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Raman analysis of phonon lifetimes in AIN and GaN of wurtzite structure
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Raman analyses of the lifetimes of phonons in GaN and AIN crystallites of wurtzite structure are presented.
In order to ensure the accuracy of the measurement of the phonon lifetimes, an experimental procedure to
eliminate the broadening due to the finite slit width was performed. The lifetime analyses indicate that the
phonon lifetimes in AIN as well as in GaN fall into two main time regimes: a relatively long time oEﬂ1e
mode and much shorter times of tEé, E1(TO), andA1(TO) modes. The lifetimes of thE%, Eg, E1(TO),

A1(TO), andA1(LO) modes of an high-quality AIN crystallite are 4.4, 0.83, 0.91, 0.76, and 0.45 ps, respec-
tively. Moreover, the lifetime of thé1(LO) mode found in this study is consistent with the current phonon-
decay model of that mode in wurtzite structure materials. The Iifetimngz, E1(TO), andA1(TO) of a

GaN crystallite were found to be 10.1, 1.4, 0.95, and 0.46 ps, respective ATTh®) mode in the GaN was

not observed and its absence is attributed to plasmon damping. The lifetime shortening due to impurities was
also studied: the lifetimes of the Raman modes of an AIN crystallite, which contains about two orders of
magnitude more Si and C impurities relative to the concentration of the high-quality crystallite were found to
be 50% shorter.S0163-18209)04419-1

[. INTRODUCTION mechanism in semiconductors of diamond structure has been
established to occur via the anharmonic interactfoim. this

The realization of device fabrication using AIN, GaN, and mechanism, the Raman phonons decay into other phonons
their alloy systems as the constituent materials, has led tthat conserve momentum and energy. Moreover, in semicon-
numerous investigations concerning growth as well as anaductors containing impurities and defects it has been found
lytical techniques to study and improve these wide-bandgaghat the these imperfections affect the Raman linewidth; thus,
family semiconductorS. Raman spectroscopy has proventhe contribution of the impurity shortening-lifetime mecha-
useful in analyzing the properties of wide-bandgap materialsnism has to be taken into accofht??
it reveals information about sample quality as well as phonon In this paper, we present the study of the room-
interactions and dynamiés° temperature lifetimes of the Raman phonons in AIN and

One crucial aspect impacting device performance is phogaN materials. The Raman modes investigated in the study
non interaction Wlt_h fre_e carriers. In general, the interactiongre theE%, E%, E1(TO), AL(TO), andA1(LO) modes. The
can degrade the viability of the device; however, recent studa 1| 0) mode of the GaN crystallite was not observed in the
les have demonstrated that the phonon interactions may B€,;man spectra and its absence is attributed to the high free-

i ; ; i 14212
utlljl_zr(]ad t?] engmlie; certain ""Tser dttewfés.b th th ffect carrier concentration of that crystallite; the free carriers form
€ phonon fTemes are important in bo ese etlec Splasmon waves that interact and in turn damp the LO

and one principal way of measuring these lifetimes is via honong” However, due to the insulating properties of the

Raman spectroscopy. It has been demonstrated previousgy .
that phonon lifetimes and the factors affecting them can b IN, the A1(LO) mode was observed in the spectra of the

crystallites. For the AIN and GaN crystallites we found that

calculated from the Raman linewidth. Among the materialsh h : . . Cal
that have been analyzed via their Raman linewidth are dial'® Phonons can be separated into two time regimes: a long

mond, Si,c-BN, GaAs, and InP3-17 lifetime range of theE phonon, and a much shorter lifetime
In general, the theory of a spectral line shape of a signalange, which characterizes phonons including 168,

in a dispersive medium predicts the line shape to be LorentE1(TO), and theA1(TO). Moreover, theA1(LO) phonon of
zian and the linewidth, a parameter describing the dampinghe AIN was found to have the shortest value among the AIN
effect, to be inversely proportional to the lifetime of the modes. In addition, we investigated two AIN crystallites that
signal® For the case of a Raman signal of an ideal harmonidiffer in their impurity concentration and found that the pho-
crystal, the line shape is expected to be infinitesimally narnon lifetimes were correlated with the impurity concentra-
row; however, experiments have demonstrated that the Rdions. Also, we studied theE§ phonon lifetime of high-
man linewidth of most materials exhibits a finite width in- quality GaN film at room temperature and at 10 K. Our
dicative of the presence of decay channels, which shorten thesults indicate that the phonon lifetime of the film is similar
phonons lifetimes®~2! One fundamental lifetime-shortening to that of the crystallite; moreover no significant difference

