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Energy-dependent electron scattering via interaction with optical phonons
in wurtzite crystals and quantum wells
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A formalism for the calculation of the scattering rate in wurtzite-type crystals and quantum(@&'s) is
developed taking into account features of the optical phonon spectra in an optically anisotropic medium. The
electron-scattering rate due to the interaction with infrared/Raman-active polar optical phonons in GaN, bulk
material, and heterostructures, is investigated. To determine the dependence of scattering rate on optical
anisotropy and dimensionally induced transformation of the phonon spectra, three cases are cofaidered:
bulk material with different orientations of the electron wave vector with respect to the optical(laxis;
system in which bulk phonons interact with electrons confined in a QWj@nfdee-standing and embedded
QW’s where the effects of confinement of both electron and phonon subsystems are taken into account. It is
found that the scattering rate depends weakly on the initial orientation of the electron wave vector. Exceptions
are the energy intervals which correspond to the threshold values for emission of both TO-like and LO-like
bulk phonons. Our results reveal a complex and strong dependence of the electron-scattering rate on the
dispersion of a particular mode. Moreover, this dependence is found to be the main factor which determines
electron-phonon scattering in wurtzite heterostructures, in particular, through the relation between phonon
phase and group velocities. For the optically anisotropic media considered, the effect of spatial localization of
the phonon modes on the scattering rate is found to be as strong as the effect of electron confinement.

I. INTRODUCTION tals. In wurtzites, the optical axis coincides with tloe
axis which is perpendicular to the hexagons. Due to the
Recent interest in nitrides has been stimulated by the disaptical anisotropy of uniaxial crystals, the long-wavelength
covery of blue and green high power GaN-based lightattice vibrations can be classified according to mutual
emitters? as well as by attempts to utilize the unique prop-orientation between the axis, the phonon wave vectay,
erties of the nitrideS, such as the ab|||ty to operate at h|gﬁhe electric fleIdE, and the polarizatiorﬁ’.s This classifica-
temperatured high frequency, and high power densftyAt tion divides t_he lattice vibrat?ons into two groups
room and higher temperatures, the main mechanism that ir?—f phonons, or_dlnary and extraordlnary: In the no-retardation
fluences electron transport is anticipated to be scattering bymit: the ordinary phonons, for which, in generak
polar optical phonon$Indeed, one can expect that the scat- nd P are both perpendicular tq and thec axis, become

tering processes will be strongly influenced by high-energ)}j's’ger‘?i%nlesfsr "tm:] igiv(if Zitr?a ;a(;ienctrrlc \r/]e(;;[(?;'s thtr;:e
optical phonon modes over a wide range of temperature ame &, frequenc orcinary pno eco

since GaN is characterized by a relatively large gap which ependent exclusively on the anglebetween the phonon

. . wave vector and the optical axis. For these phonqlf&
separates the optical and acoustic branéh@s. the other “and E#0 for §#0.7/2. The extraordinary A and E

hapd,_ the theory of charge scattering by optical modes N odes split into LO and TO components. The purg A
uniaxial crystals, such as wurtzite GaN, has not yet bee'ﬂhonon is polarized in the direction of the axis and
adequately developed. the pure E phonon is polarized in the normal plane.
The main results known in the theory of electron-phonong, arbitrary 6, however, the extraordinary phonon
interaction were obtained for the case of optically isotropicyyqy|d exhibit a mixed polarization. It is obvious, therefore,
materials due to the relative simplicity of their phonon specnat the phonon spectra in wurtzites are far more complicated
tra. Nitrides of Ga and Al, however, are usually crystallize inthan those of cubic crystals and have to be taken into account
the hexagonal wurtzite structufepace grouitg,). The unit  explicitly when considering the electron-phonon interaction.
cell in such a material contains four atoms. Consequentlyindeed, even in bulk crystals, inherent optical anisotropy
there are nine optical-phonon branches. Only two branchelgads to finite interaction of electrons with transverselike
are both Raman and infrared active. They correspond to thghonon branches depending on the orientation of both
extraordinary A and § modes in irreducible representation electron and phonon momenta with respect to the
at thel" point. Since wurtzites have a speciaptica) axis  axis? Recently!’it has been found that due to the directional
along which plane electromagnetic waves propagate with dependence of the components of the permittivity tensor
velocity independent of the direction of their polarizationin wurtzites, the phonon spectra in nanostructures differ
vector, they belong to the family of so-called uniaxial crys-qualitatively from those observed in cubic quantum hetero-
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structures and are characterized by phenomena including thehere upper(lower) signs correspond to the processes ac-

