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Electron—optical-phonon scattering in wurtzite crystals
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We present Frialich-like electron—optical-phonon interaction Hamiltonian for wurtzite crystals in the long-
wavelength limit based on the macroscopic dielectric continuum model and the uniaxial model. In general, the
optical-phonon branches support mixed longitudinal and transverse modes due to the anisotropy. We calculate
electron scattering rate due to the optical phonons in the bulk wurtzite GaN and demonstrate that the scattering
rate due to transverselike phonon processes can be strongly enhanced over a range of angles with respect to the
¢ axis. For the case of longitudinal-like modes, the anisotropy is small and the result is almost the same as that
obtained with the cubic Fhdich Hamiltonian.[S0163-1827)05428-3

Recent advances in semiconductor optoelectrorécgl  is the polarization field, and (p) denotes the unit vector
electronicé based on wide band-gap nitride materials havealong thez (L) direction. The direction-dependent dielectric
resulted in substantial interest in the basic properties ofunctionse, (w) ande,(w) are given by

wurtzite crystals. Particularly, a complete understanding of .

carrier-phonon interaction mechanisms and rates is essential L O o7

to further progress in these fields. Since the wurtzite crystals e (w)=¢ 2=l (4)
have a different unit-cell structur@.e., four atoms per unit *

cell) as well as lower symmetry compared to zinc-blende 02— 2

counterparts, phonon dynamics and carrier-phonon interac- elw)=€; Z—ZZL (5)
tions in this material system may be substantially different W~ o,

from those with cubic symmetry. Clearly, there are many,,,
more distinct phonon branchésine optical and three acous-
tic modes in wurtzite materials. At the same time, the pho-

herew, (w,) is the lattice dispersion frequency, and
(w,) is the longitudinal-optical(LO) phonon frequency,
€ (&) is the high-frequency dielectric constant perpendicu-

non modes may not be purely longitudinal nor transvers ; D .

(the [0001] dire?:/tion exceppte)dyCurrgnt understanding of Tar too(alor;g) 2the zzaX|s. Tgus,;fhe2 staz'glc dielectric consta}nts
phonon dynamics and their interaction with carriers in wurtz-2€ €. = €1 @1 /@] and ;=€  w; /w;. The macroscopic
ite semiconductors is very primitive. In this paper, the mac-eduations of motion for uniaxial _mate_rlals give relatlons_be-
roscopic dielectric continuum model and the uniaxial modefVeenE() andP(r) and the relative displacement of an ion
of Loudor? are applied to derive the Féch Hamiltonian ~ P&iru(r),

and the corresponding scattering rates for wurtzite materials.

We consider a uniaxial crystal in which only one group of d?u, (r) _ 2 1 0=
three optical-phonon branches is infrared active. The wurtz- g - ernm Jampn L erw Bu(r),
ite structure is a case in point since at thgoint, only the (6)
A.(Z) and E;(X,Y) modes are infrared active among the
nine optical-phonon modes. Our model can be extended to 42, (y)
other uniaxial crystals which have larger numbers of polar T A —wﬁuz(r)+ \/eg—e;’szz(r), (7

modes since the method is the same. We takecttais Vampun
along thez direction and denote the perpendicular direction

as_. Within the dielectric continuum approach, the optical- N el o e -1
phonon modes in the no-retardation limit satisfy the classical PL(N)=unldme —€ w U (n)+ A E.(1), (8

electrostatic equations, i.e.,

E(r)=—-V&(r), 1) P,(r)=unldm\e)— e w,u,(r)+
D(r)=E(r)+47P(r)=¢€, (0)E, (r)p+ &,(w)ELr)Z

-1

ks

€,
2. Ed) (9
@ wherep is the reduced mass ands the number of unit cells
in the unit volume. If we assume a harmonic dependence in
V.D(r)=0 3) space and time, we can obtai(r), E(r), and P(r) upon
' solving Egs.(1)—(9). We denote the phonon wave vector as

where ®(r) is the electrostatic potential due to the optical-q and defined as the angle betwean andz (c) axis. One
phonon modeE is the electric fieldD is the displacemenB  frequency has a trivial solutiom=w, andE(r)=0; this is

