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The rate of radiative recombination in the nitride semiconductors
and alloys
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The radiative recombination rates of free carriers and lifetimes of free excitons have been calculated
in the wide band gap semiconductors GaN, InN, and AIN of the hexagonal wurtzite structure, and
in their solid solutions Ggl,_,N, In,Al;_,N and Galn;_,N on the base of existing data on the
energy band structure and optical absorption in these materials. We determined the interband matrix
elements for the direct optical transitions between the conduction and valence bands, using the
experimental photon energy dependence of absorption coefficient near the band edge. In our
calculations we assumed that the material parameters of the solid sol(tiensterband matrix
element, carrier effective masses, and sp ayuld be obtained by a linear interpolation between
their values in the alloy components. The temperature dependence of the energy gap was taken in
the form proposed by VarshrfiPhysica 34, 149 (1967]. The calculations of the radiative
recombination rates were performed in a wide range of temperature and alloy compositions.
© 1999 American Institute of Physids$0021-89789)06917-0

I. INTRODUCTION Ce, . Their conduction bands are nondegenerate, and their
Nowadays, the nitride semiconductors such as GaNgIectron states originate from atonsdunctions. If one first
AIN, and InN attract a considerable attention due to theif€glects the relatively small spin-orbit interaction, then in the
outstanding physical, chemical, and mechanical properties Point of the Brillouin zone the electron wave functions
and also because of the recent progress in technology thig@hsform according td’;, the unit representation dZs, .
allowed to produce high quality nitride films with the help of The valence band is complicated and consists of two
metal-organic chemical vapor depositigMOCVD) and branches._One of them transforms accordlng_“lowh_ereas
molecular-beam epitaxMBE) (for a recent review, see Ref. the othe_r is degen_erate _ar_ld form_s th_e two-dl_mensmnal rep-
1). The attractive properties of the nitrides include high heafesentatior’s. If spin-orbit interaction is taken into account,
conductivity, hardness, chemical stability, and high lumines) s further splits into two bandd,7 andI'g, andI'; in both
cence intensity. These wide gap semiconductors are vergmdUCtIon and valence bands turn iritp: F(i:v_—’rg’v (see
promising materials for light emitting diodes and semicon-RefS. 18 and 10 However, the spin-orbit splitting manifests
ductor lasers operating in a wide spectral interval from ultraltSelf alongk, andk, strongly, but faint at thd" point and
violet to green and even orarfgeecause their solid solutions @/0ngk;, zbeing the direction of the hexagonal axiwhich
may have energy gap varying from 2 eV in InN to 6.2 eV in usually comudes with the normal to the film.
AIN. Important material characteristics for luminescence de-  According to the results of Refs. 11-13, 18, 2022, the
vices are the rates of different electron-hole recombinatioﬁ)rder of levels in the valence bapd of the nitrides is different:
processes. However, not much is known at the moment aboilt GaN and InN'g(I's) branch lies abové&7(T";), whereas
the intensities of these processes in the nitrides. In this workn AIN it lies below I'7(I';) (for more details, see Ref. 18
we concentrate on the calculation of the radiative band-bandhe symmetry of the electron wave functions in different
recombination rate in GaN, InN, AIN, and their binary alloys bands and band branches leads to the following selection
GaAl;_N, In,Al;_,N, and Galn;_,N on the basis of the rules for the radiative transitions: for the transition frdif
experimental absorption data that are present in th& I'7, only z component of the transition matrix element
literature®1° calculated electron energy band dispersiondiffers from zerd}?* and correspondingly, the emitted pho-

GaN, InN, and AIN*3-7|n addition we calculated lifetimes tion fromI'7 to I'y, thez component of the transition matrix

of free excitons in the main nitride semiconductors. element equals zerfd,and the polarization direction of the
emitted photon is perpendicular roaxis.
II. ENERGY SPECTRA OF THE NITRIDE
SEMICONDUCTORS Iil. RADIATIVE RECOMBINATION RATE:
We consider more common and popular hexagonal HE METHOD OF CALCULATION
phase of the nitrides. All of them belong to the crystal class Usually, the Shockley—van Roosbroeck fornfdlas

used for the calculation of the radiative recombination inten-
dElectronic mail: Dmitriev@It.phys.msu.su sity, which allows one to calculate the transition rate if the
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spectral dependence of the absorption coefficient is knowrFirst we perform the summation over one of the wave vec-
However, this is not the case in the nitrides where opticators (namely, overk,) and obtain
absorption has been measured only in a small vicinity of the 2\/_ﬁ -
i e“\Jenrw v~ e

band edge, so another method is needed that_would allow to f(hw)= sz e TaT S(Eo—E,—fiw)d3k.
express the recombination rate through material parameters. m(2)773c3ﬁ2

