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Intrinsic electric fields and Raman spectra of 1lI-V nitride wurtzite
semiconductor heterostructures
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The analysis of Raman data on semiconductor nitride heterostructures is complicated by large intrinsic
electric fields. This issue is analyzed here by calculating the Raman signal for quantum wells made from
wurtzite AIN-GaN. The signature of the confined phonon modes in GaN quantum wells is calculated and found
to be strongly effected by the intrinsic electric fields due to lattice mismatch and the piezoelectric character of
the materials. This calculation suggests that the effects of electric fields on the electronic states in Ill-V nitride
heterostructures should be taken into account in the analysis of Raman spectra in these materials and that the
application of realizable external electric fields would be a useful probe of these materials.
[S0163-182609)02508-4

. INTRODUCTION modes of heterostructuré$®In the present calculation the
phonon modes of an AIN-GaN heterostructure are modeled
Raman spectroscopy can be used to probe the nature by confining the bulk modes to the well and barrier materi-
the carrier-phonon interaction in semiconductor heterostruc@!s- This is motivated by the large differences in frequencies
tures and can lead to information on carrier relaxation rateS€tWeen modes of the same symmetry in these materials.

important in transport propertiésThis interaction can be he low symmetry of the bulk materials is not significantly

characterized in terms of deformation-potential contributions"’lffected by growth of heterostructures along thaxis ex-

h ibution f he Bndich | X cept for the introduction of a set of slab and guide modes for
and the contribution from the Fdich interaction. Here we  o5qpy phonon symmetry. Here we identify the confined modes

concentrate on the Fitich contribution and in particular on  associated with the bulk GaN,(LO) phonon as the mode
the effect of the internal electric fields in wurtzite I1l-V semi- most likely to give a signature of confined phonons. The slab
conductor heterostructures due to spontaneous polarizatigfodes are found here to have a very strong contribution to
and their piezoelectric charactet on the Raman spectrum the Raman spectrum. Interface modes also are present for
of heterostructure phonons. The calculations require a modéleterostructures and have been detected experimetftally.
for both the electronic and phonon properties. However, in the interests of simplicity these modes have not
The electronic properties are treated in the envelope apgeen included for the narrow GaN wells considered here.
proximation with the values of the band effective masses The Raman signal was calculated for an AIN-GaN-AIN
taken from fits to recent band-structure calculations and thguantum well. The calculations concentrated on the signature
values of band offsets are taken from experiment. In system@f the confined phonon modes in GaN quantum wells where
with Wurtzite Symmetry the absence Of a center Of inversior{he intrinsi? eleCtI‘iC fle|dS due to Iatt|Ce mismatCh and the
leads to spontaneous polarization and any lattice mismatdﬁlezoel_ectrlc character of the mate_rlals are _shov_vn to lead to a
results in strong electric fields because of the piezoelectrigfong influence on the Raman signal. This arises from the
properties of these materials. The strain and electric fielgSréakdown of parity symmetry for the hole and electron
due to lattice mismatch in heterostructures are reduced b{yave functions. The influence of external electric fields on
defect formation to different extents in different samples./€Sonant Raman spectra has previously been examined for

_17 .
Since there is as yet no detailed comparison with experiment: ags/AIAs'lhetef;ostruTturé \ Avlvl\kllere large extlfzrnﬁl fu?flds
different strengths of electric field will be considered here to'©2d 1o similar effects. In Ga quantum wells the effects
illustrate the effect of these fields on the Raman signal. of intrinsic fields with values comparable to external fields

Optical phonon frequencies were first measured on Wurtzglscussed by previous authors are found to be larger because

ite crystals, BeO, ZnO, ZnS, and CdS, using Raman spech the different values of the parameters entering into the

troscopy by Porto and collaboratdrand the symmetry al- envelopeT approximation fpr the electronic wave functions.
lowed phonon modes were detected. Similar measuremen?%je out!lne of the paper is as fOHOWS: The model for the
have been performed on wurtzite GaN and A but only electronic wave funptlons is dlscgssed in Sec. Il and that for
results for theA;(LO) and one of thé=, modes in InN have the phonon modes is discussed in S_ec_. . T_he Raman spec-
been published so firGiven measurements of the bulk op- trum in the presence of strong electnc_flelds in GaN quantum
tical phonon spectrum, the phonon dispersion for the Wholél"_e”S IS presented n Sec. IV. and finally conclusions are
zone can de determined using a valence-Coulomb force fieldVen in the last section.

