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Electron spin resonance experiments were performed on Si-doped wurtzite and zinc-blende GaN and Si-
doped wurtzite AlGa, _,N alloys withx=0.15, 0.32, 0.52, 0.75, and 1. For zinc-blende GaN, an isotigpic
factor of 1.9475 is found. Thg tensors of the silicon effective mass donor in wurtzite GaN angAl N
alloys are determined experimentally, and $0x0.38 areidentical within experimental error to tensors
observed in unintentionallp-type-doped material. With increasing Al content, thealues increase and the
g-tensor anisotropy is reduced. Thealues are calculated within a five-bakdp model in the cubic approxi-
mation. To account for the isotropgefactor of wurtzite AIN, a nonvanishing spin-orbit coupling of the higher
I's conduction bands of the order of 50 meV is necessary. To describe the anisotropy at lower Al content, a full
seven-band- p model for the wurtzite crystal structure is investigated. The model shows that the anisotropy
in this material system is also due to coupling to higher conduction bands rather than to valence bands.
Additional estimates for the momentum matrix elements and the interband mixing coefficients are discussed.
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[. INTRODUCTION investigation, primarily motivated by the successful use of
this material system in light-emitting diodes, lasers, and
Thek- p theory has proved to be an important tool for the high-frequency transistors. However, many details of the
modeling of physical properties of semiconductors. It hasand structure of the wurtzite group-Ill nitrides are still not
been successfully applied, for example, for band-structurevell known, e.g., basic band-structure parameters of the
calculations and the determination of effective massesgand higher conduction bands in GaN. In this paper, we study the
values in many semiconducting materials. Initial work ong factor of conduction-band electrons in thg @bk, _ N sys-
InSb}! and on the elementary group-1V semiconductors sili-tem, using conventional electron-spin resonafesR to
con and germaniurfi,* was soon extended to various -V determine they factor experimentally over the whole com-
and I1-VI compound semiconductdras well. Later on, the position range andt-p theory to extract band-structure in-
effects of alloying in 1lI-V compoundswere added to these formation from these data. While the electrgrvalues of
studies. As most semiconductors of interest crystallize in thenost semiconductors and in particular of the other 1lI-V
cubic zinc-blende phase, the vast majority of the calculationsompounds are dominated by the contributions of the va-
have been performed using this crystal structure. The higkence bands, we find that in the &a _,N system the large
symmetry of the cubic system leads to a comparatively smalband gap in combination with the quite small valence-band
number of parameters that can describe the band structure oplitting energies cause a reduction of the valence-band in-
the material at th&" point: the energy gapg, andE}, the fluence. Rather, contributions of coupling to the higher con-
spin-orbit-splitting constantd, andA, and the momentum duction bands are found to be very important. A second char-
matrix elements? and P’. As is conventional, the primed acteristic of the wurtzite AlGa, _,N system is the anisotropy
symbols refer to properties of higher conduction bandsof the g values due to the hexagonal symmetry. In order to
while the others describe properties of the valence band&llow modeling of this anisotropy, we have derived the com-
The measurement and identification of the influence of eachonents of the wurtzitg tensor in a seven-band model, and
parameter on the effective mass or téactor is quite ob- discuss values for the band-structure parameters in GaN and
vious because of the small number of parameters. AIN that are compatible with the experimental observations.
For wurtzite-type crystals, the situation is more complex, It is commonly known that electrons bound to effective
since due to the lower symmetry a larger number of parammass donors show roughly the sangevalues as free
eters is necessary for an exact treatment. Calculations @onduction-band electrofisin the case of GaN, the “na-
valence-band parameters such as splitting constants and itive” shallow defect observed in nominally undoped mate-
terband mixing coefficienfsand a correct treatment of the rial has been used to investigate tpéactor of conduction-
effective mass tensor are already well established for thband electrons, using a cubic five-bang model to extract
wurtzite symmetry. On the other hand, the situation for theband-structure information. However, oxygen, which is now
modeling of theg factors is different. Here, wurtzite-type considered to cause this unintentional doping, quickly forms
materials, such as CdSe and GaN, have been described orlydeep state with increasing Al contenin Al,Ga; _4N, and
in the cubic approximation, partly due to the nonavailability therefore this method is not suitable for such studiesxfor
of various of the band-structure parameters. >0.4. In contrast, Si is the donor with the lowest binding
Group-Ill nitrides have recently been subject to intenseenergy in GaN and, although exhibitingDX-like behavior
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at higher Al concentration, it can be optically excited into its T
effective-mass-like paramagnetic state also for those afloys. ALGa, N
Therefore, we here use the Si donor as the probe best suited cubic

for determination of they values of conduction-band elec-
trons in ALGa N alloys.