absence of proper confinement of the phonon modes; strongmpanied by absorptiofemission of the phonons, Cda

dispersion of not only interfac(ajlf) but also confined and = sjin ¢ sin ¢, sin ¢+cosé cosé,, 6, is the angle between the

half-space modes; and composition-dependent symmetry afifitial electron wave vectok and thec axis, ¢ is the azi-

the number of particular modes. Nevertheless, the influencg,thal angle in plane perpendicular to thexis, w is the

of all these features of the phonon spe_ctra in wurtzites oRg|ution of the relation cég= &(0)/[&(w)— &(w)], ag is the

transport phenomena had not yet been investigated. radius of the first Bohr electron orbi is the phonon occu-
In the present paper, we explicitly include the peculiari-nation numberm* is the dimensionless effective mass of the

ties of the phonon spectra obtained in the framework of thyectron with massn,, anda is a step function defined as
dielectric continuum model into consideration of electron

scattering in wurtzites and investigate the angle and energy

dependence of electron—optical-phonon scattering in bulk 0 f 7.

: . s or cogkq)<hw/E,,
GaN as well as the influence of spatial confinement of both o= S( a) @ik ©)
electron and phonon subsystems on the electron transition 2 otherwise.

frequency. In doing so, we take advantage of Loudon’s

uniaxial crystal modé&land the macroscopic dielectric con- For processes involving absorption of phonoass1. As a

tinuum approach. The scattering rates are obtained in the firgt . . : :
Born approximation. final and parenthetical comment in this subsection, @§.

extends the result obtained previodssince it can be ap-

plied for arbitrary relationships between the characteristic
Il. SCATTERING RATE frequencies.

A. Bulk materials

In wide-gap semiconductors such as GaN, electron- B. Quantum wells
phonon interactions take place at relatively high values of
phonon wave vectorg so that the relationc¢,> w (herec, is
the speed of lightis satisfied for all optical frequencies.
For these conditions, the retardation effects can be neglect
and dependence of the phonon frequencie® @an be rep-
resented as

In this subsection, we consider the scattering of electrons
with a symmetric wave function which corresponds to the
ound state in a quantum weéW) of width d. We assume
at thez axis is collinear with the optic axis and perpendicu-
lar to the heterointerfaces. The origin of the coordinates is
located at the geometrical center of the well. With these as-
sumptions, the dispersion relations for the symmetric con-

€(w)sin 6+ e(w)cos =0, (1) fined and IF modes are given ¥y
where
q=[nm+parctarié,/§;)]/(ad)
(@) L7 0l » e (n=1,2,3... and 0 ifu=1), (4
efw)=€——, elw)=€——.
‘ ‘ wz—wg t ' ‘1)2_‘1%2
and

The subscriptz ant denote the directions parallel and per-
pendicular to thes axis; o, ,, w,, w ;, andw; are the char-
acteristic frequencies of tha,(LO),A,(TO),E,(LO), and
E.(TO) modes, respectively. We also assume #iat €, (ad), ®)
=€ .