model for the lattice potential enerff§*! where the param-
eters of the model are determined by fits to the optical pho-
non frequencies. The values of the parameters for the bulk The Cg, symmetry of the wurtzite crystal splits the va-
materials can be used to construct models for the phonolence band into three, one of which hBEg symmetry and

Il. ELECTRONIC WAVE FUNCTIONS
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two others withl'; symmetry. The valence-band edges of the =~ TABLE I. Effective massegfrom Kim et al. (Ref. 23].
heavy-hole(hh) and light-hole(lh) bands are separated by
about 10 meV while the split-off band has an energy gap to me mg o omy,  mj, mlpm Man M Mg
g;ea%%”u‘:”:g?;'e?/a”d which is bigger than their energy 9apg\ o35 035 368 368 025 633 025 3.68
Assuming parabolic bands, for the conduction and va-
lence bands, effective masses are required. There are es jaN 019 023 110 110 015 165 015 110
mates for the electron effective mass from the point defect
studies of Tansley and Egah. These values are
0.12m.(InN), 0.2an,(GaN), and 0.381,(AIN), which are  Wells, Ey(w/2) for z>w/2, and —eEq(w/2) for z<—w/2,
in good agreement with estimates based on fitting to firstwhereEO is thg electric field introduced by lattice mismatch
principles band-structure calculatiolis22In the present cal- andw is the width of the wells. For AIN-GaN-AIN quantum
culation we have considered Gal,=3.4 eV) guantum wells these are given valu ! =0.7 eV andV,=2.1 eV
wells and AINEg,=6.2 eV) as the barrier material. The from the work of Martinet al.
large band offsets between well and barrier material ensure AS mentioned above, there are three valence bands,
that the wave functions associated with the lowest energ§€@vy-hole(hh), light-hole (Ih), and split off (split), which
confined subbands are strongly localized in the wells. are close in energy. Assuming a well width equal to 26 A,
Growing GaN quantum wells pseudomorphically on AIN ©F five GaN layers, and using the vglugs of the effective
material introduces strain because of the lattice mismatch. If’@sses in Table |, the subband energies in the absence of an
these piezoelectric materials this leads to an internal electrigléctric field are at 0.207 eV, 0.806 eV, 1.653 eV for the
field along the direction of growth. The effect of the electric conduction band, 0.042 eV, 0.170 eV, 0.369 eV, and 0.576
fields is to remove parity as a good quantum number for th€V for the hh and Ih bands, and 0.154 eV and 0.495 eV for
electron and hole states. The effect of these electric fields off'® SPlit band. The difference in the lowest subband energies

valence-band discontinuities has recently been discussed BgF the Ih and split bands ensures that the strong nonparabo-
Martin et al,22 who also gave an estimate for the strain in- liCity of these bands seen in Fig. 2 of Ref. 21 does not occur

duced electric fields for GaN grown on AIN of-5 until energies~150 meV above the band edge determined

x10° Vem 1(50 meVA ). The observed electric field by the lowest hh subband. Further, becammgg>25my, , the
magnitude is considerably less than this due to the relaxatiofiensity of states associated with motion in the plane trans-
of strain by defect formation which occurs beyond a criticalverse to the direction of growth for the Ih band is much
thickness of the well, which is estimated 4630 A .23 The  smaller than that of the hh band. Consequently the optical
resultant defects lead to impurity scattering of the phonorf€sponse is dominated by the hh band and the Ih contribution
and electronic states which can be modeled by an imaginar§@n be dropped. . _ _
term in the energy denominators describing intermediate An,(p) are solutions of the effective two-dimensional hy-
states. In the present calculations we consider differentirogen atont? Using bulk parameters for GaN, the effective
strengths of internal electric field which are not determinedBohr radius in the plane perpendicular to thaxis, aggp,, IS
by the extent of lattice mismatch. The difference between~28 A, which is comparable in size to the size of the wells
these values and those given by lattice mismatch and theonsidered in the calculation and the excitonic bound state
piezoelectric constants of the materials can be thought of asnergies are, =—0.112 eV/(Dy— 1)2. The magnitudes
arising from thg: reduction ir_1 strain due to defect formation.of these energies will be reduced due to the quasi-three-
The excitonic states confined to the quantum well are calgimensional nature of the wells.