By definition, the spontaneous radiative recombination (4)
rate Rq is thg number of spontaneous recombllnatlons. peﬁ'hen, denoting by. the coefficient in Eq(4)
second in unit volume, and is expressed by an integral:

. . L e?\e \2
RS: fo rs(hw)d(hw): ngrs(hw)d(hw), (1) mgﬂ_gcgﬁz
wherer ¢ is a spectral function of spontaneous recombinationand substituting it in Eg(1) one can obtain
It can be obtained on the basis of quantum mechanics. " Ey—Ec
Standard quantum-mechanical calculatigsgnilar to Rssz hwd(hw)f e kg O E(k)—E (k) —w]d3k,

those given in Refs. 24 and Rad to the following expres- Eg
sion for spectral density of the transition probability with \yhere the integral is taken over photon enerdies= Eq.
emission of the photon with enerdy, and arbitrary polar- The carrier energy dispersion laws in the nitrides are in
ization and arbitrary direction of the wave vectar general nonparabolic. The degree of the nonparabolicity,
2 however, differs in different bands. According to recent
28 \/Eﬁw . 19 . . .
cv=2—32MZ[N(Ek)+ 1] 8(E.—E,—Ep, (2 spectrum calculation®1® this effect is more prominent for
mpVe Y(I'y) andT'¥(T'g) bands, whereaE$ andT'g can be con-

where Ve is the refractive indexmy is free electron mass, Sidered as parabolic at typical carrier energies of k.
and We will see in the Sec. V that the most important recombi-

nation channel corresponds exactly E§—T'y transitions
, 1 z 5 due to high density of states in§ band. So we can use an
M - ;:‘1 dQyleqPeyl”, anisotropic band energy dispersion law in the parabolic ap-

proximation for these bands:
whereg,, is the polarization vector of the photon with the ) 5 5
ks K ks )
—t 4+ —,

momentumk. The sum is over two polarizations, the inte-
gration is over all photon momentum directions, @y is Mey Mgy Mg,
the interband transition matrix element at hegoint of the 5 5 )
A h2 k k k
Brillouin zone. —Eo ( X Ly, )
Mpx mhy Mz '

2

EC:E2+7

For spontaneous emission of a photon one has to put the E.=E 2
number of photonsi(E,) in the expressiof2) equal to zero.
Multiplying the probability by the carrier statistical factor E_—E —E.+
f(El)[1—f(E,)], f being the Fermi—Dirac functiofi={1 c v e
+exd (E—F)/kgT]} * and E; and E, the electron and hole 0 o0
energies, and integrating over all states of the particles in the Eq=Ec.~Ey,
conductivity and valence bands, one can obtain an eXpre%hereMX=(m;§+ mr?,i)_l is the reduced carrier mass in

h2 (K k§+ k2

Mx My Mz

2

sion for the spectral functions: direction, and similarly fory andz.
26\[etiw oy AfFer a scale trans_formatiprtxa_—»ka/\/2_,ua with _the
rofhiw)=— s sz 3d3kcd3kvf(Ec) Jacobiany8u,uyu, and integration in spherical coordinates,
mgVc'h (2m) we find:

X[1-f(Ey)]6(ke—ky) S(Ec—E,~fiw). (3)

For nondegenerate semiconductors the Fermi—Dirac func-

2 ®© Lo
RS=?L\/8,U,X,U,),,UJZJ e kgTho(hw— Eg)llzd(ﬁw).
E
tions are reduced to ?

This integral is reduced by elementary transformations to
F- Ec) two I functions:I'(3/2)= \/m/2; T'(5/2)=3//4, and thus
kgT /)’ we obtain, finally, the following expression for the spontane-
ous radiative recombination rate:

f(Ec)—>fc(Ec)=ex4

E,—F
[1—f(EV)]—>fV(EV)=eX[< ) 2 32
keT Jee 2kgT 3ksT]
. ° T 5 3.2 2 2 \/Iu’XMyMZEg 1+ 5E e EolkeT,
Thus, we obtain mgC7 Th g 5
eehw E,~E - - - .
rs(hw)zmsz € kst 8(ke—ky) Defining the radiative recombination coefficieBtac-
mgm°ch cording to the equality

X 8(E.— E,—hw) d3k.d3k, . R=Bnp,
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. . . ) 5
wheren andp are carrier concent_ranons and using the WeII_ 22 /—8MxMyMz 1 ,
known expression for concentration of electrons and holesin b= Tr 2 e om > do|en - Peyl? !
a nondegenerate semiconductor: fi’mg\ecEy 27 \=1
3 where the integration is over all polarization directions in the
a| KeT Eq : inci isti
np=4(msmy) 5 o) plane perpendicular to the incident photon beam, as distinct
2mh B from the integration over all photon wave vector directions

one comes to the following expression: in the calculations of the spontaneous radiative recombina-
tion rate R. Extracting the coefficienb from the measured