0163-1829/99/5@0)/1297716)/$15.00 PRB 59 12 977 ©1999 The American Physical Society



12978 LEAH BERGMAN et al. PRB 59

between the lifetimes at the two temperature ranges has beel~
observed. =

The A1(LO) mode lifetime has been considered theoreti- =
cally for wurtzite-based structuré3;this model predicts a -g
three-phonon anharmonic process in which ALO) de- )
cays into arE1(TO) phonon and a LA phonon. Our experi- 2
mental measurements of this lifetime are consistent with the '@

prediction of the model.

Il. EXPERIMENT

Single crystals of GaN and AIN were grown via the sub-
limation method described in detail in Refs. 24—-26. A short
summary outlined herein highlights the findings presented in =
these references that are relevant to our present studies. Th< At R
GaN hexagonal crystallites are colorless and secondary ion 580 590 600 610 620 630 640
mass spectroscopfSIMS) indicated that the concentration Raman Shift (cm™ )
of all impurities, with the exception of oxygen, were at back-
ground levels; the oxygen concentration was FIG. 1. The Raman spectruifat 100um slit width) of the
3% 108 atoms/cm. Moreover, photoluminescence and trans-A1(TO) mode of the AIN crystallite. The line and the dashed line
mission spectroscopies indicated that the GaN crystallitedre the Lorentzian and the Gaussian fit to the data, respectively.
were of high-optical quality and no deep-level impurities
were present. contribution of the instrumental bandpass broadening. The

Two different qualities of hexagonal AIN crystallites were following section describes the method used in this study to
also grown via the sublimation methétipne type of crys- determine the actual phonon linewidth. The Raman spectra
tallites was grown in the 2100—2250 °C temperature rangdjad been acquired at successive slit widths ranging from 400
of blue color, and will be referred to as such in this paper,.um down to 100um; the measured linewidth valuésy
The other type of crystallites, that will be referred as thewere plotted as a function of the slit widi's and extrapo-
transparent crystallites, were grown in the 1950-2050 °Gated to the zero-slit valu@/, via the relatiod’ 22
range. SIMS analysis confirmed that the transparent crystal-

!ltes contain about two orders of magmtude_ less Si and C Wy, = \/W%Jr(wsxg_leo—s)z. 1)
impurities than the blue AIN. Oxygen impurity concentra-

tions are similar in both samples. The Si and C impuritieSThe second term in Eq1) is the instrumental bandpass, i.e.,
were incorporated into the crystals from the SiC seed subhe s|it width multiplied by the monochromator linear disper-
strates while the oxygen was incorporated from the growthsion 9.2¢1073cm Yum. This method yields the actual
environment. The transmission electron microscopy imagegnhonon linewidthiW, from which the phonon lifetime can be

of the AIN crystallites indicated that they are of high quality; ca|culated. However, Eq) is an approximation that can be
no high-angle boundaries, stacking faults, or twinned regionysed only when the line shape of the instrument bandpass
were observed. In addition the x-ray diffraction indicatedcapn pe approximated by a Gaussian and that of the phonon
that the residual stress level in the crystallites is low. The,y 5 |orentziart”28 To check the bandpass characteristics
average size of the AIN and the GaN hexagonal crystallites igf our Raman system, a spectrum of a high-quality diamond
~500x50m. _ . . crystal(first checked to be mostly Lorentzian at 1@t slits

The micro-Raman scattering experiments were carried oWnq w,~1.8cn%) was acquired at a relatively open slit
at room temperature utilizing the 514.5-nm line of the argonyjigth of 600,4m in which case the dominance of the instru-
ion continuous laser, and the J-Y U1000 scanning doublgnental broadening component is expected. The line shape
monochromator. The spot size of the laser on the sampl&jas found to be mostly Gaussian of linewidth 5.5 ¢m
was ~2 um in diameter. The experimental error of the Ra-\yhich can be attributed to instrumental broadening. More-
man data is=0.2 cm ". The data were acquired in a back gyer, the line shapes of the nitride crystals studied here ex-
scattering geometry from tha face of the AIN and GaN  pjpjt mainly a Lorentzian component at the lower slit values
crystallites for the observation thE;, E;, E1(TO), and a5 depicted in Fig. 1. These experimental results validate the
AL(TO) modes, and from the face for the observation of appropriateness of using E{).