culated allowing for both finite well depths and the possibil-  For incident photon energies very close to or greater than
ity of an internal electric field coming from strain. The g the detailed structure of the excitonic states, including
Hamiltonian has three componentstS and H}, Hamil-  the nonparabolicity of the Ih and split bands, will have a
tonians for the subbands associated with the conduction bangignature in the frequency dependence of the resonant Ra-
and the different hole bands, akt§, the Hamiltonian for  man signal. However, in the present case photons with ener-
the two-dimensional hydrogen atom. The terms in the Hamilgies at~0.75E 4, are considered so that an average over
tonian are hole bands determines the optical response. Consequently in
the calculations of the Raman spectrum only the conduction
e - and hh subbands are included. It is the destruction of the
Hz= W(z) E +Ve(Ze) =F(Ze) | dn(Ze) = €n bn (Ze), even and odd parity of the states with respect to the center of
che the well by the intrinsic electric fields that is responsible for
B2 2 their strong effect on the Raman signal rather than the details
h_ | — el _ of the excitonic states. This is taken into account in our ap-
(2mh(zh) dzﬁ+vh(zh)+F(Zh)) U, (20) =€, Yoy (Zn). proximation in which the effects of the lowest-energy four
) hh subbands are included.
In Figs. 1 and 2 the subband wave functions are plotted
—%21 ¢ J 2 with Eq=0,Eq=1 meVA ™1, andEy=10 meVA~1 for
(ﬁ o (P%) - Q)Anx(P):enxAnx(P)- the n,=1 andn,,=1 subbands. The changes in the wave
functions seem to be modest especially for the electron
The Vq(z.) and Vi(z,) are the confining potentials deter- states. However, the electric field ensures that the confined
mined from the band offsets anél(z)=eE,z inside the electronic states are no longer parity eigenstates, which has a

h?  d?
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wurtzite crystal. In this model the lattice potential is de-
scribed by nearest-neighbor, next-nearest neighbor, and next-
next-nearest neighbor restoring forces and terms associated
0.40 with the distortion of bond angles and the long-range Cou-
lomb interaction. The short-range pavtR is given by

osor ' VSR= X Na(8r)?+ > Naa(Srij)?
1Ga-N 2nd Ga-Ga
0.20 | . + > Nop(8rij) %+ > A3(8rij)?
2nd N-N 3rd Ga-N
+ > N aa( 86ij) >+ > Nap(86;j)2.
0.10 1 N-Ga-N Ga-N-Ga
orjj is the change in the distance between two atomusd]
0.00 from their equilibrium value andé;;, is the change in the
’ angle at thgth atom between the bonds joining thia and
ith atoms and th¢th andkth atoms from their equilibrium
value. The long-range Coulomb interaction i¥/°
1000 200 00 oo oo oo Tano =3, ;(qig;/|ri—r;]), where theq; are effective charges of

Z(in Angstroms) the atom at the sitEi in the crystal with the constraint that
the charges on Ga and N are of equal magnitude but with
FIG. 1. Lowest confined electron subband in different electricopposite sign so that the unit cell is charge neutral. So there
fields, Eo=0 (solid line), Eo=10 meV A~ (100 kv cM') s one free parameteg=|q;|, associated with the Coulomb
(dot-dashel] and Eo=10 meVA™* (1000 kvem?) (broken jneraction determining the difference in energies between
line). transverse and longitudinal optical phonon frequencies.
. ! The free parameters, thg’s, and the effective charge are
strong influence on the Raman spectrum of the confined phq nq by fittihg to the measured optical phonon
non modes as will be discussed below. frequencies:®® The phonon modeg, and their dispersion

wj(ﬁ) are determined by diagonalizing a*422 dynamical
lll. PHONONS matrix in the case of the wurtzite crystal symmetry since