0163-1829/97/563)/997(4)/$10.00 56 997 © 1997 The American Physical Society



998 BRIEF REPORTS 56
the case of so-called ordinary phonon. The phonon frequererystal volume. Then, the electron—optical-phonon interac-
cies for extraordinary phonons are obtained ffom tion in second quantized form is

el(w)sin20+ez(w)CO§0=0. (10) HIE _eq)(q)eiq»r(aq_i_aiq), (12)
We normalize each orthonormal mode accordirfy to ) ‘ ) s
where ®(q) is the Fourier transform of(r) anda_, and

[Vunu(q)]-[Venu(q)]=A/26V, (11) a4 are the creation and annihilation operator, respectively.
Using the expression in Ref. 6, the interaction Hamilton for a
where u(q) is the Fourier transform ofi(r) and V is the  uniaxial crystal is

Ame’hVvt Y21 ot
(Glow)e, (@SR e w)code]| q©  (Batd-q)

H=2

(wi—wz)(wg—wz) 1 ar(g +al 13
[(EE—ef)wf(wg—wz)zsinzﬁ-k(eg—ef)wg(a}f—wz)zcosza]llzae (8gtag). (13

> 2me?hiVo
q

The transition probability from electron statdo k' per unit Lio 2me?h
time, W(k,k"), is calculated from the Fermi golden rule as |Mq| = VFQ,

Sha

(1" —1/%) 0?2

W(k k,)—z |M |25(E E.x% ) (1 ) + ¢ b N +1_1 (19
, - L ,— Thw_ir), / —_— 242,
f k=k K K k=k (1/62 1/62) ng (nph 2 2) )

whereE, is the electron energy, (whereq=k—k’ is a  Here the uppeflower) sign corresponds to phonon emission
transferred momentujis a transition matrix element based (absorption, and n,,=[expiw/ksT)—1]"* (0=Q7,0,) is

on the Hamiltonian of Eq(13), Z w is transition energy, and the phonon occupation number whekg is the Boltzmann
the upper(lower) sign corresponds to phonon emissi@b-  constant and is the temperature. Note that, in general, ma-
sorption. We also define the scattering ral§k) as trix eIementMg is not zero because the TO-like mode is not
purely transverse in uniaxial material; accordingly, this
branch does interact with electrons unlike isotropic materi-
als. When@ is equal to zero orr/2, this becomes a purely
transverse mode and there is no interaction with electrons.

In this work, € ande? are taken to be equal this is quite FOF th€ isotropic caséw, =, andw, | =w,,), the matrix
a good assumption becaus? is due to electrons. We con- €lémentMg is zero andvi, reduces to the well-known Hne

W(k)=> W(k,k'). (15)
k!

sider two limiting cases in which the solutions of E40)  ich interaction as expected.
are expressed in simple forms.
() o —w,l|o —o/<|o, —o, |0, ~w,]. In- 800 '
frared-active phonon frequencies of wurtzite structures sat-
isfy this condition® The solutions of Eq(10) arew=, or
Qr with® .
LO-like
700 + ]
O2= w2 cog0+ w? sirfh, (16) e
=
O2= wZsirf 0+ w? cogo. (17 )
3
Q, andQ+ correspond to the LO-like and transverse-optical 600 | 0 i
(TO) -like modes, respectively. For each of these modes, the
matrix elements may be calculated based on @§). For
(,():QT, we have TO-like
500 '
M2 2mwe?h (0> — 02)?sir? 0 co 0 0 45 90
Ml CVOQ (69— €7)wi cogh+ (e0— €7) wisirPd Angle 6 (deg)
X (nph+%i ), (18 FIG. 1. Angular variation of infrared-active phonon frequencies

in bulk wurtzite GaN. In this figureg is the angle between the
and forw={(), , the matrix element is phonon wave vectoq and thec axis.
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FIG. 2. Angular variation of the matrix elemenM,| for
optical-phonon absorption in bulk wurtzite GaN. In this figufés
the angle between the phonon wave vect@nd thec axis.