g,=g, = 19475

g,=1.9510
wurtzite g, =1.9483
Il. EXPERIMENT =

A set of six wurtzite A|Ga _,N samples with approxi-
mate aluminum content of 0, 0.15, 0.32, 0.52, 0.75, and 1
and a zinc-blende GaN film were investigated. The wurtzite
and zinc-blende samples, with typical thicknesses @i,
were grown by plasma-induced molecular-beam epitaxy on
c-plane sapphire and001) GaAs substrates, respectively,
and intentionally doped with Si in the range ok 10 to
1x10¥%cm 3. Further details of the growth are given
elsewheré®-2The aluminum content of the ABa, _,N al-
loys was determined with high-resolution x-ray diffraction
by measurements of the symmetf@®2) and the asymmetric
(205 reflexes. Via the position of the asymmetric reflex the
Al content is corrected for effects of strain due to varying
layer thicknesses and doping concentrations. The ESR ex-
periments were performed in a standard 9.3 GHz Bruker 300

ESR Signal [arb. units]

x=0.75

g, = 1.9800

ESP spectrometer ugjra 6 in. pole-face electromagnet with 9. =1.9802

a maximum field of 1.1 T. The temperature could be varied X =1
between 4 and 300 K using a liquid-helium flow cryostat. g,=g, =1.9885

The samples could be illuminated inside the cryostat using a R
tungsten lamp and additional band-pass filters, when mono- 336 338 340 342 344 346
chromatic light was required for spectrally resolved studies Magnetic Field [mT]

on theDX behavior of AlGa, _,N layers with high Al con-

tent.

FIG. 1. ESR spectra of silicon-doped zinc-blende GaN and
wurtzite ALGa _,N samples. The full lines show the spectra for
IIl. ESR RESULTS orientation of the magnetic field parallel to tbexis of the wurtzite
epilayers, the dashed lines for orientation perpendicular tocthe
The ESR spectra of the Si-doped zinc-blende GaN and thgxis. With increasing Al mole fractiox the g factor increases,
wurtzite AL Ga;_«N alloys are summarized in Fig. 1. While whereas ther-factor anisotropy of the wurtzite crystals is reduced.
the g value of the zinc-blende samplg, &g, =1.9475) is
slightly smaller than the value published previously forj.GaN?® The initial decrease in linewidth was attributed to
nominally undopedn-type material ¢,=g, =1.9533)," motional narrowing due to electron hopping between neigh-
the g values and anisotropy of the wurtzite GaN layer matChboring donor sites, leading to an increased averaging of in-
the values published by Carles al!® for the intrinsic shal-  homogeneous hyperfine broadening. The broadening ob-
low donor in wurtzite GaN. The results for the alloys with geryed at higher temperatures is caused by a reduction of the
15% and 32% Al agree with previous reports on unintention—spin lifetime'® as a result of electron-phonon scattering.
ally n-type-doped material as wefi-*®However, this agree-  The samples with 75% and 100% Al additionally exhibit

ment cannot be used to chemically identify the residual dogjearDx-like behavior of the Si donor$The DX assignment
nor in GaN and AlGa, _,N with Si. As long as both donors

are shallow epough to be cop&dgred as eﬁectlve-mass-llke TABLE I. Compilation of g values for silicon-doped zinc-
states, they will have almost identicgivalues according to -

. I blende and wurtzite AGa _,N samples.
effective mass theory, at least within the accuracy of 9 GHz
ESR.

Al contentx o] ' Crystal structure

A summary of theg factors found for the AlGa_,N
samples studied here is given in Table I. There are two ap- 0 1.9475 zinc blende
parent trends correlated with the Al mole fraction: Thge 0 1.9510 1.9483 wurtzite
values increase with increasing Al content, while the anisot- 0.15 1.9602 1.9586 wurtzite
ropy simultaneously decreases. 0.32 1.9677 1.9665 wurtzite

As a function of temperature, all layers exhibit an initial 0.52 1.9738 1.9733 wurtzite
decrease in linewidth before the ESR line starts to broaden. 0.75 1.9800 1.9802 wurtzite
This is shown exemplarily for an AIN:Si sample in Fig. 2. 1 1.9885 wurtzite

Such a temperature dependence has already been observeddn
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g VALUES OF EFFECTIVE MASS DONORS IN . ..
minimize its energy by undergoing a structural relaxation

T i T T T i i v T T I N
0.24 1 _ c and binding a second electron, hence forming a deep, dia-
. AIN:Si ' A magneticDX ™~ state (2°°—~DX~+d*). Such behavior is
1 i well known in the AlGa;_,As material systeri®~??Due to
0.20 L [ the DX reaction, the shallow effective-mass-lik@ state of
I ! ) substitutional Si is metastable; however, it can be stabilized
018 L : 4 at low temperatures due to an energetic barrier fordheo
I'-_é_' I . ] DX transition. The spectra shown here for alloys with high
= 016 - Al concentration therefore show the same paramagnetic state
%‘* e : of the Si donor as do the alloys with low Al concentration.
014 | % H - Finally, note that the width of the spin resonance line of
Fo 3 T the AIN sample in Fig. 1 is significantly smaller than the
0121 A 7 linewidth for the other samples. This implies that either the
I ‘\\ ," ] spin relaxation time is much longer when Ga is absent or the
0.10 1 e il T motional narrowing which is found to influence the linewidth
0.08 L is much stronger in this material.
"0 10 20 30 40 50 60 70
IV. MODELING OF THE g VALUES