We use the model originally introduced by Nusimovici there are four atoms in the unit céf,

and Birmar! to calculate the bulk phonon dispersion in a

eeeeerer e wf(A)W(g,j)= Ek Dy ()W (d,j), 2

AK
where @, 8=x,y,z and W,(q,j) = VM U(q,j). M is the
0.40 mass of thekth atom in the unit cell andi(q,j) is its dis-
placement in thejth mode atq. The dynamical matrix,
Dy£(q), is determined by second derivatives\6iR andV©
with respect to the positions of the atoms and is block diag-
onal with four 3x 3 matrices associated with displacements
in the z direction and doubly degenerate modes inxtaend
y directions. Optical phonon frequencies have been measured
by a number of groups for GalRefs. 6—8 and AIN® How-
ever, there is only one published report on [hANere we use
the most recent reported values. Along with frequencies of
the modes measured in Raman experiments, the frequencies
of the two B, modes are determined. These modes are Ra-
man and infrared silent. The frequencies of these modes in
wurtzite GaN, 315 cm! and 600 cm?, are similar to their
values determined in hexagonal GaNgiven these param-

eters the phonon dispersion curvégﬁ), can be calculated
and in particular those along tlzedirection, the direction of
growth of the quantum wells, are shown in Fig. 3. The

FIG. 2. Lowest confined hole subband in different electric fields,amount by which the curves disperse going fraqg=0 to
E,=0 (solid line, Eo=0.1 meVA~™! (100 kvem) (dot- Q,=m/c determines the spread of confined phonon mode
dashetlandEq=10 meV A~1 (1000 kVcn'l) (broken ling. frequencies for each symmetry.
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500 b ] Q) is the volume of the crystaly, is the refractive index of
00 - the material evaluated at the frequeney of the photony is
700 01 02 03 04 05 06 07 08 09 10 the phonon band index, araj is a characteristic length of
a.e/m the lattice.
The rate at which incident photons are scattered is given

FIG. 3. Phonon spectrum for bulk GaN along thaxis calcu- b
lated using the valence-Coulomb force field model. The different y _
optical branches are labeled by the corresponding irreducible repre- W 2w D (i|HeRl a)(a|HEL|B>(,8|HER|f>’2
sentation of theCg, space group. i~ < (E,—E)(E,—FE) |

Phonons of well material are given by;(2) X 6(Ej—Es—&gy)- (4)

=eld sin(quz) for j even andp;(z) ="' cos@2) forj odd, |4y and|g) are excitonic states from the valence bands dis-
where gj=m/(l,+A) for j=1 to n. n is the number of cyssed abovdi) is the initial state with an incident photon

layers of the well material, so thai=nc, and A is the of energyE, and polarizatiore; . |f) is the final state with a
penetration of the confined phonon modes into the barrier
scattered photon of enerdy, and polarizatione; and an

material which is taken to one layer. The calculation of the® adi | oh h q o
Raman spectrum is carried out for the backscattering con"’l itional phonon energg;, , wherey denotes the symme-
try and LO or TO nature for polar phonons. The index

figuration and parallel polarizations for the incident and re-
flected beams. This probes the confined modes which corrélenotes the quantum numbers of the electron-hole pair.
spond to bulkA; (LO) symmetry. This mode has the greatest These include the total momentum of the p&ir, the con-
dispersion in thez direction, the direction of growth of the duction bandc, and the valence band, from which the
quantum well, and is about 20 cm ! for GaN (see Fig. 3. electron and hole come, and the internal exciton state,

In contrast, thEl(TO) mode has a smaller dispersion acr033Whethel' it is a bound state or a free Coulombic wave func-
A(LO) confined modes have energi€s=w(Gyy=00;)  so that|a)=|ng,ny,K,ny),(i|Her @) is given by

the electron-phonon matrix elements for intrasubband (i[Herle)=

spectrum of this absence of parity will be discussed.