General consideration of the scattering in wurtzite crystals
indicates that it is sufficient to choose the initial electronrespectively. Hereq is the magnitude of two-dimensional
wave vector in they-z plane with thez axis oriented along Phonon wave vector, u=sigf e;,(w)€x,(0=)], &

the optical axisc. Then, using the interaction Hamiltonian &1=|e;(w)e(w)], &=V|e ow)ex(w)|, and «

. . 11 . .
derived previously;'! the scattering rate can be expressed ag,=1 le1(w)/€1(w)|. Indices 1 and 2 are related to the
QW and surrounding materials, respectively. The normaliza-

&+ &6
&H—6

a=3mn

1 1 tion condition for the orthogonal modes in a wurtzite QW is
N+—=F—|sing
1 1 m*ﬁfﬂ' 2 2
E_ Ta 2mgJo Jde Jde
7le B o \/— t z Jde Jde 4ah
| —sirf6+ —cogo f UERFZEEI? [ dz=
0] dw (&w'Et| +é’w [E4%)dz Lyly’ ©
2w g
X fo E dedo, 2) Then, in terms of notation defined previously, the Hamil-
A /—kcos?T<a+1 tonians for the interaction of an electron with confined
fiw - phononsHC, and with IF phononsii'F, become
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4mheX(gnlyLy) ! 12

HO=2 :
cof(ad,d) " (B)+ adyd¢ " (@) +cod agyd)sin(agyd) ¢~ («)

An

i + | cod2aqyz) |z|<d/2
xe(agtasy) cog aq,d)efnd(t=221d) |7~ d/2, @
and
_ 112
HFZS, Amhe*(qLyly)~t
a | costt(aqd)l T (B)+aqdl ™ (a)+sin aq,d) ™ (a)/2
. cosh2aq,z) |z|<d/2
igp T
e (aq+aq)[cosr(aqnd)eﬁqﬂd(12'“") |2|>d/2, @®

respectively. Here p is the radius vector in thex-y plane, f(x)=(1/2x)(aejt/aw)iZX(aejZ/aw), B
Z%\/|€2Yt(w)/€2,z(w)|, e is the elementary charga, and afq are the annihilation and creation operators, respectively. The
index j takes on the value of 1 k=« and the value 2 otherwise. Taking into account the dispersion relations, the corre-

C
sponding squared matrix elemdiv (F)|? can be expressed as

Cy2 Amhe? ) 11
|M IF | = ql— L D(q,(l)) IF N+§+§ 5k*k'iq1 (9)
Xty
with
Y2 k2T a2q? 1 pki& 1 2
azqziki{ Kyt B9 §1—aqués C0§(§dkl)t 2aq +§S'n(dk1)k1§1

D(q,w) (P =

= = . (10
{H(a)dqa(E+ )+ (a)uéré+ T (B)E

In Eq. (10), upper(lower) signs must be taken when consid- free-standing QW may also exhibit strong dispersion. These
ering electron interaction witlC (IF) modes;k; andk, are  features suggest that, in general, the relationship between the
the magnitudes of the lateral components of the electrophonon momentum and frequency has to be taken into ac-
wave vector inside and outside the QW, respectivalyis  count explicitly when deriving the scattering rate from the
the amplitude of the electron wave function: Fermi golden rule. One can perform this as follows. For a
) i particular mode, we define P=P(q,0)=(N+3
Y =[sin(k,d)/(2k,) +d/2+ cog(k,d/2)/k,] Y2 (11) *1)D(q,0) and L=L(q,®,6)=(Ey+q) —Ex+fw. Then

At this point, we emphasize two important peculiarities
which make consideration of electron—optical-phonon scat- 1/ ch PIqa(L)d
tering in wurtzite QW’s different from the case of an opti- T q q
cally isotropic material? As follows from the matrix ele-
ment given previously in this paper, it is impossible to derive
a pure form factor for the system under consideration. The
inherent anisotropy of the dielectric medium leads to the _1
leakage of the phonon potential of all modes from the QW :f P—‘ d0=f p dL
(Ref. 10 and mixing of longitudinal and lateral phonon mo- dqg dq
menta. As a result, the “form factor” represented in the
numerator of Eq(10) becomes dependent on the parameters Applying this set of transformations and using momentum
of both subsystems. Another significant consequence of theonservation to eliminate thecosé term from the denomi-
low wurtzite symmetry is the dispersive character of the connator as well as to obtain derivativel®/dw, the scattering
fined phonons. In addition, IF phonon modes in a wurtziterate can be expressed as

