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Spontaneous polarization and piezoelectric constants of I1I-V nitrides
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The spontaneous polarization, dynamical Born charges, and piezoelectric constants of the I1I-V nitrides AIN,
GaN, and InN are studieab initio using the Berry-phase approach to polarization in solids. The piezoelectric
constants are found to be up to ten times larger than in conventional 1ll-V and II-VI semiconductor com-
pounds, and comparable to those of ZnO. Further properties at variance with those of conventional IlI-V
compounds are the sign of the piezoelectric constgmisitive as in 11-VI compoundsand the very large
spontaneous polarizatiof50163-18207)51740-]

In this paper we report aab initio study of the sponta- standard bulk materials and nitride superlattices are grown.

neous polarization, piezoelectric constants, and dynamicathe spontaneous polarization along thaxis isP%= P&z,

charges of the Ill-V nitride semiconductors AIN, GaN, and and the piezoelectric polarization is simply expressed via the
InN." This class of polarization-related properties is of obvi-piezoelectric coefficientes; ande;; as

ous importance for the study of nitride-based piezode¥ices

and multilayer structures. In particular, knowledge of these OP3=eg363+€e34(€1+ €5), (2
properties allows an insightful treatment of the polarization I .
(and ensuing electric fielglén strained and polarized nitride wherea, andc, are the .eq“"'b”“’T‘ values of th'e lattice
junctions and superlattices under any strain condition, as digarameterses = (C—Co)/Co is the strain along the axis, and

cussed elsewherfeFrom the present study, one of the first the in-plane straif, = €,= (a—a)/a is assumed to be iso-
applications of the modern theory of polarization in sdiitls tropic. The third independent component of the piezoelectric

to real and “difficult” materials of technological interest, the tensor.eys, IS related to the_ polarlz_anon induced by a shear
nitrides emerge as highly unusual 1ll-V materials, resem-Strain, and will not be considered in this work.
bling 11-VI oxides and in some respects ferroelectric perov- 1 linear order, the change in polarization can also be
skites. The results we report here are of special interest jfxpressed as
view of the scarcity of the datéboth experimental and the- oP oP IP
oretica) available at present for the nitrides. SPa=—>(a—ap)+ —(C—Co)+ —(u—Ug), (3)

In the absence of external fields, the total macroscopic Ja ac ou
polarizationP of a solid is the sum of the spontaneous po-wherea,, c,, andu, are the equilibrium lattice constants and
larization P°in the equilibrium structure, and of the strain- jhternal parametefNote that the parametegs ¢, andu are
induced or piezoelectric polarizatiodP. In the linear re-  notindependent, because of the condition of vanishing forces
gime, the piezoelectric polarization is related to the steain 31ong the axis directionOnce the polarization derivatives in
by Eq. (3) are known, the macroscopic piezoelectric tensor co-

efficients can be expressed as

oPi=2 e @ oP; 4deg, __ du
J @35=Co ——+ —5 Z* — 4
. ) . . e \[3a? dc
which defines the components of the piezoelectric teegor 0
(Voigt notation is used and
The natural structure of the IlI-V nitrides is wurtzite, a
hexagonal crystal structure defined by the edge leagtif a, dP;  2e du
the basal hexagon, the heighof the hexagonal prism, and €n1=% 55 T 3 z* Ja’ ()
an internal parameten defined as the anion-cation bond 0
length along thg0001) axis in units ofc. Wurtzite is the  where
structure with highest symmetry compatible with the exis-
tence of spontaneous polarizatibh,and the piezoelectric \/§a§ P4 m
tensor of wurtzite has three nonvanishing independent com- *= de WEZ% (6)

ponents. Therefore, the polarization in these materials system

will both a spontaneous and a piezoelectric component. is the axial component of the Born, or transverse, dynamical
In this work we shall restrict ourselves to polarizationscharge tensog(". In the last equation above, it is implicit

along the(0001) axis; this is the direction along which both that the vector connecting the cation with the anion has
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modulusuc and points in the direction of theaxis. The first TABLE I. Structural parameters for AIN, GaN, and InN.

term in Egs.(4) and(5) is called the clamped-ion term, and

it represents the effect of the strain on the electronic struc- ag (bohn Colag Uo

ture. The se(_:ongl term quantllfles. the effegtmtérnal strain 5814 1.6190 0.380

on the polarization. The derivatives af with respect toc

anda in Egs.(4) and(5) are related to the strain derivatives 6.040 1.6336 0.376
as. InN 6.660 1.6270 0.377

of u throughcydu/dc=du/de; andagdu/da=2 du/de; .

