV/

by a cooled charge coupled detecté€CD). A Glan-  Kbar(Ref. 21 was used.

Thomson prism and a depolarizer were used in front of the Figure 2 presents the PL spectra of the same sample for
monochromator to select the polarization of the detected sigL €, kL ¢ (o polarization andElic, kLc ( polarization.
nal. The calibration of the system was performed with theln this geometry, the laser beam was focused on the side
emission lines of a low-pressure Ne lamp. To evaluate théacet of the sample by a microscopic objective and the spec-
correct wavelength-to-photon energy conversion, the refracdra are taken from a spot about Lén below the top surface.
tive index of the airn=1.0002861 was used. The spectral The PL spectrum foo- polarization resembles the one in Fig.

resolution was 0.2 meV in the region of 350 nm. 1. A small variation in the peak energidess than 1 me)is
probably due to the slight variation of the residual strain at
different depth from the top surface of the sample. The
lll. EXPERIMENTAL RESULTS

m-polarized spectrum, however, behaves quite differently.

Figure 1 shows the PL spectrum of the 8t thick layer  The intensity of the donor-bound exciton is reduced by a
for « polarization(klic,EL c). The strongest PL peak, labeled factor of 4, while the acceptor-bound exciton is not even
DOX, corresponds to the donor-bound exciton emission. It igletected(see the inset in Fig.)2 Such a behavior can be
a doublet with an energy separation of 0.8 meV. The twaunderstood having in mind that these complexes originate
components exhibit a full-width at half-maximu(RWHM)  from theA exciton, which is dipole-forbidden fdglic as will
of 0.7 meV indicating a high quality of the sample. Such abe elucidated below. Accordingly, we might except a de-
complex structure of the donor-bound exciton emission icrease ofD°X and A°X emission lines in this polarization
commonly observed in homoepitaxial GaN layers, where ugpecause the same selection rules hold for a free exciton and
to five lines have been detectétiVe attribute the twd®X  the exciton complexes arising from it. Furthermore, in the
components in our sample to a presence of two separate shahse ofEllc polarization, the free exciton emission peaks
low donors. Below thd°X emission there is another sharp appear at energies lower than those Erc. A shift of
peak (FWHM=0.6 meV), labeledA’X. This peak has been 0.530+0.03 meV and 0.2460.08 meV is observed for the
controversially ascribed as a deeper donor-bound exXditonand B excitons, respectively. There is also a noticeable de-
or as an ionized donor-bound excithhut the recent results crease of the linewidth of tha exciton forEllc polarization.
suggest that it corresponds to an exciton bound to a neutral The polarized spectra of the free-standing sample for the
acceptof'® The sample exhibits well pronounced emissionkL ¢ configuration are shown in Fig. 3. F&Lc polariza-
peaks (FWHM=2 meV) of A andB free excitond=X, and tion, the spectrum reveals a donor-bound exciton emission at
FXg. The broad feature around 3.503 eV is most probably3.4714 eV, an acceptor-bound exciton emission at 3.4662 eV
due to the emission from the excited states of Ahexciton. and a broad band emission with an unknown origin around
The assignment of the exciton PL peaks is confirmed by th&.45 eV. The strongest peak in this band can be associated
reflectance spectrum of the same saniplEhe energy posi- with an exciton bound to a deeper accepfom the free-
tions of the peaks are blueshifted by 7 meV in comparisorexciton region, only thé exciton is clearly observed. As can
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FIG. 3. Polarized spectra of a free-standing GaN sample for o )
El c,kLc (solid line), andElic,k L ¢ (dotted ling. FIG. 4. Schematic diagram of the internal structureAcind B

excitons in a wurtzite GaN. The allowed polarizations are given in

be deduced from the high ratio between the intensities oparentheses. Thin lines correspond to dipole-forbidden states.

0 . : _
D"X, and FX, peaks(about 30:]1, the density of the re symmetry and decomposes into four statds;, T, and

sidual donors in this sample is higher than in the previou ; .
one, where the ratio is only 3:1. This leads to a larger broad%—WO I's states. Again thé's states are optically allowed for

ening of the free-exciton emission. FBlic polarization, the EL c polarization and split to a longitudinal and a transverse

linewidth of the A exciton decreases and the peak is red—State aklc. The spin-triplet statd", is forbidden for both

shifted by 0.526-0.04 meV. It is interesting that in this con- polarizations. Thd', state has an optical dipole momentum

figuration, a sharp peakabeledD®Xg) is observed between orienfced.parallel to the axis and is allowed only foEllc .
the A exciton and the donor-bound excit@PX, . The ap- polarization. Foklic theI'; state emerges as a purely longi-

: . . tudinal state. The symmetry properties of fBeexciton are
pearance of this _peak obviously co_rrelat_es with the enhanc%ﬁe same as thB excitation, because the third valence band
ment of theB exciton. Then, we attribute it to a donor-bound !