B Jee? M2 27h?]32 1 E(T) frequency dependence af one can findP,, components in
B macsh? kgT (Exﬁyaz) 129 thexy plane assuming that the light beam was perpendicular
to the film surface. However, this method does not allow us
<14 3kgT ®) to find P, ,. This is not important for the transitions from
2E4(T) [’ I'StoT'g as in InN and GaNsee selection rules aboyédut

— __in AIN where crystal split-offT’y band lies higher thai'y,
where m,=me+my, and so on. One can see from this yhis may cause problems. We still calculag@dor AIN, as-
equation that for the calculation of the radiative recombma—suming thatl'Y—T"), splitting in AIN is rather smal[ AEq
tion coefficientB it is necessary to know the matrix element _ 5 meV(RZaf 391)] and the hole population dfY ;ﬁg

2 . 1 1
M* and the temperature dependenceegt hence the transition probability to this band, may be higher

than that inl'y due to much higher density of stateslij.

IV. TEMPERATURE AND ALLOY COMPOSITION The values ofP, ,=P,,, found this way together with
DEPENDENCE OF THE ENERGY GAP other material parameters used in our calculations are listed
below:

In many semiconductors, including the nitrides, the em-
pirical Varshni formul&® approximates well the observed AIN: P, ,=9.5x 10"2° gcmls, \/;:2_15,
temperature dependence of the gap:
T2 me=0.27, m,,=3.68, my,,=6.33 (Ref. 18;
T+’ GaN: P, ,=9.2x10"%° gcm/s, e=2.67,

wherey and 8 are parameters. Their values for nitride thin me=0.18, m,,=1.76, my,,=1.69 (Ref. 19;
films were found in Refs. 15-17: ’ Y

AIN: E4(300 K)=6.026 eV,

Eg(T) = Eg(o)

InN: Pg, ,=11.9x10"%° gcm/s, \e=2.1,

v= 1.799x 10*3 ele’ B: 1462 K, me=0.11, mh’Z: 156, mhvxy: 1.68 (Ref 19

GaN: E4(0)=3.427 eV, _ The photon energy dependence of the absorption coeffi-
cient was taken from Ref. 10 for AIN, Ref. 6 for GaN, and

y=0.939x10 % eV/IK, B=772 K, Ref. 9 for InN. The method we used to obtain the matrix

element of the radiative transition includes the assumption
that all contributions of defects in the nitride thin filfsuch
y=0.245<10 % eV/IK, B=624 K. as nitrogen vacancies, oxygen impurities, )etw.the absorp-
S tion spectrum are noticeable only below and around the fun-
Therg are |nd|cat|on$see_, for example, Ref. 17 for GaN damental absorption edge. Deeper in the region of the band—
shoyvmg that the Varshni f°_"‘_‘“'a _parameters depend on thSand transitions where the fundamental absorption greatly
fabrication method of the nitride films of the same Wurtz'te'ncreases, these contributions can be neglected. This propo-

structure. In our calculat_lon we have takgn the values 0Lition is consistent with results of experimental wolksr
these parameters found in single-crystal films produced b)éxample see Refs. 5 and)1®Bo we extracted the matrix

nMeBnItEs; E\Ogrfgengevyj's;z Itr%éh(nglrgz%oart:loys of the compo- element valyes from the .experimental data using just this
' area of maximum absorption.
EL(x,T)=[XES(T)+ (1-x)EP(T) —dx(1-X)] The values of the matrix element found this Waa?)‘%gare ina
_ ood agreement with those obtained in other w n

with d=1.3 for GgAl,_,N, d=2.6 for InAl, N andd '?he ne>?t section we will show that the calculated exciton
=0.6 for Galn; N (the data from works %), lifetimes based on these values are also in agreement with
available experimental data.
V. CALCULATION OF THE INTERBAND MATRIX Now let us turn to the calculations of the interband ra-
ELEMENT diative recombination rate of free carriers in the nitride semi-
conductor alloys. The values of the matrix elements and ef-
{ective masses in the alloys were found using a linear
interpolation between the values in the alloy components.
The calculated temperature dependence of the radiative re-
a(hw)=bJho—E,, combination coefficienB is shown in Figs. 1-3. One can see

INN: E4(300 K)=1.970 eV,

To find the interband transition matrix elements, we
made use of the formula for the absorption coefficient tha
also containg;, (see, for example, Ref. 30
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FIG. 3. The radiative recombination coefficieBtvs temperaturel and

FIG. 1. The radiative recombination coefficieBtvs temperaturel and "
alloy compositionx for In,Al; _,N.

alloy compositionx for Gan;_4N.

thatB is the highest in InN and the compositions close to it’nation is the characteristic property of wide-gap direct band
and the lowest in AIN and the alloys close to this material. property 9ap

