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A coherent picture for the band structure near khpoint and the associated fundamental optical
transitions in wurtzit§WZ) GaN, including the electron and hole effective masses and the binding
energies of the free excitons associated with different valence bands, has been derived from
time-resolved photoluminescence measurements and a theoretical calculation based on the local
density approximation. We also determine the radiative recombination lifetimes of the free excitons
and neutral impuritydonor and acceptpbound excitons in WZ GaN and compare ratios of the
radiative lifetimes with calculated values of the ratios obtained with existing theories of free and
bound excitons. ©1996 American Institute of Physids§0003-695(096)02220-6

GaN has been recognized as one of the most importarthe emission intensities depend strongly on the excitation
wide-band-gap semiconductors recently due to its potentidight polarization direction, as expected for FX in WZ crys-
applications for optical devices such as blue-UV lasers antgls; and(3) the emission intensities increase superlinearly
for high-temperature electronic devicksln spite of the rec-  with excitation intensity, as expected for FX. Our results
ognition of the importance of GaN, many of its fundamentalshow that the energy separation between the and
physical properties are not yet well known. For example, keyB-€xciton transition lines is about 6 meV; the binding energy
parameters which describe the band structure nearthe Of the A exciton is about 19 meV if we use the accepted
point, including the values of the valence band splitting ana/alue of the low-temperature band gap of 3.504°%VWe
the hole effective masses, are not well established. In thighow the 40 K emission spectrum for sample A because the

letter, we present a coherent picture for the fundamental og2-€xciton line is more pronounced &t=40 K in sample A.
tical transitions and the detailed band structures neaithe AN €émission line due to the recombination of the first excited

point in GaN, derived from time-resolved photolumines- state of theA-exciton A(n=2), which is about 14.3 meV

cence measurements and a first-principles band structure Cae‘t_)ove theA(n=1) emission line, is also observable n
culation based on the local density approximatibBA ). sample A atT>40 K. These values are in agreement with

Three GaN samples grown by metalorganic chemical Vathose obtained recently for GaN grown by molecular beam

4 ; . . “epitaxy (MBE).>®
g(;;}p?gpoztlo?s (MSC\?{%) ﬂvn\:eren_tl;?)(zd (m ntzlzxitglgy' The dominant transition line at 3.476 eV observed in

cm 3 epitaxial layer; sample B is a 2.&um n-type

(n=2.4x10Y cm3) epitaxial layer; and sample C is a 0.2 is
um p-type (Mg-doped epitaxial layer. All layers were 15 LSample A (gﬁ%zéx)%
grown on sapphire substrates with AIN buffer laygfsThe 09 _n=5"10160m-3 A 3 EL%Tel\)])
picosecond laser spectroscopy system used for time-resolved 06 | T=40 K L
photoluminescence measurements has been described o3k
previously®
Figure 1 shows three low-temperature photolumines- :5 \ 2 LSample B |1, (3.476eV)
cence emission spectra obtained for samples A, B, and C. g os _n:2.4><1o”cm' 2
The spectral peak positions shift with temperature following o T T=10K
the temperature variation of the band gap. Two emission = oer
peaks located at about 3.485 and 3.491 eV observed in - >
sample A are identified as due to the recombination of the Sample C
ground state of free excitondX) associated with the top M0 em ™ i (3:4695Y)
two valence bands, ok andB excitons[A(n=1) andB(n 09 rp=10 K
=1)]. These assignments have been further confirmed by the 08
following three observationga) the emission intensities of 03
the observed transition lines decrease with temperature with 0 i 345 345 347 348 340 350 351
activation energies correspond to FX binding energibg; E (eV)

FIG. 1. Low-temperature cw photoluminescence spectra of GaN for three
dPermanent address: Department of Applied Physics, Xi’an Jiaotong Unidifferent MOCVD samples. The arrows indicate the dominant transition
versity, People’s Republic of China. peaks for each sample.
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TABLE |. Structural and band parameters of wurtzite GaN calculated by LDA.