exciton involving the hole from the second valence b4ffd. also had'; symmetry. . .
The peak position of thé\ exciton in kL ¢ configuration According to the above exciton structure, we interpret the

(3.478 eV is very close to that in the homoepitaxial GaN two free-exciton peaks fdE L ¢ polarization as thé& 57 states

indicating almost complete stress relaxation in this samplec.)f the A andB excitons. In the case diiic polarization, the

o : : observed peaks are attributed to fhestate of theA exciton
The in-plane stress is estimated to be-0041 kbar. and thel'; state of theB exciton. The appearance of the

dipole-forbiddenl’g state in the spectra can be explained as
IV. DISCUSSION being due to the finiteness of the exciton wave vector. The
finite k vector acts as a perturbation which mixes khestate

The different energy position of the free-exciton peaks mwith theT’, state of theB exciton. Sincel’yXT'; transforms

the spectra foEL ¢ and Ellc polarizations suggests that ex- . . :
citon states of different symmetry are detected. The finé*S 1;6' this 6perturbat|on must havEs symr_ne'Fry I|ke.(<>2<
structure and symmetry properties of the excitons in GaN~ Ky2KxKy).” The presence of a small uniaxial strain also
can be deduced from the general group th8oFjgure 4  can induce the appearance of thg state through thes(,,
illustrates the internal structure of the two lowest excitons of ~ €yy:28xy) perturbation.

GaN. TheA exciton comes from the lowest conduction band ~ The energy separation between the peaks assignEgas
with I'; symmetry and the topmost valence band hadigg and 1“2 is a measure of the singlet-triplet splitting of the
symmetry. The direct produdt,xI'q transforms according exciton resulting from the analytical part of the spin-
to I's+I'g representations. The twofold degenerate spin€xchange interaction. Itis found to be 0558.02 meV in the
triplet statel' is dipole forbidden, while the twofold degen- heteroepitaxial layer and 0.520.04 meV in the free stand-
erate spin-singlet statBs has an optical dipole momentum ing sample. These values are much smaller than the value of
perpendicular to the axis and is allowed foEL ¢ polariza- 2.9 meV reported by Reynoldst al** We should mention
tion. For a wave vector perpendicular to theaxis thel's that the PL spectrum fdElc polarization in Ref. 14 is very
states form a transversE47) and a longitudinal s ) state, ~ similar to that we observe in the free standing sample and the
of which the longitudinal one is optically inactive. Thig,  Peak assigned by the authorslgsstate is more likely due to
Isr, andT's, exciton states are separated energetically byhe D°Xg exciton. On the other hand, tHef;-T'g splitting

the spin-exchange interaction. The analytical part of the exebtained here is slightly larger that it was previously mea-
change interaction shifts thEs; state above thé'g state, sured in a thicker HVYPE GaN layer grown amplane sap-
while theT'5, state is shifted to even higher energy by thephire (120-0.1 meV)? In this sample, however, the emis-
long-range nonanalytical part of the exchange interactionsion of theA exciton is rather broad and the exact positions
The B exciton arises from the lower valence bafwdth T';  of 'y andT's; states were extracted by a spectral deconvo-
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lution. In contrast, our samples reveals well resolved free- H,=AL2+ AL ,01 ,+ As(Lyop x+Lyony)
. . . : A L v z 2L-2zUh,z 3\ LxPh,x yYhy
exciton peaks in both polarizations and #g-T'% splitting ) 5
can be determined directly. We believe that the discrepancy +(C1FCaly)es+(Cot Cul))(exxteyy). ()

in the reported values cannot be attributed to the strain varia- ) )
tion, because our results show almost the same singlet-triplétere. E is the conduction band energy at zero stréipare