Temperature [K]
A. Al,Ga;_«N alloys in cubic approximation

FIG. 2. Temperature dependence of the peak-to-peak electron-
spin resonance linewidth of effective mass donors in AIN:Si. The In previous publications, the effective mass approxima-
dashed line is a guide to the eye. tion in a cubic five-band- p model was used to calculate the
g values of electrons in zinc-blende GaNwurtzite GaN
is based on the following experimental observations. Atand ALGa,_,N alloys with aluminum content of up to

room temperature no ESR signal can be detected. After cooB0%° and wurtzite InGa, 4N alloys?® In this model, they
ing the samples in the dark, the samples are highly resistivgalue and the effective mass of conduction-band electrons

and still no ESR signal can be observed. However, upomre given b5

illumination with photon energies larger than 1.3 and 1.5 eV
for the Aly7Ga,N and AIN layers, respectively, the Je P2 A, ) Ag
samples become conductive and simultaneously an ESR sig- g__ T3 ?H\ m ' @
nal appearscf. Fig. 3. Both the conductivity and the ESR 0 0 o =0
signal persist after switching off the light. Finally, the ESR Mo 1 \2
—_p2
s 1=P [Eo B EJ' (2

signal as well as the persistent photoconductivity simulta-

neously vanish above 60 K. These phenomena indicate that
the neutral, paramagnetic Si dond? in both samples can Here g, andm* denote theg value and effective mass of
electrons in the conduction band, wherggsandm, are the

......... et

free-electron value€, andE|— E, are the band separations
between thel’; conduction band and thEs valence and
conduction bandscf. Fig. 4), which are coupled by the ma-
trix elementsP? and P'?=\2P?, respectively. Thd 5 va-
lence and conduction bands are spin-orbit splitAy and
Ag, respectively. The schematic band structure aftpeint
for cubic zinc-blende symmetry is summarized in Fig. 4.
""""""""""""""""""""""""" The cubic approximation seems to be an appropriate first

approach for a modeling of thgvalues of pure GaN, since

\as
cooled down the difference between thg values in the zinc-blendeg(
=g,=1.9475) and the wurtzite g(=1.9510 and g,

=1.9483) GaN is small, and anisotropy effects, which are
neglected in this model, are indeed small in wurtzite GaN.
Taking experimental values for the energy d&p the spin-
orbit splitting Ao, andE{—Ey,% and an effective mass of
N . m* =0.2m,, the other band parameters were estimated by
335 336 337 Carloset al® using Eq.(2). Thus, the parameteis?, P?,

and A} have been restricted to ranges of G46°<0.6,

Magnetic Field [mT
I mT] 17 eV<P?<23eV, and 0.1e¥A,<0.3eV for GaN.

FIG. 3. Comparison of the electron-spin resonance observed in For modeling theg values of the AlGa, _,N alloys, the
AIN:Si after cooling the sample to 4 K in the dark and after subse-following assumptions were made by Cart8sThe gapE,
quent illumination. The light-induced resonance persists in the darkwas calculated as a function of the Al content using the qua-

after
illumination

9=1.9885 \

ESR Signal [arb. units]
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c ’ 7 L .
F5 l A0 2.00 o nom. undoped [Carlos] A=0 o7
\_/ BC | o nom. undoped [Reinacher] -7 |
T 199 - o  Si-doped [this work] L7 7
1.98 |- i
o}
E, -E 9
0 0 LcI: 197 b i
[}
c o
I, I', 196 | .
1.95 .
Eo 194 1 1 n Il n I n 1 2 1
0.0 02 04 0.6 0.8 1.0
l Al Mole Fraction x
/——\ rY FIG. 5. Fit of the dependence of thefactor of the effective
v m 8 mass donors in AGa,_«N as a function of the Al mole fractior
5 0 r.Y using the cubic five-bankl- p model(1) to the experimental data of

Carlos (Ref. 16 and Reinacheet al. (Ref. 18 on nominally un-

N . doped material and to the experimental data from Si-doped material

FIG. 4. Schematic plcturt_e O_f the band str_ucture of a CUbICreported in this work. The dashed line represents a fit with the
Al,Ga _,N crystal at thel’ point in Koster notation. Here, the parameters used by Carlos, assuming zero spin-orbit splistingf

andc superscripts denote functions that form valence and conducthe higher conduction bands. Tiyefactor in AIN can be modeled
tion bands, respectively. The transformation properties for the full )