Energy split(meV)

Lattice Internal Effective mass immj Density of Exciton parameters

constant parameter ~ Crystal state mass

R) (ud field Spin-orbit  AEag AEpc I 1 (mg)°® m,(my)© Ep(meV)d
me=0.17  m,=0.19  m.,=0.18 0.13 200

a=3.1699 mh=2.03  m{=0.33 mh=0.60 0.13 20B

c/a=1.6250 0.377 375 12 6 43 mf=125 mf=0.34 mg=0.52 0.12 18C

m$=0.15 m{=1.22 m$=0.61

4nternal parameten is the nearest-neighbor distance between Ga and N atoms aloneattie in unit of the lattice constart
PDensity of state effective mass is evaluated accordingite= (m;m?)*3.

®Exciton reduced mass is calculated using=[(2/3)(1/my)+ (1/3)(1/m})] ~*, wherem} = (1/mg + 1/mi;) ~* andm!'= (1/ml+ 1/m}) L.
9The low-frequency dielectric constast9.5 has been used to calculate the exciton binding enekgjes

sample B, thel, line, is due to the recombination of the calculation underestimates these values by about 10—20%.
excitons bound to neutral donors associated with nitrogen By using a value o&=9.5 for the low-frequency dielec-
vacancies. The shoulder at about 3.484 eV in sample B igic constant of GaN and our calculated effective masses, the
due to the free excitolA(n=1) recombination. We thus binding energies oA\, B, andC excitons are calculated to
obtain a value between 8—9 meV for the binding energy obe 20, 20, and 18 meV, respectively, also shown in Table |
the neutral-donor-bound exciton. The transition line at 3.45%nd Fig. 2. The calculated-exciton binding energy agrees
eV (thel, line) observed in sample C is due to the recombi-yery well with our experimental results. The near coinci-
nation of the excitons bound to neutral acceptors associategence of the three exciton binding energies is due to the fact
with Mg impurities. A value of about 25 meV is obtained for that the exciton reduced masses are predominantly deter-
the binding energy of the acceptor-bound exciton. mined by the electron mass because of the heavier hole
In order to obtain the detailed band structure parameterg,asses. This is similar to the case in the WZ CdS in which
near thel’ ploinlt, we hfave performed firstl-prinlc:jples band {he binding energies of thé- and B-excitons, EbA, and
structure calculations for WZ GaN using local density ap-gb i ;
proximation(LDA) as implemented by the all-electron, rela- E:S’ :rsli;hhilys T?v:e? ngégbb;ng IQESeET)eEgE{ Zfotgizxf |’;g:\
T S . c=U. A \Ec=U.91E,
tivistic, full-potential linearized augmented plane waveGa,\D_ Therefore the calculated energy difference between

8 .
(FLAPW) method? Band parameters near tHeé point are the A andB valence bandéAE =6 meV) should be close

calculated at the equilibrium lattice constants, which are de,E0 the energy separation observed between Aheand

termined k_)y minimizing the total energy. The _calculated "€B-exciton transition peaks, which is confirmed by our experi-
sults are listed in Table I. The calculated lattice constant . ) ;
mental data obtained for sample A shown in Fig. 1

and the ratio oft/a are in good agreement with the experi- S
mental valuey'® and with c?ther c::iglculation]é12 The caIcE— (B rn=1)~ EB(n=1)=6 meV). The calculated energy splitting
lated three energy levels of the top valence bands ai'the between theA and C valence bandsAExc is 43 meV.
point are fitted to the quasicubic model of Hopffgltb ex-

tract the spin-orbit splittingAsgy and crystal-field splitting

Acr. Both values are found to be positive for GaN. We Band Structure of Wurzite GaN

notice that although\ 5o is insensitive to the structural pa-
rameters A is very sensitive to the ratigg=c/a and the CBM \\ b
internal structural parameteu(dAqe/d%n=2.02 eV and

dAcr/du=—17.0 e\). To confirm our calculation, we have Eg=1g meV
also performed a parallel band structure calculation for the
well-understood WZ CdS, which has a band structure similar
to GaN. The obtained s5=55 meV andA =47 meV for
CdS agree well with experimental valu€'s* The effective VEM "
masses of electrons and holes are obtained by calculating the “SUAL AE,p=6meV
second derivative of the energy dispersion curves réar I
The energy bands show considerable nonparabolic behavior.
This is especially true for the valence bands, which also
show spin splitting in the direction perpendicular to the I;
axis due to the lack of inversion symmetry of WZ structure. C
The effective masses of electrons and holes given in Table |
are obtained by averaging over the spin-split states. Since the ke ko