We have calculated the polarization within the Berry
phase approach of Ref. 4. The method’s output is the differy,e semicored electrons in the valence, resulting in a very
ence in polarization among two states of a system, provided.. rate description of the electronic and structural proper-
they can be connected by an adiabatic transformation whicflaq
leaves the system insulating. The difference of electronic po- Al calculations for the wurtzite structure used a mesh of
Iariza_ltionAPe among two systems is then related to the geo~ > chadi-Cohen special points for the Brillouin-zone
metric quantum phase by sampling'® The k-space integration for computing the piglar—

_ B ization was instead done on @,4,10 Monkhorst-Pac
APe=Pe(h2) = Pe(Aa), @ mesh; this amounts to 16 points times 1k points. Re-
where fining the mesh to 360 pointghe (6,6,10 mesH gave no
appreciable variation of the calculated values. The partial

d ™) . derivatives of the polarization appearing in E8). are easily
Pe(M)=— 3 dk—— ¢k k') (8 evaluated numerically through the polarization change in-
(2m)°JBz 0k ,_ . .
kr=k duced by typically a-2% change in the crystal parametars

the integration domain in momentum space is the reciproca®nd ¢ (with u kept fixed, i.e., at clamped iopand in the

unit cell, A characterizes the adiabatic transformation, andnternal parameteu, around their equilibrium values.
»™ is the geometric quantum phase Since we are interested in the spontaneous polarization, a
careful determination of the equilibrium structure parameters
dM(k, k") =Im {In [de{uM (k)| uM(k"))] (9) is needed. The three independent structural parameters were
obtained by polynomial interpolation of the total-energy val-
of the occupied crystal Bloch state§"(k). The definition  yes calculated over a grid of valuesafndc. The internal
of the geometric quantum phase introduces an arbitrary corparameteu was optimized at eacha(c) grid point follow-
stant in the value of the polarization so that the latter is welling the Hellmann-Feynman forces. The results, summarized
defined only modul@R/(), with R a real-space lattice vec- in Table I, are very close to those reported in our previous
tor. This is not a difficulty in practice, as one is generally work 1®
interested in polarization changes such the®|<|eR/Q|, In Table Il we report the spontaneous polarization, dy-
so that no ambiguity can arise. namical charges, and piezoelectric coefficietasd parts
The adiabatic transformation labeled By is trivially  thereoj for the Ill-V nitrides. Also included are the same
identified as far as the strais, €,, ande; are concerned, S0 quantities calculated for ZnO and Bé®ith the Zn 3l states
that the strain derivatives of the polarization within theincluded in the valende Our results for these materials are
wurtzite structure are easily calculated. On the other handn good agreement with the available experimental vdfues
the absolutevalue of the spontaneous polarization of thefor the effective charges-2.10 for ZnO, —1.85 for Bejoand
wurtzite structurgstateh, in Eq. (7)] must be calculated as thee,; constant & 1.0—1.2 C/nt for ZnO, = 0.09 C/n? for
a difference relative to a structure having zero polarizationBeO), showing some slight overall improvement over the
and functioning as reference statg, since only polarization Berry phase full-potential linearized augmented plane-wave
differences can be meaningfully calculated within the mod-calculations of Ref. 16, also listed in the table. To facilitate
emn theor)ﬁ'5 zinc blende is the natural choice for this pur- further comparison with other 1lI-V and 1I-VI systems, in
pose. One need not actually devise a gap-preserving adia-
batic transformation turning zinc blende into wurtzite TABLE Il. Calculated spontaneous polarizatigin units of
guite nontrivial task the interface theorem of Ref. 8 proves C/m?), Born effective chargegin units of e), and piezoelectric
that Eq.(7) can be used directly provided that an insulatingconstants(in units of C/n?) for I1l-V wurtzite nitrides and 11-VI
interface can be built connecting the two different structureswurtzite oxides. Theoretical results for ZnO and BeO are included.
As this is found to be the caéor the systems of relevance
here, the absolute polarization of wurtzite nitrides can be P Z*  dude; ey ey e el
ea'sAII”y (;:)cr)g;%rl\tte G%isri?—;rlii%iggg )YCaIcuIations are based on N~ —008L -270 -0.18 146 -0.60 -0.47 0.36
density-functional theoRjin the local density approximation GaN  -0029 -2.72  -0.16 073 -0.49 -0.84 0.5
for the exchange-correlation energy functional, for which we™ 0032 -302  -020 097 -057 -088 045
adopt the Ceperley-Ald&t form as parametrized by Perdew Zn0 - -0057 -211 -0.21 089 -051 -066 038
and Zunget! The wave functions are expanded in a plane—Beo -0045 -185 -0.06 002 -0.02 -060 035
wave basis set up to an energy cutoff of 25 Ry. Ultrasoftzncr  _0o5 -2.05 -025 1.21 -051 -058 0.37
pseudopotentiaté have been employed for all the elementsgecr  _005 -172 -009 050 —  -029 —
involved in the calculations. In particular, the Ga and In
pseudopotentials are constructed so as to include explicitl§Reference 16
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TABLE lIl. Piezoelectric constantén units of C/nf) of several  sponse is by far larger than that of all other 11l-V compounds
zinc-blende compounds, calculated via linear response theory i(gee Table IlJ, and of opposite sign.