splitting in both the nearly strain-free sample and the biaxithe conduction band deformation potentials,is the wurtz-
ally compressed layer. From the spectra in Fig. 2, we caff€ crystals-field parametet, andA; are the spin-orbit cou-
also deduce the energy splitting between the two opticallypling parameters along theaxis, L; and o, ; are the com-
active states of th& exciton 'S andT'S. It is found to be Ponents of the orbitalspinless and the spin hole moments,
0.240+0.08 meV. To the best of our knowledge, the spliting@nd Ci are the spin independent valence band deformation
of the B exciton in GaN was not experimentally observed uppot_ent|als. The splr_l-orblt interaction and the crystal field
to now. Unfortunately, we are not able to obtain T3 Sp|lt_ the ground exciton state into thre_e four-fold deg_enerate
splitting in the free-standing sample because the emission citons(A, B, andC). The last term in Eq(1) takgs Into .
the B exciton for EL ¢ polarization is very weak and its account c_>n|y the analytical part of the exchange interaction
energy position cannot be determined precisely. and is written by
It is important to note that due to the polariton effects, the
I'e;-T'5 splitting obtained from the PL spectra might be con-
sidered as a lower limit of the singlet-triplet splitting of the
exciton. The strong coupling of the electromagnetic field . ] ) ] ]
with the dipole-allowed exciton stated’{) give rise to where v is the isotropic exchange interaction constant be-
mixed photon-exciton stategolaritong. The electron-hole tween the hole and electron spins andand o, denote the
pairs created by a nonresonant excitation relax down to th¥ector operators whose components are the Pauli spin matri-
knee of the lower polariton brandtirelaxation bottieneck ces of the electron and the hole, respectively. This part of the
region”) and the emission occurs just below the energy ofrfamiltonian accounts for the splitting of the degenerats,
the FéT exciton state. Strictly speaking the polariton emis-andC excf[ons and the mixing of .thelr oscillator strengths.
sion mechanisms transforms into a transport of the couplefilexcncontributes only to the spin-singlet states and keeps the
excitation from the depth of the crystal to the surface whergn€rgy of the spin-triplet states Lzmchanged. The exchange
only part of it is transmitted due to the additional boundaryconstant is defined ag=|¢;4(0)|“J, where() is the vol-
conditions® As a result, the luminescence yield from the po-Ume of the unit cell,¢;4(re—ry) is the Is hydrogenlike
laritons is rather low compared to that from the bound comfunction whlc_:h descrlbes_ the relative motion of elec'gron and
plexes. In the case dlic polarization, there is no exciton- hole, andJ is the atomiclike exchange enerﬁy.Stnctly _
photon coupling and a purely excitonic emission of ﬂ,.@ speaking th!s def|n|t!on holds qnly for a cubic crystal and is
state with a Lorentzian line shape can be observed. more.questlonable in a .wurtzne crystal where the ground
To interpret quantitatively our experimental results, weState Is not exact_ly_ c_jescrlbed _by the Q_Iate. Nevertheless, a
follow the approach of Langeet al,?*> who described the formalism forab initio calculation ofy in 11-VI compounds
internal structure of the excitons in a strained wurtzite crys1@S been developed by RohA&rApplying the same ap-

. . _ . 5
tal. In GaN, the conduction band is predominarsthike and = Proach, Gilet al. estimatedy=2 meV in GaN: In our con-

the valence band is-like. The threep-type functions and the sideration, the exchange interaction constant will be treated
two spin states for both the electron and the hole lead to s an adjustable parameter and its value will be extracted

12-fold degenerate exciton ground state. The exciton Hamil'oM the experimentally obtained energy separation between

tonian can be written as the exciton state§. ) i
For the analysis of the exciton fine structure, we choose a

set of basis wave functions which are classified by the sym-
H=H.—H,~R+Hexcn, (1) metry of the exciton statésThus, the 1X 12 Hamiltonian
matrix can be decomposed into two<® matrices, one for

whereH, andH, are the conduction and valence and Hamil-the states of’s symmetry and another one for tiig, I',,
tonians, adapted to account for the strain related effect on thendI's states. The energies of the 12 exciton states are ob-
band extremaR is the customary exciton binding energy, tained by diagonalization of these matrices of various levels
which is assumed to be constant, afd,., describes the Of the stress. The components of the strain tensor in @gs.
electron-hole exchange interaction. In the case of growth oAnd(3) are related to the in-plane stresg, by*’

c-plane sapphire, the GaN layer is under a biaxial compres-

1
H exchi= 5 Y(1—0e0n), (4)

sive stress and there are only two nonvanishing components 2c2,\ !
of the strain tensorg,, ande,,=¢,, The conduction band exx=— | Cuat Coo— _C33 Txx ®)
and valence and Hamiltonians fe=0 are given by
and
Hc=EctDie,t D2(8xx+8yy) 2 PR
2Cy3 2C13
and S2= L CutCopo— CTa) ™o (6)
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0.6 sensitivity of the theoretical results to the input parameters,

[T S S we repeat the calculation with another set of parameters,

05 _T """"""" T A A namely,A;=10meV, A,=5.5meV, A;=6.0meV, andC;

! Iy -Ts =7.2meV The results are shown in Fig. 5 with doted
S| lines. The change of parameters practically do not influence
g 04l the singlet-triplet splitting of theA exciton. However, the
; new parameters yield a IargEE—F? splitting and apparently
£ 03 L a better agreement with the experimental value is found. The
= almost identical stress evolution of th§-T'2 andT'E-T'% in
2 oal both cases suggests that the main difference comes from the
o different spin-orbit parameters.