Figure 1 depicts that the radiative recombination rate Ofsem|c0nductor$such as, for example, CdS and G3PThe

Galn, ,N is almost the alloy composition independent. Thecreauon time of free exciton in them is an order of magni-

effective masses and refractive indices have close values fHde less than the radiative lifetime of free carriéfs.

these materials, and the difference in the band gap values j There are three valence band subbafue Sec. )lin

) . . f {ﬁe electron spectra of the nitrides AIN, GaN, InN, which
JéJ;t (c;)]mpensated by the change in the matrix ele give rise to three different free excitons. They are clearly

The radiative recombination coefficient and the radiativeOb‘Q’ervabIe in GaNsee Refs. 4, 22, and B8\e calculated

free carrier lifetime defined as; *=Bn are presented in the temperature dependence of the free exciton lifetime for

Table | for different materials and alloys. One can see that i the brightest line in photoluminescence spectrum of the ni-
yS. r%ride semiconductors. This line corresponds to the free exci-

similar conditions the carrier lifetime due to free carrier ra_ton with a heavy hole front™” subband
diative recombination even in AIN is higher than in GaAs. In direct se)r/niconductor%s the free. exciton radiative re-
Please note that ous coefficient of GaN is shown to be combination rate can be derived from the probability of the
nearly twice as large as one from Ref. 34. This fact can be - . ne p y

4 . . hoton emission under exciton recombinatfbn
explained by using the recent effective masses values we

took from new energy spectrum calculatidfig? 2 62 \Je(E,—E,) 0.52]32 1
g X 2
ph™2 2 |Pcv| [ } —— —
VI. LIFETIMES OF EXCITONS IN NITRIDES 3 mOCSﬁ2 keT (mxmy 2)1/2
With the above matrix elements we can also calculate X|F(0)|%6, (8

the radiative lifetimes of free excitons in the nitride semicon- hereE. is the exciton binding enerav:
ductors and compare them with the data of experimenta‘fv Ereky 1S the excito g energy:

works 2235 mee® u
It is known that exciton annihilation dominate the carrier  E,= ° 5 o
radiative recombination in the nitrides. This fact was con- 2h° €

firmed by observations of photoluminescence in thisg .y an<ike envelope function, is a solution of the effec-

. 22 . . . . .
material?~ The predominance of exciton radiative recombi tive mass equation for the free exciton ground state
1.0 <
x=10 Radiative recombination TABLE I. The radiative recombination coefficieBtand an average lifetime
0.8 4 coefficient B in Ga Al, N 7, of carriers(at T=300 K andn=10'® cm™3).
2
E 06 4 B(10~1° cmi/s) 7 (N9
® 4. AIN 0.18 55
o INN 0.52 19
02 Gay glng.N 0.49 20
GaN 0.47 21
0.0 o Gap Al N 0.31 32
. . . . : Ing Al g.N 0.26 38
200 400 600 800 1000 GanN 0.24
Temperature, K GaA? 7.2 1.3

FIG. 2. The radiative recombination coefficieBtvs temperaturel and aThe data were taken from Ref. 34.
alloy compositionx for GaAl, _,N. The data were taken from Ref. 30.
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TABLE Il. Parameters of free excitons in the nitrides.

A. Dmitriev and A. Oruzheinikov 3245

TABLE Ill. The lifetimes of free excitons in the nitrides akdfactor for the
temperature dependence of radiative lifetime of free excitons.

€ Ex (meV) a, (A)

InN 9.3 16 49.2 7 (9 ™ (9

GaN 9.5 20 38.7 K (ps/K?) T=60 K T=300 K

AIN 8.5 49 17.3
InN 1.4 0.65 7.3
GaN 0.73 0.34 3.8
AIN 0.46 0.21 2.4
GaN 0.7% 0.3% 3.5

aThe data were taken from Ref. 34.
The data were taken from Refs. 22 and 35.
‘The data were taken from Ref. 33.

a,=agel/ u being the exciton Bohr radius, andis the sys-

tem volume. To take the anisotropy of the electron and holence between the recombination coefficients is connected
spectra into account, we take an averaged value for the exiso with the difference in the band gap values and carrier
citon reduced mass: u=[(2/3)uy, + (1/3)u, 171, where  masses,
the perpendicular components aig,= (Mg, + My x,) We estimated radiative lifetimes of excitons in the ni-
and the parallel one ig,=(mg;+m, ;) *. We used the tride semiconductors. Our results are in a good agreement
electron mass values presented above in Sec. V. with the data presented in other wofks:>~-3%

Equation(8), multiplied by the Boltzmann distribution
of excitons(valid in our casgand then integrated over all AckNOWLEDGMENT
exciton wave vectorg, gives an expression for the radiative

recombination probability of one free exciton per unit time: ~ The work was supported in part by Russian Foundation

for Fundamental Research.
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