Bloch functions shown on the right side directly follow from the only if a finite value ofA, is taken into accountsolid ling).
irreducible representation of thi; single group shown on the left
side when the electronic spin is included into the group-theoreticasplitting A, of the I's conduction band is necessary. As a
considerations. crude estimated ; should be of the order of 50 meV or even
larger in AIN in order to explain the observegvalue. But
just including a linear variation of\; in the cubic model
dratic formula which takes into account the experimentallypresented above still would not fit the experimental data sat-
observed bowing. The coupling paramet®&sand\? and  isfactorily. Under the assumptions mentioned above Ahe
the valence-band spin-orbit splittinky, were kept constant. term dominates the predictegvalue dependence on the Al
The only parameter that was allowed to vary was the spincontent, which consequently would also be almost linear.
orbit splitting A, of theI'5 conduction band, as this splitting The experimentally observed bowing of thefactor can be
is primarily due to the cation, giving large splittings for modeled only if a bowing for\ is introduced as well, or if
heavy ions and small for light ions. The magnitudeX§f  the variation of an additional parameter, for example of the
was linearly varied from the GaN valje ;=0.25eV(Ref.  coupling constani?, is allowed. We have considered all
16)] to zero for AIN. These assumptions give a quite goodthese arguments and restrictions in order to obtain a reason-
agreement with the experimental data for®& _,N alloys  able fit to the experimental data of Carf§sReinacher
with an Al content below 30%, but the extrapolated value foret al,'® and this work, which are presented in Fig. 5. The fit
an electron in the conduction band of AIN is very close towas achieved by adjusting the values ¥drandA to match
the free-electron valug=2.0023 rather than to the experi- an averagg value(g)=(2g, +g,)/3,* using Eq.(1) and the
mentally observed=1.9885. effective mass given in Eq2) simultaneously. In doing this,
Therefore, the present experimental data, covering theome of the values used by Carfbhave been replaced with
whole composition range of the A&ba _,N alloys, make it newer experimental and theoretical results. The parameters
necessary to reconsider this first analysis. To account for thesed for this fit are summarized in Table Il. We have used a

g value of 1.9885 in AIN, at least a nonvanishing spin-orbitvalue of 0.2in, for the bare effective mass*,2"28 which

TABLE II. Compilation of the parameters used for the five-band fit in Figsdid line) of effective mass
electrong factors in AlGa N alloys. Note that the effective masses are bare band masses excluding
polaron effects.

Eo Ey—Eg Ag A p2
(eV) (eV) (meV) (meV) (eV) A2 m*/mq
GaN 3.5 6.5 17 590 15.4 0.27 0.21
AIN 6.2 6.5 14 200 15.4 0.19 0.33
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excludes effects due to the formation of polarons leading to

r,©
heavier effective masses observed in transport experiments, !
15.4 eV for the momentum matrix elemept,?° and 6.5 eV re re
for the energy gap between the conduction b&heg§— E, s 7
of GaN taken from more recent experimefitsin zinc- \/ c
blende GaN, the splitting o=~ 17 meV of the valence band is ~—N — I
due to spin-orbit interactio?f For wurtzite GaN, an identical
value for the spin-orbit splitting can be derived from optical ,
data®3* using Hopfield’s quasicubic approximatidh.in E,-E,
wurtzite GaN, in addition to the spin-orbit interaction, the R c
valence bands are affected by a crystal-field splitting of 11 T, v I,
meV; however, this term is not considered in the cubic five- 4
bandk-p model. Also note that the spin-orbit and crystal-
field splitting energies in the literature sometimes are as- E,
signed the other way round;?’ which contradicts the
experimental results for zinc-blende GaN. The valuesfor v

and the bare effective mass* of AIN were taken from P ggs——— v
theory®® /\ o
We emphasize that this set of parameters should be seen r5V 1"7"
only as an example, as similarly good fits can be achieved
within the whole allowed parameter range. For example, an /\ .
I

increase of the effective mass would lead to an increase of 7

A2 and a reduction ofA}. Indeed, using the polaron mass
0.23m, instead of the bare mass, we would obtaR

FIG. 6. Schematic picture of the band structure of wurtzite semi-
conductors at thd” point. Again, the irreducible representations

_ , o '
=0.44 ar21d.A0—34Q meV for GaN. A variation OEO E_O’ . shown on the right side directly follow from the irreducible repre-
Ao, or P%, in principle, would be compensated in a similar sentation of the wurtzité:gv single group shown on the left side

way. when the electronic spin is included into the group-theoretical con-
siderations.

B. The elect lue in zinc-blende GaN . N
€ elecirong valle In zinc-blende >a band modelEq. (1)] is then equal to 1.9465, which is ex-