(ii) |wLL_sz|a|wL_wz|>|wLL_wL|v|sz_wz|- For
this case, the solutions of E(LO) are =0, or Q, with®

02 =wp?codh+ w? sirto, (20)
O2= w3sir? 2 cog
;= W3S 6+ w; cos 6. (21
The matrix elemenMy for =1, is
2me?h w2 (1 1
L2 L = siRa(n g+ L+t
M= 2 | - st 12
(22)
andMg for o=, is
27e’h sz 1
MZ2=—— — | = — lcofh(ny,+E+1).
M= 20 Y 2o S cog o 121
(23)

As an example, we calculate the electron scattering rat
due to the optical-phonon scattering in bulk wurtzite GaN
The phonon frequencies of GaN are taken from the experig

mental results in Ref. 7w, =735 cm ! for the A; phonon,
w,=533 cm! for the A; phonon,w, =743 cm ! for the
E, phonon, andw, =561 cm'* for the E; phonon. The di-
electric constants are, ;=9.28, €,0=10.1, ande, .= €,

FIG. 3. Scattering rat®/(k) vs electron incident anglé, with
respect to the axis. A constant electron energy of 0.3 eV is chosen
as an example. Note thaj, (of this figure and 4 (of Figs. 1 and 2
represent different quantities.

5% anisotropy. In Fig. 2, we calculaf® 4| from Eq.(13) as
a function of @ for the case of phonon absorption. As ex-
pected, electron—optical-phonon scattering is dominated by
the LO-like mode. The matrix element for the LO-like mode
exhibits about 9% anisotropy18% anisotropy for the
squared matrix elementFor the TO-like mode, the anisot-
ropy is very strong and electron-phonon interaction is en-
hanced over a range of anglésiears/4 with respect to the
¢ axis. However, the largest value of the matrix element for
this mode is about 7% of that for LO-like mode. Figure 3
depicts the total scattering rate as a functiordpfwhich is
the angle between the initial electron statand thec axis.
Unlike the isotropic case, the scattering rate cannot be ob-
tained analytically because the phonon frequeacin Eq.
(14) is q dependent. Indeed, there is scattering due to the
TO-like mode although its contribution is small. The total
scattering rate due to LO-like phonon is insensitive to the
angled, . Thus, for the bulk GaN, using the cubic interaction
Hamiltonian is a rather good approximation.

In summary, this paper presents a theory of electron—
optical-phonon interaction in uniaxial crystals of the wurtzite
?ype based on the macroscopic dielectric continuum model

‘and the uniaxial model. Our calculation shows that the total

rohlich scattering rates in such wurtzite materials manifest
direction-dependent corrections that deviate about 10% from
the rates obtained for the case of zinc-blende materials.
These manifestations are particularly important in cases
where the matrix elements for the TO-like modes are of in-

=5.29. For the electron effective mass, we take the value of; ogt.
0.20m, obtained from cyclotron resonance measurements,

wherem is the electron rest mass. The temperature is taken The authors are grateful for many helpful discussions with
as T=300 K. First, we display the angular variation of the S. Yu, Y. M. Sirenko, M. A. Littlejohn, and J. M. Zavada.
optical-phonon frequencies in Fig. 1. The LO-like mode ( This work was supported by the U.S. Army Research Office
=(),) is almost flat and the TO-like mode exhibits about aand the Office of Naval Research.




1000 BRIEF REPORTS 56

*Present address: Department of Physics, Inha University, In- Scattering of Light by CrystaldViley, New York, 1978.
chon, Korea. 4M. Born and K. HuangDynamical Theory of Crystal Lattices
1see, for example, S. Nakamura, M. Senoh, S. Nagahama, N. (Clarendon Press, Oxford, England, 1854
Iwasa, T. Yamada, T. Matsushita, Y. Sugimoto, and H. Kiyoku, °A. Anselm,Introduction to Semiconductor Theofrentice-Hall,
Appl. Phys. Lett.70, 616 (1997); 69, 1477(1996. Englewood Cliffs, NJ, 1981
2See, for example, M. A. Khan, J. N. Kuznia, A. R. Bhattarai, and 6K. W. Kim and M. A. Stroscio, J. Appl. Phy$8, 6289(1990.
D. T. Olson, Appl. Phys. Let2, 1786(1993; M. A. Khan, M. "T. Azuhata, T. Sota, K. Suzuki, and S. Nakamura, J. Phys. Con-
S. Shur, J. N. Kuznia, Q. Chen, J. Burm, and W. Schhitl. 66, dens. Matter7, L129 (1995.
1083(1995. 8M. Drechsler, D. M. Hofmann, B. K. Meyer, T. Detchprohm, H.
3R. Loudon, Adv. Physl13, 423(1964; W. Hayes and R. Loudon, Amano, and I. Akasaki, Jpn. J. Appl. Phys34, L1178(1995.