=f PS(L)dqde

-1

do

dow

dw. (12
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11 Von h 1 1
N+ =F=|D(q,w)| | — = —_———
1 2m* w0y 2 2 d 2m*mg/Ver G
. D f do, (13)
e ag n=(1-p)i2 Joy (q m* mg \/ 1 ( 1
—+ [Von—Varl 2E— —Eg*t o | — V2
ph™ Vagr k q ph
2 f m* mg 2
|
whereV,, andV,, are the phonon phase and group veloci-with
ties, respectively, an&,=7%2g%/(2m*my). The integration
limits must be determined from the relations sinz(qgcosa
2
m*mew q _ FlA)=———> 53 2 (17)
—_— =+ —
ke 5K +1 for absorption, q?(4m?—g?d? cog )
MMow 9 1 for emissi 14 e
W K or emission. (149

o [F(ga) for absorption,
()= - (18
(F(ge-)+F(Qge+) for emission,

Phonon emission starts when the electron energy reaches the
value f w i, Where o, is determined from the relatiog
={2m*myw/#. For the case of IF modes, the summation
overn should be omitted. ) 2m* mow
To elucidate the effect of phonon mode confinement on Ja= )(g,d,,kHﬂL T Xoakp
the scattering of carriers with wave functions completely lo-
calized in the QW, we have also calculated the scattering rate me
. . m moa)
for the case when the phonon modes have bulk dispersion. Oot = Xo.0 K \/XZ - v
; . e bk 0.9k ho
Since, as will be shown subsequently, the angle dependence

for the bulk electron-phonon system is weak, this effect Ca_rhnan,Qs,k“: kjsin #sin ¢+ (/d) cosé. For scattering accom-
be est.|mated using arbiirary system (_:onf|g_urat|on. To ObtalrE)anied by phonon absorption;=1. If the electron transi-
analytical expressions for™ !, a configuration with thec tion leads to the emission of é phc;non

axis perpendicular to the heterointerface will be assumed.
The square of the matrix element for such a system has [0 fOr X g, < \2M* Mol
el ’

where

the form o= (19
1 otherwise.

16me’h

M|[?=
M| b . RESULTS AND DISCUSSION
Vqg-d

Jde Je
—sit6+ — coLd
dw dw Figures 1 and 2 depict the results obtained for bulk GaN,

d 2 a free-standing GaN QW, and an AIN/GaN/AIN QW with
4772 sin(—q cos&) d=50 A. In order to(a) show the details near the threshold
2 energies andb) keep, for the sake of simplicity, the inter-
(4m2>—(dqcosh)?)q cosé acting electrons in the lowest subbat@W), only a rela-
tively small energy interval in the vicinity df point is pre-
| N+ EIE) St (15) sented. Note that at higher energies all the scattering rates
2 2 =4 decrease in accordance with the general results of perturba-

tion theory. As follows from Fig. 1, bulk scattering depends
weakly on the angle between the initial electron wave vector
and thec axis. This dependence is the most pronounced for
the emission of phonons and manifests itself primarily for
electrons with energy of the order of 0.1-0.2 eV which cor-

whereV is the characteristic volume argicosé represents
thez component of three-dimensional phonon wave vegtor
Then, the scattering rate is

N+ E:LE) tan@ responds to the threshold values of phonon emission. Thus,
1 64r’m* x 2 2 this result indicates the influence of the initial configuration
E: ad? fo de, de, on the magnitude afl(1/7)/dE; in particular, upon increas-
B cosll — sir O+ —- co2H ing of electron energy, the scattering rate increases most rap-
Jw Jw idly for electron momentum oriented @t~ /4 for emission

of TO-like phonons, andd,~0 for emission of LO-like
phonons. Quantization of the electron subsystem in a QW
0 M Mo dedo, 19 leads to the reduction of the scattering rate for all initial
\/X§ ok 0 electron energies except for the narrow interval aro&md
e h ~0.1 eV where emission of LO-like phonons begins. The