Refs. 17(1ll-V), 18 (CdTs), and 19(other II-V1). (5) The Born effective charge in the nitrides is within
10% of the nominal ionic charge, i.e., the ra#d/Z;,, is
Css3 Ca1 Ca3 €31 about unity. The same ratio is at most 0.7 in llI-V com-
CdTe 0.03 -0.01 AlAs -0.01 0.01 pounds. In this context, it is appropriate to mention that the
ZnS 0.10 -0.05 GaAs —0.12 0.06 effective charges have no rigorous relation to nominal ionic-
ZnSe 0.04 -0.02 InAs —0.03 0.01 ity (although they may be a reasonable qualitative measure
AIP 0.04 -0.02 AlISb —0.04 0.02  of ionicity in many binary compounds, suggesting trends
GaP -0.07 0.03 GaSb -0.12 0.06 analogous to those given by, e.g., the charge asymngetry
InP 0.04 -0.02 InSb —0.06 0.03 parameter of Garcia and Coh&h.In particular,Z* needs

not be smaller than or equal to the nominal ionic charge

) ) except in a purely ionic picture; conversely, where&s

Table Il we collect the piezoelectric constants for a number<zion may be interpreted as “smaller ionicity” in some

of I1-V-and 1I-VI compounds from Refs. 17, 18, and 19, gensez* =7, is not meaningful in an ionic picture. Effec-

calculated by densny functional Imearl—response thé_%ry. tive charges much larger than the nominal ionic charge are
To compare zinc-blende and wurtzite structures in Table ommon in perovskitds and (to a lesser extehteven in

goermt? IIrl(;t\gtientrigsgoggggjir;;'Qcégi?c\j,\?ﬁgﬁ)znoels(cltgiten'alkaline-earth oxide® This behavior is due to covalency
y g y 9 and correlation contributions. We fintbee Table ) Z*

direction. Thusess=2 e;4/\/3 andes;= —ey4//3, withe . > .

the piezoelectricsgonst;ét of the zir?tl:—blenge material ré?erreg Zion for InN, but .W'th a deviation of~ 1%, i.e., Fhe effec-
to the cubic axes. This direct comparison is meaningful sinc ve charge is again very _close to nominal ionicity. N
(1) the possible deviations from the ideal wurtzite structure Because of the sensitive dependence of the polarization
do not influence significantly the polarizatiaterivatives ~ ©" the strgctural parameters, th_ere_are some quantltat_lv_e dif-
and(2) it is known that in polytypical materials the values of fere_nces in sponfcaneou; polarl_zatlo_n for the three nltrld_es.
the piezoelectric constants in the two competing structureEor instance, the increasing nonideality of the structure going

agree to within a few percertinodulo the appropriate coor- from GaN to InN to AIN (U gets longer andc/a gets
dinate transformation'® shortej, corresponds to an increase of the spontaneous po-

The 1lI-V nitrides exhibit rather striking and unusual larization. To check this, we calculated the spontaneous po-
properties. Overall they resemble 11-VI oxides, and ZnO inlarization of AIN using the ideal structural parameterg
particular, and appear to be very different from conventionaf=0.375 andci=v/8/3 a, and obtained a spontaneous polar-
-V semiconductors. Several features of the data in Tableszation equal to —0.033 C/fy very similar to GaN and InN,

Il and Il confirm this statement. and a factor of 2.5 smaller than the spontaneous polarization

(1) The absolute value of the piezoelectric constants is upn the actual equilibrium structure. The piezoelectric con-
to about ten times larger than in conventional Ill-V and 1I-VI stants(i.e., polarization derivativg@sare instead expected to
compounds. In particular, both the constaejs andes, of  vary mildly.