As already mentioned above, we have determineg a tremely close to the value gf=1.9475 observed here, hence
factor of 1.9475 for Si donors in zinc-blende GaN. The ob-confirming our assumptions.
served difference from the previously published value of
1.9533 obtained from autodoped matéias far beyond the
experimental error and therefore has to be related to the na-
ture of the residual donor in zinc-blende GaN, which was C. Exact treatment of the wurtzite symmetry
assigned tg th_e nltroggn vacancy by Fanqulh, Lei, apd The cubic approximation of course cannot account for the
Moustakas= This could indicate that the residual donor in anisotropy observed in the wurtzite ,&a_,N alloys. In

nominally undoped material does not completely reflect the

properties of conduction-band electrons in zinc-blende Gal\f)rder to include anisotropy effects, at least thg corrgct wurtz-
probably due to a larger binding energy. This leads to ite band structure of the valence band at khpoint (Fig. 6)

stronger localization of the electron on the donor and, therg—]aS to be included in thie- p calculations. In contrast to the

fore, larger central-cell corrections have to be considered. ASUPIC case, here the degeneracy of the light- and heavy-hole
a consequence, the deviation from thealue of conduction- bandg is lifted dug to the crystal-ﬁeld.—sphttmg term. In
band electrons will increase and thdactor of such deeper Wurtzite GaN, the highest valence band is theheavy-hole
donors will be closer to the free-electron value. It is thereforédand followed by thd'; light-hole and thd'; split-off bands
plausible that the factor observed in intentionally Si-doped (I'7). The complete band structure of wurtzite semiconduc-
material ofg=1.9475 is closer to theg factor of effective tors at thel’ point is much more complex than shown in Fig.
mass electrons in zinc-blende GaN. In principle, most of thes.” However, due to transition selection rules and the consid-
parameters used to fit the averagefactor (g)=(2g, erably smaller influence of bands with increasing energetic
+g,)/3 of wurtzite GaN should have almost identical valuesseparation, the seven bands presented in Fig. 6 will dominate
in zinc-blende GaN. Therefore, to describe the observethe properties of conduction-band electrons. In the following,
value in zinc-blende material, we use the same fit paramwe will derive theg factors for the wurtzite structure in such
eters, except for the electronic band d&p which has been a seven-ban#t- p model. For this purpose, we will first con-
experimentally determined to be 3.3 eV in zinc-blendesider the valence bands and the lowest conduction band only
GaN32*° The calculated value for thg factor in the five- and later include the effects due to the upper conduction
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bands. We will use the set of eight orthonormal base func- TABLE Ill. Experimentally (expt) and theoreticallytheor) de-

tions near the zone center from Chuang and Cﬁ%mg termined values for the valence-band splitting parameters in GaN.

spin up spin down A; (meV) A, (meV) Az (meV)  Reference

. 36 5.0 5.9 33 theor.

liST) liS]) 19 6.3 6.3 33 theor.

X+iY T> X—iY l> ;421 55.)4 65.8 ;;3 theor.

=== Us=—"— expt.

V2 V2 (3 10 6.2 5.5 50 expt.

X=iY X+iY 17 4 4 51 expt.

Up= o 22 7 7 .

2 V3 5 V3 3 3 36 exp
uz=|Z1) us=1Z1)

hole, andE; the crystal-field split-off valence bands. The
Here, theS functions transform like atomis orbitals, while  electronic band gajfE, is given by the energy difference
X, Y, andZ transform like atomig orbitals oriented along petween the conduction band and the highest valence band,
thex, y, andz directions, where is parallel to the wurtzite \vhich is the heavy-hole band in GaN. The sequence of the
crystal'sc axis. Thel and | arrows denote the “up” and yalence bands is predicted to be different for AIN, where the

“down” spin eigenstates, respectively. ordering was calculated to be split-off, heavy-hole, and light-
The solution of the Schabinger equation hole band?®
RA2  h The A, denote splitting parameters. Using the quasicubic
Hot+ T + o k-p+Heo|Unk(r) =En(K)uy(r) (4)  approximation of Hopfield® A, is usually referred to as the
0 0 crystal-field splitting, whileA,=A; is assigned tG of the

in the k- p approximation, including the spin-orbit interac- spin-orbit-splitting energy. Experimental and theoretical val-
tion Hamiltonian, Hs,, for the periodic partun(r) of the  yes for theA,, as shown in Table Iil, are also summarized in

Bloch functions yields the following doubly degenerate Ref. 33 or can be derived from the valence-band splittings or
eigenvectors for the conduction band and the three valeng@e excitonic transition energies given in, e.g., Ref. 34.

bands: It has been shown that the coupling parametéis— q72
c ; . andqg, can be expressed in terms of the band paramé&igrs
1—‘7 |IST> ||Sl> andA3,40
9 Uy U, (5) S —
Iy au,+bug bus;+aug \/1 47= \/EZ/(E2+2A3),
rs, bu,—aus —aug+bus. 22 .