the zone,~5 cm*, which would make it more difficult to tion. Using an envelope approximation for the wave func-
resolve the corresponding confined phonon modes. Thgon, \Ifne'nh,nx(ze,zh,p)=d)ne(ze)¢nh(zh)Anx(p)e'K'Rcm,
which, forn=5, can be resolved easily.
The absence of parity in the electronic states enhances —-e 2wh? . . 12
— I\ oz o(ki—K)Q¥ A, (0)
. . . . m Q77| E| X
scattering associated with the confined statesn the
next section the very strong influence on the Raman X{ |,/,nh><c|; '5|Ua>- (5)
For simplicity the confined modes are taken to haveThere is a similar expression fdf|Hgg/B) and W;; be-
energies at Ej=1=743 cm y Ej=2=T47 cm 5 _3 comes

=751 cm? y &j= 4—755 cmt andS _5=759 cm? w 2 8me? #2 P2
=7 | T == 5= 5=
IV. RAMAN CROSS SECTION B | mms\E|Es 2M 2m
The Raman cross section is calculated using the interac- ng(0)An (0)
tion between the electromagnetic field and electron-hole XQ’B (E.—E)(E,—E )<¢n [ X | )

pairs, Hgg, and the electron-phonon interactiohig, .

Hg. can be thought of as coming from two contributions, o o

Hpe, associated with deformation potentials, dngg, the x{(cle-plv){c’|€-plv' N alHg|B)
Frohlich interaction,

2
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X 8(E|—Es—&,) 8(k—ks—Q), (6)

where |8)=ng,n;,,K',ny).(cle-plv), and (c’|e-plv’)
are dimensionless matrix elements scaled Ry 27h/a,
which is a characteristic magnitude for these matrix ele-

ments.
(a|Hg|B) is given by the Frhblich interaction in a quan-
tum well,
2me?Eq,( 1 1 0
<a|HEL|B>:z — = 5
qv qu € €0 g
g
* p=y
x f d2¢ (2)F;(2) 1 (2) 8oy 2
5
- f dz‘#:h(z)':j(z)‘#nr’](z)5nené}v (7)
whereF;(2) is the Fralich potentiat’
— equz[e[qu(d+A/2)] — ( — 1)je_[qu(d+A/2)]],
d+A %2300 740.0 760.0 770.0
Z<- 2 Raman Shiﬂ(cm")
d+A FIG. 4. Raman signal from the confined phonons in the absence
Fi(2)=2cosq, z+ | —— — g laxy(d+A72) of an electric field and with the additional features from jkel
J Z 2 L . . . . .
and j=3 phonons which arise with an electric fiel&,

deA =1 meVA~1(100 kVcm1) (dashed ling WhenE,=0 only

X[e Wi+ (—1)leM?], |z|l<=——, (8) the j=2 and j=4 phonons are seen. WhenE,
2 =1 meVA ! (100 kVecm!) these modes gives the same

strength signal but now there are also signals fromjthd andj

— a2l ( — 1)i@lxy(d+A/2) _ q—ay(d+Af2) : :
e i (=1)let e I’ =4 modes because of the breakdown of the parity selection rule.

d+A
z> 2 of internal electric fields. This is brought out further in Fig.

. 6, where it can be seen that the zero fi¢ld2 signal is
Here we consider the case of Raman spectra from experg. . iier than either the=1, =2, orj=3 phonons in large

ments in the backscattering geometry. In the absence of 3bids. The “allowed” j =4 mode would be hard to resolve
electric field across the well, the electronic states have evep e . ) . PR
; — : . ; rom thej=3 in large fields because its contribution is sup-

irzog?]dp}eilg/ ?onrg‘irgg?j Eﬁg]%r:]; '?Ratlh;z (Cj;);r(]alr;{?\;edl ;yj;he pressed compared to the zero field value and because the

o I , Me! 7Mh large j =3 signal spreads out to thje=4 mode energy even
factqrs 'n<'.|HER| a) and th,e parity 9f thé;(2)'s ensure that with a small width(0.1 me\j. It can also be seen from Fig.
Wi is dominated byle=ne=ny=n;=1 and that itis small g 4,4t ot Jarge fields th¢=5 confined phonon begins to
because of the near cancellation of the two integrals in the b e

square brackets in EqD). . The striking feature of Figs. 4, 5, and 6 is the extent to
As soon as an electric field is applied, the electron and hich the results for an electric field of 10 meVA re-
hole subbands no longer have even and odd parity and the