AIN are larger than those of ZnO, and are therefore the larg- Additional 11I-V-like trends to be observed are that in
est known so far among the tetrahedrally bonded semicorl-V compounds the effective charge has similar values for
ductors. AlAs and GaAs, but a rather larger value for InXsThis

(2) The spontaneous polarization, i.e., the polarization atrend is clearly obeyed by the nitrides as well, indeed in a
zero strain, is very large in the nitrides. That of AIN, in more clearcut way than in most other llI-V compounds. An-
particular, is the largest of our set of semiconductors, an@ther interesting trend is the connection between the chemi-
only about 3-5 times smaller than in typical ferroelectriccal nature of the cation and the piezoelectric constant. The
perovskite€! Indeed, the piezoelectric constants themselvepiezoelectric constant for Al and In Ill-V compounds was
are only about three times smaller than in thosefound to bé’ consistently larger than the corresponding
ferroelectric? value for Ga compounds. This is also true of the nitrides,

(3) The piezoelectric constants have the same sign as iwhere the deviations are again larger. Since our calculations
[1-VI compounds, and opposite to 1lI-V compounds. While include the semicord states in the valence for both In and
in normal I1I-V compounds the clamped-ion term is larger in Ga, this trend is not an artifact of the neglect of semicore
absolute value than the internal-strain ionic contribution, instates as hypothesized in Ref. 17.

the nitrides the latter prevails due to the largér Compared While it is known that treating the semicockstates as
to normal 1lI-V compounds, this sign inversion is a qualita- valence is necessary to obtain good structural properties for
tive difference of obvious practical relevance. GaN and InNt>28 peither the spontaneous polarization nor

(4) The nitrides follow qualitatively a well-defined 1lI-V the effective charges are influenced strongly. Using a Ga
trend: the piezoelectric constants increase in magnitude aspseudopotential in which thed3tates had been frozen in the
function of the anion chemical identity as one moves up-core, we recalculated the spontaneous polarization and effec-
wards within period V, i.e., from Sb to N, because the ionictive charges of GaN using the structural parameters given in
contribution tends to prevail over the electronic “clamped-Table I: the results ar®®%=—0.031 C/nf and Z* =2.73,
ion” term as the anion becomes lightérote that a similar showing that the direct influence of thd 8tates on the final
trend is also obeyed by Zn 1I-VI compounddhe nitrides  polarization value is minor. This was to be expected since
are an extreme case of this trend, and their piezoelectric réhe d bands in GaN are quite flat over most of the Brillouin
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zone, so that the overlap matfigq. (9)] is nearly the iden- show that Ill-V nitrides resemble 1I-VI compounds in terms
tity for those states, and its contribution to the Berry phase i®f the sign of the spontaneous polarization and of the piezo-
small. electric constants; the latter constants are much larger in ab-
Experimental data to compare our predictions with aresolute value than those of all 1l-V and 1I-VI compounds,
very scarce. No data are available for the spontaneous polagxcept for ZnO. The values of spontaneous polarization are
ization, a quite elusive quantity in this respect; our calculateomparable to or larger than those of 1I-VI compounds; AIN
values will be a useful input for device modelifi§Also in  has the largest value reported so far for any binary com-
the case of the piezoelectric constants, our predicted dafPund, and only a factor of 3—4 smaller than in typical per-

should be of use to future experimental work. The only eX_ovskites. Some remnant of normal llI-V-like behavior sur-

perimental data availafiéto our knowledge are for AIN vives, embodied in the trends of the piezoelectric constants
eP_ 1 55 C/n. and e2P= —0.58 C/n?. Our predicted, and effective charges when the chemical identity of the anion
33 T - ' 31 — . .

values of 1.46 and —0.60 Chmagree with experiment to or cation changes.

within ~5%. V.F. and F.B. acknowledge partial support by the Euro-
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