2 o F(q)©
<
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. . FIG. 2. Total scattering rate as a function of the electron energy
FIG. 1. Total scattering rate as a function of the electron energyEk in GaN free-standing QWdashed lingand AIN/GaN/AIN QW
Ey. Thin lines depict scattering in the bulk system when the angle(soliol ling. In the inset, the upper solid lineircles represents

Qk is /2 (solid ling), /4 (dotted "'_“3’ gnd O(dashed ling Con- rtial scattering on confined modes, the lower solid lidashed
fined electron-bulk phonon scattering is represented by dash-dott%?fe) represents partial scattering on IF modes in AIN/GaN QW
line. Thick solid line depicts scattering in a GaN free-standing QW(GaN free-standing QW

for the case when dimensionally induced transformations of spectra

of both electron and phonon subsystems are taken into account. The

inset shows the angle dependence o{&[) computed for absorp- Nancement disappears. As shown in Fig. 2, IF phonor) emis-
tion and emission of TO-like and LO-like phonons in bulk GaN. Sion starts at lower electron energies for AIN/GaN QW’s and

The angled, is m/2 (solid ling), w/4 (dotted ling, and O(dashed has a smaller magnitude. This occurs as a result of the split-
line). ting of the IF modes in such a heterostructure, where two
symmetric IF modes can exist in two relatively narrow and
sharply increasing value of 4for the latter case appears as separated intervals of phonon frequencies which correspond
a result of reduced symmetry in such a system that, eventdo TO-like and LO-like IF modes. In this case, emitted
ally, induces the dependence of the wave vector of the intefPhonons are characterized by energies which are lower and
acting phonon subsystem on the phonon frequency providedigher than those of the IF phonons emitted from the free-
by the requirements of energy and momentum conservatiorstanding QW. As expected, the emission of LO-like phonons
The effect of spatial confinement of the phonon modes orfauses a new steplike feature in the dependentdd .
the scattering of the electrons localized in the same quantum A comparison of the scattering rates calculated for the
structure can be estimated by taking into account that for #ee-standing and embedded QW'’s reveals another interest-

free-standing QW the expression (g, ) (%) reduces to ing feature. From the inset to Fig. 2, one can see that in both
cases the energy-dependent scattering rate caused by con-

fined phonon modes remains unchanged. At the same time,
aq?dy 7% (aqd)?]? bes_;ides the additional steplike feature induced by the energy
splitting, a monotonous part of 4(E,) calculated for the
case of scattering via IF phonons has a positive derivative in

D(q, @) (jp)=7*

Jd€1, the electron energy interval which essentially exceeds the
X1 [(1= &) dqa+ £]202 gy : y exce
{[( ¢)dda+téJ2a d value of characteristic phonon energies. The magnitudes of
L these derivatives are different and, accordingly, lead to dif-
de B i
2 — T Of1t ferent slopes of the monotonous parts of the total scattering.
e 1)dqa+§l]2 dw ” - (20 Similar behavior is not unexpected for the scattering curves

for confined modes. In both free-standing and embedded sys-

As follows from Fig. 1, transformation of the phonon tems, confined TO-like and LO-like modes are located in the
spectrum in a two-dimensional heterostructure leads to asame energy intervals. On the other hand, the localization of
additional decrease in the transition frequency. This size efelectron wave function is still strong due to the relatively
fect is as strong as the size effect of electron confinemenhigh potential barrier in the AIN/GaN QW. In addition, the
Moreover, the confinement of the wurtzite phonon modes irsymmetric confined modes are also well localized for almost
a free-standing QW results in the appearance of two phonoall phonon energies as follows from the analysis of the de-
energy intervals allocated for confined modes and an energyree of phonon confinement in such a systérrlowever,
interval allocated for IF mode¥: therefore, an additional this is not true for the antisymmetric confined modes with
steplike feature appears in ther(,) dependence as a result n=0 and it is not true for symmetric modes in a case when
of IF phonon emission. This peculiarity leads to a slight ex-the barrier material is chosen such that 1.
pansion of the energy interval that corresponds to the higher The difference observed for scattering via IF phonons can
scattering rate in a confined system as compared with thbe explained qualitatively as follows: IF modes in GaN free-
bulk case. In the binary-binary system, however, this enstanding QW manifest much stronger dispersion than each of
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two IF modes, IfFand IR, in an AIN/GaN heterostructure.