4Tz a2
i 2+p?=1, introduce ? s
The_cpuplmg constani andb, Whe_rea ' Until this point we have used the nomenclature conven-
a mixing petween states with spin-up and spin-down eIeC'Eions of Chuang and Charfg.Let us now consider the mo-
trons within thel'; valence bands. Therefore, they are oftenmentum matrix_elemer® aléo called the Kane parameter
1 i e _ = 7Y4l - - . . ! . . . ’
written in the forma=y1—q7 andb=g7.”" The corre- \ nich in the cubic model described above is given by an
sponding spin mixing can also occur of course between thgqronic constant. Due to the wurtzite symmetry of the crys-
I'q heavy-hole band and a deeper ba”dASf the same symmety| s isotropy is broken and we obtain, in principle, differ-
via an equivalently coupling parametef;”? but this effectis ¢ values forP along and perpendicular to theaxis. For

comparatively small due to the large energy separation begnyenience, we define two independent Kane pararféters
tween thel'g bands and therefore will be neglected here. Ingg

the absence of a magnetic field, the eigenvalues of(&q.

are spin degenerate and calculated in Refs. 38, 40, and 43 as P1=+2/my(iS|p,|Z),
Ecp(TS)=Eq+A;+A,, . .
e T Po=2imo(iS|py X) = V2Ime(iSp,lY),  (8)
E1(T'g)=41+4,, again with thez direction parallel to the crystallographic
A—A, axis. Here, thep, , , denote the components of the momen-
Ex(ITh)=—5—+ V(A= AL) 212+ 2A2, tum operator in the, y, andz directions. P2 and P3 have
units of energy.
A—A, , Now we can calculate thg tensor§ of effective-mass-
Es(I'7") = 5~ VI(AL—A)/2]+2A3, (6) like electrons in wurtzite crystals frota- p theory. At thel’

point and in first-order perturbation theory, the standard 3
except for a constant offset, which for convenience was sex 3 § tensor is related to the Pauli spin matritem
to zero. Here, in decreasing order of energlegy denotes 5
the lowest conduction bané&,; the heavy-holeE, the light- § - o=go(o+G), 9
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whereo is a vector consisting of the three Pauli spin matri-and therefore
ces
=1 P3 1 1-q7 a7
_i Gll=—"| - + + . (19
P e I e e * " 2| Ece E:r EcsE, Ecs Es
*\1 0 YV li o) "2l0 -1

As we have already seen for zinc-blende crystals gtival-
and G is a vector whose elemen@; are 2<2 matrices as Ues of the AlGa,_,N alloys are strongly affected by contri-
well. This results in equations of the form butions due to the higher conduction bands via the momen-

tum matrix elementP’. In fact, these contributions were
shown to even exceed the effects of the valence bands de-
, etc., scribed above. Therefore, we have to include the next higher
set of conduction bands &f; symmetry into the calculations
(100 for wurtzite symmetry, too. Contributions of further conduc-
which relate the components of the experimentally observiion and valence bands are neglected due to their much

~ . . smaller effect. Owing to the hexagonal symmetry, ghten-
able g tensor to the components &, which are defined sor is axially symmetric:

&l Bl

gxxa:x_"gxy&y_"gxzb_:z:gogx—i_gO ’é)l(T é)l(l

ash*®
Zap_ L v (iSalpln)nipliSp) a 9. 0 0
' imgn¥is Ecs—En ' g=| 0 g. © (15
0 0 g

Herea andplabel T and |, p is the momentum operator, and
the functions|n) denote the eigenstates solving E4), ex-  and in our full seven-bank-p model the components are
cept for the lowest'; conduction band, whosgtensor is to

be calculated. These include, of course, the highest valenced. , PP 1 1 v
band states from Ed5), but in principle also lower valence 9_0_ 2 \Ecg—E3 Ecs—E, 2q7(1~q7)
bands and higher conduction bands of a symmetry that al- L
lows optical dipole transitions. N PP 1 1 N
For the purpose of illustration, we present the derivation 2 | Ecg— Eg_ Ecs—E, 97°(1-a7"),
of the G}' component, which is defined as
. 9 :P_§<_ L Sl . )
Gll=— Jo 2 Ece—E:1 Ecs—E2 Ecg—Es
1Mo n%CB 2 2 2
(i1 [pn){nlpyliST) — (iS1[pyIn) (nlpliST) o ( RN A )
i n){n|p,|iST)—i n){n|pyli - - ; ; 7
X Px py py Px . 2 ECB_ El ECB_ EZ ECB_ E3
ECB_ En
(16)

(12

For the three valence-band staftsse Eq(5)], the evaluation
of the matrix elements yields

Here, primed parameters refer to the higher conduction

bands. In contrast to previous treatments gofactors in

wurtzite crystalé*® Eq. (16) explicitly includes the higher
\/m_ Jme conduction bands and also takes into account the anisotropy

i AP A i ry— _: VMo of the momentum matrix elements. For completeness, we

(iSTpTd) Py, (iSllpyTg)=—i——P P

X 9 2 29 py 9 2 2 . . P .

also give the results for the effective mass ten®drin this

_ . approximatiorf!
(iStIpxTe)=0, (iSt|py|l's)=0,

- m . P%( 1, 1-df q )
m, m. - 2 _ _ _
<iST|px|F§>=—2°v1—Q$Pz, M. 2 \Bca=B1 Ecs~E; EcsFEs
Pé2< L, 1-q5? a7 )
m 2 \Ecp—E! Eqp—E, Ecz—E./’
(silp, =1 50 Vi~ R FerR e
2 2
Mo 2( a7 1-07 )
: - —0_1-p +
(IST|pX|F%>=0, (IST|py|F%>=0, m NEcg—E, Ecg—Es
12 12
| oo g o o 1w
(ISP} )= "57a7P2,  (iSTIpyIT})=~i 5=a;P, P e
) | ] | which obviously reflects the same symmetry asghensor.
(iST|puT7,)=0, (iSt[p,|I'7,)=0, (13 Note that the contributions of the valence bands and of the
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higher conduction bands to Eq4.6) and (17), in principle,
have opposite signs due to the change of sign in the energ
denominator.