LDA calculation underestimates the band gap, our calculatedIG. 2. Calculated band structure near thpoint of WZ GaN. Atk=0, the
effective masses are expected to be slightly lower than thtep of the valence band is split by crystal field and spin orbit coupling into

. e A(T'g), B(I';), and C(I';) states. The conduction band is shifted up-
actual values. The calculated electron effective masses f(é?ards so that the band gap agrees with experiment. The exciton binding

me\\:(_)-]-?mo and mg, =0.19m, can be cgmpared \_Nith the  energies are denoted B8, E3, E2 for theA, B, andC excitons, respec-
experimental values ofng~mg, =0.2my," suggesting the tively.

b
Ex=Ej=20 meV Eg=3.504 eV

AEp=37 meV
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08 TABLE Il. Calculated relative square of the transition dipole matrix element

ol v Azn: 1% (a> 1, of WZ GaN for lights polarized parallel and perpendicular to ¢thaxis.
oa b © Bln=1 Transition Ellc Elc
0.2 3 3 5 8 3 3 Ea(T'7c—Toy) 0 1
“r Eg(T7c=T) 0.053 0.974
Ec(Tc—T7y) 1.947 0.026
/(; 012 | . 12 (b>
5 0.09 | L4 3/2
. b [ Py ® FZ(EO/Ei) Fex- (1)
woer Here, E; is the binding energy of the impurity-bound exci-
— tons, Eq=(242/m)(7/Q)?3, mis the effective mass of the
0.4 1 . 11 (O) intrinsic exciton, and} is the volume of the unit cell. From
o5 L . Eqg. (1), we thus have the ratio of radiative decay lifetimes
. I, andl, as
0.2 -
. (1)1 (1) =F(1)/F (1) =[E(11)/E(15)]%2 )
e 10 20 30 40 20 8070 From Eg.(2), we obtainr(l,)/7(l,)=5 by taking the bind-
T (K) ing energies of the neutral-acceptor- and neutral-donor-

FIG 3 T wre deend th bination lfetime & bound excitons from our resultg(l,) =25 andE(l,)=8.5
. 3. Temperature dependence of the recombination lifetime . ! LA .
andB-exciton,(b) |,, and(c) |, transitions measured at their corresponding meV. Our measured ratlf(l 1)/T(I 2) is 3.5, which is in fair

spectral peak positions and low excitation power densities. agreement with Eq(2) considering the fact that both(l ;)
and 7(1,) depend on emission energy.
In conclusion, a fairly complete picture for the band

Based on our experimental results and theoretical calculasycture near thd point and the associated fundamental
tions, a band diagram near tiepoint of WZ GaN is ob-  gptical transitions in GaN has been derived from time-
tained and shown in Fig. 2. resolved photoluminescence measurements and from a fist-