the A1(LO) mode. The cold temperature measurements were |n general, the zero-slit Raman linewidth arises from a
carried out at the macromode of spot siz& mm in diam-  convolution of all broadening mechanisms, which in turn are
eter. The error in the lifetime values, which is partially due todue to the lifetime-shortening mechanisms occurring in a
the experimental error and partially due to the line-shapgjiven crystal! The two main mechanisms controlling the
data fit, was estimated to be10%. phonon lifetimes are the phonon anharmonic interactions in
which a phonon decays into other phonons, and the phonon
scattering at impurity or defect centers, which is sometimes
treated as a source of the inhomogeneous broadening. In the
In order to obtain the phonon lifetime via the Ramansubsequent discussion, we present a study of lifetime-
spectral linewidth, the linewidth has to be corrected for theshortening mechanisms in two types of AIN crystallites,

TO) Raman Inte

Ill. RESULTS AND DISCUSSION
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FIG. 2. The Raman spectra and the curve fit to the spectra of the ' : ' ' : L
transparent AIN crystallitéupper figurg¢. The deconvoluted spectra 230 235 240 245 250 . 255 260
is presented at the lower figure. Raman Shift (cm™ )

which differ mainly in their impurity contents. Figures 2 and INFI?. 4. The Raman (sjpefct;]a ct))fl e} mOdIel_ of the transparent

3 depict the Raman spectra along with the deconvolute@!N (lower spectrum and of the blue crystallite.

spectra of the AIN crystallites. The spectra presented in Fig. _ i i i ) _
crystallite. It is evident from the figure that the linewidth of

2 were acquired from a transparent AIN crystallite while ) !
those in Fig. 3 are from a blue AIN crystallite. As was dis- &/l the Raman modes are strongly correlated with the impu-

cussed in the experimental section, the blue crystallite corfl®y concentration. The values of the Raman linewidths at the
tains about two orders of magnitude more Si and C impuriZ& slit width may be used to evaluate the phonons lifetime

ties then the transparent AIN. In both spectra &TO), 7 Via the energy-time uncertainty relatioh,

E2, and E1(TO) Raman modes are at 608, 655, and 668

cm ! respectively. No peak shift difference between the two AE 1

spectra that exceeds the experimental errot-6f2 cmi * is T @

evident. Thus, both samples are similar in their high quality

of crystallinity and low levels of residual stress state. More-where AE is the Raman linewidth in units of ¢m, and#

over, the impurities have no significant effect on the residuak-53x 10 %cm™1s. Table | summarizes the results: for

stress. Figure 4 depicts tfg Raman mode at 246 cthfor  each sample the zero slit linewidth is presented along with

both crystallites, and Fig. 5 presents the spectra of theéhe calculated lifetime for each of the Raman modes. Two

A1(LO) mode at 890 cm. main conclusions can be drawn from the above results: the
In order to calculate the phonons lifetime via the Ramaniifetimes are correlated with the impurity concentration, and

linewidths, the linewidths were plotted as a function of thethe E% mode of both samples has a significantly longer life-

slit width and a curve fit was obtained via EG). The re-  time than those of th&2, E1(TO), AL(TO), and A1(LO)

sults are presented in Fig. 6: the dots represent the data takg{hdes.

from the transparent AIN and the squares data from the blue

E1(TO)

E2 668
AL(TO) 655

608

Raman Intensity (arb. units)

A1(LO) Raman Intensity (arb. units)

575 600 625 650 675 700
Raman Shift (cm™) 860 880 900 920
Raman Shift (cm' )

FIG. 3. The Raman spectra and the curve fit to the spectra of the
blue AIN crystallite (upper figure. The deconvoluted spectra is FIG. 5. The Raman spectra of tel (LO) mode of the trans-
presented at the lower figure. parent AIN (lower spectrumy and of the blue crystallite.
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[ crystallite can be assumed to be controlled mainly by the
20 . = AlLO) anharmonic interaction and thus to be equal to the value of
= 75 Of each of the phonons. Using the valuesmf as the
; I characteristic anharmonic decay times of AIN, the decay
g 15 F . . = AI(TO) times due to impurities in the blue crystallite can be calcu-
= [ i R— T lated via Eq.(3). The approximate method yields values of
T o AILO) r, 0f 3.7,0.89, 1.27, 0.72, and 0.74 ps 8}, E5, E1(TO),
5, . —— " F19 A1(TO), andA1(LO) modes, respectively.
= [ A1TO) The anharmonic decay of phonons has been studied ex-
g :g_’ﬂ’_%lr:/;—?g;ﬁfm tensively for zinc-blend semiconducté?$°-*but has re-
£ s F ceived considerably less attention for wurtzite structure ma-
a _//-,-————"/J } 200w terials such as AGa,_N.%3! Of special significance for
-_// the nitride-based wurtzite structures is the decay of the LO-
o b phonon modes, which dominates in the polar-optical-phonon