The better-known Eqs(l) and (2), resulting from the
five-bandk- p model used for the description of cubic mate-
rials, can be derived from Eq§l6) and (17) by settingE, E 1.0
=E, (i.e., zero crystal-field splitting q§= 2, andP,=P,, 0w
and using the identical assumptions for the equivalent ;, os
primed parameters.

Let us now evaluate the experimentally observed values
of the effective mass angltensor of wurtzite GaN and AIN
on the basis of Eq$16) and(17), postponing the discussion
of alloys for a moment. The components of the effective 0.0 0.2 04 0.6 0.8
mass tensof17) are dominated by terms proportional to 2
P?/E, andP/%/E{. All other terms are smaller by at least a
factor of A;/E(<10"?) and therefore to first order can be  FiG. 7. Dependence of the separations of the higher conduction
neglected in this evaluation. In addition, while modeling theépands in wurtzite GaN on the appropriate interband mixing param-
effective mass in the cubic crystal, we have already seen thaterq;2. In this plot, the energy scale is referenced toEjehigher
the contributions due to the valence bands are larger by moi&nduction band.
than a factor of 4 compared to the contributions of the higher
conduction bandgcf. Table ). For these reasons, we can estimate ofy2~0.27 for unstrained GaN, which confirms the
expect that an anisotropy of the momentum matrix elementgssignment of 17 meV to the spin-orbit splitting suggested
P; will govern the anisotropy of the effective mass tensor agpgve.

well. Hc_)wever, the anisotrppy of the effective. masses of The situation with respect to the% parameter is even
conduction-band electrons is found to be small in both GaNyqre yncertain for AIN than for GaN. The only information

and AIN, i.e.,[m— m, [<0.01m,.* Therefore, we can esti- 4y 3ilable today on the valence-band structure is from theory.

mate the anisotropy of the momentum matrix element to b?—|ere, an ordering of the bands witlE(T'})>E(T)

|P%_P§|<1. EV'7WhiCh is in good agreement with theoreti- - gy is predicted with a separation of about 220 meV

cal calculations.” ) between the twd’; bands. This would lead to @2 value
Such a small difference betwed?f and P cannot ac-  q5¢e 19 0, reflecting a strongly reduced mixing of the

count for the observed anisotropy of thdactors in wurtzite  gi4tas due to their large energetic separation.

GaN. If the anisotropy of the factor of wurtzite_ GaN is More importantly, when evaluating EqéL6) and (17)

caused by the ;/algnce bands, we have to consider the effegliq an isotropid?, which is reasonable according to our

resulting fromqy, since it is the only free parameter left. As qngiderations above on the effective mass, and experimen-

mentioned aboveq? is determined by Eq(7) and can be  tally determined values for the other parameters, we find that

calculated for wurtzite GaN using the quasicubic approximathe measuredg-factor anisotropy of wurtzite GaN g

tion of Hopfield® for Eq. (6), and, e.g., experimental values —1.951 g, =1.9483) cannot be explained by the valence-

for the valence-band splittings. This approach yields 17.%and terms in Eq(16), independent of the actual value of

1 meV for the spin-orbit splitting and; =10.8=1meV 2 In contrast, the valence-band contributions in Etp)

for the crystal-field splitting and, thug;~0.35. alone would yield an anisotropic effect with the opposite
In addition to the ambiguous assignment of the splittingsign, i.e.,g,<g, .

energies, the value af? is also quite sensitive to the validity Therefore, the anisotropy of thg factor of conduction-

of the Hopfield approximation, i.eA,=A3;. However, ac- band electrons in wurtzite GaN has to be attributed to the set

cording to theory, differences betweety and Az of the  of higher conduction bands. After choosing a value dér

order of 1 meV seem to be reasonabté® This would have (we use a value 0£0.35 Corresponding to a Spin_orbit Sp”t-

a considerable influence on thé parameter. Therefore, we ting of 17 meV following the above considerationthe en-

have to check the validity of the estimated value @drby  ergy splittings of these bands directly ensue from the ob-

other means. servedg values as a function ot[]§2 provided P’ is also
Another way to look for the proper value qﬁ would be  considered isotropic. In the absence of any theoretical pre-

determine exactly the intensity ratios of the excitonic transi-dictions forP’?, this assumption appears warranted in view

tions along the different crystallographic directidnsince  of the small anisotropy of the correspondifg discussed

q% is also given by above. The calculated dependence of the energies of the up-

per conduction bands on thnﬁ‘2 parameter is shown in Fig.