The frequency intervalén meV) allocated for symmetric IF

modes in these systems 469.7-95.8 for the IF modes in o L
a free-standing GaN QW§9.7—73.2 for IF,, and[104.1—
110.9 for IF,, modes. Conservation laws for a carrier which
experiences intraband scattering lead to a decrease in th
wave number of the absorbédmitted phonon as the elec-
tron energy increases. For modes with different dispersion, N
however, the same deviation mwould correspond to dif-
ferent change im. Since this variation is an important char-
acteristic of the dispersive medium, one should expect thar o000 0.10 020 0.30 0.40 050
the shape of the curve 4(E,) will reflect the particular dy- k

namics of thew(q) dependepce. On the other hand, as fol- FIG. 3. Scattering rate in GaN free-standing QW via absorption
lows from Eq.(10), the matrix element of electron-phonon o 10.jike confined phonongwith relatively weak dispersigreom-
interaction depends on the differences between the frequengyited for the cases when the dispersion relation is take into account
of a phonon and characteristic frequencies rather than og) in matrix element onlydashed line, assuming that all absorbed
absolute values ab. As illustrated in the inset to Fig. 2, this phonons have energ§w;) and (b) in both matrix element and
can result in stronger scattering by IF modes in the freeenergys-function (solid line).

standing QW even though all IF phonons in this system have

lower frequencies than the IF phonons of thg Band in the IV. SUMMARY

embedded QW. In fact, the dependencfy) must not be  \ye have developed a formalism for the evaluation of the
ignored either in the matrix element or in thfunction  energy-dependent electron scattering rate resulting from in-
which reflects the energy conservation law. Taking accounferactions with infrared and Raman-active polar-optical
of this additional factor results in the differendé,,—Vgy,,  phonons in bulk wurtzites and wurtzite-based QW's by tak-
being introduced into the denominator of the integrand in Eqing into account peculiarities of the phonon spectra in
(13). At g~0.5Md in a GaN free-standing QW, for instance, uniaxial semiconductors. Our results demonstrate that the
the value ofVyj, becomes of the order of}f;, which signifi-  initial orientation of the carrier wave vector in a bulk crystal
cantly affects the scattering of high-energy carriers. An adcan determine the speed of switching of the phonon emission
ditional consequence of the explicit account for energy conWwith respect to the electron energy(1/7)/dE,. Transfor-
servation in the evaluation of scattering rate is the factofmation of the phonon spectra induced by reduction of the
involving phase and group velocities that appeared from théPace symmetry in QW's leads to a decrease in the total
derivative d0/dw. In general, the resulting transition fre- transition frequency compared to the transition frequencies

quency has a complex dependence on the relation betwedh Pulk material and of a system of bulk phonons and con-

the velocities of transition of the phonon phase and energ)f.'ned electrons. In GaN-based heterostructures this size effect

As illustrated by Fig. 3, even for the case when the disper'S found to be as strong as the size effect of localization of

sion is relatively weak, this relation may influence stronglythe electron wave function. Our results suggest that in opti-

. . cally anisotropic media, phonon dispersion affects crucially
the resulting scattering rate. Thus, our results suggest that He scattering of the carriers by a particular phonon mode.

an optically anisotropic medium, dispersion of the phononThis effect occurs as a result of the influence of phonon

modes is the crucial factor that determines eleCtron_Opticaldispersion on the scattering cross section not only through
phor_mn sc_attermg. _ ) the matrix element of electron-phonon interaction, but also
Finally, it should be emphasized that in an AIN/GaN QW {nrygh the selection of the appropriate momentum of the

mechanisms mentioned above. The propagating modes do

not exist in such a system since there is no overlap in char-
acteristic phonon frequencies. At the same time, the magni-
tude of the Fralich potential of the half-space modes would  This study was supported, in part, by the U.S. Army Re-
be small inside the QW. search Office and by the Office of Naval Research.
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