2 In spite of an uncertainty of the valence band parameters
Wooal in GaN, the theoretical calculations describe rather well our
experimental results for the energy splitting of the exciton
0.0 L states. Moreover, the determined exchange interaction con-
0 2 4 6 8 10 stant is in a nice agreement with the valug=0.6

Biaxial compression (kbar) +0.1 meV estimated from the polarized reflectance measure-
ments forklic configuration in a thin GaN layer grown on
FIG. 5. Stress dependence of the energy splitidgT'2 and  a-plane sapphiré! As it was pointed out in Ref. 31, this
I'E-T? calculated with parameterd;=10meV, A,=6.2meV, Vvalue is consistent with the expected exponential dependence
A;=5.5meV, andC;=4.91eV (Ref. 29 (solid lines and A, of y on the interatomic distance in the Ga-based Ill-V com-
=10meV, A,=5.5meV,A;=6.0meV, andC;=7.2 eV (Ref. 30 pounds. The lower exchange interaction constants in GaN,
(dotted lineg. The squares represent the experimentally obtainedvith respect to the values obtained for II-VI compounds can

values. be explained by the more covalent character of the chemical
bonds.
where for the stiffness coefficients we u€g,=365GPa, Finally, we would like to point out that the splitting be-

C1,=135GPa,C,3=114 GPa, an€;3381 GPa2® To calcu-  tween exciton states we obtained in a GaN layer grown on
late the stress evolution of the exciton states, the values @ plane sapphire is large, namely;-T's =0.94= 0.03 meV
the six deformation potentia®; and C; are also required. and I'S-I'?=0.69+0.1 meV3 The explanation of the ob-
Since we are interested in the splitting between exciton stateserved difference can be based on the fact that GaN layers
and not in their absolute energies, the number of the deforgrown ona-plane sapphire exhibits an anisoptropic in-plane
mation potentials needed is reduced to tWa,andC,, or  compression due to the different thermal expansion coeffi-
even to one if a quasicubic approximation is used, &g., cients of the sapphire in directions parallel and perpendicular
=-2C,.%° to the c axis. This anisotropy acts as an uniaxial stress and
We calculate the splitting between the exciton states as ®ads to the reduction of the crystal point group from the
function of the biaxial stress with the following valence bandhexagonal to the orthorhombic offeAs a result, the twofold
parametersA;=10meV, A,=6.2meV,A;=5.5meV, and degeneracy of thd's state is lifted even aklc and two
C3=4.91eV?° The exchange interaction constaptis ad-  transverse excitons with a dipole momentum polarized par-
justed by an iterative procedure until the calculated values odillel to thex andy axis are observed. Accordingly, the energy
I'2-T4 andI'E-T'® match the measured ones. The best fit isposition of thel'5; andI'g; states fork L ¢, EL ¢ configura-
obtained fory=0.58+0.05 meV. The stress variation of the tion depends on the angle between the wave vector and the
energy separationEé—l“’g and F?-F? calculated with this direction of the uniaxial stress. The detailed analysis of the
value of y is shown in Fig. 5. The singlet-triplet splitting internal exciton structure in GaN grown arplane sapphire
I'2-I's exhibits a weak dependence on the stress which i§S Well as the dependence of the energy splitting on the wave
consistent with the experimental results. TR§-I'A in- ~ VECtor orientation is a subject of a separate study.

creases by only 3% in the stress region from 0 to 10 kbar. On
the other hand, th€2-T'? splitting is found to be very sen- V. CONCLUSIONS

sitive to the stress. It is interesting that the calculations yield \ye have used polarized photoluminescence spectroscopy
a negative value fof's-I'7 at zero stress. Such an inverse o study the internal exciton structure in GaN. A noticeable
ordering of'? andI'2 states has also been observed in un-ifference between the free-exciton emission spectra polar-
strained CdS$? The anticrossing of 7 andT'¢ states in GaN  ized perpendicular and parallel to ticeaxis of the crystal
was predicted to take place for a tensile stregg<€0) when  was found. The observed emission from the spin-triplet state
a larger exchange interaction constant was used (of the A exciton allowed us to determined directly the
=2 meV).?° The splitting between the two optically active singlet-triplet splittingl's-T'4 in GaN. Almost the same split-
states of theC exciton (not shown hereexhibits a stress ting was measured in the heteroepitaxial layer and in the
dependence similar to that for tiBeexciton, but with a zero free-standing, nearly strain-free sample. In the strained
stress value of 0.5 meV. For a compressive stress, the stagample, we were able to observe the energy splitting between
F‘f is always at higher energy than tllfé state. To test the the two singlet states of th® exciton. A theoretical model-
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ling of the exciton structure was also performed, and thementally obtained values, the exchange interaction constant
splitting between the exciton states was calculated as a fun@? GaN was determined to bg=0.58+0.05 meV.

tion of the stress in biaxialy compressed layers. We found

that the singlet-triplet splitting's-T's weakly depends on the ACKNOWLEDGMENTS
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