(¢n,|1hn,) factors no longer constrain the kinds of excitonic zgmb;é@z;ig‘s dgnmﬁi;Ztgzsggcgnzf Sgaileﬁg\fv;'\i? Iinn t:‘;‘;
states which appear in the sum. As well as allowing for New. e ofE,=0, the peak is for thg=2 confined phonon

contributions to (a@|Hg |B), large contributions appear ) " _1 S
where there is no longer substantial cancellation between thVé/hereas in theEo=10 meVA™* case the peak is th

integrals in the square bracket of EJ). These effects are _ 1 confined phonpn. It is clearly i_mplortan.t o take iqto ac-
shown in Figs. 4, 5, and 6, where the different confinegcount these potentlally large electric flglds m'mterpretmg the
phonon signals are modeled by Lorentzian line shapes with §2man data if the phonons are to be identified correctly.
half-width of 0.1 meV. In Fig. 4 the Raman spectrum for an Raman spectra in applied electric fields have beep ;tudled
electric field of 1 meV A1 is compared with the spectrum Pefore in ALGai_XAs—GaAs heterostructures and their influ-
in the absence of a field. Even at this strength of field, whictence on the Raman signal from confined phonons was
is relatively modest compared to the estimates of fields duévestigated>*’ The electric field strengths in these experi-
to lattice mismatch given by Martiet al.?? the parity for- ments were comparable to the intrinsic fields expected in the
biddenj=1 andj=3 confined phonons appear in the spec-nitride heterostructures due to lattice mismatch. This sug-
trum. When the electric fields are increased to values morgests that the application of an external electric field could
characteristic of the lattice mismatch fields, 5meVRAand  modulate significantly the intrinsic fields and would provide
10 meV A~ (Fig. 5, the spectrum is dominated by these a useful probe of their strength. In the case of an undoped
confined phonons and their intensity is strongly enhancequantum well the magnitude of these intrinsic electric fields
over that of thg =2 andj=4 phonons found in the absence can be determined by the application of an external field so
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FIG. 5. Raman signal from the confined phonons grig 6 A comparison of theE,=0 signal with the E,

in different electric fields, Eo=0 (solid line, E, =5 meVA~1 (500 kVcm Y (long-dashed and Eo

— -1 =1
=5 meVA (500 kvem ) - (long-dashe) and Bo  _10 mevA~! (1000 kvem'Y) (short-dashedfields. Thej=2
=10 meVA ™ (1000 kvem?) (short-dashed When Eq=0 signal withEy=0 is smaller than th¢=1,j=2, or j=3 with Eg

only the j=2 andj=4 phonons are seen. The Raman signal is_5 ey A -1 (500 kVemrl) and E,=10 meVA~! (1000

completely 9?minated by }t;e:l andj=3 phonons Jq theEo v ecm-1). Application of strong fields suppresses fhe4 signal
=5 meVA™ (500 kvem!) and Ep=10 meVA™ (1000 g4 that it is hard to resolve from the=3 signal.

kV ecm™Y) fields.
Raman spectrum and that an analysis of the Raman spectrum
that the net field in the well is zero, which is signaled by thewhich does not include the breakdown of parity selection
appearance of only the parity allowed confined phonons ifyles caused by these fields would lead to an incorrect iden-
the Raman spectrum. tification of the phonon modes. This breakdown is a measure
By sweeping the laser frequendy,, and monitoring the  of the electric fields present in the heterostructures which
scattered radiation at an energy=E,— &, , whereé), isthe  come from lattice mismatch and spontaneous polarization.
energy of thej=2 confinedA;(LO) phonon, the contribu-  Given a model for heterostructure phonon modes, an analysis
tions from the different subbands are seen. When one dog§f the Raman spectrum data can provide an estimate of the
this, the importance of including subbands of different paritystrain and the extent to which the strain has been relaxed by
for calculating strength of the signal in a field becomes evidefect formation. The strong dependence of the Raman spec-

dent. Resonant Raman experiments would pick these contrirum on electric field suggests that external electric fields are
butions and would provide a useful test of the subband struca useful probe of nitride heterostructures.
ture.