0 80 160 240 320 400 480 carrier interaction in many high-speed optoelectronic
Slit Width () m) devices>**The accepted model, known as Klemens’ chan-
FIG. 6. The linewidth of the Raman mode as a function of theN€l, Of the LO-phonon decay in the cubic structure materials
slit width. The squares represent the data of the blue AIN, and thBas been established to occur via the annihilation of the LO
dots of the transparent AIN. The lines are the fit to the data usindgRaman phonortof frequencyw o) and the creation of two
Eqg. (2). LA phonons(each of frequency, ») at the zone edg®.In
this model, a special case of the three-phonon process, en-
The first finding may be indicative of the existence of aergy conservation requires thatwgy=w . However, in
phonon-shortening lifetime mechanism via impurities andaIN, due to the substantial mass difference between the Al
will be discussed next. One fundamental mechanism that afng the N elements a large gap in the AIN phonon spectrum
fects phonon lifetimes in semiconductors is the anharmonigyists: theA1(LO) frequency at th& point is at~890 cm *
decay of a phonon into other Brillouin zone_phonons SUChyhile the LA at zone edge has frequeneyt00 cm L3 Ac-
that the energy and ”.‘Pme”t“m is conserved in the pr&P’ess'cordingly, the Klemens’ channel is not applicable here since
However, other additional channels of phonon decay ar O A< o A four-phonon interaction would permit the
clearly possible especially in material containing impuritiescoﬁéervaﬁ%n of energy: however. this interaction would re-
and def_ecté:ﬂ These crystal imperfections can destroy thesult in an unreasonabl); long Iifeti,me on the order of two or
translatlona! symmetry of the crystal,_ and thus, perturb. th‘?hree orders of magnitude longer than that predicted for the
characteristic lifetime of the propagating phonons. Our fmd'pree—phonon proce23 To account for the lifetime of the

. L -t
ings indicate that both channels for the phonons decay X130 in the wurtzite materials, a three-phonon model has been

in the AIN crysta_llltes, therefore, the measured lifetiman proposed recently in which the LO mode decays into a TO
Eq. (1) may be given bf’ mode and an LA mode; this decay route results in a more
1 1 1 reasonable lifetime of a few picosecorfdsThis model has
—=—+—, 3 been supported by time-resolved Raman measurements of
ToTA T the A1(LO) phonon lifetime in wurtzite GaN thin film.
wherer, andr; are the characteristic decay times due to theMoreover, our experimental results of tAd (LO) lifetimes
crystal anharmonicity and impurity scattering, respectively.of AIN crystallites (~0.5 pg are in accord with the time
It is not a straightforward task to deconvolute the shorteningcale of the three-phonon anharmonic process, if we include
mechanisms of the phonon lifetimes but the following ap-impurity scattering as an additional shortening mechanism.
proximated treatment gives an estimate for Specifically, In order to further investigate the relatively long lifetime
due to its high-crystal quality and relatively low-impurity of the E3 mode, the Raman modes of GaN as well as ZnO
content, the measured phonon lifetimes of the transparemtrystals were analyzed. Figures 7 and 8 depict the Raman

TABLE I. The zero-slit width Raman linewidths and the corresponding phonon lifetimes of the AIN,
GaN, and ZnO crystallites.

AIN AIN
transparent blue GaN Zn0O

Raman r T r T r T r T
modes emYH 10%s @emyH 10®s @embH 10%s (eml 10%2s
E% 1.2 4.4 2.6 2.0 0.5 10.1 0.9 5.9
E3 6.4 0.83 12.4 0.43 3.9 1.4 5.9 0.9
E1(TO) 5.8 0.91 10.0 0.53 5.6 0.95