The dynamical behavior of the free- and impurity-boundprinciples band structure calculation based on the local den-
excitons has also been studied. The decays of the EXCitong}ty approxima’[ion_ The electron and hole effective masses
transitions in samples investigated here are described well biyave been obtained. The binding energies of about 20 meV
a single-exponential forn(t) =1, exp(=t/7). The tempera- for the A and B excitons, 18 meV for th& excitons, 8.5
ture dependencies of the recombination lifetifmg of the  meV for the neutral-donor bound exciton, and 25 meV for
A-exciton, B-exciton, | ,, andl, transitions measured at low the neutral-acceptor bound exciton have been obtained. Ra-
excitation power densities are plotted in Fig. 3. The meadiative recombination lifetimes of about 0.35 ns for the free
sured recombination lifetimes of th& exciton (~0.35 n§  excitons, 0.13 ns for the neutral-donor-bound exciton, and
and B exciton (~0.30 ng transition are nearly temperature 0.45 ns for the neutral-acceptor-bound exciton have been ob-
independent, which indicates that the recombination is domiserved and compared with theoretical calculations.
nated by radiative processes in sample A. We have calcu- J. Y. Lin and H. X. Jiang would like to acknowledge
lated the square of the transition matrix element,insightful discussions and support of Dr. John Zavada.
I, = [{¥v|Hdipoid ¥c)|?, for the band-to-band transition in-
volving the three valence bands using the quasicubic
model® which correlates directly to the radiative lifetimes *H. Morkog S. Strite, G. B. Gao, M. E. Lin, B. Sverdiov, and M. Burns, J.
of the band-to-band recombination. Hetle, and ¥ . are the ZQPI;'- _'?E{]S-76M13£3S(ﬁ9943- N Kusmia. O. Chen. 1. B W, Sehat
electron and hole wave functions. The calculated values of Abpl.SIPhy:nLetf.eé, lo‘éré(l'ggs_uzn'a’ Q. Chen, J. Burm, and W. Schaff,
|, for the threeA-, B-, and C-valence band to conduction 3g.D. Chen, M. Smith, J. Y. Lin, H. X. Jiang, M. A. Khan, and C. J. Sun,
band transitions at two different excitation light polariza- Appl. Phys. Lett67, 1653(1995; M. Smith, G. D. Chen, J. Y. Lin, H. X.
tions, Ellc andEL c, are listed in Table Il. Our results indi- 4§/||ar/]3'£f1}aﬁ' g‘l";‘r’:h:;?ngbg',\fé‘g' g‘ggbs?\zz "-\gee::fs;(lfgg’s'
cate that for the caskLc, the values ofl, are about the s, Shith, G.D. Chen, J. Y. Lin, H. X, Jiang, A Salvador, W. K. Kim, 0.
same for band-to-band transitions involving tide and Aktas, A. Botchkarev, and H. Morko@ppl. Phys. Lett67, 3387(1995.
B-valence bandsl vs 0.974. Since the reduced masses and °D. C. Reynolds, D. C. Look, W. K. Kim, O. Aktas, A. Botchkarev, A.
hence the effective Bohr radii 9f thﬁ andB ?XCiFonS_ ar_e 75:%?23;?;;5,mﬁgﬁzg%gltzhﬁd Functional Relationships in Sci-
comparable, we expect the radiative recombination lifetimes ence and Technologgedited by P. Eckerlin and H. KandléSpringer-
of the A andB excitons to be close in tHel ¢ configuration, Verlag, Berlin, 197}, Vol. Ill.
which is consistent with our experimental observation. .S. H. Wei a’:(d A. gunge“ Appl. Physl- '-‘:]34’ 1676(1994.
The radiative recombination lifetimes of thg and |, 10:: gém?zru;nj z.nH.‘];r‘r]\.iepgjnenr?’éb\orl)i?j.Siayes'cz&rf;n%%?éll%i?é??).
transitions can be obtained by extrapolating the plots in Figsiik. Miwa and A. Fukumoto, Phys. Rev. 83, 7897 (1993.
3(b) and 3c) to T=0, which is about 0.13 and 0.45 ns, izA- F. Wright and J. S. Nelson, Phys. Rev.5B, 2159(1994.
respectively. The relation between the oscillator strength OL‘E)' Jé H?ﬁglﬁqlg'si{nzh}sj C:sg;'i'e Eolgiﬁ,)/?é;%%o.ﬂ 15(1956
the impurity-bound excitorF and of the free exciton§e, 5 | Rashba and G. E. Gurgeni’shvili,.Fiz. Tverd. TélalOég (1962
has been obtained previously'as [Sov. Phys.-Solid Staté, 759 (1962)].

2786 Appl. Phys. Lett., Vol. 68, No. 20, 13 May 1996 Chen et al.