ACKNOWLEDGMENT

V. CONCLUSION
This work was supported by the Army Research Office

We have shown that intrinsic electric fields present inunder the auspices of the U.S. Army Research Office Scien-
wurtzite heterostructures can have a strong influence on thific Services Program administered by Battelle.

1B. C. Lee, K. W. Kim, M. Dutta, and M. A. Stroscio, Phys. Rev. 5B. Tell, T. C. Damen, and S. P. S. Porto, Phys. R4, 771

B 56, 997 (1997). (1966; C. A Arguello, D. L. Rousseau, and S. P. S. Poiibidg.
2F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev. Lett. 181, 1351(1969.

79, 3958(1997. 5Properties of Group Ill Nitridesedited by J. H. Edgafinspec,
3F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev5g London, 1988 Chap. 8.

R10 024(1997. “H. Siegle, L. Filippidis, C. Kaczmarczyk, A. P. Litvinchuk, A.
4F. Bernardini and V. Fiorentini, cond-mat/980338&4npub- Hoffman, and C. Thomser23rd International Conference on

lished. The Physics of Semiconductpeglited by M. Scheffler and R.



PRB 59 INTRINSIC ELECTRIC FIELDS AND RAMAN SPECTRA ... 5805

Zimmerman(World Scientific, Singapore, 1996Vol. 1, p. 539. 164, Tang, B. Zhu, and K. Huang, Phys. Rev4B, 3082(1990.
8J. M. Zhang, T. Ruf, M. Cardona, O. Ambacher, M. Stutzman, JX7A. J. Shields, C. Trallero-Giner, M. Cardona, H. T. Grahn, K.

M. Wagner, and F. Bechstedt, Phys. Revo® 14 399(1997). Ploog, V. A. Hailer, D. A. Tenney, N. T. Moshegov, and A. I.
9H.-J. Kwon, Y.-H. Lee, O. Miki, H. Yamano, and A. Yoshida, Toropov, Phys. Rev. B6, 6990(1992.
Appl. Phys. Lett.69, 937(1996. 18T, L. Tansley and R. J. Egan, Phys. Rev4g 10 942(1992.
'M. Born and K. HuangDynamical Theory of Crystal Lattices 19\ suzuki, T. Uenoyama, and A. Yanase, Phys. Re62B8132
(Clarendon Press, Oxford, England, 1954 (1995.
1 e . :
M. A. Nusimovici, M. Balkanski, and J. L. Birman, Phys. Rev. 205 g jeon, Yu. M Sirenko, K. W. Kim, M. A. Littlejohn, and M.
156 925(1967; Phys. Rev. Bl, 595(1970. A. Stroscio, Solid State Commugg, 423 (1996.

12G, Kanellis, J. F. Morhange, and M. Balkanski, Phys. Re283
3390(1983; 28, 3398(1983; 28, 3406(1983.
135, Das Sarma, V. B. Campos, M. A. Stroscio, and K. W. Kim
Semicond. Sci. Technot, 60 (1992.
14 )
A. K. Sood, J. Menedez, M. Cardona, and K. Ploog, Phys. Rev. ,,_" _
Lett. 54, 2115(1985. Z. Sitar, M. J. Paisley, B. Yan, J. Ruan, W. J. Choyke, and R. F.

15T, Suemoto, G. Fasol, and K. Ploog, Phys. Rev3® 6034 o Davi§, J. Vac. Sci. Technol. B, 316 (1990.
(1986 M. Shinada and S. Sugano, J. Phys. Soc. 2(in1936(1966.

21K, Kim, W. R. L. Lambrecht, B. Segall, and M. van Schilfgaarde,
Phys. Rev. B56, 7363(1997.

'22G. Martin, A. Botchkarev, A. Rockett, and H. Morkoc, Appl.

Phys. Lett.68, 2541(1996.