A1(TO) 7.0 0.76 14.4 0.37 11.6 0.46

A1(LO) 11.9 0.45 18.9 0.28
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FIG. 7. The Raman spectra, the curve fit, and the deconvolution

spectra of the GaN crystallite. FIG. 9. TheE2 modes(lower curve$ and theE3 modes(upper
curves of the blue AIN (squarey ZnO (circles, and GaN(dia-
spectra of the GaN crystallite: th&1(TO), E1(TO), E3, monds as a function of the slit width.
and E; modes are at 530, 558, 567, and 142 ¢mespec-
tively. The corresponding lifetimes computed via the previ_theil’ density is low. Although the contribution of the anhar-
ously described method are summarized in Table I. Similamonic coefficient, which to our knowledge has not been yet
to the AIN lifetimes, theE: mode of the GaN has a signifi- determined theoretically, has to be taken into account, we
cantly longer lifetime than that of thE%, E1(TO), and speculate 'Fhat the low d_ensity (_)f state significantly reduces
A1(TO) modes. Figure 9 depicts the linewidth behavior ofthe scattering rate, _thUS Incre?smg the phonon I|fet|me_
the EX and theE2 modes of the ZnO, GaN, and the transpar- _Lastly, we investigated the; mode of GaN film. Figure
ent AN crystals; the zero-slit lifetimes of the ZnO modes arel0 depicts the Raman spectra of a8 undoped GaN film
presented in Table I. Our analyses indicate thatﬁbenode grown on SIC substrat_e with ?n 6';\'7 buffer layer and of a
of the ZnO crystallite exhibits relatively long lifetime as free-(_:arrle_r concentration- 10%%cm %" The spectra were
well. As was noted previously, only the LO-mode lifetime in acquired in a backscattering geometry at room temperature

wurtzite structure has been considered theoretiGalyow- (RT) and at 10 K thg slit width was set at 2(n. The line
ever, the long lifetime of thé&? in that structure is not un- shape of both lines is a Lorentzian with a linewidth of 4 and

expected in view of the factors determining the anharmoni%szincmE ;o(rl)tr;en;('g)amg ;Zfoﬁit}(viﬂi?;% t%esrl)i(?:ttilr\r/weelz'
lifetimes: energy-conservation constraints, the density of th?na gbeqcélculated The RT and the 10 K lifetimes were
final states, and the anharmonic interaction coefficient. Un; y :

like the other modes, the energy of tEé mode lies at the found to be 2 and 1.5 ps, respectively. Our results indicate

low-energy regime of the wurtzite dispersion citr@®and that the lifetime of thee; mode of the GaN film is similar to

only the acoustical phonons are available as a channel (Wat of the crystaliite(1.4 p3. Furthermore, no significant

decay. At the zone edges the energies of the acoustical
phonons are larger than that of tEé mode; thus, in order

for the energy conservation to hold the optical phonons have
to decay into acoustical phonons at the zone center for which

568.5

142

Raman Intensity (arb. units)

Raman Intensity (arb. units)

1 ) i 1 1

| ' 540 550 560 570 580 590
135 140 145 150 Raman Shift (cm™ Y
Raman Shift (cm” 1)

FIG. 10. The spectré200-um slit width) of E2 modes of GaN
FIG. 8. The Raman spectra of tEé mode of the GaN crystal- film at room temperature and at 10 K. The dashed line represents
lite. the Lorentzian fit to the data.
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lifetime change occurs at 10 K. A weak and broti(LO) which is about ten times longer than the other modes. We
Raman line from the film was observed in the spectra; howalso investigated two AIN crystallites, which differ in their
ever, due to the strong SiC Raman signal that appears in thigpurity concentration and found that the phonon lifetimes
same energy range, an accurate analysis oAth@.O) life-  were correlated with the impurity concentrations. The effect
time was not possible. The lifetime of tHel (LO) was ob-  of the two orders of magnitude increase in relative impurity
tained previously via time-resolved Raman measurementgoncentration shortened the lifetime of the phonons by
the reported lifetime was-3 ps at room temperatuféThis ~ ~50%. Additionally, we studied th&2 phonon lifetime of
lifetime value is somewhat large compared to our values Oﬁigh-quality GaN film at room temperature and at 10 K. Our
mode lifetimes in the short-lifetime regime of the GaN crys-regyits indicate that the phonon lifetime of the film is similar
tallite (see Table )l to that of the crystallite; moreover, no significant difference

between the lifetimes at the two temperature ranges was ob-
IV. CONCLUSIONS served.

The lifetimes of the Raman phonons of GaN and AIN
were found to exhibit two time regimes: the long lifetime
range of theE3 phonons and the much shorter lifetime range, ACKNOWLEDGMENTS
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