1.5

1.0

3= 1L = 1\\ -, (18) 7. Unfortunately, no detailed information on the band struc-
1+fg/fc  1+fc/fg ture of the higher conduction bands in GaN is known so far.
wheref denotes the oscillator strength of tBeand C exci-  Therefore, we cannot determine explicit values for the split-

tons for excitation perpendicular and parallel to thaxis.  ting energies and the|§2 parameter from existing experi-
The work of Gil, Hamdani, and Morkd would give an  mental data. However, from Fig. 7 we can predict g
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— - - T T eters, and thereforq% as well, a significant influence has
199 o nom. undoped [Carlos] 1 been reported in the literatuf®® In contrast, the ESR ex-
o nom. undoped [Reinacher] periments reported so far on the effective mass ddboth
Si-doped [this work] i in nominally undoped and in Si-doped materighow virtu-
ally no variation of they values of the effective mass donors,
even though a large number of samples with different layer
properties, in particular including strain, were investigated.
A possible reason for this could be that strain effects are
] compensated by other band-structure parametersq%.and
the differentA;. On the other hand, unlike in most other
AGa, N - semiconductor materials, the valence-band terms in
o Al,Ga, _,N alloys contribute only less thanto the deviation

104 L , L of g from the free-electron valug,. The major contribution

' 0.0 0.2 04 06 08 1.0 is due to theP’? terms resulting from the higher conduction

Al Mole Eraction x bands, and the separations of these bands could be much less
sensitive to the effects of strain than observed for valence

FIG. 8. Seven-banck-p fit of the g factors of wurtzite  phands. However, a systematic study of the effect of strain on

Al,Ga N as a function of the Al mole fractior using Eq.(16)  the g value of conduction-band electrons in GaN remains to
and the band-structure parameters discussed in the text. be performed

g Factor

1.95 -

level to be lower in energy by more than 0.3 eV relative to
the E; andE} bands, independent of the valuegif. Even V. CONCLUSION

if measured indirectly, this represents an experimentally de- To summarize, we have reported ESR measurements of

termined value for the splittings of the upper conductlonthe g factor of silicon-doped AlGa,_ N alloys over the

bands in GaN and would not be significantly changed by Alyvhole composition range. For samples with an Al content up

i 12 aimi 2
anisotropy ofP"= similar to that abserved foP=. dto 32% theg values are consistent with those of the residual

Whereas the majority of the parameters used for the mo Stfective mass donors of ABa,_,N alloys. With increasing

eling of theg factor of wurtzite GaN are established, most of Al content, the deviation from the free-electrgnvalue g

the parameters for AN are highly uncertain or even UN"_ 5 0023 and the anisotropy simultaneously decrease, until

known. The_refore, it would be very speculatlve to derive thewe observe an isotropig value of 1.9885 for AIN. Within a
corresppndmg values for the parameters m_AIN here_. Ho.Wi‘ive-bandk~ p calculation in cubic approximation, theeval-
ever, with the parameters used in the cubic approximation X

(1) (cf. Table 1) a good agreement with the experimergal ues can be modeled only if a nonvanishing splittixjgof the

values can already be obtained for AIN, since no anisotrop;5 condu_ctlon bz_ands is taken into account for AN also. A
is observed. However, the cubic approximation may lead to 0Ugh estimate gives a value &6>50 meV. To account for
wrong assignment of the band-structure parameters and fuf?€ observed bowing of the values as well, a variation of

: - . ; 2 2 .
ther work is needed to determine the exact conduction-bantil€ matrix element®< or A< of the valence band with the Al
structure of AIN. content has to be considered. In order to include the anisot-

As a first approach to fitting they values of the TOPY of theg factors into the model, a derivation of the
AlLGa,_,N alloys in the wurtzite mode(Fig. 8, we have values for the correct wurtzite symmetry of the valence and

used the parameters listed in Table Il in combination withigher conduction bands was perfgrmed using a seven-band
q§=0.35 E,—E,=—0.36eV,E}=E] andq§2:O.63 asa K-p model. Thus the anisotropy & could be estimated to

possible parameter set for GaN. As a function of the Al mole?® Smaller than approximately 1 eV in both GaN and AIN.

fraction, the parameters have been linearly interpolated be=Kely values for the interband mixing coefficient; are

tween the values for GaN and AIN, as in the @k, _,As ~0.35 for GaN and~0 for AIN.. The seven-band- p modgl

systen! An exception was made for the electronic band-Clearly shows that the anisotropy of thg values in

gap energie€,, which are again described by the quadraticAlxGa& -xN alloys is in fact caused by the spin-orbit and

formula accounting for the experimentally observed bowing ¢"yStal-field splittings of the higher conduction bands.

A bowing of the splitting constantd; and the momentum

matrix elementsP? and E’Z, which in principle can be in- ACKNOWLEDGMENTS
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